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GROUP VI
INTRODUCTION
THIS group consists of the elements :
O
S
Se
Te
Po
(B)
O
Mo W
U
(A)
As usual among the later groups the difference between the subgroups is
greater than in the preceding group; their resemblances are practically
confined to the compounds in which the atoms have the group valency of 6,
such as the sulphates and chromates; otherwise the subgroups are quite
distinct from one another. The first two elements belong definitely to
subgroup B rather than A.

Typical and B Elements
The radii of the neutral atoms and of the divalent anions A of these
elements are as follows: for comparison those of the neutral atoms of the
A subgroup (which of course give no simple anions) are added:

Bad. of atom
of ion A
Had. of atom

O

S

0-66
1-32

!•04
1*74

Cr
1-25

Mo
1-36

Se
1-17
1-91
W
1-37

Te
1-37
2-11

Poa

1«70
,.

U
1-40

The typical and B elements are all highly electronegative. They are the
first elements we have dealt with which can form free monatomic anions;
they all show the characteristic valency of 2, both in the simple ions and
in their covalent compounds. This covalency is relatively seldom exceeded
by oxygen, but with the other elements covalencies of 3, 4, and 6 are
common. The metallic character is only slightly apparent even in the
heaviest of these elements: the solid elements selenium, tellurium, and
polonium occur in a metallic form, but the metallic properties of this form
are feeble; they can form quadrivalent cations (with the first electron pair
Inert), and tellurium in particular gives a series of salts of this kind.
The most marked difference in the series1® is between oxygen and sulphur, and the least between sulphur and selenium: the properties of
polonium, so far as they are known, are those to be expected from its
position.
Of these elements oxygen will be discussed first, and then sulphur;
•ilenium and tellurium are best discussed together.
1

M. A, Bollier, S. B. Hendricks, and L. K. Maxwell, J. Ohem. Phys, 1936, 4,

048.

la

For a dinoussion of th© ohanges in stnaoture and in conductivity of the eleitiouti A1OiKi oxygen to polonium, *m A. von Hippol, ib. 1048, 16, 372,
1114,1

U
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OXYGEN
of the compounds of oxygen have been dealt with under the other
elements they contain.
Oxygen is the most abundant of all the elements, and forms almost
exactly half (49-4 per cent.) of the earth's crust by weight: of the atmosphere 20*8 per cent, by volume and 23-0 by weight. Its importance as the
source of the energy of nearly all living matter is obvious: an adult man
at rest consumes about 20 litres of oxygen (one ounce) per hour.
Oxygen has three natural isotopes, with atomic weights of 16, 17, and
18; none, except the commonest, 16O, is abundant enough to be detected by
the mass spectrograph; 17O and 18O were found spectroscopically by
Giauque and Johnston in 1929.2 The most probable proportions are3 16 O;
" O j 1 8 O = 1; 1/2,500; 1/500.
The 18O is much more difficult to concentrate than deuterium, though
this is to some extent offset by its being 10 times as abundant. The
©leetrolytic factor instead of being about 3 (as for H/D) is only 1*01: the
ilootrolysis of 117 litres of water down to 1 c.c. only increased the proportion of 18O by 10 per cent. The vapour pressure difference is also small,
the ratio at 100° being H 2 16 0/H 2 18 0 1-003 (HOH/HOD 1-025); the boilingpoint OfH218O is calculated to be 100-13° (HOD 100-76°), but a separation
can be effected, though slowly, by its fractional distillation.4^6 Other
methods are the diffusion of oxygen gas (Herz), possibly the freezing out of
water,* and a variety of reversible reactions in which the proportions of
the isotopes are different on the two sides, for example:
2 H218O + C16O2 = 2 H216O + C18O2.
The calculated equilibrium ratio is 1-097, or the fractionation factor 1-047.
This has been confirmed experimentally, and the reaction used for the
enrichment of 18O, but an enzyme derived from blood must be added to
hasten the C0 2 /H 2 C0 3 equilibrium. Owing partly to the larger amount
of the heavier isotope it was found possible to detect a difference in the
proportions between atmospheric oxygen and natural water. This
amounted to 6 parts per million in density for Lake Michigan water7 and
8»8 p.p.Hi, at Washington8; the 1/500 of H218O normally present gives an
inorease in density of 222 p.p.m., so that this means that the proportion
of 18O is 3-4 per cent, greater in the air.
MOST

Exchange of Oxygen Isotopes
This is a new and important subject (for a general account see ref. 9 ).
The determination of the isotopic proportions is difficult, and the exchange
2

W, F. Giauque and H. L. Johnston, Nature, 1929, 123, 318, 831.
B. F. Murphey, Phys. Rev. 1941, ii. 59, 320.
4
H, C, Urey and J- B. Huffman, J. Ind. Eng. Chem. 1937, 29, 531.
• H. G. Thode, S. R. Smith, and F. O. Walkling, Cmad. J. Res. 1944, 22, B 127.
• B. V. Teis and K. P. Fioreniki, CB. Aoad. SoL U.R.&.S. 1941, 32,199.
T
M. Dole, J. Oh$m. Phys. 1986, 4, 778.
1
E. B. Smith and H. Matheion, J 1 JN#, Nat,, Bw. Stand. 1936, 17, 08a.
• 0. Belts, Z, EUhtroohtm, 1980, 4S9100.
8
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Is not a question of yes or no; it has its own heat of activation, and
the rate, like that of any other chemical reaction, is very sensitive
to the conditions, and especially to the temperature. Some of the
already numerous papers may be quoted under the oxygen compounds
concerned. Water12'31; Metals:CaO32; Borates28-33; Carbon:CO219'20>24>27;
Organic Compounds13"18'21-3*25'35; Saponification23'36"7'26; Silicates33; Nitrous
oxide33; Nitrites 28 ; Nitrates 28,33 ; Phosphates10'27'33"4; Arsenates27"8;
Sulphates11'20'27"9'33"4; Sulphites, etc. 28 " 9 ; Selenates28; Chromates28"9'33;
Halogen oxy-acids28'83; Manganese oxides28"30.
Some of the conclusions reached with the organic compounds may be
mentioned. In general the hydroxylic oxygen in the alcohols does not
move,16'21 but the carbonyl oxygen, especially in aldehydes, will do
g o

13,15,21-2

The behaviour of the carboxyl group is obscure14**16'21'25; the exchange
is very slow with salts, but is catalysed by hydrogen ion; hence while it
does not occur with acetic acid, it does so with chloracetic, and especially
with trichloracetic. It has already been mentioned (IV. 527) that in
the hydrolysis and esterification of esters the oxygen attached to the alkyl
of the alcohol retains its place.

Physical Properties of Oxygen
Oxygen melts at -218-5° C. (54-7° K.), and boils at - 1 8 3 ° ; the Trouton
constant is 18-1; the liquid and solid are pale blue. The solid is probably
10

E. Blumenthal and J . B. M. Herbert, Trans. Far. Soc. 1937, 33, 849.
S. C. Datta, J . N. E. Day, and C. K. Ingold, J.CS. 1937, 1968.
12
N . Morita and T. Titani, Bull. Chem. Soc. Japan, 1937, 12, 104.
ltt
J . B. M. Herbert and I. Lauder, Trans. Far. Soc. 1938, 34, 432.
w Id., ib. 1219.
15
M. Koizumi and T. Titani, Bull Ohem. Soc. Japan, 1938, 13, 463.
J
17
« Id., ib. 607.
W. H. Mears, J. Ohem. Fhys. 1938, 6, 295.
18
M. Senkus and W. G. Brown, J. Org. Ohem. 1937, 2, 569.
18
T. Titani, N . Morita, and K. Goto, Bull. Ohem. Soc. Japan, 1938, 13, 329.
80
T. Titani and K. Goto, ib. 667.
81
M. Cohn and H . C. Urey, J.A.O.S. 1938, 60, 679.
88
I. Roberts and H . C. Urey, ib. 880.
n
W. H. Mears and H. Sobodka, ib. 1939, 61, 880.
84
G. A. Mills and H . C. Urey, ib. 534.
8R
26
I. Roberts and H. C. Urey, ib. 2580.
Id., ib. 2584.
" T. Titani and K. Goto, Bull. Ohem. Soc. Japan, 1939, 14, 77.
" N. F . Hall and O. R. Alexander, J.A.O.S. 1940, 62, 3455.
89
G. A. Mills, ib. 2833.
31
»° N. Morita, Bull. Ohem. Soc. Japan, 1940, 15, 1.
Id., ib. 47.
•• Id., ib. 71.
" E, R. S. Winter, M. Carlton, and H . A. V. Briscoe, J.O.S. 1940, 131.
M
M. R. S. Winter and H. A. V. Briscoe, ib. 1942, 631.
16
A, E. Brodsky, N". I. Dedussenko, I. A. Makolkin, and G. P . Miklukhin, J.
Ohm.Phya. 1943, 11, 842.
18
T, Roberta imd H. 0. Ur©y, JA,O.S. 1938, 60, 2391.
If
M. Polanyi and A. L. Szabo, Tmm, FM, SOC, 1934, 3O9 60S.
11
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trimorphic, with transition points at —230-6° and — 255-6°.38-9 For the
properties, and modes of formation and destruction of the negative gas
ions CT and 0^, see reference 40.
The structure of the O2 molecule is peculiar, as can be seen from the fact
that it is paramagnetic although it is an even molecule (the only other even
molecule which owes its paramagnetism to oxygen is that of ozone). It
has been shown41 that instead of its having four shared electrons as a double
bond the second two are unpaired (hence the paramagnetism). This
1
S state has 22*4 k.cals./mole less energy than the doubly linked 1A state:
the heat of dissociation of O2 is 118*2 k.cals., though that of the true 0 = 0
link is only 96 k.cals.42 This peculiar structure implies a kind of unsaturation, which accounts for the great chemical activity of molecular oxygen,
arid especially for the way in which whole O2 molecules will often combine
with readily oxidizable substances.

Atomic Oxygen
Molecular oxygen is dissociated by heat, the percentage of atomic
oxygen present at equilibrium under 1 atm. pressure being 3 X XO""39 at
0° C 5 1 per cent, at 2,300°, and 96 per cent, at 4,730°.43~4 The same dissociation can be effected by an electric discharge (conveniently electrodeleas), and as the atoms do not recombine at once, a gas containing 20 per
cent, of atoms or more can be readily obtained.45""6 Atomic oxygen is of
course very reactive. At the ordinary temperature it will oxidize H 2 S, CS2
(with luminescence), HCl, HCN, and organic compounds in general,50*52
At liquid-air temperatures46"8'51 it combines largely with its own molecules to form ozone (which is not formed at the ordinary temperatures);
with hydrogen it gives what seems to b§ a second form of hydrogen
peroxide49 (see p. 870); and in the same way with organic compounds it
gives solid addition compounds (not isolated), which at about —100°
rearrange to give the usual oxidation products.
When oxygen combines readily in the cold with another substance, it
usually does so by whole molecules of O 2 ; this process is known as autoxida38

L. Vegard, Nature, 1935, 136, 720.
Id., Z. Phys. 1935, 98, 1.
40
D. R. Bates and H. S. W. Massey, Phil Trans. 1943, 239, 269.
41
G. W. Wheland, Trans. Far. Soc. 1937, 33, 1499.
42
See further, L. Pauling, Chemical Bond, p. 253.
18
H. L. Johnston and M. K. Walker, J.A.C.S. 1933, 55, 187.
44
G. v. Elbe and B. Lewis, ib. 507.
45
E. Wrede, Z. Phys. 1929, 54, 53.
46
P. Harteek and U. Kopsoh, Z. Elektrochem. 1930, 36, 714.
47
P. Harteek, Trans. Far. Soc. 1934, 30, 134.
48
P. W. Sohlenk and H. Jablonowski, Z. Elektrochem. 1939, 45, 650,
4
« K, H. Geib and P. Hnrteok, Train*. Far. Soo. 1984, 30, 184.
B0
W. H. Rodsbush and W, A. Nioholi, J,4.0.iS. 1080, 83, 8884.
81
39

P. Harteok and 1. Roidiw, £, phytikal Ohm, 1987, IfI, 889.
" P, Hartook and X, Stowart, lb, 111, 188.
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tion, and the product has been called a moloxide or holoxide: for example,
with hexaphenyl-ethane:
O 3 C-CO 3 + O2 = O 3 C - O - O - C O 3 .
Often, too, if the autoxidizabie substance is mixed with a second oxidizable
but not autoxidizabie substance, this latter is oxidized at the same time;
and then the oxygen is nearly always equally shared between the two
substances. This is usually* if not always, due to the primary formation
by the autoxidizer of a moloxide, which is then reduced by the second
(acceptor) substance. Thus indigo is not oxidized by elementary oxygen
but benzaldehyde is: if the two are mixed, the indigo is oxidized at the
same time as the aldehyde. Here it can be shown that the aldehyde is
/0—0—H
first converted to the per-acid O—Cy
, which is then reduced
by the indigo to ordinary benzoic acid.
Of the innumerable oxidations effected by oxygen the most important,
and the most thoroughly investigated, is its combination with hydrogen.
For this see references 63 -W a .
OZONE, O 3
the highly active allotropic modification of oxygen, is formed by a
variety of methods, all of which involve the primary atomization of the
oxygen, since it is the product of the combination of oxygen atoms with
the diatomic oxygen molecule. As ozone is unstable, it must be formed
at or chilled to the ordinary temperature, where its rate of change is slow;
thus it is formed when oxygen is blown over a heated Nernst filament, and
then chilled; it is also produced in many reactions in which oxygen is
evolved at a low temperature, as in the decomposition of hydrogen peroxide,
irt the action of fluorine on water, in the thermal decomposition of periodic
acid at 130° (but not in that of potassium perchlorate, because the temperature is too high), and in the electrolysis of fairly strong sulphuric acid.
Another series of methods of formation involves the action of the electric
discharge or of ultra-violet light; the usual method is with the silent
ileotric discharge; the action of light is very complicated, as one wavel©ngth will atomize oxygen, and so produce ozone, while another will
dttoompose the ozone.58"9
OZOKE,

M
C. N. Hinshelwood and A. T. Williamson, T h e Reaction between Hydrogen
Slid Oxygen' (Oxford 1934).
»4 O. N. Hinshelwood, A. T. Williamson, and J . H. Wolfenden, Nature, 1934,
113, 836; Proc. Roy. Soc. 1934, 147, 48 (this confirms the previous conclusions by
ttt* use of deuterium).
M
S. Kimata, N . Aomi, and K. Goto, Rev. Phys.-Chem. Japan, 1941, 15, 42.
11
G. v. Erbe and B. Lewis, J. Chem. Phys. 1942, 10, 366.
11
For a general account of the combination of oxygen and hydrogen, see Hinshelwood, Bakerian Lecture, Proc. Roy. Soc. 1946, 188, 1.
m
A. H. Wulbourn and O. N. Hinshelwood, ib„ 185, 353, 369, 376.
11
A. Euoken and F . Patat, Z. phy&ikal. Ohem* 1936, B 33, 459.
11
W. H, Otto and W, H, Bennett, J . Ohm. Phys. 1940, 8, 899,
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Ozone is found in nature, being formed by the action of sunlight on the
oxygen in the upper layers of the earth's atmosphere. A careful examination by G. M. B. Dobson and others (in which the concentration of the
ozone was determined from the absorption bands in the transmitted light),
has shown that the height of this ozone layer is about 25 km.; the total
amount is enough to form a layer about 3 mm.61a thick at atmospheric
pressure on the surface of the earth (about 2 parts per million of the whole
atmosphere). Near the earth's surface the concentration is much lower,
and very difficult to determine. Paneth and Edgar62'3 have, however,
measured it by condensing the ozone on silica gel at —180°; they find that
the air in London and Southport contains from (H to 1-1 p.p.m. of ozone
(from 1/20 to 1/2 of the concentration in the whole atmosphere).
The ozone molecule is triatomic, as was shown by Soret (1868), from the
rate of diffusion of ozone in oxygen. For a discussion of the (remarkably
large) force constants see reference 60. For the conclusions from the infra-red
ipeetra, which are not easy to reconcile with some of the other data, see
Dennison.61 It is paramagnetic. On cooling it forms a dark indigo-blue
liquid and solid. Its melting- and boiling-points are as follows64:
B.pt.
Ozone
Oxygen

-112-3
-183°

0

M.pt.

Trouton

-249-6° (23-5° K)
-216-4° (56-7° K)

18-6
181

(Notice the effect of symmetry in raising the melting-point of the oxygen.)
Below —158° oxygen and ozone form two liquid layers, one of which at
—183° contains 30 per cent, of oxygen; no other element behaves in this
way, though phosphorus can form a metastable system of solid red and
liquid white phosphorus.
Ozone is endothermic65"6; the conversion of two molecules of ozone into
three of oxygen evolves 68-0 k.cals.; hence the heat of formation of ozone
from its atoms (Ha) is 144-3 k.cals. (see further below, under Structure). It
follows by Nernst's theorem that at equilibrium even at 3,750° K. there
is only 1 part of ozone in 40,000. Hence ozone is always unstable with
respect to oxygen; the pure solid or liquid is highly explosive, and if the
liquid mixture of oxygen and ozone is allowed to evaporate, the residue
ultimately detonates.
Ozone is characterized by an extraordinarily intense absorption band—
the most intense known for any gas—beginning about 2,900 A. The 3 mm.
of ozone in the atmosphere absorb the fight of this wave-length that falls
60

D. M. Simpson, Trans. Far. Soc. 1945, 41, 209.
A. Adel and D. M. Dennison, J. Ghem. Phys. 1946, 14, 379.
61fl
J. Stair, J. Res. Bur. Stand. 1948, 40, 9, finds 2-1 mm. in New Mexico.
69
F. A. Paneth and J. L. Edgar, Nature, 1938, 142, 112.
88
J. L. Edgar and F. A. Paneth, J.C.S. 1941, 511, 519.
84
A. L. Spangenfoarg, %<phy*ikal Ohm* 1926, 119, 419.
08
B. Jahn, Z. anorg* Oh§m> 1008, 60,191, 887.
«< A, Kalian And S. Jfthn, lb, 1910, 68, SSO.
61
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on the earth so completely that stellar spectra cannot be observed beyond
this point. If the ozone were suddenly withdrawn, we should all be killed
within a few minutes by the sun's ultra-violet light. H. N. Russell67 says
that a layer of ozone 'at its worst5 (i.e. at the wave-length of maximum
absorption) is as opaque as one of metal of the same mass per c.c, so that
the 3 mm. layer in the upper atmosphere is as opaque to light of this wavelength as three sheets of gold leaf (thickness each 1/10,000 mm.).
The absorption spectrum of ozone shows that it is not a linear molecule
and so it must either be a ring
\Q//

or a bent chain

\;y

The spectra indicate68 that the angle is 122° and the O—O distance
1-29 A; electron diffraction gives69 127+3° and 1-26 A (theory 0—0 1-32,
O=O 1-10). This supports the second formula, which is like that of sulphur
dioxide
+
+
+
\ r > »"^k r e s o n a n o e between the two forms
\ x and
\Q.
This agrees with the intense absorption band, which is found generally in
molecules whose resonance forms differ in the position of an electric charge,
as in rosaniline, the cyanine dyes, the meriquinoid compounds generally,
and prussian blue. Sulphur dioxide has a similar though less intense band
in the ultra-violet.
The energy relations are curious. As we have seen, H a for ozone is
144-3 k.cals. For the 0—0 we may take the normal value of 34*9 k.cals.;
for the O=O, since ozone is paramagnetic, we must use the value for
molecular oxygen (118-2); but this would give 34-9+118-2 = 153-1, and
hence a negative resonance energy; even if we assume the 0—0 value to
be less (on the analogy of nitrogen) because the central oxygen has only
one unshared electron pair, and use the value
( - 0 = 0 ) = ( 0 - 0 ) x < = g | = > = 34-9 X g g - 106-1,
we get for the theory 34-9+106-1 = 141-0 k.cals., which gives a resonance
energy of only 3-3 k.cals.
Ozone decomposes to oxygen very slowly at the ordinary temperature,
but fairly quickly at 100°, and immediately at 300° (for details of this see
Hinshelwood).70»70a The decomposition is greatly hastened by many
analysts, such as manganese dioxide, lead dioxide, and many metals,
wipecially silver.71 Ozone is a very powerful oxidizing agent, which com«? H. N. Russell, Nature, 1935, 135, 220.
•• W. S. Benedict, Phys. Rev. 1933, ii. 43, 580.
" W. Shand and R. A. Spurr, J.A.O.S. 1943, 65, 179.
10

Chemical Change in Gaseous Systems, ed. 3, 1933, pp. 80, 210.
'«« G, R. Hill, J.A.C.S. 1948, 70, 1306.
n
L. I. Kauhtanov, N*. P. Ivanova, and V. P. Rishov, J, Appl Ch$m< Russ. 1930,
% 2170* B.CU. 1937,i.816.
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monly acts by reduction to diatomic oxygen; it will convert lead sulphide
into sulphate, lead hydroxide Pb(OH)2 into the dioxide, potassium iodide
in Holution into iodine and potassium hydroxide, etc. In contact with it
ml vor becomes covered with a brown layer of oxide; mercury gives a highly
characteristic reaction, a mere trace of ozone making it lose its mobility
and adhere in a thin film to the containing vessel.
Organic compounds are readily oxidized by ozone; even hydrocarbons,
\
'
\
of which the —C—H group is converted into —O—OH and the /CH 2
into J)C=O. 72 It will oxidize thioethers to sulphoxides and sulphones.78
ItM oxidation of formic acid has been shown74 to be a chain-reaction,
inhibited by chloride ion and by acetic acid.
A remarkable property of ozone is its addition to the double carbon link
In unsaturated compounds (C. D. Harries, 1905).75 This can be used to
determine the position of the double link, as the ozonides hydrolyse with
rupture of the carbon chain at this place. The addition usually takes place
In indifferent solvents like chloroform, and the products, which were
written by Harries as

are mostly green or colourless amorphous solids or oils, which are often
explosive; they liberate iodine from potassium iodide, and react with
water to give ketones (see also ref. 76 ):
C=C-O3 + H2O = >C=0 + 0=C< + H2O2.
Harries's formula with the otherwise almost unknown 3-oxygen chain is
improbable, and Staudinger suggested another,
0—ON
/KJU\

RacC0J>«CR2;
this is equally compatible with the hydrolysis to two molecules of ketone
+H 8 O 2 .
Recent work by Rieche et aZ.,77 entirely supports Staudinger's view.
Refractivity measurements indicate the presence of only one 0—O link;
the absorption spectra show a strong qualitative resemblance to those of
the peroxides. It appears that the first step in the hydrolysis of these
ozonides is the splitting of the ether link; thus Harries's 'formaldehyde
peroxide' is shown to be HO - C H 2 - O - O - C H 2 . OH. Stoll and Rouve 78
confirm these conclusions.
*• J. B. Durland and H. Adkins, J.A.C.S. 1939, 61, 429.
™ H. B6hme and H. Fiacher, Ber, 1942, 75, 1310.
" H. Taube, J.A.G.S, 1041, 63, 2453.
" C. D. Harries, Ann. 1005, 343, 811.
" N. 0. Cook and F. 0. Whltmor®, J.A.0.8. 1041, 63, 8540.
" A. Rioohe, B. Meiiter, and H. Sauthoff, Ann, 1042, 553, 187.
»• M, atoll and A. Houvo, HuIv, OMm. Am. 1944, 27, 050.
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The simplest ozonide is the ethylene compound O2H4O3. It is an oil,
boiling under 16 mm. at 20°, and becoming a glass at —80°; it is stable at
0°, but decomposes at the ordinary temperature (often with explosion) to
formaldehyde and formic acid:
C2H4O3 = CH2O + CH2O2.
The propylene compound is similar.80 Freezing-points in benzene indicate
that most ozonides are mixtures of high polymers.
The heats of formation of the ozonides in the solid state or in solution
are about 100 k.cals.81; their dipole moments are not more than 0-4 D
greater than those of the unsaturated compounds from which they are
derived.82 Their Raman spectra contain lines, some of which resemble
those of the carboxylic anhydrides, and others those of the peroxides.88

Tetratomic Oxygen, O4
This has been said to exist, and has been called oxozone84; but no such
compound can be isolated; Briner85 ozonized oxygen by a variety of
methods, and allowed the liquefied product to evaporate; but the tail
fraction never gave any sign of the presence of any polymer other than O3.
At the same time the behaviour of diatomic oxygen indicates the presence
of O4 molecules of a kind. These were discovered by G. N. Lewis86 from
the magnetic susceptibilities, and confirmed by the absorption spectra87"8
(especially under 1,000 atm.). But the spectra show that the two O2
groups cannot be linked by ordinary bonds; their heat of linkage is only
0-13 k.cal., and must be due to a kind of van der Waals force, which will
be stronger than usual owing to the unpaired electron spins in the O2
molecules89; they have no more oxidizing power than ordinary diatomic
oxygen.
WATER
WATEB is the typical associated liquid, as the following values show:
B. pt.
Crit. T.
Crit. P .

CH 3 -O-CH 3

CH 3 -OH

H-O-H

- 2 3 ° C.
127-1°
53 atm.

+ 66°
240°
78-5 atm.

100°
374-2°a
218 atm.

a=

90

80
™ E. Briner and P . Schnorf, ib. 1929, 12, 154.
Id., ib. 181.
Hl
E. Briner, K. Ryffel, and S. de Nemitz, ib. 1938, 2 1 , 357.
»a E. Briner, D. Frank, and E. Perrottet, ib. 1312.
Na
E. Briner, S. de Nemitz, and E. Perrottet, ib. 762.
u
C. D. Harries, Ber. 1912, 45, 936.
m
E. Briner and H. Biedermann, HeIv. Chim. Acta, 1933, 16, 207.
M
J.A.C.S. 1924, 46, 2027.
" W. Fmkelnburg and W. Steiner, Z. Phye. 1932, 79, 69.
" O, B . WuIf1 Proo. Nat, Acad. Sou 1928, 14, 609.
18
See Pauling, Ohemioal Bond, pp, 58, 253.
10
m. BohrOtr» Z. physihal Oh$m* 1927, 129, 79.
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Heat of fusion of ice 1-435 k.cals./mole (79*7 cals./g.).91 Heat of evaporation 9-71 k.cals./mole; Trouton 26-0. The specific heat (per g.) is abnormally high, and almost exactly twice that of ice (0-502/—20°); the
diolootric constant is 81 at 20°, one of the highest known.
Tlio conductivity of the purest water was determined by Kohlrausch
and Heydweiller92; they distilled the first 2 or 3 c.c. from about a litre of
ipooially purified water, in a glass apparatus which had been aged for
10 years. They found the conductivity 0-043 X 10~6, but they corrected
this for its minute salt content by means of the temperature coefficient
to 0*0384 (all at 18°). Using the mobilities of 318 for H + and 174 for OH"",
this gives [H + ] = 0-78 X 10~7, or Kw = 0-608 x 10~14 at 18°. Forty years
later Harned,93 by E.M.F. measurements, found at 18° the value
Kw^ 0-58X10-14.
I Co occurs in seven solid forms; these were first discovered by Tammann, but have lately been examined by Bridgman up to a pressure of
4fi»000 atm. 94 Excepting ordinary ice they can only exist under high
pressure; thus ordinary ice (I) at —22-1° and 2,200 atm. goes over into
Jo© (TII), which expands on melting: at —37 and 2,240 atm. ice (III) goes
ov«r into ice (II).
Water vapour is measurably associated: the exact degree is uncertain,
because the form of the van der Waals equation is the same (proportional
to ljv%) as that given by the law of mass action: but at 100° and under
1 atm. the association is somewhat less than 10 per cent. According to the
Oimotic properties water is H2O in phenol (where it no doubt associates
with the solvent) and H4O2 in ether and in p-toluidine.
The structure of the H2O molecule has been examined by Mecke95~7 by
means of the absorption spectrum. (For infra-red see refs. 98~100j). The
molecule is L-shaped (this is also required by the finite dipole moment):
the angle is 105°, which supports Pauling's theoretical conclusion that the
normal angle for a dicovalent octet is between 90° and 110°: in H2O the
angle is no doubt somewhat increased by the repulsion of the positive H
atoms: the nuclear O • • • H distance is 0-95 A: the normal radius of singly
linked oxygen is 0-66, so this gives 0-29 for the effective radius of the
hydrogen, which is practically the normal value of 0-30 A. According
to Mecke,101 the rotation-oscillation spectrum of H2O shows that it exists
in ortho- and para - forms, like H2.
n

N. S. Osborne, J. Pes. Nat. Bur. Stand. 1939, 23, 643.
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P. W. Bridgman, J. Chem. Phys. 1937, 5, 964.
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R. Mecke, Z. Phys. 1933, 81, 313.
« W. Baumann and R. Mecke, ib. 445.
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K. Freudenberg and R. Mecke, ib. 465.
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H. M. Randall, D. M. Dennison, N. Ginsburg, and L. R. Weber, Phys. Bev. 1937,
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The structure of ice is discussed by Pauling.
The X-ray measurements103"5 show the positions of the oxygen atoms, but not of course those
of the hydrogens. Every oxygen atom is surrounded tetrahedrally by
four other oxygens, all of them 2»76 A.U. away. Since each of these links
involves two oxygen atoms, if each oxygen has four of them, the number
of links will be twice the number of oxygens, or equal to the number of
hydrogen atoms, so that there is one hydrogen for each link. Each may
therefore be called a hydrogen bond, and the length is about normal for
such a bond (0—H • - 0 in NaHCO3 and KH 2 PO 4 2-5-2-6 A). But they are
much longer than we should expect if the relation of the H to each 0 is
the same as in hydroxyl; in water 0—H is 095 A, so that 0—H—0
should be 1-90 A, whereas it is 2-76 A, 45 per cent, greater. This may mean
either that the hydrogen is 1-38 A from each oxygen, or that it is as usual
about 1 A from one, and is 1-76 from the other. Pauling106 concludes that
the second (unsymmetrical) alternative is true; the change in the vibration frequency of the hydrogen is too small for so large an increase,107
and also the symmetrical structure is incompatible with the entropy of
ice108 and heavy ice109 (for a further discussion of the hydrogen bond see
T. 23-32). This unsymmetrical structure seems to mean that the bond
is due rather to electrostatic attraction than to resonance.
The structure of liquid water has been discussed in a remarkable paper
by Bernal and Fowler,110 the first real attempt to discuss the physics of a
liquid. They assume that the liquid has a sort of pseudo-crystalline structure, with three different crystalline states in proportions depending on
the temperature; this is needed to explain the expansion of water below 4°.
See further, Eucken110a.
Two molecular species derived from water are free OH radicals, and
oxonium cations.
Free hydroxyl radicals. At high temperatures, water vapour dissociates
with the production of hydroxyl radicals, whose absorption spectra can be
observed at 1,60O0,111 and even in the light of a carbon arc burning in
ordinary moist air.112 An electric discharge in water vapour produces the
same effect. The hydroxyl radicals (as measured by the absorption spectrum) do not vanish as soon as the discharge stops, but persist for nearly a
second.114
102
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J.A.C.S. 1935, 57, 2680.
D. M. Dennison, Phys. Rev. 1921, 17, 20.
W. H. Bragg, Proc. Phys. Soc. 1922, 34, 98.
105
W. H. Barnes, Proc. Roy. Soc. 1929, 125, 670.
100
Chemical Bond, pp. 301-6.
107
P . C. Cross, J . Burnham, and P . A. Leighton, J.A.G.S. 1937, 59, 1134.
108
W. F . Gaiuque and M. Ashley, Phys. Rev. 1933, 43, 8 1 ; W. F . Giauque and
J, W. Btout, J.A.O.S. 1936, 58, 1144.
109
E. A. Long and J. D. Kemp, ib., 1829.
»*• J . D. Bemal and R. H. Fowler, J. Ohem. Phys. 1933, 1, 515.
nm
A. Euoken, Naohr. Qu. Wise. OdU. 1946, 38.
111
K. F . Bonhoaffar and H. Reiohcurdt, Z. physihal Ohem, 1028, 139, 75.
lil
O. Oldrabwg, J , Ohem. Phy$. 1984, 2, 718.
104

•60

Group VI.

Oxygen,

Hydrides

Oxonium compounds. These are of the type
H\
+
)0—H
Wld correspond in structure to the ammonium salts, though they are less
•table, The first clearly recognized example of c quadrivalent' oxygen was
th© hydrochloride of methyl ether (CH3)20 • HCl discovered by Friedel in
1875: this boils at —1°, while of its components methyl ether boils at
—28'O0 and hydrogen chloride at —85°; it is partially but not wholly dis•oolated in the gaseous state. In 1899 Collie and Tickle showed that
diraothyl pyrone
O

A

H(X

XSH

I"\n/^
l I H

CHa • C\

yC • CHa

formed salts like a monacid base with a series of acids: more than forty of
these salts are now known. Further developments were made by Baeyer
And Villiger in 1901 and the following years.
I1He general analogy between LH3O]+ and [H 4 N] + is obvious, but certain
queations arise.
1. Friedel found115 that (CHg)2O-HCl is not wholly dissociated in the
v&pour at 0°, and later work116*17 has confirmed this conclusion, which is
very remarkable. An oxonium compound must be ionized; the structure
E

\ /

H

il impossible as it makes the oxygen exceed the octet limit, and a hydrogen
bond O—H- -Cl would be too weak to hold the parts together. But an
Ionized compound could not volatilize at 0°; the external electric field of
the ions must therefore be weakened in some way, perhaps by resonance
between (CH3)20 H - C l and (CH3)20—H [Cl].
2, A second question is why the pyrone compounds of Collie and Tickle
are so ready to form oxonium salts. They have two oxygen atoms, and
the presence of both is necessary to produce the unusual stability of the
salts, so they must both take part in the structure. This is explained by
114

O. Oldenberg and F. F. Rieke, J. Oh&m. Phys. 1988, 6, 489.
i» C. Friedel, Ber. 1875, 8, 77, 642.
110
O. Maaes and D. M. Moriaon, TfWM1 Boy* Soo. Canada, 1924, [Hi]. 18, III. 49
(J.C.S. AUtr, 1923,11. 500).
»" J, Shldil, Mm, Coll, S§i> Kyoto, 1035, 9, 97.
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the production of an aromatic structure (with its various resonance forms)
O
0—H

HC/
H(X

V

\ r a —> H C / NJH
XM

H

XK + [Xf.

3. Three of the four forms of the oxonium ion
(1) [H8O]+; (2) [RH2O]+; (3) R2HO]+
(R = hydrocarbon radical) have long been known, being formed when an acid
like hydrogen chloride is dissolved in water, alcohol, and ether respectively.
The fourth type, [R 3 O] + , in which all three hydrogen atoms are replaced,
has recently been discovered, and many of its salts isolated by Meerwein
and his colleagues.118 They showed that if the compound of boron trifluoride with ether Et 2 0~>RE 3 is treated in ethereal solution with
epiohlorhyd™
3H 2 -CH-CH 2 Cl
a semi-solid mass is formed, of which the solid part is the triethyl oxonium
salt Et 3 O[BP 4 ]. It is very unstable, and melts at 92° with decomposition
to Et20~->RF3 and ethyl fluoride, from which also it can be made by heating them in a sealed tube. With sodium picrate this salt gives the picrate
Et3O[O6H2(NOg)3O], m. pt. 58° with decomposition; attempts to make the
iodide with potassium iodide failed. The borofluoride is a very powerful
ethylating agent: with water it gives ethyl ether+alcohol, with phenol
phenetol, etc. Epichlorhydrin will also act119 in the same way on the
etherates of antimony pentachloride, aluminium chloride, and ferric
chloride, giving the salts (if R = Et 3 O) R[SbCl6] (m.pt. 135-7°) [R]AlCl4
and [B]FeCl4O Their salt character is proved by their solubility in nitromethane and in sulphur dioxide, and their high conductivity in the latter
solvent.
When Et 3 O[RF 4 ] is treated with sodium hydroxide it slowly decomposes, but by measuring the conductivity at intervals, and extrapolating
back to zero time, it can be shown that Et3O[OH] is a base of the same
high order of strength as Me4N[OH] or Et 3 S[OH].
Ry treating the borofluoride Et 3 O[RF 4 ] with other complex acids, a
aeries of salts such as [R]AuCl4 (m.pt. 92°), [R]2PtCl6 (decomposes 120°),
[B]2SnCl6 (decomposes in the cold), and [R]RiI4 were made. They are all
iimilar; on heating they form R 2 0 - X + R - h a l ; they are remarkably
powerful alkylating agents.
118
H. Meerwein, G. Hinz, P. Hofmann, E. Kroning, and E. Pfeil, J. prakt.
Oh$m.
1087, ii. 147, 257 j B.C.A. 37, ii. 46.
119
H. MeifWiin, H. Gold, E. PMi, G, Willfang, and E. Batteaberg, J1 prakt. OUm.
\m% Ii, 184, 88.
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HYDROGEN PEROXIDE
Tms is the primary product of the action of oxygen on hydrogen: it is
formed in small quantity when hydrogen burns in air/1905 or when a mixture
of hydrogen and oxygen is passed over palladium black. It is commonly
made by the action of acids on sodium or barium peroxide, or recently
often through peroxy-disulphuric acid by the electrolysis of acid sulphates
in concentrated solution in presence of hydrofluoric acid or potassium
ferroeyanide; it is concentrated by fractional distillation under reduced
pressure.
Pure H2O2 is an oily liquid, freezing at —1*7° but very easily supercooling ; b. pt. 69-7°/28 mm., extrapolated 144°/760 mm. It has all the properties of a highly associated liquid, and physically resembles water very
closely. It has an even higher dielectric constant of 89-2 at 0° (water
84-4/0°): a mixture of the two has a still higher dielectric constant, 120 in
a 80 per cent, solution.120 It is miscible with water in all proportions, but
relatively slightly soluble in non-associated liquids.1211 It is an excellent
ionizing solvent, in which salts are about as much dissociated as in water,
though weak acids like acetic are very much less so.
The specific conductivity of pure H2O2 is, at 0°, 2 x 10~6,120 which
implies a concentration of hydrogen ion 50 times as great as in pure water,
and a dissociation constant of about 10 ~12, since the true K for water is
about 10"16. This result is confirmed by the potentiometric titration with
potassium hydroxide, which gives l-55xl0~ 12 at 20°.122 Hydrogen
peroxide is thus definitely more acidic than water (compare carbonic acid,
k% 3 X 10~7 at 18°, k2 5 X 10~ n ; ortho-phosphoric acid hz 1-2 X 10""12).
It is endothermic and very unstable, readily breaking up according to
the reaction
2H2O2Ha. = 2H2O11*. + 0 2gas + 46-9 k.cals.1^
Assuming that H2O2 (b.pt. 144°) has the same Tfouton constant as water
(a difference of 1 in this constant would only make a change of 0*84 k.cals.)
the heat evolved if all the substances were gaseous would be 49*3 k.cals.
The reaction really consists in the replacement of 2 O—0 links by the
double link in molecular oxygen, and so should evolve
118-2 - 2 x 34-9 = 48-4 k.cals.;
so the resonance energy seems to be much the same in hydrogen peroxide
as in water. For this question, and the heat of the O—O link, see further,
references 123~4.
In the complete absence of catalysts hydrogen peroxide remains for a
11Qa

See A. C. G. Egerton and G. J. Minkoff, Proc. Roy. Soc. 1947, 191, 145.
A. C. Cuthbertson and O. Maass, J.A.C.S. 1930, 52, 489.
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long time unchanged, but its decomposition is promoted by a very large
number of substances, such as alkalies, potassium iodide, finely divided
platinum and palladium, and certain enzymes known as catalases.
All finely divided and sharp-edged solids, even dust, promote the decomposition, and so the concentrated substances is commonly kept and sold
in paraffin vessels. On the other hand, certain substances, even in small
quantity, such as phosphoric and uric acids, are very effective in delaying
the decomposition. 1 g. of uric acid will stabilize 30 litres of concentrated H2O2.126
Hydrogen peroxide can act both as an oxidizing and as a reducing agent.
Its power of oxidation is most marked in alkaline solution: it can convert
ferrous salts into ferric, sulphurous into sulphuric acid, hydrogen iodide
into iodine, etc. Its reducing power is due to its removing oxygen atoms
from other molecules in the form of diatomic oxygen. Thus silver oxide is
reduced to silver, and potassium permanganate to a manganous salt; this
reduction may often be due to the formation of an intermediate unstable
oxidation product with an —O—O— group
H2O2 + A - O — > H2O + A—0—0;
with chromic acid a blue perchromic 'acid' is produced, which easily loses
oxygen to give a chromic salt. (For the kinetics of the homogeneous
decomposition of H2O2, catalysed by potassium bichromate, nitric acid,
iodine, etc., see references 127-30. For its reduction by zinc, cadmium,
thallium, and lead amalgams see reference m . )
Hydrogen peroxide shares with water the power of acting as a donor,
and can replace water of crystallization in many salts.
There are two possible structures for H2O2
H\
H—0—0—H and

)O~»0.
W

By treatment in alkaline solution with dialkyl sulphate it can be converted into its dialkyl ethers, such as (CH3J2O2, b.pt. 14°, and (C2Hg)2O2,
b, pt. 65° (both at 760 mm.). These compounds on reduction give alcohols,
Alk\
so that they have the structure AIk—0—0—AIk, and not
y0->0,
which on reduction would give an ether. This does not, however, settle the
structure of the hydrogen compound, which may well be tautomeric; the
126

For an account of the physical and chemical properties of 90 per cent, aqueous
hydrogen peroxide, see E. S. Shanley and F. P. Greenspan, Ind. Eng. Chern. 1947,
39, 1536.
187
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R. Livingston, J. Phys. Ghem. 1943, 47, 200.
m
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possible resonance formulae in the liquid could pass very easily into either
form:
H
H
H
\ H
/
X
O
O
O
o '•-,

i I

0+

\

6-

H
/
H
On treatment with potassium iodide hydrogen peroxide liberates iodine,
and so does the half ether C2H5 • O2H, though less readily, but diethyl
peroxide does not. This agrees with the view that the oxidation of the
iodide is a reaction of the
H\
Alk\
)0->0 or
JX)~>0
BS
IK
molecule. It should be noticed that if the 0->0 link has the same energy
as —0—0— (as is usually assumed) the two forms in the gaseous state
have as a first approximation the same energy, as both consist of two
H—0 links and one O—O.
Penney and Sutherland132"3 calculate that the H—0—0—H molecule
has no free rotation round the 0—0 link, and that the two Bk
^O—O groups
are at right angles to one another. (They do not seem to have determined
H\
the relative stability of the y 0 ~ > 0 form.) Their conclusions are supported by the crystal structure of CO(NH2)2, H2O2134; in this the urea
molecules have the usual configuration, and the H2O2 that of Penney and
Sutherland, with the OH groups at an angle of 106°; the 0—0 distance is
1-46 A, which is exceptionally long (theory 1*32); the packing of the crystal
is effected by hydrogen bonds. The high dipole moment of hydrogen
peroxide also supports this view; it is 2-13 D in dioxane at 25°, and 2*06
in ether at IO0.135
If atomized hydrogen (see I. 15) at 0*5 mm. is allowed to act on
oxygen surrounded by liquid air, a colourless solid deposit is formed,
which has the composition H2O2, and seems to have the same absorption
spectrum as hydrogen peroxide.136 On warming, this melts sharply at
— 115°, evolving oxygen violently, and at the ordinary temperature a
liquid is left which contains up to 70 per cent, hydrogen peroxide. This
solid may well consist of the less stable of the two tautomeric forms,
which may melt at — 115° and in so doing change with the loss of much of
its oxygen into the tautomeric mixture plus water (the 'natural' freezingpoint of hydrogen peroxide is —1*7°).
132
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From hydrogen peroxide are derived a large number of compounds
containing the O—O link: not only organic derivatives such as the alkyl
and acyl peroxides, the percarboxylic acids like

C6H5-(Z

,etc.

\Q—0—H

but also many inorganic derivatives, in which one or more oxygen atoms of
a basic or acidic oxide, or an oxy-acid, are replaced by O—O groups. The
binary inorganic compounds are commonly known as peroxides: this name
should be confined to O—O compounds, but is often extended to include
any metallic oxides with an unusually large amount of oxygen, such as
PbO 2 and MnO2. These two classes are as a rule easily distinguished. The
oxide will dissolve in acids, and then if it contains a true O—O link, the
solution will contain H2O2 (e.g. Na2O2, BaO2). If it is not a true peroxide,
but an oxide of an unstable high valency, this will often be reduced by the
acid (as Mn0 2 +HCl ~-> MnCl4 ~> MnCl2+Cl2), but it does not give
hydrogen peroxide.
True peroxides are those of the alkalies and alkaline earths, which are
undoubtedly salts (Na2[O2], Ba[O2], like Na2[O], and Ba[O]). (Perhydroxides M'[0 2 H] also seem to occur137.) This is shown by X-ray
analysis which gives the O • • O distance in SrO2 and BaO2 as 1-31138 (theory
for O—O 1-32). Metals which are less electro-positive, or in other words
go over more readily into the covalent state, such as zinc, mercury, and
nickel, give less certain or at any rate less stable peroxides.
Other compounds with the O—O link are numerous per-acids (or
peroxy-acids), such as persulphuric, perboric, percarbonic, pertitanic,
perchromic, etc. The elements of the A subgroups of Groups IV, V, and
VI form these very readily, and they are most stable in the even groups,
and in each group with the heaviest element.139 X-ray analysis shows140
that K3CrO8, K3NbO8, and K 3 TaO 8 have the same lattices, with O—O
1-34 A.
A doubt whether some of these compounds are hydrated peracids, or
normal acids with hydrogen peroxide of crystallization can often be
settled by the 'Riesenfeld-Liebhafsky test'. 141 With potassium iodide in
a phosphate-buffered solution at p H 7*5-8*0 true peroxides, such as potassium persulphate K2S2O8, give free iodine but no oxygen, while hydrogen
peroxide itself, and salts which undoubtedly contain H2O2 of crystallization, give no iodine but liberate oxygen. When this test is positive—when
it gives I 2 - i t is good evidence of a true O—O link not attached to two
hydrogen atoms: when it fails (gives oxygen) we can deduce that the
" 7 A. Aguzzi, Gaz. 1938, 68, 816.
J. D. Bernal, E. Djatlova, I. Karsanovski, S. Reichstein, and A. G. Ward,
7J. Krist. 1936, 92, 344.
139
P. Melikov and L. Pissarjevsky, Z. anorg. Ohem. 1899, 20, 840.
140
I. A. Wilson, Arkiv* Kermf Mm. GmI 1942,15 B, no. 5.
141
R. Sohwaws and F. Hainrioh, E, anorg, QUm* 1933, 223, 887.
188
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compound has liberated hydrogen peroxide in the solution, either
because it was there as hydrogen peroxide of crystallization, or because
the X—O—O—H group was so unstable as to react with the water to
form X—O—H and H2O2.
By this test it can be shown that we have true peroxides (i.e. molecules
with an O—-O group attached to the central atom) in Caro's acid H2SO5,
persulphuric acid H2S2O8, percarbonic as in Na2CO4, pertitanic as in
H2TiO4, H2O, perzirconic H2ZrO4, H2O, and perchromic (the blue)
R8[Or2O12]. But the supposed per-compounds of silicon, germanium,
and thorium seem to be only normal oxides with hydrogen peroxide of
orystallization.

Organic Peroxides
Almost all classes of organic oxygen compounds can have an oxygen
atom replaced by an —O2— group. The simplest are the alkyl hydroperoxides or per-alcohols AIk—O—O—H and the dialkyl peroxides
AIk—O—O—AIk; these were first made by Baeyer and Villiger142-3 by
the action of alkaline hydrogen peroxide on alkyl sulphates.
Boiling-points [and Melting-points]
R = CH 3
C2H6"
C3H7
(CH8)8C&

R.O2H

R . O2R

?
ca. 95°
38°/30 mm.

100°
65° [ - 7 8 ° ]
61-3°/80 mm.
38°/18mm. [-13-5°]

a=

u

\ b=

145

In general these two classes resemble the alcohols and ethers respectively. The per-alcohols decompose readily when concentrated, and are
difficult to purify. The dialkyl peroxides are relatively stable, but explode
on heating above their boiling-points.
In chemical behaviour (our knowledge is mainly of the ethyl compounds)
the per-alcohols148 are in most points, but not in all, intermediate between
the alkyl peroxides and hydrogen peroxide. They are far less stable than
the peroxides, which are almost as inactive as ether; the alkyl groups in
AIk—0—0—AIk are not oxidized by permanganate or by chromic acid,
and the 0—0 link is not reduced by sodium alone, and only very slowly
by potassium iodide in presence of strong sulphuric acid; it is, however,
142
148
144
148
148

A. v. Baeyer and V. Villiger, Ber. 1900, 33, 3387.
Id., ib. 1901, 34, 738.
E. J. Harrii, Proo. Boy. Soo. 1989, 173, 126.
N. A. Mite* and S, A. Harrii, J.A.O.&. 1938, 60, 2434.
P, Giorgt and A. D, Wabh, Tram. Jar, Soo. 1940, 42, 94.
i"
N. A. MIlM and D. M. Sargonor, J.A.C.S, 1946, 6S9 203.
141
N. Ai MIIM and F. 0. Panagiotakoi, lb, 3S8.
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reduced quantitatively by zinc and acetic acid with the production of
ethyl alcohol, a proof that the structure is Et—O—O—Et and not
Et\
)0->0.
Et/
But the vapour catches fire in air in contact with a thermometer at 250°
(carbon disulphide does not do so below 300°), and if the liquid, in an
atmosphere of carbon dioxide, is touched with a hot wire it vanishes, the
main product being formaldehyde. The dialkyl peroxides have a faint
smell like that of ethyl bromide, while ethyl per-alcohol smells like bleaching powder and acetaldehyde.
The per-alcohol C 2 H 6 'O 2 H is a weak acid about as strong as phenol,
forming salts with alkalies and alkaline earths which are explosive and
are decomposed by carbon dioxide. It differs markedly from hydrogen
peroxide, having practically no reducing power, but only oxidizing.
Chromic, molybdic, and titanic acids (which might either be reduced,
e.g. to chromic salts, or oxidized to per-acids) have no action on it; acid
permanganate is much more slowly decolorized by it (with evolution of
oxygen) than by hydrogen peroxide. Silver oxide (which at once reduces
hydrogen peroxide) has scarcely any action on the per-alcohol, while
ordinary molecular silver, which has no action on hydrogen peroxide,
decomposes the per-alcohol, sometimes explosively. On the other hand, it
is a strong oxidizing agent; it oxidizes hydrogen iodide, with explosion in
concentrated solution, and it can convert tertiary amines into amine
oxides.
Tertiary butyl peroxide (Me3C)2O2145""7 is abnormally stable; unlike the
other esters it can be made from the alcohol and hydrogen peroxide with
a dehydrating agent (MgSO4 and HPO 8 ); it will stand for months in the
cold with 10 per cent, sodium hydroxide solution without change. For the
kinetics of its decomposition in the gas at about 150° see reference 148a.
Egerton and his colleagues have shown149"52 that in the oxidation of
petrol by air, and in the 'knocking' of petrol engines under excessive
compression, the alkyl peroxides and per-alcohols are probably starters of
reaction chains. They find that diethyl peroxide is a strong 'pro-knock',
and also that it greatly shortens the induction period of the slow oxidation
of propane.
Numerous organic peroxides of other types are known, such as the peranhydrides. Peracetic anhydride CH3 CO O2 CO CH3 was made by
Brodie in 1863 from acetic anhydride and barium peroxide; it melts at
30°, boils at 63°/21 mm., and is enormously explosive. Benzoyl peroxide
®«CO"O2'CO*<I> is used in organic chemistry as an oxidizing agent; for
14Sa
J. H. Haley, F. F. Bust, and W. E. Vaughan, ib. 1948, 70, 88.
uo
E. J. Harris and A. C. Egerton, Nature, 1938, 142, 830.
"° Id., Proo. Boy. Soo. 1038, 168, L
151
E. J. Harris lb. 1989» 173, 126; 175, 254.
169
1. 0. Stathii and A, 0, Egar ton, Trans. Far. 61Qd. 1940, 36, 600.
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the kinetics of its decomposition, see references 153~5; for the kinetics of its
thermal decomposition see references 156a-*\
The per-acids RCO4O2H can be made by the hydrolysis of these peranhydrides, or by the action of hydrogen peroxide on the ordinary acids in
presence of sulphuric acid156; peracetic acid CH 3 • CO • O2H melts at +0*1°
and explodes at 110°, which is taken to be its boiling-point.
158

P . H . Hermans, Bee. Trav. 1935, 54, 760.
H. Erlenmeyer and W. Schoenauer, HeIv. CHm. Acta, 1936, 19, 338.
166
J . D. Brown, J.A.G.S. 1940, 62, 2657.
156
J. d'Ans and W. Frey, Ber. 1912, 45, 1845.
um
P . D. Bartlett and K. Nozaki, J.A.G.S. 1947, 69, 2299.
1686
B. Barnett and W. Vaughan, J . Phys. Chem. 1947, 5 1 , 926, 942.
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SULPHUR
General
THE changes in properties to be expected when we go from oxygen to
sulphur are these.
1. The covalency limit expands from 4 to 6 and that of the valency
group from 8 electrons to 12, as in SF6, to which oxygen forms no analogue.
2. It is improbable but not impossible that sulphur will show the inert
pair of electrons. This is only just perceptible in arsenic (not in phosphorus) on the one side, and in chlorine on the other. In fact it is scarcely
found with sulphur except in resonance forms. The mixed decet 2, 8,
which can only occur when the two electrons are inert, is almost unknown;
it would occur in compounds of the type SX4 if wholly covalent, but SCl4
exists only in the solid state, where it is probably a salt [SCl3]Cl, while the
supposed gaseous SF 4 does not seem to exist at all.
3. Sulphur, being in the second short period, should be much less ready
to form multiple links than oxygen, as we found in silicon and phosphorus
as compared with carbon and nitrogen. This no doubt explains the great
instability of such molecules as S = S and S = O in comparison with 0 = 0 .
When we look at the observed facts, the most conspicuous differences
between sulphur and oxygen are these.
1. Sulphur is more acidic; the first dissociation constant of water is
2 xl0~ 16 , and that of hydrogen sulphide 3-31X 10~7; this is probably
because H2S is so much less associated than H 2 O; otherwise we should
have expected the larger anion to ionize less readily.
2. Sulphur has a much stronger tendency than oxygen to form long
chains with itself. In its compounds no chains of more than two oxygen
atoms are known, and even compounds with two linked oxygens, such as
hydrogen peroxide and the organic peroxides, decompose very readily.
With sulphur chains of two, three, and even more sulphur atoms (in the
polysulphides) are readily formed and are stable: the most striking example
is the remarkable stability of the S8 molecule, under practically all conditions at temperatures below 800°. This is the exact reverse of the relations
in Group IV, where carbon forms far more stable and longer chains than
the second element silicon.
3. Sulphur has a much stronger tendency than oxygen to assume a
valency greater than two, even where it retains the octet (as it almost
always does). The comparison of the sulphonium and oxonium compounds
Illustrates this, and we have also such compounds as the sulphoxides, sulphones, and sulphates, to which oxygen offers no analogy. This difference,
which is almost confined to the S—O compounds, may be due to the energy
©f the resonance between the S->0 and S = O forms.
4. A ourious difference is that hydrogen cannot form a link between two
lttlphur atoms (though it can link sulphur to other atoms such as nitrogen),
and in oonsequence hydrogen sulphide and the mercaptans are entirely
tloii-assooiated, though the donor power of the sulphur in these compound! ii as great as that of oxygon in water and the aloohols.
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According to Faessler * the position of the Ka X-ray doublet for
sulphur varies somewhat with the valency.
Elementary
Sulphur
Sulphur occurs in the earth's crust to 500 parts per million (0-05 per
cent.), in the free state (especially in Texas and in Sicily), as sulphates,
and as sulphides. It has four natural isotopes:
Mass No.
Percent.*

.

. 32
. 95-1

33
0-74
a = 160 .

34
4-2

36
0*016

Stewart and Cohen,161 by the exchange of sulphur dioxide with sodium
hydrogen sulphite have got samples in which 25 per cent, of the sulphur
was 34 S. But for the measurement of the exchange of sulphur atoms in
compounds radioactive 35S (half-life 88 days)162 is always used; this is made
by bombarding chlorine (carbon tetrachloride) with neutrons, or ordinary
sulphur with deuterons.
In every state, gas, liquid, solid, elementary sulphur occurs in more than
on© modification, the whole constituting a confusing multitude of forms,
whose relations are not yet fully understood.
Sulphur boils at 444-6° C. At all temperatures from 60°163 up to about
800° its molecular weight in the vapour is S 8 ; this molecule is extraordinarily stable and widespread: it is the molecule of rhombic and monoclinic sulphur; it is the form in which sulphur occurs in all non-reacting
Kolvonts at all temperatures at which the molecular weight has been
measured, and these measurements, which are mainly due to Beckmann,164
extend to twenty-nine solvents, and to temperatures from —75° in
S8Cl2 to 277° in anthraquinone. The structure of this S8 molecule is given
later.
Above 800° the vapour dissociates to S2, with possibly165-6 S6 as an intermediate form; at 1,000° it is mainly S2, and at 2,000° this is measurably
broken up into single atoms. The heats of formation of the links from
their atoms (Ha) are (A—A thermal 167 ; A = A spectroscopic168);
A—-A
A=A
A=A/A—A

S

Se

Te

50-0
75-7
1-51

46-3
71-5
1-54

53*1 k.cals.
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A. Faessler, Z. Phys. 1931, 72, 734.
A. Faessler and M. Goehring, Naturwiss. 1943, 3 1 , 367.
169
A. Faessler, Z. EUHrochem. 1944, 50, 64.
180
A. O. Mer, Phys. Rev. 1938, ii. 53, 282.
161
D. W. Stewart and K. Cohen, J. Chem. Phys. 1940, 8, 904.
102
M. D. Kamen, Phys. Bev. 1941, ii. 60, 537.
m
K. Neumann, Z. physikal Ohern. 1934, 171, 899, 416.
104
E. Beokmann, ib. 1909, 65, 289? Z. anorg. Ohem. 1909, 63, 03; E. Beokmann
and B . Hanslian, ib. 1913, 80, 221.
1&B

m

Q. Prsuntr mi W, Sohupp, 2. phy§ih&h Ohmn* 1901, 68, 129.
"• W, Klernrn m& H. Killan, lb. 1941,1 40, 270.
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The values usually accepted (and quoted in the Introduction, pp. xxxi,
xxxii) are S - S 63*8, S = S 103-4; S e - S e 57-6, Se=Se 92-5 k.cals.
In the solid state there are in addition to the crystalline rhombic and
monoclinic forms, with a transition point of 96° (for the rate of change see
ref. 169 ), various other crystalline forms, all metastable with respect to the
first two. There are also at least two amorphous forms, plastic sulphur,
formed by chilling the liquid from 250° or above (see further, ref. 17°), and
insoluble amorphous sulphur, which is formed from plastic sulphur on
standing, and is contained in flowers of sulphur, as well as in other forms
of the element.
This colloidal form is insoluble in carbon disulphide. If the insolubility
is real and permanent, this must be the stable form as compared with the
rhombic and the monoclinic; but it seems more likely that it is ultimately
soluble in carbon disulphide, but for some reason dissolves very slowly.
At 200-250° liquid sulphur darkens and its viscosity enormously
increases. At lower temperatures the molecules of liquid (as of dissolved)
sulphur are no doubt S8, but above 200° a new form must be produced,
which is generally called S/x. This has been identified with plastic sulphur
and also with the insoluble colloidal form. Attempts, often regarded as
conclusive, have been made to determine the proportion of S//, at various
temperatures by chilling it, and after leaving it for some days in the cold
to harden, grinding up and extracting with carbon disulphide. But Hammick has shown175 that if the chilled mass is treated with carbon disulphide
at once, nearly the whole dissolves, so that plastic sulphur appears to be
soluble, and to produce the insoluble form on standing. The whole question of the relations of the liquid forms is very obscure.171™2
The structures of the three most definite forms, S8, plastic sulphur, and
S2? have recently been determined. Warren and Burwell178 showed by
X-ray analysis of rhombic sulphur that the crystal cell contained 16 S8
molecules, each forming an 8-ring, puckered in this way

the distance between two neighbours being 242 A (theory for S—S 2*08),
nnd the angle 105-4° (compare H2O 105°). This has been confirmed by
nlaotron diffraction.174-6 In the high-temperature S2 molecule the S - S
197

Bischowski and Kossini, Thermochemistry.
™% P. Goldfinger, W. Jetmehomme, and B. Rosen, Nature, 1936, 138, 205.
1
^ P. G, Elias, 1ST. H. Hartshorne, and J. E. D. James, J.CS. 1940, 588.
"° E. A. Fehnel, J.A.C.S. 1942, 64, 3041.
m
R. E. Powell and H. Eyring, ib. 1943, 65, 648.
in
N. 8. Gingrioh, J. Ohem. Phys. 1940, 8, 29.
"» B. E. Warren and J. T. Burwell, ib. 1935, 3, 6.
«* J, D. How© and K, Lark-Horowitz, Phya. Em, 1987, ii. 51, 380.
*»• D. Ll. Hammiek, W, R, Comim, and E. J. Langford, J,0>8. 1928, 797.
"• 0. S. Lu and J. Donohu©, J.A.OJS. 1944, 66f 818.
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distance was found from the band spectrum177 to be 1-88 A3 and by electron diffraction178 to be at 800° l-92±0-03 (theory for S = S 1-88).
Plastic sulphur was shown by K. H. Meyer179 to have a simple fibre
structure; it is amorphous, but like rubber it can be made crystalline by
stretching: that is to say the sulphur chains, which seem to have the form
S—Sv

/S—Sv

\g—s/

/S

\s—s/

are normally tangled up with one another, but can be separated by pulling.

Chemical Behaviour of Elementary Sulphur
Sulphur is almost as ready to combine with other elements as oxygen,
even in the solid state. It combines readily with hydrogen (for which its
aflinity is, as usual, less than that of oxygen, the lighter member of the
group), it catches fire in oxygen below 260° (it only forms SO2 unless
catalysts are present), it combines in the cold with fluorine, chlorine, and
bromine, though not with iodine: carbon reacts at high temperatures,
Hilicon, phosphorus, arsenic, antimony, and bismuth at their meltingpoints: it does not combine with tellurium.
Nearly all metals combine with sulphur, and many of them in the cold.
Tho combination takes place more easily, the earlier the group to which
Uio metal belongs. Li, Na, K, Cu, Ag all react in the cold on contact with
tho solid (copper and silver have more affinity for sulphur than for oxygen):
mercury does the same, even at —180° according to Dewar. Be, Ca, Sr,
do not react except with sulphur vapour at 400°: Mg, Zn, Cd, very
ilightly in the cold, but easily on heating: Al, In, Tl, and the IVth Group
metals do not perceptibly react below a high temperature: still less readily
tho metals of the Vth to the VIIIth Groups, such as Cr, W, U, Fe, Co, Ni.
The only elements which are not known to combine directly with sulphur are iodine, nitrogen (except perhaps in the active state), tellurium,
gold, platinum, and iridium.
H Y D R O G E N S U L P H I D E , H2S
HtTWItCTR forms three hydrides, H2S, H2S2, and H 2 S 3 ; the last two, having
linked sulphur atoms, are considered later.
Hydrogen sulphide boils at -—60*4° and melts at —85-5°. The solid is
trimorphic,180-2 with transition points at —146-9° and —169-6°, the latter
being the point at which free rotation of the H2S molecules begins. D2S
is dimorphic,183 with a m. pt. 0-5° below that OfH2S. At — 78-6° the specific
177

E. Olsson, Nature, 1936, 137, 745.
L, R. Maxwell, V. M. Mosley, and S. R. Hendricks, Phys. Bev. 1936, ii. 50, 41.
*7» K. H. Meyer and Y. Go, EeIv. CHm. Acta. 1934, 17, 1081.
**° W. F. Giauque and R. W. Blue, J.A.O.S. 1930, 58, 831.
181
K. Cluiius and A. Frank, E. phymkal Chm> 1980, B 34, 420,
188
A. Krui» and K. 0IuIlUi1 F%«. Z. 1987, 38, 310.
" • Id,, £, phytikaL 0hm> 1087, B SS1 188.
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conductivity of liquid H2S is 1-2 x 10~ , and its dielectric constant 8*3184
(water 81/20°).
It differs Remarkably from water in having in every way the properties
of an unassociated substance. This is shown, for example, by the boilingpoints (see table); by the Trouton constant of 21-0 (water 26*0); by the
low dielectric constant; by the low dipole moment (see below); and by the
structure of the solid, which is185 a close-packed assemblage of SH2 molecules, very unlike the open structure of ice.
Boiling-points
DiS
H—0—H
CH3-O-H
C2H5-O-H
C2H5-O-C2H5

100° C.
66°
78°
35°

-60°
+ 6°
+ 36°
92°

H—S—H
CH3-S-H
C 2 H 5 —S—H
C2H5—S—C2H5

-160°
-60°
-42°
+ 57°

This marked difference from the highly associated water is clearly due
to the hydrogen bond being much weaker when between two sulphur atoms
than when between two oxygens (see above, I. 32). It is accompanied by
a marked difference in dipole moment.186 The latest values are given in
the table, which shows (1) the moment of the compound, (2) the moment
of the X—H link, assuming the valency angle to be 105°187 in H2S as it
is in water, (3) the X- • -H distance, (4) the charge, assuming it to be
located on the hydrogen and the sulphur, and (5) the same, expressed as a
fraction of the electronic charge.
XH2
OH 2
SH 2

F
1-84
0-93

/X(X-H)

Dist.
X-H

dE

dE
E

1-51
0-76

0-96
1-34

1-59
0-57

0-33
0-12

These results scarcely support the view that the association of liquids
like water is wholly due to the electrostatic attraction between the hydrogens and the central atom.
The general properties of hydrogen sulphide as a solvent are in agreement with its non-associated character. It is nearly four times as soluble
in alcohol at 0° as in water, and it is miscible at —80° with CCl4, SiCl4, and
CS2. It is practically a non-dissociating solvent for most salts, for which
in general it is not a good solvent.188 The liquid, especially in the dry
and pure state, is relatively inactive.
m

W. G. Bickford and J. A. Wilkinson, Proc. Iowa Acad. Sd9 1933, 40, 89.
L. Pauling, J.A.C.S. 1935, 57, 2680.
>•• C, P. Smyth, ib. 1924, 46, 2161.
»" B. L. Crawford, and P. C. Cross, J. Chem. Phya. 1937, 5, 371, find from the
IntmMlttai of the absorption band at 10,000 A that the H—S—H angle is 00°, but
thin will only diminish ( X - H ) by about 10 per cent.
»« W. BiItK and H, Keuneeke, E. anorg, Oh§m. 198S1 147, 171.
1M
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The gas is about twice as soluble in water, as carbon dioxide—about
(M per cent, by weight at 18° and 1 atm.
Hydrogen sulphide is a stronger acid than water, its first ionization
ootiHtant being (in water) 3-3 X 10~7,189 whereas that of water (in itself) is
2 X 10 16. This must be mainly due to the absence of association, which
would diminish the ionization in water; otherwise the larger sulphur
Anion should go over into the covalent state more easily than the smaller
oxygen.
As in all the last four groups (i.e. wherever hydrogen forms covalent
links) the affinity for hydrogen falls off in the VIth Group from oxygen to
•ulphur: the heats of formation from the atoms in the gaseous state at 25°
nrft:
O—H (half H2O) 110-2 k.cals.: S - H (half H2S) 87-5
The difference is familiar from the way in which an H2S solution deposits
•ulphur through oxidation when exposed to the air. For details of its
oxidation see references 19 °- 3 . When heated alone H2S is decomposed above
400°. It forms a solid hydrate, probably H2S, 6H2O.194

Mercaptans (Thiols)
These, which are the mono-alkyl and aryl derivatives of hydrogen sulphide, also behave as normal non-associated liquids; this is indicated by
their low boiling-points, almost the same as those of the isomeric thxoathers, and also by the low Trouton constants. Thus we have:
Compound
CH 3 . SH«
C 2 H 5 • SH
n. C 3 H 7 -SH
n. B u - S H
CH 3 -OH
C 2 H 5 OH
(CHg)2S
(C2H5J2S

M.pt.

B.pt.

-1230°
-147-3°
-113-3°
-115-9°

-K'O 0
34-7°
68°
97°
67°
78°
36-2
91-6

..

Trouton
constant
210
22-4
25-2
27-1
21-3
20-7

The same conclusion is supported by their other physical properties;
thus unlike the alcohols they are only slightly soluble in water.
The mercaptans are much more acidic than the alcohols; the alkyl
mercaptans are more like the phenols, and the aryl-mercaptans or thiols9 A. G. Epprecht, Hefo. Chim. Acta, 1938, 21, 205.
190
B. Jakovleva and P. Sohantarovitsoh, J. Phys.-Chem. Buss. 1937, 9, 112.
i« N". M. Emanuel, ib. 1940, 14, 863.
" • N. Emanuel, Acta Phyekoohzm. UtR.S.iS, 1044, 19, 360.
"a Id,, J . Phy^Ohmn, MUH, 1945, 19, 15.
194
A. KorvQzo© and F. 1, 0. Sohtflto, Bao. Ttm* 1981, SO9 956.
»•» H, RttMill, D. W. Onborn©, and D. M. Yoifc, J,A,0,8.1941, 64,165.
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phenols far more acidic than the corresponding phenols, phenyl-orthodi-mercaptan C6H4(SH)2 being nearly as strong an acid as acetic.197 The
mercaptans, like the phenols, dissolve in alkalies to form salts, which are
considerably but by no means completely hydrolysed.
The polymethylene dimercaptans HS(CH2)JSH are known198 from
n = 2 to n = 12; CH2(SH)2 could not be made. Their melting-points show
a sharp alternation, those with n even being 20-40° higher than the next
with n odd. The dibromides and glycols behave in the same way.
Though the alkaline derivatives of the mercaptans are no doubt true
salts, those of the heavy metals are certainly as a rule covalent, especially
those of mercury (see II. 320) and divalent lead; the latter, like the
mercury compounds, have very low melting-points, for example,
(Et-S)2Pb 150°, (Bu-S)2Pb 8O0,199
and are soluble in chloroform and benzene; these are almost the only
covalent derivatives of divalent lead.
Like hydrogen sulphide the mercaptans are very easily oxidized; thus
sulphuric acid, instead of forming alkyl thiosulphates AIkHS2O8 as
AIkHSO4 is formed from alcohol, oxidizes them to the di-sulphides.
Stronger oxidizing agents convert them into sulphonic acids AIk-SO3H.

Thioethers
These resemble the O-ethers fairly closely in physical properties; they
are immiscible with water, they are said to have no smell when pure, and
they boil about 60° higher than their oxygen analogues; examples are:
a

Me 2 S
Et 2 S &
(C6H5)2SC

M.pt.

B.pt.

Trouton

-98-3°
-102-1°
Liquid

37-3°
91-4°
293°

21-2
21-7

a

=

207? 5 _

208 ?

c

^ 3 209

The barrier to rotation of the methyl group is found from the specific
heat of the vapour to be 1-5 k.cals. in CH 3 -SH 195 and 2-0 k.cals. in
(CH3J2S.207
107
108
109
200

a»i
aoa
una
804
908

"•
101

goi
m

G. Schwarzenbach, HeIv. GHm. Acta, 1932, 15, 1468.
W. P . Hall and E. E. Reid, J.A.G.S. 1943, 65, 1466.
E. Wertheim, ib. 1929, 5 1 , 3661.
W. Steinkopf, Ver. Ges. d. Naturf. 1912, ii. 220 (J.G.S. Ahstr. 1912, i. 292).
V. Schomaker and L. Pauling, J.A.G.S. 1939, 6 1 , 1769.
Qt -yp. Wheland, Theory of Resonance, 1944, p. 70.
jp o r m o r e of these see JRichter, ed. 12, ii. 3, p . 21.
F . S. Fawcett and H. E. Rasmussen, J.A.G.S. 1945, 67, 1705.
F . S, Fawoett, ib. 1946, 68, 1420.
G. C. Johnson, ib. 1947, 69, 150.
D. W. Osborne, R. 1ST. Doescher, and D, M. Yost, ib. 1942, 64, 169,
H § ^r, Thompson and J. W. Linnett, Tram. Far. Soo. 1985, 3 1 , 1743.
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The valency angle of the sulphur in C—S—C has been measured only in
tho diaryl sulphides, where the aryl groups might be expected to increase
It *, it is little if at all larger than the tetrahedral angle (in H2S it is much
nmaller, 105°). Thianthrene "^
/Swv

has a moment of 1*50 D in carbon tetrachloride, so it must be non-planar
with the S-angles less than 120°210; the dipole moments of their parasubstitution compounds show that the valency angle in diphenyl sulphide
m I13±3°, 212 but in diphenyl ether 128±4° 211 ; finally, the crystal structure
of tho decamethylene ether of p-dihydroxy-phenyl sulphide (HOC 6 H 4 ) 2 S
gives the C—S—C angle as 112*4+1-5° and the 0—S distance as 1-71
(theory 1-81).
C H -CH
Thiophene

CH CH

odours up to 0-5 per cent, in crude benzene, and causes it to give the indophcrnin reaction (a blue-green colour with a trace of isatin in concentrated
sulphuric acid); it can be made by heating succinic acid with phosphorus
pentasulphide, or200 by passing acetylene over pyrites at 300°.
It is a colourless liquid smelling like benzene, to which it has a remarkably
close resemblance. Electron diffraction201 shows the molecule to be planar,
with the distances C - C 1-44, C=C 1-35, C - S 1-78 (theory C - C 1-54,
CU=C i'33, C—S 1*81, C=S 1-61 A). The resonance energy as measured
by the heat of combustion is 29 k.cals.202 (benzene 41). In physical properties, and especially in boiling-points, thiophene and its derivatives closely
resemble their benzene analogues, as the following values203 show (the
benzene values are added in brackets): thiophene204 b. pt. 84'1° [80-5°];
2-methyl thiophene 112-5°, 3-methyl thiophene 115-4°205 [110-8°];
2-ohlorothiophene 130° [132°]; 2,5-dichlorothiophene 170° [172°]; 2aoetyl-thiophene206 213-9° [202°]; dithienyl 266° [254°]. Its chemical
resemblances are equally close; it is as readily chlorinated as benzene,
more easily sulphonated, and rather less easily nitrated. It can be removed
from benzene through its more rapid reaction with sulphuric acid (V.
Meyer) or with mercuric acetate (Dimroth). It reacts like benzene with
diazoacetic ester.203 Even the physiological action of drugs like cocain and
atropine is little affected if their phenyl groups are replaced by thienyl.203
The sulphur in a thioether has a marked action on the behaviour of other
atoms in the molecule. For example, the acidity of a phenol is enormously
increased by the attachment of a sulphur atom to the benzene ring, as in
910
G, M. Bennett and I. Glaiitono, J.0,8, 1984, 128.
111
L. 1. Button and O. 0. Hampion, Trmt. Wm. Soo, 1985, 31, 045,
»» B, Kohlbaa* and A. LUtrlnghaui, Bar, 1OiQ1 73,107.
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para-S(C6H4-OH)2.213 Another effect which has become only too well
known is on a chlorine atom attached to carbon. If one of the a-hydrogen
atoms in diethyl sulphide is replaced by chlorine, as in the dichloride
(GH3—CHCl—)2S, no special peculiarities are observed except that the
chlorine is very easily replaced. But if the chlorine atoms are in the j8position, as in (CH2Cl—CH2—)2S, two effects are produced; firstly, the
chlorine atom becomes much more difficult to remove, and secondly, the
substance acquires an intense physiological activity, especially the power
of raising blisters in contact with the skin. It is of course the well-known
mustard gas. The a-compound has no vesicating power. This distinction
runs through all the chloro-thioethers, and the two properties always go
together.
The thioethers, like the ethers, form a series of addition compounds,
often with the same substances, the sulphur being on the whole perhaps
as good a donor as the oxygen, though it is somewhat limited in its action.
Comparison is difficult, because the additive powers of the sulphur compounds are for obvious reasons much less thoroughly investigated than
those of their oxygen analogues. But so far as we know the mercaptans
form very few addition compounds, only some three being described:
SbCl3,EtSH, and TiCl4, 1 and 2 EtSH (the last two both red), so that they
are very different from those of the alcohols. Presumably the same conditions which cause the hydrogen to ionize weaken the donor power of the
sulphur.
The addition compounds of the thioethers are numerous. They include
a remarkable group in which the acceptor atom is carbon. Ingold and
Jessop214 showed that fluorenyl-9-dimethyl-sulphonium bromide (I) when
treated with potassium hydroxide loses hydrogen bromide to give a
neutral product which is monomeric in benzene and must have the
structure (II):
QeH4X
/CH 3
C6H4\
/CH 8
1
)CH—SC
Br — > I
)C«~8
[C6H/
\CH 3 J
C6H/
XCH3
(I)
(H)
This product is dimethyl-sulphonium-9-fluorenyhdide; it is one of the rare
cases where a carbon atom forms a co-ordinate link. The alternative
structure with a double link
/
\CH 3
is impossible for various reasons, the simplest of which is that the compound
reacts with dilute hydrobromic acid like a base, taking up the acid and
regenerating a sulphoirium salt (corresponding to I), the carbon atom,
with the valency group 2, 6 behaving like the nitrogen atom of an amine,
while the true C = S group (as in carbon disulphide) does not do this;
918
0, Leflvre and 0. De&grm, CM*. 1985, 200» 762,
•" 0. K. Ingold and J. A. Jeiiop, J.0.S, 108Q1 718.
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another reason is that the >C=S< structure would imply a valency
group of 2, 8 (inert pair) for the sulphur atom.
In another small group of co-ordination compounds of the thioethers it
ii nitrogen t h a t acts as acceptor. These are the sulphylimines, which are
of the type
Q

/x

t

*T

215

formed
by the action of 'chloramine-T' (the sodium salt of the sulphonohloride) on a thioether. Their whole behaviour supports the —ISk-S as
against the — N = S structure. They have been resolved into stable
aritimers. 216-17
Apart from these, the addition compounds of the thioethers are almost
confined to a small group of elements in the periodic table, 2 1 8 which on the
whole are those t h a t form the most stable metallic sulphides. 219 These
compounds are formed by the halides (and with silver by the nitrate) of
the following elements:
Ni
Cu
Zn
Pd
Ag
Cd
Pt
Au
Hg
and otherwise only by those of Al, Ti, and Sn, the stannic halides, as usual,
taking up two molecules of the sulphide; the disulphides AIk 2 S 2 can replace
the thioethers. Thus we have the following derivatives of dimethyl
thioether C H 3 - S - C H 3 ( = A):
2 CuCL A.
ZnBr2, A.
CdI2, A.
HgI 2 , A.

TiCl4, Et 2 S, and 2 Et 2 S.
SnCl4, 2 A.
PdCl2, 2 A.
AgNO8, Et 2 S 2 .
2 AgNO3, (CH 2 =CH) 2 S.

Tsohugaeff220 showed that dithioethers of the type R - S - (CH2)^S • R can
form such compounds unusually easily when n = 2, i.e. when a chelate
8-ring can be formed as in:
-^
Cl\

/S-CH2

CV

\S—CH 2
Et

918

F. G. Mann and W. J. Pope, J.C.S. 1922, 121, 1052.
*w S. G. Clarke, J. Kenyon, and H. Phillips, ib. 1927, 188.
817
For further work on these compounds see L. A, Pink and G. E. Filbert, J.A.C.S.
1946, 68, 751.
818
P. Pfeiffor, Org. Mohkittvwbindmgm, ed. 2, 1927, p, 159,
•» See G. T. Morgan and W, Ledbury, J.CS. IMS, 131, 2882.
«• L, A. Ttohug&eff, B$r, 1901, 41, SSlS.
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Platinum and palladium form a very large number of addition compounds of this type. The thioamides also form many addition compounds
similar to those of the thioethers.
A different type of addition products of the thioethers is that of the
sulphonium compounds, [R3S]X, corresponding to the oxonium salts
[R3OJX: they are described below, p. 890.

Metallic Sulphides
These are sometimes covalent and sometimes ionized. As a rule, apart
from those of the alkalies and alkaline earths, they are characterized by
great, and often extreme, insolubility. It is obvious that while the sulphides of the non-metals are usually very unlike the oxides, the metallic
compounds of the two classes show a much greater similarity. So far as
the latter are ionized, this is of course necessary.
Britzke and Kaputinsky221 have shown that the affinities of the metals
for sulphur at 1,000° in any given period fall regularly from the first Group
to the seventh, and in any Group from the lightest element to the heaviest.
Many sulphides are remarkable for showing not only a metallic glance
(i.e. a reflection of light as good as that of a metal, 30-70 per cent.), but
also metallic conduction.222-3 This is true of PbS, Fe7S8, FeS2 (pyrites),
ZnS, NiS.
The half derivatives, the hydrosulphides, are known only with the
alkalies and alkaline earths. Their hydration is very odd: Li, 0; Na, 2 and
3; K, 1/2.22*

Polysulphides
Corresponding to each series of sulphides already discussed is a series of
polysulphides, containing in place of a single sulphur atom a group of
two, three, or even more. The production of relatively stable compounds
of this kind is highly characteristic of sulphur, and also raises interesting
questions of structure, since a covalent compound say A2S3 might have
any of the structures
S
A-S-S—S—A,

A—S—S—A or A—S-A.
Y

Y

S
S
Like the sulphides, the polysulphides may be divided into the hydrogen
compounds, the alkyl derivatives, and the metallic salts.
Hydrogen
Polysulphides
If a strong solution of sodium polysulphide, made by dissolving flowers
of sulphur in sodium sulphide solution, and preferably in the proportions
m
E. F. Britzke and A. F. Kaputinsky, Z. anorg. Ohem. 1033, 213, 73.
•Bi J. G. Kdnigsberger, Z. Blektrochem. 1900, 15, 97.
111
FOP the theory se© J. W©in and J. G. Kdnigsberger, Phy§> F, 1900, 10, 95®.
m
SM, howevsr, A. Buk, «7,C.£. 1011, 99, 558.
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Na4S5, is run into cooled hydrochloric acid, a yellow oil separates, which is
mainly a solution of sulphur in a mixture of the only isolated polysulphides
of hydrogen, H2S2 and H 2 S 3 . They are both unstable, and decompose into
H2B and sulphur so readily, especially in presence of traces of alkali, that
the calcium chloride used to dry them, and the apparatus in which they
iiro distilled, must be previously treated with gaseous hydrogen chloride.225-7
The two sulphides are then isolated by fractional distillation at low
pressures.
Hydrogen Bisulphide, H 2 S 2 227
Colourless liquid, melting at —89°, and boiling under atmospheric
pressure at 71°.
It is miscible with CS2, benzene, and ether: it is rapidly decomposed by
water, alcohol, alkalies, and sulphuric acid, but can be dried with P2O6.
It dissolves sulphur, but is not thereby converted into the trisulphide. It
gives a normal molecular weight by the freezing-point in bromoform.228
Kleotron diffraction229 gives as the most probable structure
Ns—s/

or

N s - Sv

,

Na
witli the S—S distance 2'05±0'02 A (theory 2-08); this agrees with the
Haitian spectrum,230 which is just like that of H2O2. The dipole moment
in benzene at 25° is 1-17 D,231 which on the whole agrees with this structure assuming free rotation, though it is rather high.

Hydrogen Trisulphide, H2S3
Colourless or pale yellow oil, m. pt. —52°, b. pt. 50°/4 mm. Molecular
weight normal by freezing-point in benzene and in bromoform.
In general it is very like the disulphide. It is miscible with ether, benzene, and carbon disulphide. It seems to be rather more stable in the cold
than the disulphide; like the latter it forms addition compounds with aldehydes and ketones, but they are less stable than those OfH2S2.232
These two compounds are highly endothermic, are (according to Abegg,
Sulphur, p. 275) weak acids, but stronger than hydrogen sulphide, and
have a genuine resemblance to hydrogen peroxide, e.g. in their method of
formation, in their sensitiveness to alkali, and in their power of forming
m

I. Bloch and F. Hohn, Ber. 1908, 41, 1971, 1975.
R. Sohenok and V. Falcke, ib. 2600 (these seem to be the latest references on
the trisulphide).
" ' K. H. Butler and O. Maass, J.A.GJ3. 1930, 52, 2184 (disulphide).
«88 G. Bruni and A. Borgo, AUi B. 1909, [v] 18, i. 355.
" • D. P. Stevenson arid J. Y. Beach, J.A.C.S. 1938, 60, 2872.
110
F. Feher and M, Baudier, Z. Ehktroohem. 1941, 47f 844.
881
0. P. Smyth, G. L, Lewlf, A. J. Grossman, and F. B. Jennings, J,A.0.8. 1940,
62, 1219.
" ' I. BlOOh1 F. HdIm1 and G. Bufgt, J, pt. Ohm. 191O1 [it] S3, 473, 480.
m
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addition compounds, as well as in their spectra. The trisulphide very
readily loses sulphur on heating to form the disulphide, suggesting that it is
H—S—S—H

t

-

but the reverse reaction does not take place.
No hydride of sulphur beyond H 2 S 3 can be isolated in the free state;
but it is probable that hydrides with more sulphur occur (see p. 890), as
their salts certainly do.

Organic Polysulphidesma
These are known with 2, 3, and 4 atoms of sulphur in the molecule
(AIk2S2, AIk2S3, AIk2S4). In the disulphides the evidence is all in favour of
a straight chain AIk—S—S—AIk. They are readily reduced to mercaptans: they are converted by alkali metals into the alkaline mercaptides,
and the reaction with mercury
AIk2S2 + Hg *==* (AIk-S)2Hg
is even reversible, so that we can hardly doubt that the two alkyls are
attached to different sulphur atoms. This conclusion is also supported by
the crystallographic evidence,233 which gives the structure R—S—S—R
for diphenyl and dibenzyl disulphides, as well as for the corresponding
(and isomorphous) selenium compounds; and by the electron diffraction
of dimethyl disulphide,234 which indicates the structure CH3—S—S—CH3,
with the distances S - S 2-02 and C - S 1-78 A (theory 2-08, 1-81) and the
C—S—S angle 107±3°. The dipole moments (e.g. 1-81 D for diphenyldisulphide)235 agree with this, if we assume free rotation round the S—S
line.231
With the trisulphides if the chain were branched as in
Alk—S-S-AIk
the dipole attraction of the co-ordinate link should cause an abnormal rise
in the boiling-point as in the organic nitro-compounds. This, however, does
not occur, as is shown by the boiling-points.
Me2S

&ff-

Me 2 S 2

W-

Me 2 S 3

38°

78

116°

54

170°

The linear structure R—S—S—S—R, which this suggests, is supported
il|a
111

I. M. Dawson, A. MoL. Mathieson, and J. M. Robertson, J.€J3. 1948, 322.
L. Egartner, F. Haiia, and R, Schaoherl, Z. physikal. OUm. 1932, B 18, 189.
w*
D. P, Sttvmson and J. Y. Beaoh, J.A.0.8, 1988» 60, 2872.
111
R. Bwgmann and M, Tohudnownky, Z, phyiikal, Ohm. 1932, B 17, 107.
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by the results of electron diffraction,235** which gives the distances C - S
1-78, S - S 2-04 A (theory 1-81, 2-08), and the angles 0—S—S and S—S—S
both 104 ± 5 ° ; and further by the X-ray evidence232® which indicates
unbranched sulphur chains up to S6 in the bisulphonyl trisulphide

A

<A

Aromatic sulphides with as many as 4 sulphur atoms, Ar-S 4 Ar, are
known.236 These are much less stable than the trisulphides, and readily
lose sulphur: for example, they are converted by mercury into the disulphides:
Ar-S4-Ar + Hg = Ar-S2-Ar + HgS + S.
This suggests that they may contain a branched chain of sulphur atoms.
Their boiling-points seem to be unknown.

TMoaldehydes and Thiolcetones
Of the numerous organic sulphur compounds, those which contain
oxygen or halogens (except carbon oxysulphide, below) are discussed
later, but the thioaldehydes and thioketones can be dealt with briefly here,
aa well as carbon disulphide and its derivatives.
The thioaldehydes are remarkable for their strong tendency to polymerization, much stronger than that of their oxygen analogues. They are
scarcely known in the monomeric state; they polymerize at once, mainly to
cyclic tripolymers, such as trithioformaldehyde (Hofmann's trithiomethylene, 1868)
/S—CH2N.
CH2x
/S,
Na-CH/
m.pt. 216°, which can be made from formaldehyde, sodium thiosulphate,
and hydrochloric acid; its ring structure has recently been established by
X-ray analysis.237
The aromatic thioaldehydes238""9 and the thioketones polymerize with
the same ease. This much greater tendency to polymerization as compared
with the oxygen compounds is evidence that the strain of the double link
is much greater in C = S than in C=O, where it is very small.
Carbon Disulphide
This is formed (reversibly) when sulphur vapour is passed over red-hot
charcoal (Lampadius, 1796): it is practically insoluble in water, but
miscible with benzene, ether, or dry alcohol. It is endothermic (see below)
ma
J. Donohue and V. Schomaker, J. Chem. Phys. 1948, 16, 92.
m
H.
Lecher, Ber. 1925, 58, 417.
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N. F. Moorman and I , H. Wisbsngm Z1 Kmt. 1987, 97, 828.
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and readily burns in air. It boils at 46-2° and melts at — 111 -6°. It catches
fire in contact with a glass rod heated to 300°; it is scarcely attacked by
cold halogens, but is hydrolysed by alkalies in the cold, and by water at
400-500°, giving carbon dioxide and hydrogen sulphide.
It has been shown240 that there is no exchange between radioactive
sulphur and CS2 in a sealed tube at 100° in 68 hours; nor does such exchange
occur with cysteine or thiourea.241
Carbon disulphide is evidence that a multiple link of sulphur to carbon
is not impossible; but there must be resonance (as with carbon dioxide)
between the three forms
S=C=S
S«~CfcS
S=±C->S.
The heat of formation of CS2 is —2:2 k.cals. (Bichowsky and Rossini), so
that the heat of formation from the atoms (HJ is 281 k.cals. per mole.
The normal value for C=S being 126, the resonance energy per CS2 is
281—2 x 126 = 29 k.cals., practically the same as in CO2.
Carbon Oxysulphide, S = C = O
This compound, discovered by A. Than in 1867, can be made by passing
carbon monoxide and sulphur vapour through a red-hot tube, or by the
action of water on carbon disulphide below 400°. The rectilinear structure
of the molecule has been denied,242 but it was established by Eucken.243"4
It melts at —138-8° and boils at —50-2°; the heat of fusion is 1-13 k.cals./
mol. and that of evaporation 4-432, giving a Trouton constant of 19*85.245
The rate of hydrolysis of carbon oxysulphide in water, in alcohol, and
in the gas have been examined by H. W, Thompson246; the last two reactions are much slower than would be expected from the heats of activation.
Carbon Monosulphide, CS
Indications of the formation of this compound from CS2 under the
electric discharge and in other ways were obtained by J. Dewar and
H. O. Jones in 1910, and later by others.247""8
Kondrateev249-50 claims to have made it in the gaseous form by the
aotion of the electrical discharge on the vapour of carbon disulphide or a
mixture of sulphur and paraffin vapour. It is detected by means of its
absorption spectrum; it lives for about 10 minutes at room temperature,
unci 3 minutes at 100°; the presence of oxygen does not affect its life.
940

R. A. Cooley, D. M. Yost, and E. McMillan, J.A.C.S. 1939, 61, 2970.
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Numerous inorganic polysulphides are known, of the type M^S3., or
IVTSa-, where x can have any value up to 5, and in exceptional cases up
to 9 ((NH4)2S9, 1/2 H2O). The hydrolysis of the alkaline polysulphides
diminishes as the number of sulphur atoms increases. H. Mills and P. L.
Robinson,251 by treating dry (NH4J2S5 with anhydrous formic acid, were
able to isolate the acid H2S6 as a thin unstable yellow oil, which could not
be distilled. For further work, see references 252~6.
It is clear that the ions S", S2, SJ, S4', SJ exist, of which S" and SJ
«eem to be the most stable, and S2 and S3 the least.
Bisulphides with a pyrites lattice have the sulphur atoms united in
pairs, S—S forming a divalent group, so that in iron pyrites FeS 2 the metal
is ferrous. The trisulphide BaS 3 has been shown by X-ray analysis257 to
have an anion of the structure
with the S—S distance 2-15 A
(theory 2-08) and the S—S—S angle 103°. The pentasulphide ion can
scarcely be a 'perthiosulphate'
S

t
s«-s~>s,
since, if so, its salts would be those of a strong acid, whereas they are
decomposed by formic acid, and they should readily be convertible into
sulphates, whereas with lead oxide, for example, they give sulphides with
separation of sulphur.
It has been shown258 that the exchange between polysulphide ions and
radioactive sulphide ions S is practically instantaneous and complete.
Sulphonium
Compounds
Sulphur, like oxygen, is able to increase its valency by one by losing an
electron, and so pass into a tricovalent cation [R 3 S] + , corresponding to the
oxonium ion [R 3 O] + , but much more stable.
The sulphonium iodides are readily formed by the action of the alkyl
iodides on the thioethers (for the kinetics of this reaction see refs. ^ 9 - 6 0 ),
and readily return to these components on distillation. They can also be
made by the action on a thioether of iodine or hydrogen iodide261:
2 AIk2S + HI = AIk3SI + AIk-SH
4 AIk2S + I 2 = 2 AIk3SI + AIk2S2.
»" J.C.S. 1928, 2326.
m

T. G. Pearson and P. L. Robinson, ib. 1930, 1473 (Na salts).
255
Id., ib, 1931, 413 (Li).
»* Id., ib. 1304 (K).
Id., ib. 1983 (Rb).
P. L. Robinson and W. E. Scott, ib. 1931, 693 (Ca, Ba).
W. S. Miller and A. J. King, Z. Krist. 1937, 94, 439.
H, H. Voge, J.A.O.S. 1930, 61, 1082.
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They can also be prepared by treating alkyl halides with sulphur or metallic
sulphides. This variety of methods of formation is a sign of their great
stability. Bennett262*"3 has measured the rate of closure of the ring
Cl CH 2 (CH 2 )^H 2 S AIk to form
/CH2\+/Alk
(CH2)n^
/S
\CH/
[Cl]
for rings of 5, 6, and 7 atoms (n = 2, 3, 4) and finds the relative rates of
reaction to be
Size of ring
ReI. rate
.

.
.

.
.

.
.

5
5,700

6
75

7
1

The aromatic sulphonium compounds such as [(C6Hg)3S]X (which of
course cannot be made from the aryl halides) can be got, for example, from
aromatic hydrocarbons and diaryl sulphoxides Ar2S~~>0 in presence of
aluminium chloride.264""5
From these iodides a series of salts can be prepared. They are as a rule
easily soluble in water, less in alcohol, and not in ether; there is no doubt
about their salt character. With silver oxide the halides give the hydroxide
[R3S]OH, which is a strong base266 and will dissolve aluminium with
evolution of hydrogen.267 It is a hygroscopic solid, which absorbs carbon
dioxide from the air to give a carbonate.
The sulphonium compounds are the first by which the optical activity
of sulphur derivatives was established. Pope and Peachey208 resolved the
camphor-sulphonate and the bromocamphor-sulphonate of methyl ethyl
thetine

CH 3 \
C2H/
269

and at the same time Smiles

CH3V
C2H/

/CH2-COOH
[X]

resolved the compound
/CH 2 -CO-C 6 H 5
[X]

These results were of peculiar interest because it soon became obvious
that these molecules only have three groups attached to the active centre,
the fourth being a true ion. The discovery of the optically active sulphoxides
jw
>S->0

R/
a«s G. M. Bennett, F. Heathcoat, and A. N. Mosses, J.G.S. 1929, 2567.
•« G. M, Bennett and E. G, Turner, ib. 1938, 813.
««* E. Knoevenagel and J. Kenner, Ber. 1908, 41, 3315.
••• 0. Courtot and T. Y. Tung, CB. 1933, 197, 1227.
m
Q. Bredig, Z. physikal Chem. 1894, 13, 302.
Ilf
U. Alviii, E, tmorg. Chem. 1897, 14, 302, 308.
••• W. J, Pope and S. J, Peaohey, J.C£. 1900, 77, 1072.
••• S. SmUM1 lb. 1174.
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(mo later) made it certain that a 3-covalent sulphur atom could form an
asymmetric molecule.
The sulphonium iodides, and even the hydroxides,270 form addition
compounds with methyl iodide, having one CH 3 I for every sulphur atom.
The addition compounds of the thioethers with the halogens really
belong to the class of sulphonium salts, as [R2SBr]Br. They are soluble in
water and almost completely hydrolysed to the sulphoxide R2SO and
hydrogen bromide. The same is true 6f the nitrate [R2SOH]NO a .
NITBOGEN SULPHIDES
Several of these are known, as well as compounds containing in addition either hydrogen or halogens. Their structures are doubtful.

Nitrogen Sulphide, N4S4
This is formed by the action of sulphur on ammonia in the absence of
water; the reaction
10 S + 4 NH 3 = N 4 S 4 + 6 H2S
i« reversible, and hence some sulphide-forming salt such as silver iodide
must be added t o remove the H 2 S. In the same way it is produced by the
action of ammonia on thionyl chloride SOCl2 or sulphur chloride S2Cl2, the
excess of hydrogen sulphide being in this case removed by interaction with
the halide.
Nitrogen sulphide N 4 S 4 forms golden yellow crystals, which turn red on
heating: they melt a t 178°, and can then be distilled, but the compound is
ondothermic and liable t o explode, sometimes violently. I t is moderately
soluble in organic solvents. I t s molecular weight is N 4 S 4 2 7 1 by the meltingpoint in naphthalene and by the boiling-point in carbon disulphide. I t s
dipole moment in benzene solution at the ordinary temperature is
0-72 I). 2 7 2
I t is only slowly decomposed by water, which does not wet it. I t is
readily hydrolysed by alkali, the equation being 273 ~ 5a :
S4N4 + 6 NaOH + 3H 2 O = Na2S2O3 + 2 Na2SO3 + 4 NH 3 .
N 4 S 4 behaves in many ways as an unsaturated compound, and forms
with halogens addition compounds such as
N4S4Cl4
pale yellow
870

N4S4Br4
bronze

N4S4Br6
red
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It also reacts in water with lead iodide and with mercuric iodide to give
respectively276 PbN 2 S 2 ,NH 3 and HgN2S1NH3.
It is quite clear that since decompositions and reductions always give
ammonia or its derivatives, and never hydrazines or free nitrogen, the
compound cannot have the nitrogen atoms linked to one another. Whether
the sulphur atoms are linked is not so certain; Schenck has, however,
shown271 that secondary alkylamines convert all the sulphur in N4S4
into the thiodiamine AIk 2 N-S—NAIk 2 , which shows that the S—S
links, if any, must be easily broken. The electron diffraction results277
suggest a structure like that of realgar (V. 1774), a bisphenoid of S
atoms with a square of 4 N atoms, the distances being N—S 1*62,
S- -S 2-09 (theory N - S 1-74, N = S 1-54, S - S 2*08); the nature of the
links is uncertain. Meuwsen275 has shown that the reduction product
(HNS)3., got by H. W5bling278 by treating N 4 S 4 with SnCl2, from its elevation of the boiling-point of acetone, must be (HNS)4. This substance forms
colourless crystals, stable to air and moisture, which on heating do not
melt, but begin to change at 100°, and by 148° are completely decomposed,
largely it would seem into ammonia and the original sulphide N4S4. It is
scarcely soluble except in acetone, piperidine, and pyridine; it is only
slowly attacked by acids or alkalies unless they are very concentrated.
On treatment with concentrated alkali the whole of the nitrogen appears
as ammonia, which is a further proof of the absence of N—N links.
The first question about this hydride is whether the hydrogen atoms
are attached to nitrogen or to sulphur. Its resistance to fairly strong
(even 3-normal) alkali makes the presence of N—H groups very improbable.
On the other hand, it gives the Lecher test 279 for S—H, a deep yellow
colour increasing on standing when it is treated with an alcoholic solution
of ethyl nitrite. Stronger evidence of S—H groups is its giving with
formaldehyde white crystals of (NS-CH2OH)4. (The molecular weight
was determined cryoscopically in benzene.) The analogy of many iminooompounds shows that if the hydrogen was on the nitrogen in (HSN)4 it
must give with formaldehyde SN-CH 2 -NS or a polymer, just as diethylamine with formaldehyde gives Et 2 N CH 2 -NEt 2 . If there are four S—H
groups, and no N—-N links, the only probable formula for (HSN)4 would
ieem to be the following, which is that proposed by Meuwsen, except that
co-ordinate links are written instead of double links:
H

H

X X
H
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An allied substance is (SN-Et)4, made by Stieglitz280 from SCl2 and
Kt-NH2, and found to have the right molecular weight; Meuwsen281 has
•hown that this ethyl compound hydrolyses to give Et-NH 2 .
When N4S4 is heated with S2Cl2 in carbon tetrachloride it forms ' t h i o
trithiazyl chloride' [N3S4]Cl,282"4 by the reaction
3 S4N4 + 2 S2Cl2 = 4 [N3S4]CL
With pure and dry materials a 90 per cent, yield can be got. This subHtance is undoubtedly a salt, and other salts can be made from it.
[N3S4]Cl is a bright yellow powder, which is sternutatory. It is very
!liable in dry air, but explodes on heating. It is quite insoluble in many
organic solvents (as CCl4, CS2, and ether) even on heating; others, such
an chloroform, benzene, and acetone, decompose it.
This substance is only one of a series of similar derivatives which
Meuwsen describes. Other sulphides of nitrogen are known, such as N2S5,
formed when N4S4 is heated in solvents. It is a deep red oil, freezing at
I 11° to a grey crystalline solid. It is rather less stable than N4S4.
Of the other S—N compounds the thiocyanic derivatives have already
boon dealt with under nitrogen (V. 674). The oxy-acids of sulphur, both
tho simple forms and their organic derivatives, yield amides, imides, etc.
in the usual way. The amino-derivatives of sulphuric acid are of interest.
All the three hydrogen atoms in ammonia can be successively replaced by
HO8 groups, giving the salts M[H2N- SO3], M2[HN(SO3J2], and M8[N(SO8)J.
Home of these were discovered by Claus and Koch in 1869 and later
examined by Divers and Haga in 1896. The crystal structure of the
sulphamate K[H 2 N-SO 3 ] has been determined by Brown and Cox,285
who found that it has an almost tetrahedral anion with no hydrogen
bridges between NH 2 groups; they get the distances S—0 1*44 (theory
S ~ 0 1-70, S=O 1-49) and N - S 1*57 (theory N - S 1-74, N = S 1-54 A.).
The salt K3[N(S03)3] (potassium 'nitrilo-sulphite') is made286 by
h©ating potassium hydrogen sulphite with potassium nitrite. It is only
slightly soluble in water, and is rapidly hydrolysed to the imido-disulphonate K2[HN(SO 3)2], which then goes slowly to the sulphamate K[H2N - SO 3 ].
S U L P H U R AND O X Y G E N
RlX oxides of sulphur have been described, SO, S2O3, SO2, SO3, S2O7, and
BO4, of which S2O7 is doubtful.
Sulphur Monoxide S = O
This oxide, which has often been assumed to occur as an intermediate
product in the formation of the oxy-acids of sulphur, was first detected
280
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spectroscopically by Victor Henri, but its preparation in quantity and
the determination of its properties are almost wholly the work of Schenk
and his pupils.288~301
Sulphur monoxide can be made by the action of the electric discharge
on (1) sulphur dioxide, or (2) a mixture of the dioxide and sulphur, (3) by
the regulated combustion of sulphur in oxygen, or (4) by the action of
heat, or of certain metals, especially silver, on thionyl chloride SOCl2.
Method (1)287-8,302 c a n g j v e a g 0 od yield if it is used in an appropriate
apparatus.296 Method (2) gives at 150-200° almost pure SO; the thermal
reaction of S on SO2 gives very little, even at high temperatures.303*306
By the third method (S+0 2 ) at 10 mm. a mixture with 40 per cent. SO
is said to be obtainable.293 (4) Sulphur monoxide is also formed, but in
very small quantity, by the action on thionyl chloride of metals which
have a greater affinity for chlorine than for oxygen, especially silver;
smaller yields are given by sodium, tin, and antimony; other metals
reduce the chloride to chlorides of sulphur292 (for the action of ammonia
see ref. 300 ). Heat alone will cause dissociation of SOCl2 into SO and
chlorine, as the spectra show.297
There are several reactions in which sulphur monoxide has been assumed
to be formed but cannot in fact be detected; an example is the decomposition of hyposulphite and thiosulphate.307 Another is the formation of
pentathionate from H 2 S+SO 2 , 308 where Raschig assumed two reactions
to occur:
H2S + S0 2 = H2O + S + SO;
5 SO + H2O - H2S5O6.
It can, however, be shown that the reaction of sulphur monoxide with
water is too slow to account for its observed absence from the gas; hence
287
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tho mechanism assumed by Foerster309 and Hansen,310 in which SO takes
no part, is more probable. Again it was supposed311 that SO is formed in
tho decomposition of the sesquioxide S2O3 (see below, p. 900), bub the
gnH over the decomposing solid gave no trace of the spectrum of SO.
The very characteristic spectrum by which sulphur monoxide was first
detected has been said304 to be that of an unstable S2 molecule, but this
cannot be so, since it is only observed when oxygen is present.301*305

Properties of Sulphur Monoxide
These have a certain resemblance to those of a free radical like methyl.
But the SO molecule has a much longer life; at pressures in the neighbourhood of 1 mm. and in well cleaned and dried vessels the gas persists for
days in the cold with only slight decomposition.291 After heating for
fl minutes to 100°, or 1 minute to 180° some still remains. But if it is
concentrated, either by compressing the gas above a few mm., or by
freezing it out with liquid air, it at once polymerizes irreversibly, giving
an orange solid which has the composition of about S2O,296 and on heating
to 100° gives off all its oxygen as SO and SO2, leaving sulphur behind.
There seem to be several polymerization products; a liquid polymer298""9
has a molecular weight of 700-900 in CCl4, and reacts with chlorine to
give SOCl2, so it must contain SO groups; it is probably a mixture of
highly polymerized oxides.
Sulphur monoxide is not affected by dry oxygen 29° or sulphur dioxide,291
but it is very sensitive to catalysts, especially traces of moisture, and it
reacts at once with metallic mercury, iron, or copper. Its reaction with
water has been examined with care.294"5 It seems that the solid polymer
at once gives thiosulphuric acid, whence it has been supposed to be the
/O
anhydride of this, S-*-S<T . When the gas (with nitrogen as carrier) is
pasied into water or alkali it gives sulphurous acid, H2S, and (with alkali
but not with water) thiosulphuric acid. With alcoholic potash, nothing is
formed but sulphide and sulphite in the proportions required by the
equation
3 SO + H2O = 2 SO2 + H2S.
Soper has shown 312 that in sulphuric acid solution both nitrous and nitric
aoids are reduced irreversibly by sulphur monoxide to nitrogen.
The very peculiar properties of this substance are clearly due to the
instability of the double bond with sulphur. The S=O molecule is half-way
between 0 = 0 , which is stable up to very high temperatures, and S = S ,
whioh below 800° C. goes over spontaneously into the singly linked (as we
know from the distances) polymerio Ss. The observations of Schenk would
101
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seem to indicate that in the gas there is a reversible polymerization to a
low, probably a double, polymer S2O2: this must be reversible, since there
is no evidence that the gas is completely polymerized on standing at the
ordinary temperature.313 On the other hand, when the gas is frozen out,
it is clear that an irreversible polymerization occurs.
Sulphur Dioxide
Sulphur dioxide is a colourless gas, melting at —75-5° and boiling at
—10-020314 (the values given by Faraday in 1845 were: m.pt. —76-1°,
b.pt. —-10°). The liquid is practically a non-conductor (specific conductivity at 0° between 1 and 0*5 x 10~7, according to Walden and Centnerszwer (1902), Dutoit (1909), Franklin (1911), Bruner and Galecki (1913)).
Other physical properties are given below, p. 898; they indicate, as does
the relatively high boiling-point (compare SF6, subliming point under
1 atm. —64°), that in the liquid there is considerable intermolecular
attraction, but they give no sign of actual association.
The finite dipole moment (1*61 D) of the gaseous molecule shows that
it cannot be linear, but must have the structure S^

suggested by

Langmuir in 1919,315 and with resonance between the two states. This
is confirmed by electron diffraction,316 which gives the S—O distance as
1-43 A (theory S - O 1-70, S = O 1*49: the shortening is much greater here
than in ozone, where we have (p. 861) O—O obs. 1«29, theory O—O 1-32,
O=O 1-10); the angle is found to be 120±5°, in good agreement with the
value 121^5° derived from the spectrum and the entropy.
This structure is entirely in accordance with the intense absorption
band in the ultra-violet (like that of ozone), and with the properties of
the dioxide, which are those of a donor, as in the very similar nitro-group,
R-Nf ;
\ 0
the S = O double link which is so unstable in the monoxide S=O is here
stabilized by the resonance.317

Sulphur Dioxide as a Solvent
Liquid sulphur dioxide is an excellent solvent for a great variety of
iubstances, as has been shown especially by Walden (see in particular
l\ Walden and M. Centnerszwer)318"19 and recently by Jander and his
B1S
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collaborators). *" It will dissolve both organic and inorganic substances,
and gives conducting solutions not only of salts and acids, but also of
Various covalent molecules such as chlorine, bromine, antimony pentaohloride, and acetyl chloride and bromide. With amines it forms (at least
in solution) addition compounds such as Et 3 N->S0 2 (monomeric and
•lightly ionized in the SO2 solution).329" Jander 320 gives a comparison of
the physical properties of sulphur dioxide with those of ammonia and
water; the most important of these (supplemented by values from Giauque
Mid Stephenson314) are as follows:

MoL wt,
.
.
MoI. vol./b.pt.
M. pt
B. pt
(1Ht. temp.
.
.
Ht. of ovapn.
Trouton
.
.
Hp. oond y , Ohm-*1 at m.
Diol. const.
Dip. mom., gas

.

.

NH8

H2O

SO 2

17
25

18
19
0°
+ 100°
374-1°
9-65
25-9
6OxIO- 9
81/+18°
1-84

64
44
-75-5°
-10-02°
157-5°
5-96
22-7
8OXIO- 9
13-5/+15°
1-61 D

„77.70

.

.

.
.
pt. .

-33-4°
132-5°
5-60 k.cals.
23-4
5X10~ 9
22/-34 0
1-48

Liquid SO2 is partially miscible with water; at 22°330 10 g. SO2 will
dissolve 2-3 g. water, and 100 g. water 49-1 g. SO 2 ; at 0° a crystalline
nolid S O 2 , ! ^ separates, which decomposes at 12° and may be
/O—H
0<~S<

N)-H

Liquid SO2 is completely miscible with benzene,334 but only partially with
paraffins and some cyclic hydrocarbons, having the critical solution temperatures831 (with normal paraffins) C 5 H 12 +2°; C12H26 47°; cyclohexane
12°; hexahydromesitylene 30-5°.
Salts are as a rule less soluble in SO2 than in water; thus the solubilities
in g. per 100 g. solvent of the alkaline sulphites in SO2 at 0°, with the
corresponding values for the hydroxides in water at 25°, are:
in
at
in
at

SO 2
0°
H2O
25°

Li 2 SO 3
LiOH
12-8

Na 2 SO 3
0-026
NaOH
114-1

K 2 SO 8
0-035
KOH
118

Kb 2 SO 8
0-040
RbOH
174-7

Cs2SO8
0-047
CsOH
288

The order is the same for both (as it is for other weak acid salts in water).
The solubilities of most salts are from 10~3 to 10"2 molar; exceptions are
potassium bromide 2*81/100 at 0° ( = 0*34 molar) and still more potassium
aa0
891
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iodide (41 »3 = 3-56 molar at 0°); iodides of the type MI are as a rule very
soluble; molecular weight determinations by rise of boiling-point329 showed
that non-electrolytes, including the thionyl halides, are monomeric;
electrolytes, especially thiocyanates, are more or less dissociated; binary
electrolytes are shown by their conductivities to be much less dissociated
than in water (the D.E.C. is only one-sixth) and to reach the limiting
value of 2 for van't Hoff's i only at high dilution; the limiting mobilities
are additive.
Many reactions can be carried out in sulphur dioxide solution. It is not
exactly a reducing agent, as halogens can be recovered from it unchanged,
and potassium iodide can be oxidized in it by ferric chloride with separation of iodine; aluminium sulphite is amphoteric in SO2 as aluminium
hydroxide is in water.
The exact nature of the ions in sulphur dioxide solution is by no means
certain, and the relation between the conductivity and the degree of
dissociation of the solute as measured by the freezing- and boiling -point
is often complicated and obscure. It is, however, clear that the ionizing
power depends, as it always does, not merely on the rather high dielectric
constant (13-5 at 15°) of the liquid, but also on its power of solvating the
ions: an exceptionally good ionizing solvent must always have an exceptional power of solvation.
This is confirmed by the large number of addition compounds of sulphur
dioxide that have been isolated, both with salts319.324,327,338-9 a n ( j w ith
organic substances.332^4'336'340-1 The triphenylmethyl halides, which are
themselves colourless, give coloured and conducting solutions in SO2, and
with some of them, such as tri(diphenyl)methyl chloride, a solid compound,
in this case (€>.C6H4)3C-C1, 4 SO2, is formed.337 With salts the tendency
to form solid solvates is greater the more soluble the salts (as with hydrates
in water); most of the known solvates (see ref. 819) are formed by the
iodides, and a few by thiocyanates; they range in colour from yellow or
brown to bright red, and in composition from 2 A, SO2 to A, 6 SO2. The
825
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organic solvates are mostly formed by amines335 or by unsaturated or
aromatic hydrocarbons, and a few also by ketones.
The reaction of hydrogen sulphide with sulphur dioxide to form sulphur342 occurs very rapidly in water, alcohols, ketones, and amines, but
very slowly in hydrocarbons and their halides, mercaptans, and thioethers;
it seems to depend on the formation by the H2S of an S—H- -X bridge.

Sulphur Sesquioxide, S2O3
Powdered sulphur reacts with liquid sulphur trioxide with some violence
to give a blue-green solid. This was supposed by its discoverer Stein343 to
be a solid solution of sulphur in the trioxide; but Weber344 recognized that
it was a new oxide of sulphur of the composition S2O3. This conclusion
was confirmed by Vogel and Partington345 and further by Wbhler and
Wegwitz,346 who, however, corrected some of Vogel and Partington's conclusions as to its reactions.
It is prepared by adding finely powdered pure dry sulphur to freshly
distilled SO3, which must be quite free from water (i.e. from H2SO4) so
that it remains in the volatile form. The sesquioxide is then quite insoluble
in the excess of SO3, part of which can be poured off and the rest removed
in a stream of CO2 at 40°. In presence of sulphuric acid, however, it
dissolves to form a greenish solution.
The sesquioxide is a blue-green solid, which decomposes by itself at the
ordinary temperature, slowly at 15°, but more rapidly on warming, to
give three products, elementary sulphur, SO2 and SO3. Schenk has
ahown292 that in its dry decomposition sulphur monoxide is not formed,
as it was thought to be. There is no solvent in which it dissolves without
reaotion. With sodium methylate, ethylate, or hydroxide it is decomposed
to give (not, as was thought345 the sulphoxylate Na2SO2, but) mixtures
in varying proportions of free sulphur, and sodium sulphate, thiosulphate,
and trithionate.
The non-volatility of the sesquioxide shows that it must be highly polymerized, but we have no evidence on which to base a structure.

Sulphur Trioxide, SO3
Sulphur trioxide can be made in various ways; by the distillation of
ferrous sulphate or of fuming sulphuric acid; by the action of light or an
eleotric discharge on sulphur dioxide, or more often on a mixture of the
dioxide and oxygen; the latter reaction can also be brought about by
catalysts, especially platinum, as in the contact process for making sulphuric acid.
8
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The physical behaviour of sulphur trioxide is very complicated, and even
now, after a great deal of investigation, is not fully understood.355
It is very volatile; its vapour is monomeric349 and the dipole moment (as
measured in the gas from 80° to 160° 0.) is zero,352 so that the molecule
must be planar; this conclusion is supported by the Raman spectrum364*357;
at lower temperatures the vapour seems to polymerize to some extent.353
On cooling, the vapour condenses to a liquid which boils at 44-5° C. The
heat of evaporation is 10*2 k.cals.348'351"2, which makes the Trouton constant 32-1; at 16*8°348~9>366 it freezes to large ice-like crystals, known as the
a-form. Ordinarily the liquid soon deposits a felted mass of long feathery
crystals (or apparent crystals), and ultimately goes over into this familiar
form (the ^S-form) completely; this change, however, only occurs if the
liquid contains a trace of water (or H2SO4): it can be prevented (certainly
for weeks) by adding phosphorus pentoxide, or even by distilling the
trioxide alone, when the acid is left behind. One molecule of water is able
to polymerize at least several thousand molecules of SO3.348
The liquid from which the a-form crystallizes, which is also produced
slowly by heating the other forms, must itself be complex. It has the
abnormally high coefficient of expansion with temperature of 1/448 per
degree (more than half that of gas) which suggests an internal equilibrium
much affected by temperature. This is confirmed by the parachor,348*359
which rises from 100-3 at 19-0° to 111-3 at 78° (calculated for O = S ^
129-0). The enormous value (32-1) of the Trouton constant indicates high
polymerization. The strongest evidence is the unique behaviour of the
vapour pressure on freezing (Le Blanc,349 Smits360), The results vary
slightly, but Le Blanc's mean values were these. At 20° the vapour
pressure of the liquid was 185 mm., and it fell in the usual way to 133-6 mm.
at 13-9°; the liquid (m. pt. 16-7°) then froze, and the pressure rose quickly
to 175-3 mm., and stayed there for 30 minutes. In another experiment
it was 128-5 mm. at 13-9°; the liquid froze and its temperature rose to
16-7°; after cooling to 13-9° again the pressure was 149*1 mm. s Smits got
847
848
849
860
861
862

H. Giran, G.R. 1913, 157, 221.
A. Berthoud, HeIv. GHm. Acta, 1922, 5, 513.
M. Le Blanc and C. Ruble, Ber. Sachs. Akad. Wiss. 1922, 74, 106.
A. Smits and P . Schoenmaker, J.C.S. 1924, 125, 2554; 1926, 1108, 1603.
R. Grau and W. A. Roth, Z. anorg. Ghem. 1930, 188, 173.
A. Smits, N. F . Moerman, and J . C. Pathuis, Z. physikal. Ghem, 1937, B 35,

00.
863 ]? o r t h e thermodynamic properties of the vapour see W. H. Stockmayer,
U. M. Kavanagh, and H. S. Mickley, J. Ghem. Phys. 1944, 12, 408.
184
H. Gerding, W. J . Nijveld, and G. J. Muller, Z.physikal Ghem. 1937, B 35,193.
Ma
P . Baumgarten (Angew. Ghem. 1942, 55, 115) has a lecture on SO8.
" • D. M. Liohty, J.A.G.S. 1912, 34, 1440.
I8f
H. G©rding and J . Leoomte, Nature, 1038, 142, 718.
••• H. H, Vog©, J.A.O.S. 1939, 6 1 , 1032.
168

A, N. Campbiil tad N. 0. Smith, Trom. Fm. Soo, 1087, 33, 545.
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the same effect from the side of the solid; its vapour pressure just below
the melting-point was always higher than that of the liquid just above
that point. The only possible explanation seems to be that the liquid
consists of (at least) two forms A and B, whose interconversion is slow,
the more volatile A having the lower freezing-point. The supercooled
liquid has a vapour pressure mainly due to A, but reduced by the solute B.
On freezing, it is chiefly B that separates, and the residual liquid, being A
with less B in it, has a higher vapour pressure. Smits's results would seem
to imply that the solid on complete solidification is a eutectic mixture.
The feathery j3-form if warmed to any temperature above 29-7° is
converted in a few hours into an apparently clear liquid, but this mainly
consists of a doubly refracting jelly, from which more liquid can be
squeezed out by violent shaking, and which slowly diminishes on heating
to higher temperatures. This third or y-form was discovered by Giran.347
If the a- with traces of H2SO4, or the /3-form, is kept in a sealed tube at
temperatures below 29-7°, the ultimate product from the a- (as from the /J-)
is the /J-form. But at any temperature above 29-7° it is a mixture of the
liquid and the jelly, so that the /3-form may be said to melt sharply at 29-7°
if it is given time enough (nearly all the changes of SO3 seem to be slow).
Thus we have three solid forms, of which certainly the y- and probably
the j3- are colloidal and so mixtures of forms, while the liquid and perhaps
the solid oc- must contain at least two modifications.
Little can be said of their structures. For a simple SO3 molecule, such
as we probably352*357 have in the vapour, three are possible:
/O

o=s<

H)

Valency Group

8

sO

o=sf

V>

10

yO

o=sf

X)
12

All these are permissible, and the actual state will be a resonance hybrid
of all three, the first two having resonance also between the double and the
iingle bonds. In the absence of evidence the structures of the various
polymers is unknown; the strong tendency to polymerize is a sign of the
instability of the S = O double link. There is a certain similarity, especially
in the physical nature of the polymers, between sulphur trioxide and
formaldehyde.
Sulphur trioxide is reasonably stable to heat, but is broken up into the
dioxide and oxygen on passing through a red-hot tube. Voge358 has shown
by the use of radioactive sulphur that the trioxide and the dioxide begin
to exchange sulphur at about 300°, where presumably the trioxide begins
to dissociate.
Chemically sulphur trioxide is a powerful oxidizing agent, particularly
at high temperatures. It will oxidize hydrogen bromide, phosphorus, and

many metals, espeoiaUy iron and zino. It takes up water with great energy
(21»3 k.oals,), and a drop of water aots on the solid explosively, The
solution of sulphur trioxide in sulphurlo add is known as fuming sulphuric
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acid or oleum (see below). The trioxide combines with hydrogen chloride
to give chlorosulphonie acid HSO3OL With organic compounds it readily
forms sulphonic derivatives; with aromatic hydrocarbons, especially in
presence of sulphuric acid, it gives mono- and poly-sulphonic acids. With
alcohol it forms 'carbyl sulphate', 360 which is
CH 2 -O-SO 2 V
CH2

SO/

the anhydride of ethionic acid.

Sulphur Heptoxide, S2O7
This was first obtained by Berthelot361 by the action of the electric
discharge on a mixture of oxygen or ozone with sulphur di- or trioxide;
its existence was later confirmed by Meyer, Bailleul, and Henkel.362 It is
a non-volatile white crystalline deposit, which on exposure to moist air
soon explodes. The analyses varied from SO3, SO4(S2O7) to SO3, 2 SO4
(S3O11); they think it is a mixture of SO3 and SO4, but it has since been
shown (see below) that SO4 evolves oxygen at +3°. The chemical individuality of S2O7 is thus doubtful. The method of formation (in which the
effective reaction seems to be between the trioxide and ozone) and many
of the reactions point to its having a peroxide —O—0— group; but
otherwise its structure is unknown.

Sulphur Tetroxide, SO4
This was made by Schwarz and Achenbach363 by the same method as
the heptoxide, but with excess of oxygen mixed with the SO2 and SO3,
and a longer exposure to the discharge. It can also be made364 as a 75 per
cent, gaseous mixture with SO3, by passing SO 2 +O 2 through an ozonizer.
It is863 a white solid of the composition SO4 and on heating melts at +3°,
©volving oxygen and leaving a liquid of the composition S2O7; in water
it is a powerful oxidizing agent, converting divalent to heptavalent
manganese, and aniline to nitrobenzene. The aqueous solution slowly
•volves oxygen, but gives no reactions for hydrogen peroxide, and
10 cannot contain the monoperacid (Caro's acid) H2SO5; hence the
tetroxide is not the anhydride of this acid. According to Fichter and
Mftritz804 if dissolved in alkali it gives the salt of the acid H2S2O8. Except
that it must contain a peroxide group —O—O— its structure is unknown.
»• B. Httbner, Ann. 1884, 223, 210.
•« M. Berthelot, Ann. OMm. Phya. 1878, [5] 14, 345; OM. 1880, 90, 269, 331;
UIl 1 112, 1418.
•«
F. Meyer, G. Bailleul, and G. Henkel, Ber. 1922, 55, 2928,
118
B. Sohwarz and H. Aohenfoaoh, Z, cmorg. Chem, 1994, 219, 271.
«•* I , Fiohtor and A. Maritz, H$h>< OMm. Acta, 1939, 22, 792.
M14.1
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OXY-ACIDS OF SULPHUR AND THEIR
ORGANIC DERIVATIVES
THEBE are at least twelve oxy-acids of sulphur, besides condensed forms
like pyrosulphuric H2S2O7. The simplest method of classification is to
regard them as derived from three substances, (A) the compound S(OH)2
(Suiphoxylic acid) and the products of its co-ordination with (B) one and
(0) two oxygen atoms. We thus get
/y—H
Sx
\0—H

(A) 1. Suiphoxylic acid

/0—H
0«~S(
X)-H

(B) 2. Sulphurous acid

The condensation of these two gives us
S-O-H
8 Hydrosulphurous acid

O
0<~S—0—H

Sulphurous acid also forms
/S-H
0«-S\
X)-H
OY, / 0 — H
)S^
O^ X ) --H
1

4. Thiosulphurous acid
(C) 5. Sulphuric acid
giving rise to
6. Thiosulphuric acid

7, 8, 9, 10, and possibly 11: the thionic acids H2Sj1O6, where n = 2, 3, 4, 5,
and perhaps 6. These may be provisionally formulated as

5

A 8 / 0 0 \ g /°~ H

with x — 0, 1, 2, 3, and probably 4.
Finally, we have the two per-acids, with an 0—0 link,
(12) Caro's aoid

H—0—0\ *0
)s(
,
H-O/
*0

or H1SOf, and snlphodiperaoid H1S1O8, which may be written
H-Ov

/0

Ox

/0-H

o/>o-o/No

Sulphoxylic Acid
Sulphoxylic Acid, H—O—S—O—H
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This might b& expected to be a very stable molecule, but it is in fact
very unstable, and is known only in the form of a single365 salt, the
cobaltous, together with a peculiar ester-salt and its esters.
The only known salt, cobaltous sulphoxylate Co[O—S—O], is made366
by treating sodium hydrosulphite solution Na2S2O4 with cobaltous acetate,
and adding excess of ammonia, when the acid is broken up into a sulphite
and sulphoxylate—the best proof of the structure of hydrosulphurous acid
(see p. 907)—thus:
CoSA + 2 NH4OH = CoSO2 + H2O + (NH4)2S03.
On saturating the solution with carbon dioxide a brown precipitate is
formed, which is shown by determination of the cobalt, the sulphur, and
the reducing power, to be cobalt sulphoxylate CoSO2. Attempts to form
the salts of other heavy metals failed. When Na2S was added to the
cobaltous solution, the cobalt was all precipitated as sulphide, but the
resulting solution had no reducing power: it was shown to contain thiosulphate, obviously formed by the reaction
2 Na2SO2 + H2O = Na2S2O8 + 2 NaOH.
When the CoSO2 solution is boiled it gives CoS, S, SO2, and SO3.
This salt cannot be the hydrosulphite of univalent cobalt Co2S2O4, since
on treatment with concentrated acids it at once gives cobaltous salts
without any evolution of hydrogen, and also when treated in solution
with hydrochloric acid it at once gives a precipitate of cobalt sulphide
CoS, whereas the mixture of CoAc2 and Na2S2O4 which has not been
treated with ammonia (i.e. which is still the undecomposed hydrosulphite)
gives with hydrochloric acid no cobalt sulphide but only a precipitate of
free sulphur.
An aldehyde derivative, which is properly an ester-salt, is formed868 by
the action of formaldehyde and alkali on a hydrosulphite:
/S-O-Na
0(

/H
CH2O
/OH
/OH
+ 0(
+
= H2CC
+ Hn/
M). SO2- Na
SO-O-Na
\H
CH12O
M)-SO-Na
M)^

(giving oxymethyl sulphoxylate and oxymethyl sulphite). This sodium
salt is known as Rongalite, and is used commercially in dyeing to reduce
the dyes to their soluble leuco-compounds, which are then reoxidized on
the fibre.
The sulphoxylic esters can be made367 by the catalytic decomposition
with sodium ethylate of the symmetrical esters of thiosulphurous acid
866

The supposed alkaline sulphoxylates (I. A. Vogel and J. B. Partington, J.C.
1925,
127, 1514) have been shown not to exist.
m
R.
Soholder and G. Denk, Z. anorg. Chem. 1935, 222, 17.
Mf
A.
MeuwBsn
and H. Gebhardt, Ber. 1936» 69, 937.
111
K, Blinking, E. Dohnol, and H. Labhardt, ib. 1905, 38» 1009.
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(p. 912), such as Et—O—S—S—O—Et; the reaction presumably goes in
two stages:
R—0—S—S—0—R
R—0—S—0—R
>
+ Na-O-R
+ R-O-S-Na
> R-O-Na + S.
This ethyl ester boils at 35°/32 mm., and at 117°/733 mm. It is a colourless
liquid with an unpleasant smell, which is insoluble in water. It can be
shown by analysis to contain two ethoxy-groups, which settles the structure. Also the only other at all probable structure, that of a sulphinate
Etr-flC
M)-Et
was shown to be impossible by preparing that ester (p. 922) and proving
that it was different: its boiling-point is nearly 30° higher (owing to the
co-ordinate link), being 60°/13 mm., it is soluble in water (no doubt for the
same reason) and it is stable to oxidizing agents.
Ethyl sulphoxylate is very easily oxidized, even by oxygen at the
ordinary temperature in 30 hours; more rapidly by NO2, KMnO4, and
SeO2. None of these oxidizing agents—not even ozone—will convert it
into ethyl sulphate: they all give ethyl sulphite, which none of them can
oxidize to ethyl sulphate, though of course they all oxidize the SOg ion
readily to SO4.
On hydrolysis the ester is converted mainly into the thiosulphate, with
some sulphide and sulphate: but no salts of sulphoxylic acid could be
isolated, nor even an ester salt.
The structure of these compounds is clear, but their behaviour, and
©specially their instability and their extreme readiness to oxidize, are very
remarkable.

Hydrosulphurous* Acid, H2S2O4
The hydrosulphites are made by the reduction of sulphites, usually with
zinc; they can also be made369 by shaking sodium or potassium amalgam
with dry sulphur dioxide. They are powerful reducing agents, and will
convert, for example, cupric or mercuric salts into the metal with the
formation of the sulphite. They are much used (especially the sodium
salt) as reducing agents in the dyeing industry. In solution all the salts,
and especially those of divalent metals like barium or lead,381 are very
unstable. In the air they oxidize to sulphites, and in its absence they
soon decompose to form sulphites, thiosulphates, and free sulphur. This
is due to two reactions, one going essentially in neutral or alkaline solution871 and the other in acid solution, where thiosulphates cannot exist :
2 Na2S2O4 = Na2S2O3 -\ Na2S2O5 (pyrosulphite)
2 H2S2O4 •» S SO1 + S + 2 H2O.
* Thii nam® is bettsr than th® more obvious hyposulphurous acid (used e.g. by
Absgg, Sulphur, 1027), m it avoid* oonfiuion with the old name for thiosulphates.
(Dithionoui add ii alio lined,)
*" U leugtdt, 0.Jt, IMi, 333,1407.
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Dry sodium hydrosulphite undergoes a remarkable reaction on heating*370'375 At about 190° it suddenly evolves SO2, and the residue has
entirely lost its reducing power, being a mixture of sodium sulphite and
thiosulphate. This reaction is strongly exothermic, evolving 10-35 k.cals.
per Na2S2O4.
The structure of this acid has been much disputed, but agreement
seems to have been reached. There was for some time a doubt whether
the formula was H[SO2] or H2[S2O4]; the absence of acid salts seemed to
support the former. But measurements of the freezing-points and conductivities of the salts showed371""2 that the double formula must be
accepted. The final proof was given by Klemm,373 who showed that the
sodium salt was diamagnetic. For H2S2O4 the symmetrical structure374
H - 0—8-*0

I ,

H—0—S->0
that of a sort of disulphinic acid, though not impossible in itself, is incompatible with the behaviour of the acid; it does not explain the strong
reducing power, which neither the sulphinic acids nor the S—S compounds
possess, and further, if it were correct the salts should oxidize to dithionates
MO3S—SO3M, whereas they never give dithionates, but on the contrary are
readily oxidized either wet or dry to sulphites and pyrosulphites. This
close relation to H2SO3 suggests the formula of a mixed * anhydride' of
sulphurous and sulphoxylic acids376
H—0—S—0—S(

N)-H

which is strongly supported by the fact370 already mentioned above
(p. 905), that hydrosulphurous acid can be hydrolysed in presence of
cobalt salts into the sulphite and the sulphoxylate. The behaviour of the
hydrosulphites is exactly what one would expect from such a 'mixed
anhydride', though it is difficult to see why this mixed form should be,
IiH it certainly is, more stable than the simple sulphoxylate.
Sulphurous Acid, H 2 SO 3
Hulphur dioxide dissolves readily in water (some 10 per cent, by weight
&t 20° and 1 atm.), forming this acid; the hydration appears to be instantaneous,377"9 unlike that of CO2. The absorption spectrum suggests that
the non-ionized part of the solute is partly in the non-hydrated form, as
with NH8. Sulphurous acid is a fairly strong acid; the apparent dissocia110

H. Scholder and G. Dank, Z. anorg. GUm, 1935, 222, 17, 41, 48.
372
•" J. Meyer, ib. 1903, 34, 43.
K. Jellinek, ib. 1911, 70, 93.
87
•» J.. Klemm, ib. 1937, 231, 136.
* M. Bazlen, Ber. 1927, 60, 1470.
Ifl
0. v, Deines and G. Elstner, Z. ariorg. Chem. 1930, 191, 340.
»»• H. T. Buoherer and A, Sohwalbe, Ber. 1906, 39, 2814.
Iff
K. Sohaefer, Z, anorg. OUm. 1918, 104, 212.
" • a, B. Garrett, J.0£. 1915, 107, 1824.
11
• Ii. DIeUoI and S. GaUrioa, M. Elcktroohcm, 1925, 3I 9 m,
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tion constants (i.e. on the assumption that all the unionized sulphur is
present as H2SO3) are K1 = O013/250380 and K2=Ix
10~7.381 Thus the
first dissociation constant is rather weaker than that of dichloracetic acid
(0*05).
Sulphurous acid is a strong reducing agent; if it is heated with water
in absence of air it oxidizes itself, forming sulphuric acid and free sulphur.
In presence of air the solution is oxidized, gradually even in the cold, to
sulphuric acid or a sulphate; this reaction is enormously retarded by the
presence of small traces of certain organic substances such as isopropyl or
benzyl alcohol,382 owing, as is now clear, to the shortening of reaction
ohains.
A solution of sulphurous acid or a sulphite can effect a whole series of
reductions, but it can also under some conditions act as an oxidizing agent,
being reduced to elementary sulphur; its oxidizing is much weaker than
its reducing power, but is strengthened by addition of excess of acid: it is
able to oxidize ferrous salts to ferric, and mercurous to mercuric.383"8
Although free sulphurous acid cannot be isolated, any more than nitrous
or carbonic, it is clearly H2SO8, and has two possible tautomeric (not
resonance) formulae giving the same ion
H—0\
H—0\
/0

>s->o

)s(

H—(K

0\

B/
_

Ov+

^O

_

)s—o or _ ;s—o

(K
(K
(I)
(II)
It has been shown by the X~ray examination of Na2SO3389 that the SO 3
ion has a pyramidal structure (like the chlorate ion ClO3), as the above
formula requires.
The two forms of the acid are, of course, inseparable, but they give rise
to two isomeric series of esters (I) the symmetrical true sulphites, and (II)
what should properly be called esters of alkyl-sulphonic acids:
Et-0\
E t - ( K /tO
>S-»0
)S( .
Bt-(K
E t / ^O
(I)
(H)
These esters change unusually easily from one form to the other.
*»°
H. F. Johnstone and P. W. Leppla, J.A.G.S. 1934, 56, 2233.
881
I. M. Kolthoff, Z. anorg, GUm, 1919, 109, 69.
H. N. Aiyea and H. L. B&okstrdm, J.A.O.S. 1929, 51, 90.
8
»* W. Wardlaw et at., J.0.8. 1920, 117, 1093, 1241.
••« Id., Ib. 1922, 121, 1481.
»« I d i p i b , 1 0 2 8 , 123, 969, 3417.
••• S. B. Ctetsr, JACL 1926, 45, 207.
• " W. Wardlaw, ib. 210.
111
S, B. Carter and F. Jamei, Jr1OS. 1924, 125, 2231.
119
W. H. ZftoharUwii and H. 1. Buoklty, J»%#t Rev, 19Sl9 37, 1295,
898
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It was once thought that mixed salts, such as NaKSO3, could occur in
two isomeric forms, one with one metal attached to the sulphur, and the
other with the other. This idea, which was not confirmed experimentally,391
implies that the metal is covalently attached to the sulphur, which is
intrinsically very improbable with an alkali metal, and has been disproved
by showing that Na2SO3 has the conductivity to be expected of a normal
3-ionic salt.
Two series of salts are known, (1) the normal sulphites M2SO3, M"S0 3 ;
(2) the bisulphites M'HS0 3 , which by loss of water are converted into the
pyrosulphites M2S2O5.
The normal sulphites are as a rule rather insoluble salts, except those
of the alkalies, which dissolve readily; the bisulphites, on the other hand,
are usually soluble, especially those of the alkalies and the alkaline earths.
Owing to the weakness of the second dissociation constant of sulphurous
acid, the normal sulphites have an alkaline and the bisulphites a neutral
reaction. The metabisulphite ion S2Og has been shown by X-ray examination390 to have the structure
0\

/O

0*

\0

The sulphites are very reactive. In addition to being oxidizable to
sulphates, they can be reduced by zinc to hydrosulphites, or further
reduced, by treatment with carbon or metals at a high temperature, to
sulphides. The solutions dissolve sulphur to form thiosulphates. The
familiar bisulphite compound of acetaldehyde
C H 3 \ /SO3M
has been shown392 to have a C—S link, since by treatment with ammonia
and then nitrosyl chloride it can be converted into CH 3 CHCl—SO3H,
which is also obtainable from the trimer (CH3 CHS)3.
Complex Sulphites
Sulphurous acid forms a large number of complex salts,393 containing
m central atoms especially the metals
Mn
Fe
Co
Ni
Cu
Zn
Ru
Kh
Pd
Ag
Cd
Os
Ir
Pt
Au
Hg
m well as Be and Mg; these are the metals (with the addition of Fe, Ru,
Oi) which have been found (above, p. 884) to give complexes with the
810

8M
Willi, 81X3. p. 805.
G. S. Fraps, Am. Chem* J, 1900, 23, 202.
•••
B.
L.
BMmT
m&
A,
H,
Land,
J.
Org. Ohem. 1941, 6, 888.
111
For a summary, lit Werner, Nm. Anwh. ed, 5 (Pfeiffer), p. 120.
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thioethers. That some at least of these salts are true complexes has been
proved experimentally. Thus Barth 394 showed that in the mercury salts,
Mi[Hg(SOg)2] the mercury is not ionized, and is not precipitated by alkalies,
phosphates, etc. It is a true complex acid, giving Na, K, Ag, Sr, and
Ba salts. So, too, with the unusually soluble trisulphito - cobalt salt
Na8[Co(SOg)3], 4 H 2 O; the cobalt migrates on electrolysis to the positive
pole.395
There are four possible structures for these complex sulphito-anions:
/0
M-S^O.
M—0—S( .
M( N ) .
M< )S~*0.
\0
X)
\0
\ y
(I)
(H)
(HI)
(IV)
(III) may be disregarded, since no chelate 3-ring ato-compounds are known,
no doubt on account of the strain. It should be possible to decide between
(1) or (II) and (IV), from the number of places occupied by the SO3 in the
complex. This number is usually 2, as is seen in such salts as M2[Pt(SO3J2], H2O
(M = Na,NH4) and M3[M^(SOg)3] (M = Co, Rh, Ir), as well as mixed salts
like K3[IrCl4SO3] and especially [Co(en)2S03]Cl, which closely resembles
the oarbonato-compound. These may be takeil to have structure IV; the
fact that their central atoms are those which form thioether complexes
must be due to some other cause than a M—S link. On the other hand,
some ammine sulphito-complexes, especially of cobalt, are pentammines,
in which the SO3 can only occupy one place,396 and must have the structure
(I) or (II). The mercuric salts M2[Hg(SOg)2] are exceptional, and almost
certainly have structure (I); the attachment of mercury is normally much
stronger to sulphur than to oxygen, and with mercury (but with scarcely
any other metal) a covalency of 2 with a shared quartet of electrons is
©specially stable.

Sulphurous Esters
The true esters of sulphurous acid,
R—0\
>->0
R-^K
must be distinguished from the isomeric alkyl-sulphonic esters, in which
one alkyl group is attached directly to sulphur,

S-0V*0
-R/

\)

The true esters can be made by the action of alcohol on thionyl chloride

' " K. Barth, Z. physihai. Ohm. 1892, 9, 176.
"• O. JanUoh and K. Abreioh, E. anorg, Ghent. 1939, 179, 346.
"• B. H. BiHWiMd, ib„ 1084,133, 99.
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or sulphur monochloride S2Cl2. They have the normal molecular weights
in benzene solution by the freezing-point (for a full account of their
properties see refs. 397~8). Their boiling-points, with those of the isomeric
sulphonic esters, and of the rather similarly constituted carbonates are:
Boiling-points
R—0\

R—0\
)0=:0

R-Q/
R = CH 3
C2H6
C8H7

90°
127°
168°

W-

R-O'

;s~>o

121-5°
161°
194°

31-5°
34°
26°

ms
81-5°
52-4°

203°
2134°

The marked rise in going from the sulphite to the isomeric sulphonate is
no doubt due to the introduction of a second co-ordinate link with its
large dipole moment. The rise from carbonate to sulphite is smaller,
presumably because the carbonate is a resonance hybrid with the coordinated form
R€-*0.
R- -o>
The sulphonic esters are rapidly saponified by alkalies to the salts of
the alkyl-sulphonic acids R • SO2 • 0[M], but the sulphites are only saponified very slowly, and then they give these same alkyl-sulphonic salts by
an isomeric change:
Alk—0\

Alk\

O

>S:/ '
O^ ^0[M]

)S-*0
although the alkyl-sulphite salts
R-Os

^0[M]
O ^

actually exist, and can be made by the action of sulphur dioxide on
midium alkylate.
This tautomeric change to the sulphonate can also be brought about
with the true ethyl-alkali-sulphites, as
0«-S<

/0-C 2 H 5
^0[K]

these can be easily hydrolysed in the normal way to potassium sulphite
(showing that the alky] group i& not directly attached to the sulphur) but
they can also be converted (without hydrolysis) into the salts of the
887

A. Ruwnhelm and W. Sarow, Ber. 1005, 3S1 1208,
••• R, Levaiilant, Ann, OMm. 1081» [xi] 6, 409-011.
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alkyl-sulphonic acid, by treatment in neutral solution with alkaline iodide,
bromide, or thiocyanate, which can form complexes of the composition
(Alk—SO2OM)45KI (or NaBr, or NaCNS); these three salts will also
combine with sulphur dioxide, the first giving (S02)4,KL399
Voss has shown400"*1 that the normal esters (AIk • O)2SO are good alkylating agents, converting carboxylic acids into their esters, and even alkylating
the nitrogen in amino-acids.

Thiosulphurous Acid, H—O—S—S—O—H
This is known only in the form of esters: the salts decompose as soon
as the esters are hydrolysed,404 The esters are formed402"6 by the action
of dry sodium alkylate on sulphur monochloride S2Cl2 in ligroin solution,
(A supposed second series of isomeric esters403 does not exist. )404r_5 They
have been shown to have the simple molecular weight in benzene solution: 403 the boiling-points are403 (CH3-O-S)2 33°/15 mm., (C2H5OS)2
07°/10 mm. They can also be shown by the method of Viebtfck407 to
contain two alkyloxy-groups in the molecule. This gives two possible
formulae
R-0\
B-O-S—S—0—R
>S-»S
R-CK
(I)
(H)
between which it is difficult to decide. (They are isomeric with the
known thio-esters of the sulphonic acids R-SO 2 -S-R.) The stability to
oxidation is remarkable: they are not oxidized by atmospheric oxygen or
by selenium dioxide; this suggests that the S—S group has some unknown
source of stability in these compounds. But they are rapidly hydrolysed
by alkalies to give thiosulphates and free sulphur, probably by the two
reactions
ROS-SOR — • RO-SK + RO-S-OH
—> RO-K + S + K2S2O8.
In presence of traces of dry sodium alkylate the esters undergo a very
peouliar reaction

^t?K 0E - 8 0 T* 1 + S<0R) «
RO[Na] + S
alreadj^ mentioned under sulphoxylic acid, the alkylate being regenerated,
and the ultimate products being free sulphur and the ester of sulphoxylic
acid.406
889

P. Walden and M. Centnerszwer, Z. physihal. Chem. 1903, 42, 432.
W. Voss and E. Blanke, Ann. 1031, 485, 258.
*°l W. Voss and H. Vulkan, Bw. 1937, 70» 388.
408
F. Langfeld, ib. 1895, 28, 449.
*0B A. Meuwsen, ib. 1935, 68, 121.
«4 H. Stamm, ib. 078.
«w A. Mtuwsen, ib. 1938, 69, 935.
101
A, Mouwian md H, Oebhardt, ib, 987.
«« F, Vicbtfok and A. Sohwappaoh, ib. 19SO1 61, 8818.
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Sulphuric AcAd9 H 2 SO 4
This is the most stable of all the oxy-compounds of sulphur. The
following solid phases ate formed by sulphur trioxide and water in various
proportions (with melting-points):
H2SO4, 3S08+4°
H2SO4, SO3+36°
3 H2SO4, SO3 ?

H2SO4 +10° (b. pt. 320°)
H2SO4, H2O+ 9°
H2SO4, 2H20-38«9°
H2SO4, 4 H2O-29°

The so-called 100 per cent, sulphuric acid, though its melting-point comes,
as it must, on the top of a curve (at +10°)> is partly dissociated in the
liquid state into SO3 and perhaps the mono-hydrate. According to Domke
and Bein408 the presence of free SO3 begins at about 98 per cent., which is
where the acid begins to fume in air. The 100 per cent, acid has a definite
electrical conductivity, and behaves like a fused salt rather than like an
ordinary low melting covalent substance.
The properties of 'absolute' (i.e. 100 per cent.) sulphuric acid as a
solvent have been investigated especially by Hantzsch.409""11 It is a good
solvent for many substances, but will not dissolve the halogens, halogen
hydrides, phosphoric, or phosphorous acid, I2O6, CrO8, TeO2 (As2O8 and
HgCl2 only on heating), or aromatic and aliphatic hydrocarbons and their
halides. The freezing-points and conductivities indicate that while some
solutes give normal molecular weights, most of them are dissociated.
Normal (undissociated) values are given by tellurium, oxalic, picric,
and trichloracetic acids, methyl sulphate, phthalic anhydride, and many
poiynitrobenzenes. Abnormal (dissociated) molecular weights are found
with boron trioxide: sulphates of the alkali metals, and of ammonium,
thallous thallium, and barium: organic amines and amides, cyanic acid,
water, alcohols and ethers, fatty esters, aldehydes, mono- and dicarboxylic
acids. Apart from the sulphates, the conductivity must be due to the
formation of oxonium salts, such as [H3O](SO4H).
There are three possible structures for the monomeric H2SO4 molecule,
which no doubt is really a resonance hybrid:
H-0

0

H-OX/O

H—o/ ^O

H—O^^O

X g /

H

- % / °

H-O^

\)"

The properties agree far more closely with the first of these. There is no
•Ign of its forming an 'ortho' acid H4SO5 or H6SO6, either in its salts or
In its esters. In this it resembles selenic but strikingly differs from telluric
mid, which appears to exist only in the form Te(OH)6 (p. 983). This is
*«• J. Domke and W. Bein, Z. anorg. Chem. 1905, 43, 125.
m

A. Hantzioh, Z. physikal Chem. 1008, 61, 293.
«• F. Bergkus, ib. 1010, 72, 388.
m
Bm also G. Oddo and E. Scandaola, ib. 1008, 62, 243; Oaz. 1000, 39, ii, I9 U;
101I1 48, ii. 1631 0. and A. CaBalino, Ib. 1017, 47, ii. 200, 282; Oddo, ib. 1017, 48,
1. 17,
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presumably due to the greater stability of the octet (as opposed to the
duodecet) with the lighter element. This co-ordinated structure for sulphuric acid (its ion was actually the first molecule for which a co-ordinated
structure was proposed (G. N. Lewis, 1916)), is also in accordance with all
the evidence for the reluctance of sulphur to form double links. Evidence
is accumulating that the S->0 link has a good deal of S = O character in it.
The SO4 ion has been shown in an enormous number of X-ray examinations of sulphates to have the four O atoms at the points of an almost
regular tetrahedron (slightly distorted by the attraction of the cation).
The distance between the central atom and the oxygen is (in all AO4 ions)
much less than the single link requires, owing to the resonance with the
doubly-linked forms. Pauling 412 gives the following values:
S i - O in

sio;
Observed
Radius sum
Difference

1-60
1-83
-0-23

P - O in
P O "

S—0 in

1-55
1-76
-0-21

1*51
1-70
-0-19

sor

C l - 0 in
C10~
1-48
1-65
-0-17

The mean shortening is 0«20 A; a double link A=O would require a
Hhortaning of about 0*21 A, but the resonance shortening must of course
bo added (see further, p. 1039 below)
With radioactive sulphur it has been shown413 that SO4 ions do not
exchange sulphur with SOg or S" ions in 36 hours at 100°*
Both the free acid, as we all know, and also its salts, have a strong
tendency to take up water. With the free acid this may be explained in
two ways, probably both true, as due to the attachment by co-ordination
of water to the oxygen of the anion, or to the hydration of the free hydrogen
ion. Only an X-ray examination of the solid hydrates of the acid could
provo the method of attachment; that the linkage is strong is shown both
by the very low pressure of dilute solutions of water in the acid, and by
the high melting-point of the monohydrate (+9°). The hydration of the
SO4 anion is shown by the frequency with which we find an odd number
of molecules of water of crystallization in sulphates: e.g. the vitriols,
M"S04, 7H 2 O (M" = Mn", Co", Ni, Zn, Fe"): copper sulphate, CuSO4,
5-3-1 H2O, with one molecule of water very difficult to remove, and
ouprammonium sulphate, [Cu(NH3)JSO45H2O. It is at least probable
that in all these salts one molecule of water is attached to the SO4, leaving
the usual 4 or 6 to hydrate the cation. In the particular cases of CuSO4,
5H 2 O, 414 and NiSO4, 7 H2O415 this conclusion has been supported by
X-ray evidence.
The 'simple' sulphates (those with the compositions of binary salts)
have several peculiarities. The solubility in water tends (especially at
4

» Ch$miml Bond, p. 240.
«> H. H, Voio, J*A,0.S, 1080, 61, 1032.
C. A. Bwvtw unci H. Llpian. JVoo. Hoy, $00, 1084» 146, fl70.
<» C. A. Beovsr* and a, M. Bohwwti, JB. Kriih IiSa1 91, 187*
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higher temperatures) to fall as the temperature rises. This is a familiar
property of anhydrous sodium sulphate; it is found with the sulphates
of the following cations (the water of crystallization, if any, is appended in
brackets): Li (1 H 2 O: from 0° upwards); Na,Cu" (3 H 2 O: only above 140°);
Zn (1); Cd (1); Y, La (9); Ce'" (9, 8, 5, and 4); Yb (8); Th (4); U iv (4);
Mn" (1), and Fe" (1). It does not occur, so far as is known, with the
sulphates of K, Rb, Cs, Ag', Be, Mg, Ba, TF, Pb", Co", or Ni.
Again the sulphates, especially those with polyvalent cations, are very
ready to form supersaturated solutions. Thus the solubility of anhydrous
thorium sulphate (IV. 639) can be measured at 0°, though it is more than
44 times as soluble as the stable enneahydrate. Tetravalent uranium
sulphate U(S04)2 is similar, and so are the sulphates of trivalent vanadium,
chromium, iron, and divalent titanium.
This is sometimes due to the presence of two different forms in solution,
one of which must be complex. Thus the anhydrous forms of the last four
sulphates will not dissolve in water or sulphuric acid (as the hydrated will),
but only in boiling concentrated nitric acid. Again, trivalent rhodium
sulphate Rh 2 (S0 4 ) 3 (VIII. 1519) has a normal yellow form, and also a red
form, from the solutions of which barium chloride does not precipitate
the anion, nor potassium hydroxide the cation. The chromic salt is
similar (VI. 1013).
The double sulphates form a large group of salts, whose structures are
often very difficult to determine. The two most famous series are the
alums, MW(SO 4 J 2 , 12H2O, and the double salts of vitriols, M2M"(S04)2,
6 H2O (Schonite series). The alums have already been discussed under
aluminium (III. 427); the crystal structures show that they are not true
complex salts at all, since six of the 12 H2O molecules are grouped round
the aluminium ion. A mixed alum, isomorphous with the true alums, has
been obtained of the formula K2BeF4, Al2(SO4J3, 24H2O.418
The same is probably true of the vitriols, although our knowledge of
their structures is less certain. Benrath416"17 has obtained from solutions
of mixed sulphates M"S0 4 +M 2 S0 4 the following series of double sulphates,
all of the type M"S04- M^SO4, x H2O, with these values of x: Mg, TF;
Zn, TF; Zn, NH 4 6; Cd, Rb 2, 6; Cd, K; Co, Na; Ni, Na 4.
At the same time it is clear that in some complexes the SO4 group is
aovalently attached to the central atom. Werner pointed out that it
iometimes occupies one co-ordination place, as in
A—0—S^O,

\o
Xk
and sometimes two, as in
419

Av

xO
/SC .
xK
*0

A. Benrath, Z. anorg* Ohem. 1031, 202» 161.
«" A, Benrath and 0. Th tin ess on, ib. 1032, 203, 405.
*" W, E. 0. Curjol, Natur$> 102O1 123, SOO.
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Only by this assumption can we reconcile the compositions of many
complex salts with the established co-ordination numbers of the central
atoms. For example, the sulphate group must occupy one place in
f(NH3)5CoS04]X and in the platinic salt [(NH3)4PtBr(S04)]X, and two in
[e%Co(S04)]X and [(NH3)4Pt(S04)]X2. The best evidence of complex
'sulphato' formation is when the SO4 cannot be precipitated from the
salt solution by barium chloride. This occurs, as we have seen, with the
simple rhodium and chromium sulphates, with the chromisulphates, such as
O

O

K2 0—Jr—O-S—O
0

—dichromates in which one chromium is replaced by sulphur—and also
with the double iridium salt K 3 [Ir(SO 4 )J, H2O.
The acid sulphates MHSO4 are converted on heating into the pyrosulphates MJS2O7, which on further heating lose SO3. The pyrosulphate
obviously has a S—O—S link, and this seems to hydrolyse in water at
once.
It is even possible to make a trisulphate M2S3O1O, corresponding to the
trichromates M2Cr3O10. Potassium sulphate reacts419 with excess of
sulphur trioxide at 50° to give K2S3O10; the presence of traces of water
(i.e. of bisulphate) seem to hasten this. The salt gives a characteristic
X-ray pattern. It does not begin to lose sulphur trioxide till 150°; but it
is at once decomposed by water to give potassium acid sulphate KHSO4.
A similar sodium salt Na2S3O10 has been made.420

Alhyl Sulphates
(CH3J2SO1
(C2H5 )2S04

M. pt.

B. pt.

-27°
-24-5°

188°
208°

The alkyl sulphates are formed by the action of alcohol on sulphur
trioxide, oleum, or chlorosulphonic acid, or by heating the half esters, such
as ethyl hydrogen sulphate (from ethyl alcohol and sulphuric acid) to a
high temperature.
These esters, especially methyl sulphate, are of great value in organic
chemistry for the alkylation of hydroxylic groups by heating alone or in
presence of alkali. Methyl sulphate was supposed to have a very poisonous
effect on the lungs, but this can be avoided with care.
The oyolio esters of diatomio alcohols are of considerable interest.421
410

P, Banmgarton and E. Thilo, Bttr. 108S1 71, 2390.
«• B1 Zintl and H. Ro«iil*r, ib. 1039, 73, 191.
W, BiJm1 J,CS, 191I1 17651 W. Bakar and 7, B. Field, ib, 198S1 80,
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Methylene sulphate can be made by the action of oleum on paraformaldehyde, and like methyl sulphate will form methylene esters either by its
direction action on glycols, or with phenols by reaction in benzene in
presence of solid potassium carbonate; in this way such compounds as
(CH 1 )/

>CH2 and O 6 H 5 .0. CH2 • O • C6H5 can be made.

\(K

The properties of methylene sulphate show that it can scarcely have the
simple formula CH2SO4. Thus it melts without perceptible vapour pressure
at 155°, while methyl sulphate melts at —27° and boils under atmospheric
pressure at 188°, only 33° higher than the melting-point of the methylene
compound. In benzene solution it probably (the solubility is small) has
the double formula. Ethylene and trimethylene sulphates, made from the
glycol and methylene sulphate, have lower melting-points (C2H4SO4 90°;
C3H6SO4 63°), and have the simple molecular weights in benzene by the
freezing-point. They clearly have simple rings of 5 and 6 atoms respectively,
CH2—Ov
CH 2 -Ov
T
\
T
>S0 2 : CH2
>02
CH2-O/
T
/
but the 4-ring required for the monomeric methylene compound

/°\

CH2K
/SO 2 ,
\ /
involves too much strain, and accordingly the double molecule is formed,
with an 8-ring (not chelate)
X ) - C H 2 - (K
O2Sv
/SO 2
\0—CH:.—(K
-O'
2

For the same reasons of strain glyoxal sulphate CH • CH(S04)2, which is
made by the action of oleum on acetylene tetrachloride C2H2Cl4 in
presence of mercury or copper salts and melts at 176-70,422 must have
•tructure (I) with a 5-ring, and not (II) with a 4-ring:
/ 0 — C H -0 \
0 2 S(
I
>S0 2
\ 0 — C H - (K
(I)

/0\
/Ov
0 2 S( >CH-CH(x >S0 2 .
\(K
0/
(H)

Thiosulphuric AcId9 H 2 S 2 O 3
The free acid and the acid salts are unknown; they decompose as soon
m they are formed. The neutral salts are made:
1. By the aotion of sulphur on a sulphite solution.
2, By the oxidation of H8S or sulphides.
111

F. Buggli and XS. Henzl, H$h), OMm, Am, 1920, U , 804.

918

Group VI.

Sulphur,

Oxy-acids

3. By the spontaneous decomposition of sodium hydrosulphite, along
with the pyrosulphite:
2Na2S2O4 = Na2S2O3 + Na2S2O5.
4. By the action of alkalies of polythionates.
The salts are numerous and commonly very stable. Those of the
alkalies and alkaline earths are usually hydrated, but not those of NH 4 ,
Pb, Ag, TF. Very soluble thiosulphates are those of the alkalies, Ca, Sr,
(Ba only 1/480), Mg, Cd5 Zn, Ni, Co, Fe", Mn". The thallous, silver, and
lead salts are only slightly soluble and readily form double salts. The
solutions are fairly stable in the cold and in absence of air; the alkaline
solutions are readily oxidized by air to sulphates. On treatment with
iodine they give tetrathionates:
2 S2OJ + I 2 = S4OJ + 2 I'.
In this familiar reaction, anhydrous Na2S2O3 dried at 120° can be used as
a primary analytical standard.4^3 The best known of all the salts is, of
course, that of sodium, Na2S2O3, 5H 2 O, which is the 'hypo' used in
photography to fix the plate by dissolving out the unreduced silver halide.
The structure of the acid is clear: it is derived from sulphuric acid by
replacing one oxygen by a sulphur
OKN

^S

O^

\ )

No other formulation would explain the stability, and strong confirmation
has been obtained by the use of radioactive sulphur. This substance 35S,
made by bombarding the chlorine in carbon tetrachloride with neutrons
(n, pr), has a half-life of about 80 days. It is dissolved,424 along with some
ordinary sulphur, in sulphite solution, and the silver salt Ag2S2O3 precipitated from this with AgNO3. On boiling, the salt breaks up into
Ag2S + H2SO4,
and the whole of the activity is found in the silver sulphide. In the same
way it was shown425 that active S" ions exchange rapidly with half the
sulphur in a thiosulphate solution.
Thiosulphates are decomposed by acids, giving amongst other products
sulphur dioxide and free sulphur: the time lag before the turbidity due
to colloidal sulphur begins to appear is probably due to the slow aggregation of the liberated sulphur into colloidal particles, since, if the solution
is neutralized immediately after acidification, the thiosulphate is not
reformed (Ephraim).
m

H. M. Tomllmon, and F. Q, Oiapstta, J. Ind, Bng. Oh$m. [Anal] 1041» 13, 539.
*>* 13. B. Aadtntn, £, phytihaL Ohm, 1180, B 13, S87.
*" S, Hi Vogt, JJL.0JI, IBSi, 61, 1038.
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The decomposition of thiosulphuric acid is a very complicated problem,
but the main facts seem to be these.426**9
The S2O3 ion is relatively stable, and so does not decompose until the
hydrogen ion concentration reaches about 2-5 X 10~6, and then the very
unstable HS2OJ ion is formed, which decomposes thus:
HS2O^ = HSO^ + S (quick).
This is the first main product: the second is pentathionic acid, which is
formed less rapidly, by reaction
6 H+ + 5 S2OJ = 2 S5OJ + 3 H2O.
If concentrated HCl is used, H2S and H2S2 are formed, presumably from
the monatomic sulphur,426 but no dithionate, and especially no sulphate.
With less concentrated HCl, especially in presence of a little As2O3 as
catalyst, the pentathionate is the main product.427

Complex Thiosulphates
Thiosulphuric acid forms a series of remarkably stable complex salts
with a variety of heavy metals. Alkaline thiosulphate solutions will dissolve many insoluble salts of silver, lead, mercury, cuprous copper, etc.
(and also the corresponding oxides, with the production of alkaline solutions) ; it is interesting that cupric salts form no such complexes, but are
reduced to cuprous, which then form them.
This is obviously connected with the high affinity of many of these
Bfietals for sulphur. The radical, as in all the complexes formed by
di-basic acids, can occupy either one or two co-ordination places in the
iomplex:
O

K /s\

or x s

~ —s—o.

i

There is little doubt, for example, that the anion in K3[Bi(S2Og)3] is
triohelate (6-covalent); so, too, we must assume a ring structure in silver
templexes Na[AgS2O3] (2-covalent) and Na3[Ag(S2O3)J (4-covalent); but
IR Na2[Hg(S2O3)J, on account of the strong tendency of mercury to assume
I aovalency of 2, together with its great affinity for sulphur, which enables
II to dispense with the extra stability of the chelate ring, it is quite probable
Hmt the mercury is only 2-covalent, and no rings are formed.
In solution the mercury silver and aurous salts have a sweet taste,
Which with the silver salt is still perceptible in 1/320,000 solution.
485
487
481
489

O. v. Deines, Z. anorg. OUm. 1928, 177, 13.
E. H, Biesenfeld and G. Sydow, ib, 175, 49.
J. Sohafftr and F, Bdhm, ib. 1029, 183, 151.
H\ Prakkc md 1. Htioiny, B*o, Trw, 1983, 52, did.
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The silver and gold salts are of peculiar interest. Bassett and Lemon480
showed that in the system Na2S2O3—Ag2S2O3—H2O at 25°, the following solid phases occur: Na3[Ag(S2O3)J 2 H 2 O; Na5Ag3(S2O3J4, 2 H 2 O;
Na[AgS2O3], H 2 O; and NaAg3(S2O3J2, H2O. Some of them at least are
undoubtedly complex salts, especially Na[AgS2O3]. The existence of this
very stable and soluble salt explains the solubility of silver halides in
sodium thiosulphate, and its use in photography. Its solution is precipitated by KI but not by NaCl, showing that the concentration of silver ions
is so small that with the halide ions added it fails to reach the solubility
product of silver chloride (10~10) though it exceeds that of silver iodide
(10*~16). The free acid H[AgS2O3], H2O is said431 to be precipitated as an
unstable white powder when, nitric acid is added to the solution of the
sodium salt.
The gold salt is made by dissolving auric (not aurous) chloride inNa 2 S 2 O a .
The auric chloride is reduced (like a cupric salt) to aurous by some of the
thiosulphate, which is thereby oxidized to tetrathionate:
4 Na2S2O8 + AuCl8 = Na8Au(S2O8J2 + Na2S4O6 + 3 NaCl.
The solution of this aurous complex Na8[Au(S2O3J2] has a sweet taste:
the gold is not reduced by ferrous sulphate or oxalic ^,cid, and the salt is
only slowly decomposed by hydrochloric acid or dilute sulphuric acid.
Unlike the silver complex it is not even reduced in, the human body.
From the corresponding barium salt H2SO4 liberates the free acid
H8[Au(S2Og)2], which, though it cannot be isolated, can be evaporated
down to a syrup without decomposition. The electric conductivity, and
the freezing-point data in water, agree with the sodium salt having 4 ions,
so it must be a true complex salt.
Esters of Thiosulphuric
Acid
Of these the only known derivatives seem to be the mono-alkyl esteracids and their salts, in which the hydrocarbon radical is attached to
sulphur. The alkyl compounds can be made432 by the action of alky!
halide or dialkyl sulphate on sodium thiosulphate. The salts are fairly
stable, but in acid solution the mercaptans are separated. The corresponding aryl compounds can be made433 by the action of thiophenols
+
on the so-called N-pyridinium sulphonic acids C5H5N • SO2 • O: the reaction
occurs at once, with the formation of the pyridinium salt C6H5S-SO2-O
[pyH]. These salts are stable in neutral solution; in acid solution they
are very slowly hydrolysed to the thiophenol and sulphuric acid, but are
quickly converted in alkaline solution into diphenyl disulphide and SO2,
with some phenyl sulphinic acid.434"6
480

H. Bassett and J. T. Lemon, J.0.8, 1988» 1423.
48a
«* H. Bafcies, ib, 1929, 2708.
BeiLiteiB, i. 284, 328.
P. Baurngctrten, Bw, 1980, 6S1 1880.
«" H. LtOhSf1 lb. 1925, I I , 410.
*" A. Durnow, ib. 1939, 72, 368.
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Organic Derivatives of Oxy-acids of
Sulphur
The most important of these, with the oxides, acids, and halides from
which they are derived are:
O
0=S->0
0==«:
O=S
Oxides
H0\

HON

Acids

)s->o

S

HO/'

HO/
R

Mono-subst.
H(K
SuLphenic
E

x

>S->0
HCK
Sulphinic

Halides, Simple

Sulphoxide

\

)S~»0
X/
Thionyl

R

Halides, Org.

\

R

x

1

K8/0

HO/

R

>
x

HO-'

s0
N)
N)

Sulphonic

Rx

Di-suhst.
Thioether

HON

\ g /°

B/

N)

vx / N)
Sulphone

Sulphury]
E
\ S / 0

The following list of the boiling-points of the diethyl compounds is of
interest.

Sulphenic Acids, R — S — O H
The free sulphenic acids are too unstable to be isolated, save in a few
rare instances, 486 b u t their esters and halides (see below, p . 929) are to
iome extent known.
The ethyl ester E t - S * O - E t can be made 437 by shaking the thioeyanate E t - S - C N S (from ethyl mercaptan and thiocyanogen) with
iodlum ethylate a t 0°. The diethyl ester i s , a colourless evil-smelling
liquid, boiling a t 108°/724 mm. I t oan be shown by the freezing-point to
480
ttf

K. Fries, ib. 1912, 4S9 2970.
A. Mfrtiwaen and H, Gsbhardt, ib. 1987, 70» 792,
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be monomeric in benzene, and by Viebftck's thiosulphate method438 to
contain one ethoxy-group in the molecule. It is a weaker reducing agent
than the sulphoxylic ester EtO-S-OEt; it is not oxidized by air or by
selenium dioxide, but ethyl hypochlorite Et-O-Cl oxidizes it to the sulphinic ester Et-SO- OEt.
Sulphinic

Acids,

">S->0
H—CK

These are formed by reducing sulphonic chlorides with zinc, or by the
action of a Grignard reagent on sulphur dioxide in ether.439 The fact that
they can be reduced to mercaptans shows that the alkyl or aryl group is
attached directly to sulphur: they are in fact isomeric with the sulphoxylic
eater-acids AIk—O—S—O—H. The free acids are unstable in air (being
oxidized to the sulphonic acids) and in the absence of air they change
rapidly at 100°, with the curious formation of the so-called 'thiosulphonate ?439 :
3 ESO 2 H = R-SO2-S-R + R-SO3H + H2O.
They react with thionyl chloride SOCl2 to give their own acid chlorides,
such as Bu SO Cl (boiling-point 78°/12 mm.), which are hydrolysed by
water much more violently than the sulphonic chlorides, and are slowly
oxidized to these sulphonic chlorides by air; but unlike the free acids they
are quite stable by themselves. For their sodium and magnesium salts
see reference 440.
'
The esters of the sulphinic acids can be made441 by the action of the
Alk—0\
Grignard reagent on the ester chlorides of sulphurous acid
yS~>0,
which themselves are made by treating the true alkyl sulphites with
thionyl halides. The sulphinic esters are stable in air, and have rather
high boiling-points, which perhaps is due to the dipole moments of the
co-ordinate links not being relieved by resonance; thus:
Et-SO-O-Et
Bu-SO-O.Et
Bu-SO-O-Bu

Boiling-point 60° at 18 mm.
„
91° „ 1 3 mm.
„
1 1 2 ° , , 13 mm.

The sulphinic acids show the same curious tautomerism, due to the
migration of a hydrogen atom from the hydroxyl to the sulphur, as occurs
in the sulphites: their salts react with alkyl halides to give, not the
sulphinic esters, but the isomeric sulphones:
*0
R-SC
N)[K] + AIk. I
488

R\

^fO
/K
+ Kl.
AIk/ M)

F. Viebook and A. Sohwappaoh, Ber. 103O1 63, 2818.
J. v. Braun and K. WeUibaoh, Ib 2836.
«° F, Altai, J. Org, Ohm. 194I1 7, SS.
*" 1". Carri and D. Libarmtmn, 0,Ji. 108S1 197, 19801 1035, 300, 2080.
480
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R\ /O
/S\

The sulphonic acids are isomeric with the half esters of sulphurous acid
R(X
>S->0,
HCK
and differ in having the hydrocarbon radical attached to sulphur directly
and not through oxygen; this is proved by their being formed from the
mercaptans by oxidation, and convertible into them by reduction. This
linkage is much more stable than the link through oxygen, and accordingly
the hydrocarbon radicals are much less easily split off from the sulphonic
acids than from the sulphites.
The aliphatic sulphonic acids are made by oxidizing mercaptans or
alkyl sulphides with concentrated nitric acid; by the action of alkyl halides
on sodium or ammonium sulphite442; or by the oxidation of sulphinic acids
>S-»0.
H—(K
The aromatic sulphonic acids are formed directly by the action of concentrated sulphuric acid or oleum on the aromatic hydrocarbons: this is
a characteristic aromatic property, and one of the signs that aromatic
hydrogen is more easily replaced than aliphatic.
The sulphonation of benzene is a very peculiar reaction. It is only
affected by strong acid, and when the acid has become diluted by the
water produced to a certain extent, probably443 about 85 per cent, acid
(i.e. [H3O]SO4H), the sulphonation ceases.
To increase the yield it is necessary either to use oleum, or to remove
the water formed in the reaction, for example, by blowing a rapid stream
of benzene vapour through the hot liquid (Tyrer process).444
This is not a question of chemical equilibrium in a reversible reaction.
The diluted acid does not hydrolyse the sulphonic acid back to benzene
under the conditions of the sulphonation. Further, in presence of sulphuric
Hold, even at a dilution too great to cause any sulphonation at all, heavy
water is able to replace the hydrogen atoms of benzene by deuterium.445~6
Iligold440 has found this the best method of preparing hexadeuterobenzene
OgD8: ordinary pure benzene was shaken with a mixture of D2O and
D1BO4 in approximately equimolecular proportions (i.e. about 83 per cent.
aoid by weight): after four repetitions of this process with fresh acid the
448

P. H. Latimer and R. W. Bost, J". Org. Ghent. 1940, 5, 24.
•« O. K. Ingold, C. G. Raisin, and C. L. Wilson, J.C./S'. 1936, 915.
444
Similarly the sulphonation of phenol goes much more rapidly in acetic acid
feh&n In water, and seems to be due to the undissooiated H1SO4 (E. Briner, J. W.
Xotkitra, and B. SUiZ1 HeIv. OMm. Acta, 1935, 18, 684.
441
O, K. Ingold, O. Q. Baiiin, and O. L. Wikon, Natw$> 1984, 134,184, 847,
«• Id,, J , 0 , l , 1988, 915.
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C6D6 was about 99-8 per cent. He explains it by supposing the formation
of an intermediate sort of compound
<

%'

>.SO8D,

which can break up again to give either C6H6 or C6H5D.
Hinshelwood et al,U7~d have shown that the rate of aromatic sulphonation in nitrobenzene by SO3 is proportional to the square of the SO3
concentration; the heats of activation are for chlorobenzene 7'72 and for
nitrobenzene 11-40 k.cals.
The sulphonic acids (the aromatic are much better known than the
aliphatic) are liquids or low-melting solids, which can be distilled in a high
vacuum without decomposition; thus at 0-1 mm. benzene sulphonic acid
boils at 171-2°, and jp-toluene sulphonic acid at 185-70.454 They are
usually very soluble in water, and are often separated from the excess of
H2SO4 by the solubility of their calcium or barium salts. They are very
stable, but can be converted into the usual acid derivatives (halides, esters,
amides, etc.). The hydrolytic separation of the hydrocarbon radical from
the sulphur occurs in two ways:
^ R - H + H2SO4
R.SO3H + H2O (*
N R - O H + H2SO3.
In presence of alkalies the second reaction takes place (this is how phenol
is made commercially): in acid solution, and usually at a rather high
temperature, the first.
The relative stability of the C—S link in various aliphatic sulphonic
acids has been examined451 by determining the velocity of hydrolysis
(exclusively to R-OH- +K 2 SO 3 ) by concentrated potash at temperatures
round 355° under pressure. The values of the velocity constant X 104
at 355° are:
Me 1; Et 46; Pr 14, and a fall to Hexyl 74 ;
secondary alkyls decompose much quicker: isoPr 100; sec. Bu 88; phenyl
37*9. The C—S link in the mercaptans452 varies in the same kind of way,
but the change is about 1,000 times as quick.

Sulphonamides, R • SO2 • NH2450
The dipole moments of sulphanilamide and p-amino-phenyl-^-benzene
sulphonamide453 are 6-63 and 6-71D, about 0-8 D more than those calculated
447

D. R. Vicary and C. N. Hinshelwood, J.C.S. 1939, 1372.
K. D. Wadsworth and C. N". Hinshelwood, ib. 1944, 469.
449
E. Dresel and C. N. Hinshelwood, ib. 649.
450
J. v. Braun and K. Weissbaoh, Ber. 1930, 63, 2839.
461
F. C. Wagner and E. B, Reid, JJLXJ.8. 1931, 53, 3407.
" 8 E, 0. Billhcimor and 1 . 1 , BiId1 ib. 193O1 52, 4338.
411
W. D, Kumlsr m& L F. Hilvtntadt, lb, IMl, A3, 2112.
"* W. M, Rodtonov, Bull See, IMO1 [iv] 45, 109,
448
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for the simple structures; this indicates some resonance with a zwitter-ion
form

Sulphonic Esters
These are isomeric with the dialkyi sulphites. They have rather high
boiling-points (Et-SO 2 ^O-Et 213°), high dielectric constants, and are as
good ionizing solvents as the dialkyi sulphates. These properties are to be
expected from the presence of two co-ordinate links.
These esters can be used for alkylation.454

Thiosulphonic Acids, R-SO2-SH
The salts of these acids are got by the action of potassium sulphide on
a sulphonic chloride, with the intermediate formation of a sulphinate:
K-SO2-Cl + K2S = R-SO2K + KCl + S
R-SO2K + S = R-SO2-SK.
This salt reacts with alkyl iodide to form the ester R-SO2-SR3 i.e.
R—S\^ y(0

The structure of this product is proved by the fact that it is identical with
the oxidation product of the disulphide R-S—S-R. These esters are evil
smelling, and high boiling, but volatile in steam.

Sulphoxides,

R\
yS~>0

The sulphoxides are derived from sulphurous acid by replacing two
hydroxyl groups by hydrocarbon radicals, the product of one such replacement being a sulphinic acid. They are made by oxidizing the corresponding
iulphides, either with nitric acid or hydrogen peroxide,457 or by the hydrolysis of their dibromides, or in other ways. The aromatic sulphoxides can
also be made by the action of sulphur dioxide or thionyl chloride on
aromatic hydrocarbons in presence of aluminium chloride.455"6
The sulphoxides are low-melting solids or oils, which boil at high
temperatures and can only be distilled under greatly reduced pressure;
for example, methyl sulphoxide (CH3J2SO melts at 18-5°459; its vapour
pressure is 0-600 mm. at 25° and 3-07 at 50°, giving an extrapolated
boiling-point of 192° C.459a; ethyl sulphoxide (C2H5)2S->0 melts at 4-6°
«» 0. E. Colby and C. S. McLoughlin, Ber. 1887, 20, 195.
«• F. Loth and A. Miohaelis, ib. 1894, 27, 2547.
«" B. Pummerer, ib. 1910, 43, 1407.
«• D. LL Hammiok and B. B, Williams, J.C.fif. 1988, 211.
«• T. B. Doufiai, J.-A.C.S. 1946, 68» 1072.
«** Id. Ib. 1948, 70, 2001,
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and boils at 88-9° under 15 mm. ; diphenyl sulphoxide boils with some
decomposition at 340° under 760 mm. (benzophenone at 307°). The dipole
moment of dibutyl sulphoxide Bu2S-^O in benzene is 3*90 D,458 while
that of diphenyl sulphoxide is 4-00460; hence by Sutton's rule461 the SO
group should orient kationoid substituents to the meta positions. The
sulphoxides are too unstable for this to be tested directly, but it is an
indirect proof that an iodine atom in the para position to the SO is hydrolysed by alkalies under conditions that leave a meta iodine atom untouched,
just as when the SO is replaced by an NO2.
That the carbon atoms are attached to sulphur is proved by the formation of these compounds from and their reduction to the sulphides. The
predominance of the co-ordinate link as in R 2 S->0 over the double link
in R 2 S=O is shown by their behaviour, which is much more like that of
an amine oxide R3N~>0 than that of a ketone R 2 C=O. Thus the alkyl
sulphoxides at least are very soluble in water; they all show definite though
weak basic properties. The product of the oxidation of a sulphide with
concentrated nitric acid has the composition R2SOjHNO3, is soluble in
water, and is converted into the sulphoxide by treatment with barium
carbonate, and is obviously a salt [R2S—0—H]NO3. The same is true
of the dibromides which are made by treating the sulphides with bromine:
(CH3)2SBr2 is a yellow solid which is completely hydrolysed by water to
the sulphoxide and hydrobromic acid, and is clearly a sulphonium salt
[(CHg)2S • Br]Br. The unsymmetrical sulphoxides RR'SO such as ^-aminophenyl tolyl sulphoxide, like the sulphinic esters R SO OR, can be
resolved into their optical antimers.462~3
The asymmetry of the disulphoxides has been investigated by Bennett.
If the three links of the sulphur do not he in a plane, then a disulphoxide
should give two isomeric forms, a cis and a trans: for example, the dithiane
derivative according as the two oxygen
0 K /CH2-CH2V *0
O* /CH2-CH2V

X

/S

and

s(

/S\

X

^CH2-CH/
CH2~~C H / ^O
cis
trans
atoms are on the same or on opposite sides of the ring. Bennett and his
collaborators have shown the existence of this isomerism in a series of
different compounds.464-71 Of special interest are the oxides of trimethylene trisulphide467 the polymerization product of thioformaldehyde
/CH2-Svx
S\
/CH2,
XSHg—S'
and the disulphoxides of thianthrene.472
460
G. C. Hampson, R. H. Farmer, and L. E. Sutton, Proc. Boy. Soc. 1933, 143,
147.
*" L. E. Sutton, ib. 1931, 133, 668.
*" F. W, B. Horrlion, J, Ksnyon, and H. Phillip* J.CS. 1020, 2070.
«• J. Holloway, J, Konyon, and H, FhUUp1 lb, 1028, SOOO.
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These active derivatives of 3-covalent sulphur racemise very slowly,
often remaining unchanged for months in the cold; they seem to be as
stereochemically stable as the carbon compounds, and more so than those
of nitrogen. If we could assume a molecule R 2 S=O to have a plane of
symmetry like B 2 C=O, this stable activity would prove that it is not
formed; indeed if R 2 S->0 is pyramidal and R 2 S=O planar, resonance is
almost impossible. But we cannot assume this, since the sulphur has not
an octet but a decet of electrons (2, 8). The arrangement of the covalencies of such a decet with a double bond may well be unsymmetrical
and nearly tetrahedral, so that the activity does not exclude it; it must,
however, be relatively unstable, because, (1) a double link to sulphur
always is so (as in S=O), and (2) the 'inert pair' with sulphur is very
rare, and so no doubt is not a stable form.

Sulphones, /SC
These are the results of replacing both OH groups in sulphuric acid by
hydrocarbon radicals. They can be made by oxidizing the thioethers or
the sulphoxides with fuming nitric acid or potassium permanganate, or
by the action of alkyl halides on the sodium salts of sulphinic acids, which
involves an intramolecular rearrangement;
/O
EK 7(0
K_S(
+ Et-I =
; S ( + NaI.
^0[Na]
\0[Nal
W
^O
In the aromatic series they are formed more readily, for example by
the action of sulphur trioxide on the hydrocarbons (accordingly they are
by-products in the manufacture of sulphonic acids); by heating the
llilphonic acids with benzene and phosphorus pentoxide, or even alone;
m by the action of sulphonic chlorides on the hydrocarbons in presence
of aluminium chloride.
The sulphones are isomeric with the sulphinic esters R-SO-OR: that
tfaty have both hydrocarbon radicals attached to sulphur is almost the
§nly possible explanation of the isomerism, and is further supported by
tholr formation by the oxidation of thioethers, by their remarkable
lliibllity, and by the fact that with AlCl3 the same sulphone is obtained
from bonzene sulphonic chloride and toluene as from toluene sulphonic
ehioride and benzene.
The sulphones are colourless solids of great stability, which distil at
«M «, V1 Bell and G. M. Bennett,
ib. 1927, 1798.
46
467
*•• Id., ib. 1928, 86.
« Id., ib. 3189.
Id., ib. 1929, 15.
*•• O. M. Bennett and E. V. BeU, ib. 1930, 1.
*• O. M. Bennett and F. S. Statham, ib. 1931, 1684.
«*• Id., ib. 1890.
•M Q, M. DennoU, H. Baw, and F. Dearn*, ib. 1934, 680.
*'» T, W. J. Ti^lor, ib. 1985, 625.
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high temperatures without decomposition. The lower alkyl sulphones are
very soluble in water, diethyl sulphone, for example, in 6*4 parts of water
at 16°. Examples of the melting- and boiling-points are:
Dimethyl sulphone (CHg)2SO2
Diethyl sulphone (C2H6J2SO2
Diphenyl sulphone (C 6 H 5 ) 2 S0 2

Their great stability is shown by the fact that diphenyl sulphone not
only boils undecomposed at 379°, but can be distilled unchanged at this
temperature from zinc, dust, and can be heated with yellow phosphorus
to 250° without reaction. It is, however, converted by PCl5 at 160° into
ohlorobenzene and benzene sulphonyl chloride. Substituted diphenyl sulphones can sometimes473"*4 break off one aryl group far more easily.
Aliphatic sulphones, on the other hand, react with potash to form the
sulphonic acids and the unsaturated hydrocarbons: for example, diethyl
sulphone gives ethylene and ethyl sulphonic acid.476
The bromine in R-SO2-CH2Br (where R =? alkyl or aryl) is replaceable
by hydrogen on treatment with the Grignard reagent or with Na-SEt or
Na-OEt in alcohol476
Certain aliphatic disulphones are of importance as drugs. These are the
bodies formed by condensing ketones with mercaptans (e.g. in presence
of HCl) and oxidizing the products to disulphones with permanganate
or otherwise. Thus acetone and ethyl mercaptan give the disulphone
which is sulphonal: the corresponding product
C H 3 \ /S. Et
C H 8 \ /SO 2 - Et
CH3/ \s-Bt
C H 3 / NsO 8 -Et
from methyl ethyl ketone is trional, and that from diethyl ketone tetronal
The hypnotic action of sulphonal was discovered by Kast in 1888.477

Oxy~halides of Sulphur
These may be classified as derivatives of the three types of oxy-acid,
H—Ov
sulphoxylic
/S,
H—O/
H—0\
sulphurous
y8->0 (thionyl X2SO),
H—O/
H0\
*0
and sulphuric
y&{ (sulphuryl X2SO2).
478

my

^o

L. A. Warren and S, BwIOm9 J.0J3. 198I1 2207.
"« A. A. Levy, H. 0. Balm, and S. Smites, lb. 8264.
«• G. W. Vmton and 0. K. Ingold, lb. 19Si9 8127.
m
W, M* Zioglor and B. Connor, J,A,C,8, 1940, 63, 2500.
41
' Ou thaw diiulphonw •§§ further A. MQMI, Btr, 1927, 60,1420.
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Either one hydroxyl may be replaced by halogen, in which case the
product is still an acid, or both.
We also have the corresponding derivatives of the substituted organic
acids, such as sulphonic.

Hahgen Derivatives of Sulphoxylic Acid
The acid chloride is the rather unstable sulphur dichloride SCl2 described
below (p. 946), To this group belong also the aryl sulphur chlorides
Ar-S-Cl and the aryl dithiochlorides Ar-S-S-CL

Aryl Sulphur Chlorides (Ar- S- Cl) and Bromides
These can be made478"81 by the action of chlorine on mercaptans at a
low temperature in CCl4 solution, or on the disulphides:
<D-S.H + C12 = cf-S-Cl+ HCl
<1>.S-S.<I> + Cl2 = 2O)-S-Cl.
Phenyl sulphur chloride C6H6-S-Cl is a red oil, boiling-point 149° at
12 mm.; its smell, colour, and absorption spectrum are very like those of
Nulphur dichloride SCl2, which it also resembles in its reactions; for
example, with ethylene it forms C6H5-S-CH2-CH2-Cl, which has a vesicating action like that of mustard gas. By reduction with zinc or reaction
with a thiophenol it is converted into a disulphide <D • S • S •<&. It behaves
an the acid chloride of the so-called phenyl-sulphenic acid Ar-S-OH;
thus on treatment with aniline it gives the anilide O'S-NEKD, and with
Nodium methylate the ester <D- S- OCH3 (b. pt. 88°/4 mm.).
The corresponding bromide <& • S • Br seems to exist, but is too unstable
to isolate. Few aliphatic compounds of the R—S—Cl type are known482;
but the tertiary alkyl compounds can be made483"4 by the action of the
halogens on the mercury mercaptides; for example,
(Me3C-S)2Hg + 2 I 2 - 2 Me3C-S-I + HgI2.
The chloride and bromide are too unstable to be isolated. It is remarkable, since compounds with iodine attached to sulphur are almost unknown,
that the corresponding iodide is more stable, though even this soon decomposes in the cold.
A curious compound of this type is perchloromethyl mercaptan
0 I 1 C - S - C l , discovered by Rathke in 1873485>487~8; it is formed together
m

II. Lecher and F. Holschneider, Ber. 1924, 57, 755.
H. Lecher, ib. 1925, 58, 409.
•*a For literature of the earlier work see H. Lecher and M. Wittwer, ib. 1922, 55,
1174.
411
Se© also T. Zincke 1911-18, and especially Ann. 1918, 416, 86.
**• D. Vorl&nder and E. Mittag, Ber. 1919, 52, 415,
m
IL Bheinboldt and E. Motzkus, ib. 1939, 72, 657.
m
H, Bheinboldt and F. Mott, ib. 668.
«» B. Bathke, Afm. 1878, 167, 195.
m
H. Leohtr and X. Simon, Bm 1921, 54, 2249 s 1922, 55, 2428.
*lf J. M. Conolly and O, M. Dywn, J.CS, 1934,122,
m
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with sulphur chloride by the action of chlorine on carbon disulphide in
presence of a trace of iodine; it is a yellow oil of very unpleasant smell
which boils at 147°; it is hydrolysed to carbon dioxide, hydrochloric acid,
and sulphur; it can be reduced to thiophosgene S=CCl2, and oxidized by
nitric acid to trichlormethyl sulphonyl chloride Cl3C-SO24Cl.

Aryl Dithiochlorides, Ar-S-S-Cl
A compound of this series is o-nitrophonyl dithiochloride.486 It is
entirely covalent in behaviour, soluble in all organic solvents, gives nonconducting solutions in ethylene dichloride, and is hydrolysed by water.
The chlorine has something of the mobility of a diazo-chlorine; it will
couple with dimethyl aniline to give the disulphide
Ar- - S - S - <

>-N(CH 3 ) 2

D E E I V A T I V E S OF S U L P H U R O U S ACID

These consist of the thionyl halides S0(hal)2, and the halides of the
sulphinic acids R-SO-hal. The molecular structure of the three thionyl
halides has been determined by electron diffraction489"91; they are pyramidal, with the distances S - O 1-45, S - F 1-6, S - C l 2-05, S - B r 2-27
(theory S - O 1-70, S - P 1-68, S-Cl 2-03, S - B r 2-18).

Thionyl Fluoride, yS-

•0

This can be made by the action of sulphur dioxide on zinc fluoride, or
of thionyl chloride on a number of metallic fluorides, and on arsenic or
antimony trifluoride.492 It is a colourless gas, and smells like phosgene;
it is soluble in ether and benzene. It is the stablest of the thionyl halides,
whose stability falls off in the order SOF2 > SOCl2 > SOBr2 (there is no
SOI2). It attacks glass at a red heat, but not an iron retort; it does not
act on Si, Mg, M, Cu, Zn, or Hg up to 125°.493 It is hydrolysed by water,
but like many oxyfluorides, only very slowly.494
The fluorochloride SOFCl can be made493 by treating SOCl2 with antimony trifluoride and pentachloride; it changes in some months at the
ordinary temperature into a mixture of the difluoride and the dichloride.
The physical properties of these compounds are 493 :
SOF 2

B. pt.
M. pt.
Trouton

-43-8°
-110-0°
22-6
488
489
460
481
498
m

SOFCl

SOCl2

+ 12-2°
-139-5°
20-7

75-7°
-99-5°
21-4

SOBr 2
42-5°/16 mm.
-49-5°

J. M. ConoUy and G. M. Dyson, J.O.S. 1935, 679.
D. P. Stevenson and R. A. Cooley, JA.OJ3. 1940, 62, 2477.
K, J. Palmer, ib. 1988» 60, 2860.
See D. M, Yoifc and H. Buiidl, Syih Inorg* Qhem,, p. 806.
H. Moliian and P. Lsbeau, Ann, Ohbm* Phy§. 1902, [7] 36, 145.
K. H, Booth mi I . 0. MiTlQoIa11/.4.0.& 194O1 63, 040.
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This can be made by the direct union of sulphur and chlorine monoxide,
but it is usually prepared by the action of phosphorus pentachloride on
sulphur dioxide or sodium sulphite. It can be freed from SO2Cl2 by
heating it with sulphur (when this gives SO2+S2Ol2) and distilling.495 It
is a colourless liquid.496 The dielectric constant is 9-05, and the dipole
moment in benzene at 25° 1*58 D. 497 The vapour density is normal at 150°,
and the molecular weight is normal in benzene. The electrical conductivity
is 2 x 10~6 at 25° (Walden); it will dissolve the iodides of As, Sb, Sn, Hg,
Co, and tetramethyl ammonium, to give coloured solutions of small
conductivity. It is far less stable than the fluoride: it begins to dissociate
near its boiling-point, and at 440° it is about two-thirds dissociated into
S0 2 +S 2 C1 2 +C1 2 ; accordingly its reactions are mainly those of S0 2 +C1 2 .
It is readily hydrolysed by water.
Thionyl chloride reacts with ammonia in the gaseous phase to form
thionyhmide H — N = S - O , a gas condensing at —85° to a colourless
liquid, which polymerizes at —70° to a yellow-brown insoluble solid
looking like bakelite.498
The remarkable shortness of the S—O link (p. 930) suggests that there
CK
is a very large contribution of the
) S = 0 form to the resonance, and
so is evidence that in this form the valencies of the sulphur decet (2, 8)
are not planar but pyramidal.

Thionyl Bromide,

Br\
^S->0

This can be made by the action of hydrogen bromide on thionyl
chloride; the yield at —80° is quantitative. 499
It is a reddish liquid, less stable than the chloride, and decomposes
below its boiling-point, though it can be distilled under reduced pressure.
Its chemical behaviour is just like that of the chloride. Like many other
possible S—I compounds thionyl iodide SOI2 does not seem to exist.
H A L O G E K - S T J L P H U B O U S ACIDS

Muorosiilphinic acid

HO\
HO\
J)S->0 and its chlorine analogue
/S->0

are unknown, and all attempts to prepare their esters have failed.
484
406
4W

O. Ruff and C. Thiel, Ber. 1905, 38, 549.
D. L. Cottle, J.A.C.S. 1946, 68, 1380.
W. C. Sohumb and C. H. Hamblet, ib. 1935, 57, 260.
M J. W. Smith, Proo, Boy. Soo. 1932, 138, 154.
491
P. W. Sohdiik, Ber. 1942, 75, 94.
"• F, Gtovatrt and M. llmwn, NatwmwL Ttfdi. 1988, 30, 77.
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HALOGEN DERIVATIVES OF SULPHURIC ACID

Of sulphuric acid both the mono- and the di- derivatives are known,
the first being the halogen sulphonic acids HS0 3 hal (below, pp. 933, 936)
and the second the sulphury! halides, S02(hal)2.
Sulphuryl Fluoride, SO 2 F 2
This is formed by burning fluorine in SO 2 ; it can also be made more
conveniently by heating barium fluorosulphonate600:
Ba(SO8F)2 = BaSO4 + SO2F2.
It is a gas, boiling at —52° and melting at —120°. Its vapour density is
normal.
It is surprisingly inert—almost as inert as sulphur hexafluoride. Water
dissolves about a tenth of its volume of the gas at 9°, but it has no action
on it even if the two are heated together in a sealed tube at 150°. It is
not affected by heating either alone or with oxygen up to the softening
point of glass (ca. 500°): or by sulphur or hydrogen chloride below a red
heat: or by phosphorus or arsenic below their boiling-points, or by sodium
below its melting-point. It is attacked by hydrogen on heating, and
slowly combines with ammonia in the cold. It is only slowly absorbed by
potash, with the production of potassium fluoride, fluorosulphonate, and
sulphate; this is practically the only reaction in which sulphuryl fluoride
behaves as a sulphuryl compound.500
The inertness is no doubt partly due to the thermodynamic stability of
S—F, as is shown in HSO 8 F, and we know from the behaviour of its
organic compounds that the group > XF 2 is more stable than > XF
(VII. 1125); but it must also have a very high heat of activation, which
is characteristic of atoms exerting their maximum covalency, and suggests
the structure

F/V
the low boiling-point (—52°: SO2Cl2 boils at +69°) also supports this.
The greater reactivity of SO2Cl2 may be due to the chlorine being much
more prone to 'back-co-ordination', and so favouring forms like

A
The mixed haKde SO^FCl has been made501 by heating sulphuryl
ohloride with antimony tri-fluoride and pentachloride under pressure;
b, pt.+7'l 0 , m. pt, —124-70, Trouton constant 22-6.
ioo w. Traub«, J. MommM, and F, Wunderlioh, Ber, 1910, 52, 1272.
*« H, S. Booth and 0. V. Herrmann, J.A,0,8. 198G1 SS, 63.
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H—0\
Fluorosulphonic

Acid,

/O
)S(

This acid,50a~10 which boils at 162*6°, is reasonably reactive, and in
general resembles chlorsulphonio acid HSO3Cl, so that no doubt it has
mainly the structure given above. It reacts much less readily than
ohlorosulphonic acid, but this difference is fully accounted for by its much
greater thermodynamic stability. It is stable by itself up to 900°, but it
is remarkable that in the presence of sulphur it is completely decomposed
even at its boiling-point (163°) into SO8 and HF. 603 It is incompletely
and reversibly hydrolysed by water506*7; a mixture of 12 moles each of
H2SO4 and HF, and 20 moles H2O have at equilibrium 1 mole of HSO 8 F
(determined by precipitation as the nitron salt). The effect of the water
oan be to a considerable extent neutralized by the addition of strong
ttoids, such as HClO4 or HNO 8 or benzene sulphonic, apparently because
the water is removed by hydrating them.510 Also the hydrolysis of the
aoid by water in the cold is a slow reaction: with one mole of HSO 3 F per
litre the half change takes 2 days. The anhydrous acid does not attack
glass even when hot, and can be prepared509 by distilling a mixture of
KHF 2 and oleum from a Jena glass flask up to 250°.
The salts of this acid are correspondingly stable; they are only slowly
hydrolysed even by warm water (and even in presence of acid), and can
b« recrystallized from it.504 With ammonia they form sulphamates
M[SO8NH2].511 These salts are remarkable in other ways too. They are
vory similar505-6 in solubility and crystallographic properties to the salts
of ClO4, MnO4, PO 2 F 3 , and BF 4 , often forming mixed crystals with them.
Thus HSO 3 F forms a stable diazonium salt (as does HBF 4 ), and like HBF 4
ttiid HClO4 it forms a nitrosyl salt [NO]SO8F, which is produced, along
with [NO]HSO4, when NO is passed into the acid. CsSO8F has a crystal
kttice of the scheelite (CaWO4)512 type.

Esters of Fluorosulphonic Acid, RO-SO2F

These also are remarkable. The alkyl esters are made500 by two rather
Unusual methods. The first is by the reaction of the acid with an ether,
for example, by passing dimethyl ether into the acid. The reaction
AIk2O + 2 HSO3F = 2 AIk-O-SO2-F + H2O,
• 0I
»«
*«
*«ft
•••

W. Traube, J. Hoerenz, and F. Wunderlich, Ber. 1919, 52, 1272.
O. Buff aad H. J. Braun, ib. 1914, 47, 646; O. Ruff, ib. 656.
W. Traube and E. Reubke, ib. 1921, 54, 1618.
E. Wilke Ddrfurt and G. BaIz, ib. 1927,60, IU; Z, anorg. Chem. 1927,159,197.
W. Lange, Ber. 1927, 60, 962.
Mf
W. Lange and B. MiiUer, ib. 1930, 63, 2653.
••• 1 . Wiike Ddrfurt, G. BaIz, and A. Weinhardt, Z. anorg. Chem. 1930,185. 417.
••• J. Mayer and G. Schramm, ib. 1932, 206, 24.
• " W. Lang©, ib. 1988» 215, 321.
Hi W. Tr&uba and E. Brehmer, B§r. 1919, 52, 1284,
Hi H. SiHiTt1 Z. Kritt. 1942, 104, SSd.
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goes quite easily in the cold, but the yield is not very good, owing to the
occurrence of by-reactions. For making the ethyl ester a better method
is to pass ethylene into the acid.
The esters are volatile liquids, the methyl ester OH3O-SO2-F boiling
at 92°, and the ethyl at 114°. They have a very unpleasant smell, and
are lachrymators. They are immiscible with water but are soon hydrolysed
by it; they etch glass, and are decomposed by strong acids. The methyl
ester converts phenol into anisol.
The aryl esters are made in an entirely different way.507 The diazonium
salts of many complex halides decompose on heating to give the aryl
halide, nitrogen, and the inorganic halide: for example,
Ar^N2[BFJ = Ar-F + N% + BF3.
The salts of HPF 6 , H2SnCl6, and H2PtCl6 behave in the same way. The
diazonium fluorosulphonates are stable salts, which decompose somewhere
near 100° quite quietly, but the result of this decomposition is found to
be merely the elimination of nitrogen and the formation of the aryl ester
of fluorosulphonic acid:
Ar-N2[SO3F] = Ar-SO3F + N2.
(The perchlorates under these conditions explode violently, possibly with
the intermediate production of an unstable aryl perchlorate.) The phenyl
ester boils at 180°/760 mm., and its vapour density is normal (HSO3F like
HF must from its high boiling-point be associated); it seems to be more
stable than the alkyl esters, but this may be due only to its smaller
solubility; it is not acted on by dilute acids, but is slowly hydrolysed to
sulphuric acid by alkalies; it does not attack glass; it is volatile without
decomposition in steam.

Alhyl and Aryl Sulphonyl Fluorides
These compounds, B, • SO2 • F, also differ from the corresponding chlorides
in being much less reactive.513"16
The aryl sulphonyl fluorides can be made613 by the action of fluorosulphonic acid on the aromatic hydrocarbons, on their sodium sulphonates,
or on their sulphonic chlorides. A better method available in the aliphatic615
as well as in the aromatic514 series is to boil the sulphonic chloride with
a saturated aqueous solution of a soluble metallic fluoride, such as potassium fluoride. This needs the presence of water; toluene sulphonic chloride
gave no reaction when boiled with dry zinc fluoride for 5 days, but on
adding water or steam the conversion was complete in an hour.
These are volatile compounds, for example:
CH8-SO2F b. pt. 124°
C6H5-SO2F b. pt. 207°
C8H6-SO8F „ 135°
o-tol-SOgF „ 224°
oy.Hexyl.S08F „ 218°
m

W. Stefci&opf, J. praM Ohem* 1927, ii, 117f L
»" W. Daviti and J. H, Diok, J.0& 1981» 2104.
•»• Id., Ib, 2042.

«• Id., ib. 1982, 483.
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They have no unpleasant smell, but smell rather like the alkyl or aryl
halides. They are far less reactive than the corresponding chlorides; they
can be boiled with water or steam-distilled without hydrolysis; they only
react slowly with amines or with boiling water: they do not react with
pyridine in the cold, as the chlorides do, nor do they lose SO2 when treated
with AlCl3. The aryl compounds share this inactivity, but it can be greatly
modified by certain substituents in the ring.516

CK /O
Sulphuryl Chloride, /SC
This is formed by the direct combination of sulphur dioxide and chlorine,
which occurs at the ordinary temperature, but very slowly except in the
presence of certain catalysts. In the cold, equilibrium in the reaction
SO2 + Cl2 S = * SO2Cl2
is almost wholly on the right-hand side, but even at 100° there is something like 90 per cent, dissociation.
A great variety of catalysts have been used to promote this reaction;
nearly all are organic substances, including under that name active
ourbon,517 Camphor is the commonest, but ethylene, acetic acid, ketones,
and aldehydes have been used.518 According to Durrans619 saturated
hydrocarbons and acids are useless, but limonene, pentene, esters, and
kotones are active. Little or nothing is known of the way in which these
substances act, but camphor forms a liquid containing a large percentage
of Hiilphur dioxide.
Nulphuryl chloride is a colourless liquid, melting at —16° and boiling
Hit 09"3°. Its vapour density is normal up to 130° (this does not represent
iho true equilibrium, at which it is largely dissociated), and so is its
molooular weight as determined cryoscopically in benzene. The Trouton
constant is 20-7. Electron diffraction520 shows that the molecule is
litrahedral, with the distances S—O 1*43, S—Cl 1-99 A, and the angles
O -8—0 120°, Cl-S—Cl 111°, Cl-S—O 106-5° (see SOX2, p. 930).
Sulphuryl chloride dissolves many substances, such as SO2, I 2 , Bv2,
FeOl8, iodides of Rb, Hg, Cd, As, Sn, and the substituted ammoniums.
Solutions of SO2 and of I 2 have no measurable conductivity; those of salts
fanvo a low conductivity, except the tertiary and quaternary ammonium
MItM1 which conduct well.
Sulphuryl chloride is hydrolysed very slowly by water. It reacts on
hinting with metallic oxides to give the chlorides and sulphates in various
proportions,518 and the vapour converts metallic sulphides into their chlorUM.™

In organic chemistry sulphuryl chloride is an active chlorinating
ft

" M. Danneel, Z. angew, Chem. 1926, 39, 1553.
H. Danneel and W. Hesse, Z. anorg. Ohem. 1933, 212, 214,
819
T, H. Dwsmm, J. Soo. Ch&m. Ind. 1926, 45, 347.
"© Yoit and Bunell, Syat. Inorg* Oh$m. 308.
m
K, D&rin<SGl and F. (Sohlottraarm, Z. anorg, Qhwn, 1933, 312» SS6,
Ml

Group VI.

Sulphur,

Oxy-Acids

agent either when heated or in presence of aluminium chloride, but not by
itself in the cold.
Sulphuryl

Chlorofluoride,

Cl\ / 0
/S(

This has been made622 from sulphuryl chloride by fluoridation with
antimony trifluoride and antimony pentachloride, best at 300° and under
4 atm.
SO2ClF is a gas with the normal density, melting at —124-7° and boiling
at +7-1°. The Trouton constant is 22-6.
The gas is hydrolysed at once by water, and absorbed rapidly by an
alkaline solution; it has a pungent smell like SO2Cl2, but does not fume
in air.
Sulphuryl bromide and iodide do not seem to exist.

Ghhrosulphonic

Acid,

ni/^\n

This is formed by the combination of hydrogen chloride and sulphur
trioxide: by the action of phosphorus pentachloride on oleum, or more
usually by treating oleum with hydrogen chloride. It is much less stable
than the fluorine compound; it dissociates readily, and in consequence it
is difficult to purify and its physical constants are not very certain. It
boils at 151° (lower than fluorosulphonic acid) and melts at —80°; the
boiling-points of these halides are compared in the table:

X= F
X = Cl
Diff.

SOX2
- 30°
+ 79°
+ 109°

SO2X2
- 52°
+ 69°
+ 121°

HSO8X
+ 162-6°
+ 151°
- 11°

HX
+ .19-5°
- 83°
-102-5°

CH8X
-78°
-24°
+ 54°

The heat of evaporation at the boiling-point is 12-86 k.cals.523; this gives
the enormous Trouton constant of 30-4, due probably to the large dissociation at the boiling-point. Solutions in chlorosulphonic acid have a very
small conductivity (Walden).
The acid is violently—almost explosively—decomposed by water; its
salts are almost impossible to prepare, but an ammonium salt [NH4]SO3Cl
has been made. It is an energetic chlorinating and (for hydrocarbons)
sulphonating agent.
Its esters have been prepared524; they can be made from SO2Cl2, and
are lachrymators. The boiling-points are: w-Bu 76~77°/13 mm.; n-Am.
76-75°/4 mm.
881
111

H, S. Booth and 0. V. Herraaan, J.A.C.S. 1906, 58, 68.
J, Ogier, CLR. 1883, 96, 16, 646, 647.
*" R. Luvaillant, lb. 10SS1 197, 335, 641.
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R\ /O
Sulphonyl Chlorides, /SC
These are formed by the action of phosphorus pentachloride on the
salts of the sulphonic acids (aliphatic, Beilstein, iv. 5; aromatic, ib. xL
34-6). They are colourless liquids or solids, which boil usually undecomposed at rather high temperatures: for example:

CH8-SO2Cl
C2H6-SO2Cl
C6H5SO2-Cl

B.pt.

M.pt.

161-57730 mm.
177-5°/760 mm.
2527760 mm.

14-5°

Their dipole moments (in benzene or dioxane) are very high. 5
R

R-SO 2 Cl

R-SO 2 NH 2

Phenyl
p-tolyl

4-54
5-01

4-75 D
502

They are readily hydrolysed by hot water, but only slowly by cold, and
can be purified by washing with water. This is partly due to their very
slight solubility in water.
These compounds, especially the aromatic, are important reagents in
organic chemistry. They are readily reduced, first to the sulphinic acids
and then to the mercaptans or thiophenols. They have the usual properties
of acid chlorides of giving esters, amides, and anhydrides.

R\
Sulphonyl Bromides,

/0

yS(

626

These have long been known.
For example, C2H6 SO2 Br, b. pt.
80°/13 mm.527 and n-Bu-SO2Br, b. pt. 102°/11 mm.
It is interesting, in view of the marked way in which the affinity of
aulphur for a halogen always falls off with a rise of the atomic weight of
the halogen, to see that these bromides are much less stable than the
corresponding chlorides (not to mention the fluorides). In particular they
®>m readily reduced on heating by a mixture of PBr 6 and PBr3, or even
In some case by PBr 5 alone (or PBr 3 +Br 2 ) to the disulphides:
2 R-SO2Br + 5 PBr3 = PBr6 + 4 POBr3 + R-S-S-R.
This reaction occurs both with the aryl528 and with the alky!529 derivatives.
It does not occur with the chlorides, nor if the bromides are heated with
526

E. N. Guxganova, Acta phya. Ohem. U.B.8,8. 1941, 14, 154.
R. Otto, Ann. 1867, 142, 98.
M7
B. Cherbuliez and 0. Schnauder, H$k. Qhvm* AoIa9 1023, 6, 249.
»" A. H. KoliLheue, J.A.0&. 1982, 54, 2441.
*» W. H. Huntw and B, 1. Soraruon, ib, 8304, 880S,
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phosphorus trichloride. This is the more remarkable since the reaction
should be more exothermic with chlorine than with bromine.628
PERAOIDS OF S U L P H F B

Of these acids, which contain the peroxide link —O—O—, there are
two, persulphuric acid H2S2O8 and sulphomonoperacid H2SO5, also known
as 'Caro's acid'.

0-SO 2 -OH

Persulphuric Acid, H2S2Oo = I

0-SO 2 -OH

This acid, of which S2O7, if it really exists (see p. 903), is presumably
the anhydride, is made by the electrolysis of sulphuric acid, or by treating
hydrogen peroxide with chlorosulphonic acid. The electrolysis needs special
precautions, because H2S2O8 hydrolyses to the monoperacid H2SO6.
Persulphuric acid is a crystalline solid, which melts at 65° with decomposition ; in the pure dry state it keeps better than H2SO6, but it always
has a smell of ozone. It is very hygroscopic, and is hydrolysed by water
(see below). It reacts with organic compounds more violently than H 2 SO 5 ;
it explodes with alcohol or ether, and carbonizes paraffins slowly.
It was shown by H. Palme530 that in 5 to 10 times normal sulphuric
acid, H2S2O8 decomposes through the following stages:
(1) H2S2O8 — • H 2 SO 6 + H2SO4
(2) H 2 SO 6
• H2SO4 + H 2 O 2

(3)

H2O2

• O2

The salts are best prepared by the oxidation of sulphates, but they can
also be made by the action of fluorine on an aqueous solution OfKHSO4.631
The persulphates are comparatively insoluble, there being a marked rise
in solubility in the order K < Rb < Cs < Tl; which would normally
indicate a weak acid. The acid is of course a powerful oxidizing agent.
The conductivities and the freezing-points of solutions of its salts in
water532 indicate that the alkaline salts break up into three ions—i.e. that
the formula of the acid is H2S2O8 and not HSO4. The formation (see
below) of H2SO5 from chlorosulphonic acid and hydrogen peroxide, and its
further conversion by more HSO3Cl into H2S2O8, as well as the course of
hydrolysis of H2S2O8 given above, all support this doubled structure, and
suggest the formula
0-SO2-OH

A- S O - O H
2

This conclusion has been confirmed and made more precise by the work
of Mooney and Zaohariasen, 683 who showed t h a t in the ammonium and
w° Z. trnorg. Ohem. 1920, 112, 97.
wi F, Fiohtor unci K. Bumpsrt, HiIy, OMm. Am9 1928, 6» 040.
m
For rtflmftOM ite Abogg, p, 408,
w» R, O, L. Mooney And W, H, Zmhmlmm, Phy§, Bm 19SS1 [11] 44, 327,
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caesium persulphate® the S2O8 ion is made up of two tetrahedral SO4
groups joined to one another through two oxygen atoms, the O—O link
passing through a centre of symmetry. The distance from each S to each
of its four neighbouring O atoms is 1'50 A, and that between the two
linked O atoms is 1-31 A (theory S - O 1-70, S = O 1-49; 0—0 1-32, O = O
1*10). The angle at each of these linking oxygens in the group
0—0

S

S

was found to be 128°.

Sulphomonoperacid (Carols Acid), H2SO5
This can be made by the electrolysis of sulphuric acid, or the action of
Bulphuric acid on a persulphate, or of hydrogen peroxide on sulphuric acid
or chlorosulphonic acid. The solid acid has been made534"5 by treating
chlorosulphonic acid with the theoretical quantity of 100 per cent, hydrogen
peroxide.
It forms large hygroscopic crystals melting at 45°, which keep for weeks
if they are pure. It does not attack pure paraffins, and is soluble in
alcohol, ether, acetic anhydride, acetonitrile, and acetic acid536; but it
explodes when mixed with aniline, benzene, phenol, etc.
Its first dissociation constant is very large and the second very small;
the freezing-point in water gives a molecular weight of 55, whereas half
of H2SO5 = 57. It titrates as a mono-basic acid with soda, but as dibasic
with baryta, because this latter hydrolyses it to sulphuric acid537"8 (possibly
owing to the insolubility of barium sulphate). In water it is slowly
hydrolysed to sulphuric acid and hydrogen peroxide. High concentration
of H2SO4 hastens this, but in presence of phosphoric acid, or of 8 per cent.
U2SO4, it is fairly stable. The acid solutions are more stable than those
of persulphuric acid, but the neutral and alkaline are less stable.
Potassium iodide liberates iodine at once with H2SO5, even in great
dilution, though it forms it only slowly with persulphuric acid, and
atmrcely at all with hydrogen peroxide.
A mixture of sulphomonoperacid and potassium permanganate is an
extraordinarily strong oxidizing agent; it is decolorized by benzene at
once,839 and converts aniline into nitrosobenzene, and phenyl iodide into
lodosobenzene.640
The formula H2SO5 was proposed by Baeyer, and is supported by the
production of the acid by the hydrolysis of H2S2O8; it was established by
584
888
888
887
888
880

J. d'Ans and W. Friederich, Ber. 1910, 43, 1880.
Id., Z. cmorg. Ohm. 1912, 73, 326.
G. Toennies, J.A.O.S. 1937, 59, 552.
H. AMe, J. jprott. Ohm,. 1909, [2] 79, 129.
Id., Z. mgm. Ohm. 1909, 22, 1718.
A. v. Boeyor and V. VUlIgW9 Sir. 1900, 3S9 24S8.
•« Id., ib, 124.
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Willstatter and Hauenstein, who showed that salts of sulphomonoperacid
with benzoyl or benzene-sulphonyl chloride give salts of the composition
M-Ac- SO5 (Ac = ArCO or Ar • SO2). If the acid was H2S2O9, since it takes
up 1 acyl to every S, it should give Ac2S2O9, which would not be an acid
at all, and so could not give a salt.
The salts of H2SO6 have not yet been obtained in the pure state.
With the formula H2SO6, and a peroxide link, the acid must be (in the
ionized state)
H5

ro—0\

/Oi
S

o/ \o

THIONIC ACIDS

These acids have the general formula H2S^O6, where n = 2, 3, 4, 5,
and 6. The names trithionic and tetrathionic were invented by Berzelius.
The structures of these acids cannot be certainly known until they have
been confirmed by the X-ray analysis of the crystals. This has so far only
been done for the first two, of which the ions have been shown to be
OO

O O

6_s_s—6

<U

6—s/ SL6

S S

542

Trithionic548

Dithionic

The dithionic anion has the sulphur atoms tetrahedral and the trigonal
axis along S - S ; S - S is 2-08, S - O 1-50 (theory S - S 2-08; S - O 1-70,
S = O 1-49).
It is usually assumed (for reasons given later) that the remaining acids
are formed from trithionic by the co-ordination of one, two, or three
sulphur atoms to the central sulphur, the ions being
^rS

t

+

O 3 S-S-SO 3

O 3 S-S-SO 3

O 8 S-S-SO 3

Tetrathionic

Pentathionic

Hexathionic

Dithionic Acid, H 2 S 2 O 6
This acid in many ways stands apart from the rest.544 The fact that it
is formed by the oxidation of sulphur dioxide, while the other thionic
acids are formed by its reduction, thoxigh true, is a mere stoichiometric
841

R. Willst&tter and E. Hauemtein, B$r. 1000, 42, 1840.
W. H. Barnes and A. Y. WendUng, M. Krtet,, 1088, 99, 153.
"* W. H. Zftoharifuon, lb. 1934, 89, 520.
"« S M 1 . H. Riwonfolrl And O. W. Fold, £. anorg, Ohm, 10Sl1 119, S25.
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necessity, since the successive stages of polymerization of sulphurous acid
would give:
2 H2SO8 = H4S2O6 = H2O + H2S2O5
3 H2SO3 = H6S3O9

= 2 H2O + H2S3O7

4 H2SO3 = H8S4O12 = 3 H2O + H2S4O9
5 H2SO3 = H10S5O15 = 4 H2O + H2S8O11
6 H2SO3 = H12S6O18 = 5 H2O + H2S6O13.
A much stronger argument is that the higher acids can be made by
treatment with alkali to lose sulphur until finally they are reduced to
trithionic acid, but the loss will go no further; it is indeed possible to
make trithionic acid lose sulphur by treatment with potassium cyanide,
but then the product is not dithionic acid but sulphurous and sulphuric.
Again, unlike the higher thionic acids dithionic acid is unaffected by strong
oxidizing agents, even by concentrated nitric acid in the cold; nor will it
take up sulphur to form the higher thionic acids.
These differences support the formulae suggested above; we may assume
that any co-ordinated sulphur atoms can be removed from a thionic acid
in this way, or can be added on by the action of colloidal sulphur, but that
all these reagents leave the —S—S— and —S—S—S— chains intact.
Dithionic acid is made by the oxidation of sulphurous acid, being formed
by the combination of two HSO 3 groups. Hence the oxidizing agent must
not react too quickly, or it will convert the H2SO3 into H2SO4. The agents
usually employed are therefore especially solid substances, which act only
on the surface, and so give a low concentration of oxidizing agent: such
are MnO2 (most often used, especially in the finely divided or precipitated
state), ferric hydroxide, or cobaltic hydroxide Co(OH)3; Caro's acid can
also be used, since it forms H2O2 slowly: but H2O2 itself, or barium
peroxide, oxidize it straight to sulphuric acid.
It is prepared by the oxidation of H2SO3 with finely ground MnO2.
From the solution baryta precipitates all the oxy-acids of sulphur present
except the dithionate, which can thus be separated. The free acid,
obtained from the barium salt by precipitation with sulphuric acid, can
be concentrated in vacuo to sp. gr. 1-347, but then begins to decompose
into SO2 and H2SO4.
No acid salts have been obtained, and so Kolbe thought that the acid
was HSO 3 ; but Ostwald showed from the conductivity that the sodium
ualt is tri-ionic in water, and the freezing-points of the solutions confirm
this.
The acid is slowly oxidized by air; zinc or sodium amalgam reduce it
to H8SO8.
The salts are all soluble in water, like the nitrates and chlorates, The
alkaline and alkaline earth salts are stable in water up to the boiling-point,
but the others deoompose to give SO9 and sulphates, In the dry state
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this change occurs reversibly at a definite temperature depending on the
metal.545
For the (unexplained) values of the X-ray absorption edges with the
dithionates see reference 546.

Trithionic AcId9 H2S3O6
This is formed by the action of sulphur dioxide, or of hydrogen peroxide,
on a thiosulphate:
3 SO2 + 2 K2S2O3 - 2 K2S3O6 + S.
At the same time the free sulphur is partly taken up, with the formation
of tetra- and pentathionate. Whether the tri- or the tetra-thionate separates is merely a matter of solubilities: for example, if it is aniline thiosulphate which is used, the tetrathionate separates out.547~8 The salt can
also be made by shaking strong aqueous potassium hydrogen sulphite
solution with a solution of sulphur dichloride in light petroleum below O0.549
The free acid is known only in aqueous solution.

Tetrathionic Acid, H2S4O6
This is made, as has already been described under trithionic acid, by
the action of sulphur dioxide on a thiosulphate. It is also made by the
action of iodine on a thiosulphate:
2 Na2S2O3 + I 2 - Na^ 4 O 6 + 2 NaI,
or by treating a saturated aqueous solution of sulphur dioxide below 0°
with a solution of sulphur dichloride in light petroleum.549
The free acid is only known in solution. The salts are all soluble in
water, but the solutions on evaporation usually decompose into a trithionate and free sulphur. On the other hand they combine with nascent
(though not with ordinary) sulphur to form pentathionates.
The crystal structure of potassium tetrathionate seems to be very
complicated.550

Pentathionic AcId9 H2S5O6
This can be made by the action of freshly separated sulphur on a tetrathionate, but it is usually obtained from 'Wackenroder's solution5, of
which it is a main constituent. This solution is made by passing H2S at 0°
into water saturated with SO2, as long as it is taken up. The solution551
is very complex, and contains much free sulphur; but if it is treated
with potash and allowed to evaporate, a mixture of potassium tetra- and
pentathionate separates.
545
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A solution of the salt decomposes on standing to give the tetrathionate
and free sulphur.
Hexathionic AcId9 H 2 S 6 O 6
Salts of this acid can be made by the action of concentrated hydrochloric acid on a thiosulphate, in presence of a trace either of arsenious
oxide552*554""5 or of potassium nitrite.553 The formation in presence of
nitrite is obscure; an intermediate green compound is formed which then
loses its colour with evolution of nitric oxide. The salts are stable when
dry, but in solution they slowly decompose to give pentathionate and
free sulphur; in 6 weeks in this way one atom of sulphur had separated
from every 2 S6Og.555 In alkaline solution the decomposition is quicker.
Alkaline sulphites convert hexathionates, as they do penta- and tetra-,
to trithionates.556

SULPHUR AND THE HALOGENS
THE reactions of the different halogens with sulphur are usually so different
that it is better to treat them separately.
SULPHtJR AKD FLUORIKE
Five compounds of these elements have been described, (1) S2F2, (2) SF2,
(3) SF4, (4) SF6, (5) S2F10. Of these the last two are quite certain and the
first nearly so; the second is doubtful and the third almost certainly
wrong.

Sulphur Hexafluoride
This remarkable substance was discovered in 1900 by Moissan,557~8 who
made it from its elements; for later work see references 559~62.
It is a gas which melts at —50-7° C, and sublimes under one atmosphere
at —63-8°: the critical temperature is +54°. 563 The solid is dimorphic
with a transition point at 94-3° K, a melting-point at 222-5° K (-50-7° C),
a heat of transition 0-384 and of fusion 1*201 k.cals./mole.564 It has a
normal vapour density, and is very slightly soluble in water and rather
more in alcohol. It is surprisingly stable, behaving more like nitrogen
5Ba
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than a halide of sulphur. It can be heated in glass up to the softening
point of th© latter without change, and without attacking the glass. It
is not absorbed by fused potash or fused lead chroma te: it is unaffected
below a red heat by fluorine, chlorine, iodine, oxygen, hydrogen, boron,
silicon, carbon, copper, magnesium, hydrogen chloride, or ammonia.
Sodium melted in it retains its bright surface until it begins to boil, when
combination takes^glace. Phosphorus and arsenic can be distilled in it
unchanged. It is only ^slowly decomposed even by a powerful electric
discharge, either alone or when mixed with oxygen or hydrogen. Superheated vapour of sulphur or selenium decomposes it forming apparently
lower fluorides, which at once attack the glass.
When it was first discovered, its composition and its properties were
equally unexpected: but it is now clear that each of the 6 valency electrons
is shared with a different fluorine, and that the stability is due to the
valency group being of the maximum permissible size, and wholly shared.
This conclusion is much strengthened by the fact that SeF6 (where the
covalency maximum is still 6) shows a similar stability, whereas TeF 6 ,
though similar in physical properties, is hydrolysed by water, since the
covalency maximum has now expanded to 8. Yost and Claussen560 have
fully confirmed these conclusions, in two ways: they have re-examined
the differences in reactivity between SeF6 and TeF6, and confirmed and
extended them, and by a careful determination of the thermodynamic
properties they have shown that thermodynamically SF6 should be completely hydrolysed by water at 25°, so that its inertness is due to the
magnitude of the heat of activation.

Sulphur Decafluoride, S2FiO

This was discovered by Denbigh and Whytlaw-Gray566 on fractionating
the product of the action of fluorine on sulphur. It is a liquid boiling at
29±1°, and melting at —92°. The Trouton constant is 23-0, and the
parachor 236^4. Like SF6 it is chemically inactive, and obviously for
the same reason, having the same 6-covalent sulphur atom, F5S—SF5.
[Sulphur Tetrafluoride]
This compound, which would indicate the presence of the inert pair in
sulphur, was described by Fischer and Jaenckner in 1929566: but as this
'preliminary communication' has not been followed by another one, and
no subsequent worker has obtained the compound, it presumably does
not exist.
Sulphur Difluoride, S 2 F 2 [and ? SF 2 ]
It is clear that there is a lower fluoride of sulphur, which is far more
active and is absorbed by potash. This was found by Moissan, by WhytlawGray (who says it boils at —90°), and others, among the products of the
»*' K. O. Denbigh m& B, Whyblaw-Grsty, J.C.8. 1984, 1340.
"* J, Fiwhw and W. Jiwnolcntr, X9 mg$w> Chtm, ISSO, 42, SIO.
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action of fluorine on sulphur. It was also made by Centnerszwer and
Strenk,667-"8 by the action of sulphur on silver or mercurous fluoride, but
later Strenk569 says that it attacks glass, and so the earlier work cannot
be trusted. Trautz and Ehrmann 570 find that the substance readily
decomposes to give sulphur and a fluoride SF2, and that it is not possible
to get either of these compounds pure. These conclusions have been
confirmed by Dubnikoff and Zorin,57005, who make the S2F2 by the action
of excess of sulphur on silver fluoride at 200°, and find that at higher
temperatures it decomposes to S+SF 2 . It seems quite probable that the
lower fluorides have these two formulae, like the chlorides S2Cl2 and SCl2:
there is no doubt that some lower fluoride exists, and that it is very
reactive.
S U L P H I J B AND CHLORINE

Sulphur and chlorine can be mixed in the liquid state in all proportions,
and the number of compounds which they form is large, and not quite
certain. SCl4, SCl2, S2Cl2, S3Cl2, and S4Cl2 have all been described: of these
the first three certainly exist, and one at least of the last two. Aten571 has
shown from the pressure and composition of the vapour given off by
mixtures of the two elements, that there is a definite compound S2Cl2
which at its boiling-point (138°: m. pt. —80°) is only slightly dissociated
in the vapour, and another compound SCl2 which is only slowly formed
from S2Cl2 and chlorine; it melts at about the same temperature as S2Cl2,
and boils at +59°, but with very considerable dissociation.
Sulphur 'monochloride9 S2Cl2 behaves as a non-associated covalent
liquid. Its molecular weight is S2Cl2 according to the vapour density, and
by the freezing-point in acetic acid, benzene, etc.: by the boiling-point in
phosgene, ethyl chloride, sulphur dioxide, and even in liquid chlorine, since
it combines with it to SCl2 only slowly. It has a dielectric constant of 4-9
at 22°, a dipole moment of 1*60 D, 579 and is a non-conductor.
The exchange of radioactive sulphur with the monochloride is very
slow in the cold, but measurable at 100° C.672
S2Cl2 is decomposed by water to give sulphur, H2S, sulphite, thiosulphate, and in acid (not in alkaline) solution much polythionic acids,
especially the penta.573^6
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There are two possible structures, Cl—S—S—Cl and

and the substance may be tautomeric.577"8 Electron diffraction679 indicates in the vapour only the Cl—S—S—Cl form, with S—S 2-05, S—CJ
1-99 A, (theory 2-08, 2-03), and the Cl-S—S angle 103°.
Sulphur dichloride, SCl2. This can be made by adding chlorine to S2Cl2
and distilling. It is a garnet red liquid, b. pt. +59°, melting over a long
range from —80° to —60°: cryoscopic measurements in benzene, jp-xylene,
acetic acid, and ethylene dibromide all gave molecular weights from 103
to 110 (SCl2 == 103); but 2 SCl2 will give the same molecular weight as
S2C12+C12. Beckman, however, showed that the substance gave the same
molecular weight by the boiling-point in S2Cl2 and by the freezing-point
in Cl2. Electron diffraction shows680 that the S—Cl distance is 2-00 A
(theory S-Cl 2-03), and the Cl-S—Cl angle 103±3°; the dipole moment
is 2-0 D. The reaction by which it is formed: S2Cl2-f-Cl2 = 2 SCl2 is slow
at the ordinary temperature, but it is much hastened by iodine trichloride,
or by stannic chloride. The products of its hydrolysis are very like those
from S2Cl2.678
Supposed tri" and tetra-S-dichlorides, S 3 Cl 2 and S 4 Cl 2
The freezing-points of systems lying between S2Cl2 and sulphur suggest581
that S3Cl2 and S4Cl2 are formed; it seems clear that at least one of these
compounds is genuine.682""3
The one remaining chloride of sulphur is the tetrachloride, SCl4. This
can be obtained684 as a yellow solid, which melts at about —30° to a red
liquid, which at once begins to evolve chlorine. It is completely dissociated
into SCl2 and chlorine at the ordinary temperature.
This compound is of peculiar interest. All the other chlorides can be
simply formulated, and their structures, though uncertain, are obviously
possible. SCl4, if it is a covalent compound, analogous to the tetrachlorides of silicon or tin, must have the valency group 2, 8, that is, it must
show the inert pair of electrons, which is otherwise almost unknown with
sulphur.
It is therefore important that all the evidence is against the existence
of SCl4 in anything but the solid state. The liquid formed on fusing it has
all the properties (including the colour) of a mixture in equimolecular
proportions of SCl2 and Cl2. This has been clearly established by Lowry .585-6
580
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He has also shown that while the other chlorides of sulphur have a higher
dielectric constant in the liquid than in the solid state (like polar covalent
molecules in general), the dielectric constant of a solution of sulphur in
chlorine of the composition SCl4 rises from 3 to about 6 on freezing, which
must mean that a new and highly polar solid form of SCl4 is produced.
Its high dielectric constant is that of a salt, and so it must be [SCl3]Cl—
trichlorosulphonium chloride; it behaves like ammonium chloride, which
can only exist in the solid state. Hence the valency group of the sulphur
has the sulphonium form of 2, 6, and so this compound is no evidence for
the occurrence of the inert pair in sulphur.
This seems to be the only halide of sulphur which is capable of forming
addition compounds. Such are SbCl5, SCl4 (stable in an atmosphere of
chlorine, where it melts and sublimes about 125°: SbCl6 forms no compound with SCl2); TlCl4, SCl4 (soluble in CS2, ligroin, etc.); SnCl4, 2 SCl4;
FeCl3, SCl4; AlCl3, SCl4; 2 ICl3, SCl4 (soluble in ligroin, CHCl3, CCl4, etc.);
2 AsF3, SCl4. These compounds are all, except the last two, characteristic
of a donor molecule. Some of them could be complex salts of the SCl3
cation, as [SCl3](SbCl6); but the low melting-points (this compound melts
at 125°) and the solubility in non-associated liquids suggest that some at
least are covalent molecules such as Cl4S-^SbCl6. This gives the sulphur
a decet of shared electrons, as in PF 6 , with no 'inert pair'.
SULPHITE, AND B R O M I N E

Only one compound of these elements has been prepared, S2Br2; it is
made by heating bromine with excess of sulphur in a sealed tube, and
distilling under very low pressure.687 It is a garnet-red liquid, boiling at
57° under 0*22 mm., and at atmospheric pressure probably about 200°,
but with much dissociation. The molecular weight is S2Br2 in bromine,
and cryoscopically in POCl3. It is slowly decomposed by water, giving
sulphur, SO2, and HBr. It has been shown587"-8 that more highly brominated compounds do not exist.
S U L P H U R AND I O D I N E

A variety of solid phases have been examined, but there is no evidence
that any of them are anything more than solid solutions of iodine in sulphur.
The solubility of sulphur or of iodine in chloroform or in carbon disulphide
is practically unaffected by the presence of the other element.589
The regularity and the extent to which the affinity for a halogen falls
off with the increase of the atomic number of the halogen, is far greater
with sulphur than with ajxy other element.
687
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S E L E N I U M AND T E L L U R I U M
THE frequency of these elements in the earth's crust is:

O./ton

Sulphur

Selenium

500

0-6

Tellurium
0-01

Polonium
1-4XlO" 11

Selenium and tellurium are usually found in small quantities in the
sulphide ores of heavy metals; they seldom occur as pure compounds,
especially selenium. They are commonly obtained from the flue dust
formed on roasting sulphide ores, or from the lead-chamber mud of the
sulphuric acid manufactures.
In properties selenium lies much nearer to sulphur than to tellurium;
for example, the tendency of selenium to form cations Se* +++ is very small,
and selenic acid is H2SeO4, like sulphuric H2SO4, whereas telluric is
(HO)6Te.
The most important theoretical differences between selenium and
tellurium are:
(1) that the covalency limit for selenium is 6 and for tellurium 8, and
(2) that the inertness of the first valency pair of electrons is much more
marked in tellurium than in selenium. In sulphur, there is practically no sign of it, any more than in phosphorus; but as usual it is
more marked in the later groups—more evident in tellurium than
in antimony, and more in selenium than in arsenic, where it is
barely perceptible.

Elementary Selenium
This element like sulphur occurs in several allotropic forms. There
probably590 are, as with sulphur, at least two molecular species in the
liquid (though this does not show the same anomalous changes of colour
and viscosity with temperature591 as sulphur) and three if not four solid
forms.
The molecular weight in the vapour is that of Se2 at 900° and above,592"3
but falls to Se at 2,000°594; at 200° (the b. pt. is 685°) it is Se6.03.595
Electron diffraction596 indicates that in Se2 the Se—Se distance is 2-19
(theory Se—Se 2-34, Se=Se 2-14), and that the large molecule present at
low temperatures has a puckered ring,597 though the results agree better
with a 6-ring than with an 8-ring; but the size of the molecule is Se8 in
590
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solution in carbon disulphide and in liquid sulphur and also, according
to X-ray analysis,599 in the red monoclinic form of the element.
The heats of linkage of the atoms in elementary sulphur, selenium, and
tellurium600""1 are given above, p. 876.
In colour the vapour of selenium comes between sulphur and chlorine.
The liquid is brownish-red; it boils at 685° 603; its heat of evaporation
is 32-77 k.cals. per^ Se8 mol.596 (Trouton 34-3); the heat of fusion is
12-45 k.cals.
The solid forms are of two kinds, one red, bulky, and transparent, and
the other gr$y, opaque, dense, and semi-metallic; there are probably two
forms of each kind. There is also an amorphous form604 which becomes
elastic, like plastic sulphur, at 70°; on cooling it solidifies, but becomes
plastic again at 72°.
The red forms are commonly those first produced; they are got by
cooling molten selenium; they separate from the ruby-red solution in
carbon disulphide, and on the reduction of selenium compounds such as
the dioxide. One at least of these red forms is monoclinic, and is red by
transmitted and blue by reflected light; it has a density of 4-42, a dielectric
constant of 7*39 at 3°, and melts at 144°. It is metastable, and goes over
into the grey form. X-ray examination has shown that there are two
forms of red selenium.596*605
Grey selenium also occurs in two forms A and B, of which B is the
stable form, and is ordinary grey selenium. It melts at 220*2°, has a
density of 4*82 (9 per cent, greater than the red form), and is isomorphous
with tellurium. Its solubility in carbon disulphide is 2 mg. in 100 c.c. at
the ordinary temperature. The A form is slightly more soluble (3*2 mg.)
and is metastable, going over slowly to the B. Its metallic character is
almost confined to its appearance: its electrical conductivity in the cold
is only 2 XlO- 6 .
The effect of light in increasing the conductivity of selenium is well
known and is made use of technically. This is a property of the grey form:
the conductivity increases up to something like a thousand times on
exposure to light: the most effective wave-length is 7,000 A. The phenomenon is very obscure: the resistance of this form varies even in the dark
with the E.M.F., the time, and the history of the specimen. The change
is probably due to the shifting of electrons, as with silver iodide or zinc
sulphate.606"13
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The molecular weight found for selenium in various solvents is very
variable, owing no doubt to its tendency to form compounds: the natural
solubility of the stable grey form is small, judging by its high meltingpoint, and solvents like the selenium halides, the sulphur halides, etc.,
give low values (Se1—Se2) which are probably due to combination with
the first two, and the formation of solid solutions with the last. But the
Se8 molecule is clearly very stable, as it is with sulphur, and this molecule
weight has been found in carbon disulphide, in diphenyl, in molten
sulphur, and in yellow phosphorus.615
A remarkable use of elementary selenium is in organic chemistry, for
the dehydrogenation of hydroaromatic to aromatic compounds,61^17 which
is of great importance in elucidating the structure of natural products:
they are heated for some hours with selenium to temperatures of 250-350°,
and SeH2 is evolved. Sulphur reacts in the same way, but more violently,
and may enter the organic molecule, or even break it down altogether.

Elementary Tellurium
Of solid tellurium there are only two certain forms, one amorphous, and,
like most amorphous substances, variable in properties, and the other, the
ordinary form, crystalline and isomorphous with grey selenium B. This
is a silver-white substance with a metallic glance. Beyond this, however,
it has little of the metal about it. Its electrical conductivity is very small,
being at 500° about 1 per cent, of that of cold mercury618: at the ordinary
temperature the number of free electrons cannot be more than 1 to every
106 atoms of tellurium. Even this minute conductivity may be due to
impurities, to which the conductivity is extraordinarily sensitive619: 0*2 per
cent, of antimony or bismuth increases it 100 times, and the presence of
less than 0-01 per cent, of either of these elements would account for the
whole conductivity of 'pure' tellurium.
Light causes a small increase in the conductivity.
'Metallic' tellurium melts at 449-8°620 to a dark liquid which boils at
1,390° C. The heat of evaporation obtained from the vapour pressures at
609
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lower temperatures 480-671° is 220 k.cals., which gives the remarkable
Trouton constant of 22,000/1663 = 13-2.
In the vapour the molecular weight is that of Te2 from 1,400 to 1,800°,
with perhaps a small tendency to further association at lower temperatures.
The Te—Te distance is found by electron diffraction622"3 to be 2-59 and
from the spectrum624 to be 2-61 A (theory T e - T e 2-74, Te=Te 2-54).
Tellurium is insoluble in benzene and in all solvents that do not react
with it, so that its molecular weight at the ordinary temperature cannot
be determined, and we do not know whether the peculiar M8 molecule of
sulphur and selenium occurs with tellurium as well. It burns in air, and
combines with the halogens, but not with sulphur or selenium. Its compounds are nearly always colourless, except the polytellurides, which are
deep red.
Tellurium is one of the very few elements which undoubtedly form both
monatomic anions and monatomic cations. Te"*" and Te + + + + are both
colourless, and both very readily go over into the covalent fopn, Te
giving the polytellurides, and Te + + + + readily forming complexes, especially
those with a co-ordination number of 6, such as K2TeCl6. Te
thus
resembles O or S , while Te +++4 " (in which, of course, the first electron
pair is inert) is more like quadrivalent platinum.
If two tellurium electrodes are immersed in potassium hydroxide solution,
and a current passed, tellurium is dissolved from each electrode and
transported to the other, the anode giving Te+4"4""1" and the cathode Te .
Polonium behaves in the same way.625 If either electrode is replaced by
platinum, tellurium is deposited on it.
The solution potential of these elements in decinormal potassium
hydroxide is626 S 0*53; Se 0*804; Te 1-07 v., so that tellurium may be
called the 'noblest metalloid'.627~8

Hydrides
The hydrides of all the five elements of this series, O, S, Se, Te, Po are
known, the last only slightly. Since they are all two places before an inert
gas in the table, the hydrides MH2 are all volatile. A comparison of the
properties of the first four is interesting.

M. pt.
B. pt.
Dins. co?ist. h
h ml.
Ht. effusion 6
Ht. of evap. 6
Trouton const. 6 .
Ht. of formn. from
atoms 0 .

1111,1

H2O

H2S

H 2 Se

0°
100°
1-3+10- 16
1-3 +10~ 9
1-44
10-57
28-3

»85-5°
-60-4°
1 X 10~7
1
0-4
4*5
2M

-66°^
-41-5°
1-3XlO"4*
1,300
1-57
4-71
20-4

220*7

175-0

-

146*3

H 2 Te
~51*2 o /
-f 2°
2-3xl0~ 3 C
23,000
0-97 k.oals.
4*58
16*7
124*0
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Hydrogen selenide H2Se is made by the action of acids on metallic
selenides, especially aluminium selenide, or by heating elementary selenium
with a high boiling paraffin motor oil to 380°.635 It is colourless in all
states; it has a very offensive smell, and is far more poisonous than H 2 S.
From the infra-red spectrum636"7 the Se—H distance is 1-6 A (theory 1-47),
and H—Se angle rather more than 90°. Solid H2Se is trimorphic.638 Water
dissolves about 3 times its volume of the gas at 0°.639 It forms a solid
hydrate (H2Se,#H20) with a dissociation tension of 432 mm. at 2°, and
11 atm. at 30°, above which temperature it apparently melts.
Chemically hydrogen selenide is very unstable, and it decomposes slowly
at the ordinary temperature, and rapidly above 300p, even in absence of
air, especially in presence of elementary selenium. For its oxidation by
gaseous oxygen see reference689**.
Hydrogen telluride H2Te is made like the selenide by the action of acids
on metallic tellurides, especially that of aluminium Al2Te3, and must be
purified by freezing out. Its vapour density is normal. It forms a pale
yellow liquid and a colourless solid; it is even more offensive in smell than
the selenide, and at least as poisonous.
It is the least stable of the four gases, the affinity for hydrogen always
falling as the atomic weight increases. It decomposes alone and in the cold
unless it is quite dry; like H2Se if it is pure and dry it is not decomposed
by light. It is fairly soluble in water, but the solution soon begins to
deposit tellurium.
There is some evidence for a hydride H2Se2640; the gas evolved wljen
aluminium and hydrochloric acid are added to aqueous selenious acid
gives with lead acetate a black precipitate of PbSe2, and so may contain
H2Se2 (this is a very delicate test for selenium, and will detect it in wheat
ash). Otherwise more complex hydrides of selenium and tellurium, corre621

J. J . Doolan and J . R. Partington, Trans. Far. Soc. 1924, 20, 342.
L. R. Maxwell and V. M. Mosley, Phys. Rev. 1937, ii. 51, 684.
62S
Id., ib. 1940, ii. 57, 21.
824
M. L. Huggins, J. Ghem. Phys. 1937, 5, 201.
625
M. Le Blanc, Z. Elektrochem. 1906, 12, 649.
626
E. Miiller and R. Novakovski, ib. 1905, 11, 931.
827
D. Reichinstein, Z. physikal. Ghem. 1921, 97, 257.
828
R. T. Glauser, Z. angew. Chem. 1921, 34, 154.
629
Bichowski and Rossini, Thermochemistry, New York, 1936.
680
N. O. Stein, J.CS. 1931, 2134.
631
M. de Hlasko, Extr. Bull. Akad. Pol. 1919, [A] 73.
632
Id., ib. 1921, [A] 18.
633
H. Hagisawa, Bull. Inst. Phys. Chem. Res. Japan, 1941, 20, 384.
634
P. L. Robinson and W. E. Scott, J.G.8. 1932, 972.
638
C. Green and W. E. Bradt, Proc. Indiana Acad. Sci. 1934, 43, 116.
686
W. C. Sears, D. M. Cameron, and H. H. Nielsen, Phys. Rev. 1938, ii. 53, 330.
887
Id., J . Ghem. Phys. 1939, 7, 994.
888
A. Kruie and K. Clusiue, Z. physikal Ghem. 1037, B 38, 156.
«» A. J. MoAmii and W. A. Folding, J.A.C.S. 1925, 47, 2633.
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D. J. O. Ivti and R, W, Pltfcman, J.0.5. 1948, 786.
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Alhyl and Aryl Compounds
sponding to H2O2 or H2S2, do not seem to be known.
tives of these types are known.
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Organic deriva-

Metallic Selenides and Tellurides
The metallic selenides are very like the sulphides. Those of the alkalies 6423 are soluble in water, and colourless when pure; they all have
fluorite lattices except Rb2Se and Cs2Se; in solution they are soon oxidized by air with the separation of selenium. The hydrogen selenides
MSeH644 can be made in alcohol; they all have NaCl lattices except
CsSeH, which has a CsCl lattice; they are decomposed by air and water.
Polyselenides up to M2Se6 can be made,645"7 for example, by acting on the
metal with a solution of selenium in liquid ammonia.648
The alkaline earth selenides are similar; BeSe, ZnSe, and HgSe have zinc
blende, and CdSe a wurtzite lattice.649
The tellurides are on the whole similar, but even less stable. The alkaline tellurides are soluble in water and give colourless solutions when pure,
but these are very readily oxidized to polytellurides; hence these tellurides
are strong reducing agents, and will, for example, reduce a tellurite to
metallic tellurium. The behaviour of fused mixtures of sodium telluride
and tellurium has been examined by Kraus.650 He showed that the liquid
if it contained but little sodium telluride conducted electricity like a metal,
but if it contained much, like a salt. The solid phases isolated were
Na2Te, Na2Te2, and Na2Te6, this last having a congruent melting-point
of 436°.
Polytellurides are only known of the alkalies, and mostly only in solution.
They are dark red, and, as we have seen, very sensitive to atmospheric
oxygen.
A L K Y L AND A R Y L COMPOUNDS
A LAEGB number of dialkyl and diaryl selenides are known, as well as a
series of cyclic compounds of the polymethylene-selenide type. They differ
markedly from the ethers, and to a less extent from the thioethers, in
having a definitely unsaturated behaviour. While the ethers are very
inactive and stable substances, the thioethers can react with alkyl halides
to form stable sulphonium salts: the analogous oxonium salts cannot as a
rule be formed, unless one of the radicals attached to the oxygen is a
hydrogen, and then of course they readily dissociate. The selenoethers
have the same power of going over into selenonium salts of the type
841

For attempts to prepare these selenides, see E . Muller, Ber. 1903, 36, 4262.
A. Bergmann, Z. anorg. Ghem. 1937, 231, 269.
043 yyt Klemm, H . Sodomann, and P . Langmesser, ib. 1939, 241, 281.
844
W. Teichert and W. Klemm, ib. 1939, 243, 86.
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E. Muller and R. Novakovski, Ber. 1905, 38, 3779.
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Id., E, Blektrochem. 1905, 11, 93L
• " M. Le Blano, ib. 813.
• " F. W. Bergitrom, J.A.0,8, 1920, 48, 148, 2819.
••• W. H. Zaohariasen, Z, phyaikal, Ohm, 1926, 124, 430.
910

0. A, Krau* and S, W. GIMI, J . phy*. Ohm. 1929, Si 9 914, 999.
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R3Se[X], but in addition, they can take up oxygen in presence of oxidizing agents, or halogens, to form such compounds as AIk2SeO or AIk2SeCl2.
In these the valency group of the Se is 6 + 4 = 1O4 = 2, 8; in other words
it has an inert pair, which is possible for selenium (and also for tellurium)
but scarcely for sulphur.
The boiling-points of a series of alkyl derivatives are given below:
X =

O

S

Se

Te

CH 3 . X H
Et-XH
Pr-XH
(CH 3 ) a X
Et2X
Pr 2 X
C 6 H 5 -XH

65°
78-5°
97*2°
-24°
34-5°
91°
183°

4-7-6°
34-7°
68°
36-2°
91-6°
142°
169°

12°
53-5°
84°
58°
108°
159°
183-6°

57°
90°
121°
82°
137-5°
..
••

The effect of association in the alcohols is obvious: apart from this the
average difference is (S)-(O) = 55°; (Se)-(S) = 15°; (Te)-(Se) = 30-40°:
thus the general conclusion that the resemblance is closer between sulphur
and selenium than between selenium and tellurium is borne out here too.
(The atomic weight differences are Se—S 46-9, Te—Se 48-6.)

Selenomercaptans, R-Se-H
These compounds651 are very like the mercaptans in their general
behaviour, but are far more readily oxidized, and must be made (from the
alkyl halide and sodium selenide solution: or by distilling AIk-SO4H with
alkaline MSeH: or from the Grignard reagents and elementary selenium)
in an atmosphere of hydrogen. The telluromercaptans are still less
stable.
The selenomercaptans have a most repulsive smell (far worse than that
of the selenoethers) and soon infect not only the laboratory but the whole
neighbourhood as well. They are not miscible with water (the boilingpoints show that like the mercaptans they are not associated), but they
dissolve in aqueous alkali, and themselves dissolve mercuric oxide.
The aromatic analogues Ar-Se-H are got by the reduction of the
diselenides Ar2Se2, or the seleninic Ar-SeO2H or selenonic Ar-SeO3H acids
by sodium and alcohol. They are very like the alkyl compounds652;
they dissolve very slightly in water, easily in ether and chloroform, and
are rapidly oxidized by air to the diselenides Ar • Se - Se • Ar. This oxidation
occurs particularly easily in the presence of ortho- or para-nitro-groups;
they then are at once oxidized by air to the diselenides,653 like their sulphur analogues.654^
661

«•
•»
«4
»»

L. Tschugaeff, Ber. 1909, 42, 49.
F. Krafft and B. E. Lyons, ib. 1894, 27, 1763.
D. G. Foster and S. F. Brown, J.A.OJ9. 1928, 50, 1182.
H. Ltohar And K. Simon, Sir. 1082, SS1 2426,
K. Brand and A, Wiping, lb, 1013, 46, 822»
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Dialhyl Selenides, AIk2Se
These can be made (like the sulphur compounds) from alkaline selenides
and alkyl sulphuric acid (S. C. Lowig, 1836), and in other ways; for example,
the reaction
SeBr4 + 3 Ar2Hg = Ar2Se + Ar-Br + 3 Ar-Hg-Br
goes almost quantitatively.656 The C—Se—C angle in dimethyl selenide
is found by Raman and infra-red spectra to be 99'30.657 The following
dipole moments have been found858 in benzene at 25°: Q?-tol)2Se 1*81;
(^Cl.C 6 H 4 ) 2 SeO-77D.
They are unassociated liquids: their smell is offensive, but not as bad
as that of the selenomercaptans. They are not so extremely sensitive to
oxidation, since they have no hydrogen on the selenium, but still they
behave definitely as unsaturated compounds. They readily add on halogen
to form the dihalide Alk2Se(hal)2 and are converted by oxidizing agents
such as dichromate or permanganate to the selenoxides AIk2SeO, or by
nitric acid to a salt of the selenoxide AIk2Se-OH[NO3], which can be
converted by hydrochloric acid into the dichloride. They cannot be
oxidized to the selenonic acids AIk-SeO3H (corresponding to the sulphonic
acids, which are the product of the oxidation of mercaptans): these acids
are indeed little known.
Diaryl selenides are easily got by the action of selenium on mercury
aryls: sulphur and tellurium act in the same way. They can also be made
by heating the diaryl sulphones with selenium669
O2SO2 + Se « O2Se + SO2.
Unsymmetrical selenides can be made from the diaryl selenides and the
Grignard reagent, or from mercury diaryl and aryl selenium bromide
Ar-Se-Br. 660 They are as unsaturated as the alkyl compounds. They are
oxidized, for example, by dichromate in acetic acid, to the selenoxides, and
are converted by bromine into the dibromides, such as O2SeBr2, which is
a yellow or red crystalline substance, forming mixed crystals with O2TeBr2.
It is to be noticed that whereas diphenyl sulphide is at once brominated
by Br2 in the cold, O2Se, which also reacts with bromine at once, is not
brominated but converted into the dibromide O2SeBr2, on which excess
of bromine has scarcely any action.659
The diaryl selenides are, however, stable enough to be nitrated without
rupture, the NO2 groups going to the meta position 661~2 (O • Se • CN nitrates
wholly in the ortho- and para-positions).663
666

H. M. Leicester, J.A.C.S. 1938, 60, 619.
w P. Donzelot, CB. 1936, 203, 1069.
668
M. T. Bogers and T. W. Campbell, J.A.C.S. 1947, 69, 2039.
059
F. Krafft and W. Vorster, Ber, 1893, 26, 28n.
(too T t ^r, Campbell and J. D. McCullough, J.A.Q.S. 1945, 67, 1965,
m
O. K. Banks and 0. S. Hamilton, ib. 1939, 61, 2806.
m
D. G. Foster, ib. 1941, 63, 1861.
••• F. Ch&U<mgor md D. I. Jamil, J.O.S. 1936, 1609.
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Cyclic Selenoethers
These compounds, which may also be called polymethylene selenides,
/-

N

have the general formula CH2)^ Se: the C3, C4, C5, and C6 have been made
by Morgan and Burstall684"7 by the action of alkaline selenide in aqueous
solution on the requisite polymethylene bromide in the absence of air.
In general they resemble the dialkyl selenides: they readily form dihalides,
from which the selenoxides can be prepared; these latter are almost
neutral665 or even slightly acid 664 in character. They are all volatile liquids,
and it is interesting to compare their boiling-points with those of the
corresponding compounds of other elements of this series:
Boiling-points of Cyclic Ethers
Type

X =

/CH2Vx
CH2^
JK.
N
CH/
CH » CHwV

I

>

C H 2 /CH
- C H2 —CH
/
2\
CHav
/X.
XJH2- CH/

Te

O

S

Se

60°

94°

118°

67°

118°

136°

166°/760 mm.

81°

142°

168°

82°/12 mm.

170°

••

/CH3
yCH 2 —CHv x
CH2(
)X
\CH2~-CH/
CH2—CH2—CH2V

190°
CHa—CH2—CH 2
Thiophene type
CH=CHv
CH=CH /

X

87°

32°

110°

The two extreme members of the series, the trimethylene and the
hexamethylene668 compounds (i.e. the 4-ring and the 7-ring) have pecu664
665
667
668

G. T. Morgan and F . H. Burstall, J,C.S. 1929, 1096 (C4Se).
S66
Id., ib. 2197 (C6Se).
Id., ib. 1930, 1497 (C3Se).
Id., ib. 1931, 173 (C6Se).
Morgan (Pres. Address, J.CS. 1935, 564) has been able to get a small yield

of the compound with a C18Se ring, CH 2 ) 18 Se, though in the formation most of th<
material polymerizes. Other compounds with rings of the dithian type, as
/OH

8

-CH

8

-OH

8

V

So
\ OHI-OHI-OH /

havt Alio boon mado,

N

Se

Selenophene
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liarities. With both of them the yield is small, the reaction leading mainly
to polymerization; the structures of these polymers are not understood.
Spiro compounds with Se—C rings can also be made669; thus
SeC

^CH 2 / N l H 1 / °

m. pt. 67°, is got from potassium selenide and tetrabromopenterythritol
C(CH2Br)4.
Selenophene
/CH3
CH=CC
Dimethyl selenophene
I
^)Se
CH=C(
XCH3
was prepared in 1885670 by the action of phosphorus pentaselenide on
acetonyl acetone; but the mother substance was first made in 1928 by
Briscoe and his co-workers,671-4 by the action of selenium vapour on
acetylene at about 400°; bauxite (Al2O3) can be used as a catalyst.*
CH=CHx
Selenophene
I
/Se
CH=CH/
boils at 108° and has a normal vapour density. It has a dipole moment
of 0-78 D in benzene and 0-77 D in hexane.675 Like thiophene it is in
many ways very stable: it is unaffected by boiling with water, alkalies,
or hydrochloric acid, or by heating with methyl iodide in a sealed tube
for 24 hours at 160° (no selenonium compound is formed), and it is not
oxidized by permanganate. But nitric or sulphuric acid decomposes it
completely. Halogens, if they are very dilute, will replace the hydrogen,
but otherwise they form tetra- and hexahalides, in which first one halogen
adds on to every carbon, and then two more to the selenium.676
HC
C —CH
Selenophthene
JJQ
Q
QJJ

Ne/ Ne/

is stated to have been made676"7 in a cis and two trans forms, the first
a liquid of dipole moment 1-52, and the others (a) m. pt. 51°, dip. mom. 0:
(6) m. pt. 124°, dip. mom. 1-07.
* McMahon and Pearson674 have tried to make tellurophane in this way, and
believe they obtained some, though they could not isolate it.
««9 H. J. Backer and H. J. Winter, Eec. Trav. 1937, 56, 492, 691.
8
™ C. Paal, Bet. 1885, 18, 2255.
« n H. V. A. Briscoe and J. B. Peel, J.C.S. 1928, 1741.
079
H. V. A. Briscoe, J. B. Peel, and P. L. Robinson, ib. 2628.
• " H. V. A. Briscoe, J. B. Peel, and G. W. Young, ib. 1929, 2589.
• M F. A. MoMahon, T. G. Pearson, and P. L. Bobinson, ib. 1933, 1644.
178
B. Tamamushi, H. Akiyama, and S. Umezawa, BuIL Ch$m* Soo, Japant 1939,
14, 310.
• " H. Suginomo and S, Umezawa, lb, 1930, U , 137,
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Selenanthrene
The X-ray analysis of this compound indicates a fold of 127° round the
S e - S e line, with the C - S e distance 1-96 (theory 1-94) and the angle at
Se (i.e. C—Se-C) 96°.678 [Compare thianthrene, p. 882.]

Selenonium Compounds, R3Se[X]

These compounds679"80 are formed with great readiness by the action
of alkyl halides on the selenoethers (including the cyclic ethers, but not
the unsaturated selenophene). The halides are definite salts R3Se[hal],
usually soluble in water but not in ether, and with silver oxide they give
the strongly basic hydroxides R3Se[OH] (the di-hydroxides of the selenoxides R2SeO are scarcely if at all basic).
The jp-hydroxy-aryl compounds can be made681 by the action of phenols
on selenium oxychloride SeOCl2.682 The so-called selenitines, in which
one radical is that of a carboxylic acid, such as CH 2 -COOH, were used
by Pope and Neville683 to obtain optically active selenium compounds.
They resolved the compound
<K
,CH2-COOH
>Se/
CH/
[Br]
through the bromo-camphor-sulphonate, and showed that the product
gave an active chloroplatinate, although the double mercuric iodide was
inactive.684
Another way of making the aryl selenonium salts is by the action of
aluminium chloride on a mixture of the diaryl selenium dichloride
Ar2Se(hal)2 and benzene.685 They seem to be weak salts (the hydroxide
is a stronger electrolyte than the iodide) and dissolve in water and also
in chloroform, in the latter perhaps in a polymerized or colloidal form,
like the substituted ammonium salts. On heating they break up into the
aryl halide and the selenoether Ar3Se[I] = Ar 2 Se+ArI. It is remarkable
that if the chloride Ar3SeCl is recrystallized from ethylene dibromide, it
is converted quantitatively into the bromide Ar3SeBr.
All attempts to prepare a compound AIk4Se or Ar4Se have failed.
677
B. Tamamushi, H. Akiyama,
and S. Umezawa, Bull Chem. Soc. Japan, 1939,
678
14, 318.
R. G. Wood and G. Williams, Nature, 1942, 150, 321.
679
L. C. Jackson, Ann. 1875, 179, 1.
680
L. v. Pieverling, ib. 1877, 185, 331.
•" G. T. Morgan and F. H. Burstall, J.C.S. 1928, 3260.
688
For the positions taken up by substituents in aryl selenonium compounds see
J. W, Baker and W, G. Moffltt, ib. 1080, 1722.
••• W. J. Pope and A. Neville, ib. 1902» 81, 1552.
*" Thii htw been confirmed by M. P, Balfe and H. Phillipi, ib. 108S1 127,
. ••• H. M. LtioMttr and P. W. Bffgitrotn, J JLXIA 1919» Sl, 858711081,83,4428.
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Dialkyl and diaryl di- and tri-selenides R2Se2 and R 2 Se 3 can be prepared. They are more or less volatile liquids686'686** (for example, Me2Se2,
b. pt. 156°; Et2Se2, b. pfc. 186°; Et2Se3, b. pt. 100°/26 mm.; O2Se2, m. pt.
63-5°, b. pt. 203°/H mm.) which presumably, like their sulphur analogues,
have unbranched chains R—Se—Se—R and R—Se—Se—Se—R. This
has been proved by X-ray analysis687 for
<D- Se-Se-O) and O)-CH2-ScSe-CH2-O,
which are isomorphous with the corresponding sulphur compounds. The
following dipole moments have been found668 in benzene at 25°: (<t> • S e - ) 2
1-67 D; (p-tol-Se—)a 2-29; (O-CH2 S e - ) 2 1-54; (p-Br• C 2 H 4 Se-) 2 0-70.
The diselenides are readily formed from alkyl sulphuric acids and the
alkaline diselenides M2Se2 or by reducing the monohalides R-Se- hal with
zinc dust.688 With these halides there is often689 an equilibrium between
the monohalide on one side and the trihalide and the diselenide on the
other
3 Ar-Se-Cl v==* Ar-Se-Cl3 + Ar-Se-Se-Ar,
where the equilibrium varies with the nature of the aryl radical, and is
sometimes very far over on the right-hand side.
Morgan and Rurstall690 have prepared the cyclic diselenide
CH 2 -CH 2 -Se
CH 2 -CH 2 -Se'
and showed that on heating this eliminates selenium to give the tetramethylene selenide
CH2—CH2\
JH2—CH2'
691

They also showed that a diselenide could be made in an unexpected
way by heating the 6-7-fold polymer of
/CH2\
CH2v
/Se,
X)H/
which gives propylene CH 3 -CH=CH 2 and the diselenide

CH

/CH2-Se

*\

1•

XSH^-Se
««« H. J. Backer and W. van Dam, Bee. Trav. 1935, 54, 631.
««fl G, G> Stoner and R. W. Williams, J.A.OJ3. 1948, 70» 1113.
•8* L. Egartner, F. Halla, and R. Sohaoherl, Z. phy$ihal. Chem. 1982, B 18, 189.
818
0. Behaghol and H. Seibcrt, Ber. 1932, 65, 812.
" • 0 . Behaghol and W. MtUlor, ib. 1935, 68, 1540,
«° J,0t$, 1918» 1096.
« i a , IMO1 1497,
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Triselenides
These are formed
by the action of selenium on dialkyl selenides, or
of selenium oxychloride SeOCl2 on selenomercaptans. I t is also possible
to make compounds in which any or all of the three selenium atoms are
replaced by sulphur: boiling-points:
692

Et 2 S 8
84-50/15 mm.

Et2SoS2
94°/26 mm.

Et2Se2S
98°/26 mm.

Et2SGg
100°/26 mm.

Alkyl and Aryl Selenium
Halides
These can be of four types: (1) the selenonium halides already described;
(2) the monohalides R • Se • hal; (3) the dihalides R 2 Se(hal) 2 ; (4) the trihalides
R-Se(hal) 3 . Their formulae, valency groups, and the products (stable or
not) of their hydrolysis are:
RaSe[hal]
R. Se • hal
RaSe(hal)a
R • Se(hal)8

2, 6
R3SeLOH] (Strong base)
4, 4
R-Se-OH (Selenenie acid)697
(2), 8 R2Se(OH)8->R2SeO
(2), 8 R. Se(0H)3->R. SeO • OH (Seleninic acid).

The selenonium compounds are always ionized; the last two types have
some tendency to give monovalent cations, with the valency pair no
longer inert (valency octet); and all the last three types are readily
hydrolysed by water.
Mono-m~™
and Tri-m~»
halides
701
The monohalides were discovered by Zincke.
They are much more
stable than their sulphur analogues, and so can all be isolated. They are
best made by the action of bromine on the selenocyanides in ether or CCl4.
This gives
Ar-Se-CN + Br2 = Ar-Se-Br + Br-CN;
but if excess of bromine is used, the tribromide is formed. 693 The monohalides can also be made 702 by the action of AlCl 3 on selenium dioxide
in an aromatic hydrocarbon as solvent, for example, C 6 H 5 -Se-Cl in benzene. They are hydrolysed by water.
The fluorides703 are all less stable to heat than the corresponding chlorides or bromides. They are very soluble in water, and all seem to behave
like salts.
The monobromides are readily reduced by zinc dust to the diselenides
692

G. R. Levi and A. Baroni, AtU R. Line, 1929, [vi] 9, 1019.
••» O. Behagel and H. Seibert, Ber. 1932, 65, 812.
6M
Id., ib, 1933, 66, 708.
•»« Id., ib. 922.
«8« O. Behagel and W. Miiller, ib. 1934, 67, 105.
••» Id., ib. 1936, 68, 1540.
••« Id., ib. 2164.
••• D. G. Foster, JJL.0J9. 1983, 55, 822.
'w Id., Beo. TTWO, 1984, 53, 405.

' " T. Zmck©, Bsr. 19U1 44, 769.
"• B. ! , Lyom And W. 1 . Bjwlfc, ib, 1017, 60, 60.
» ' H. J. IimtUui and H, 0, HMI 1 JJOJI. 1046,1116.

Selenoxides
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704

Ar-Se-Se-Ar ; when treated with water or alkalies they go into
the diselenides and the seleninic acid Ar SeO OH ('disproportionation').693'697'700
The trihalides603 are, of course, the halides of the seleninic acids
Ar-SeO-OH (corresponding to the sulphinic), into which they are converted by alkali. But they readily lose Br2 even in vacuo over P 2 O 5 and
potash, returning to the monobromides. C6H5-Se-Br3 forms scarlet
crystals, melting at 105°. The trichlorides also exist; they lose halogen
less easily than the bromides (only on fusion), but they are much more
easily hydrolysed to the seleninic acid Ar-SeO-OH.
All these trihalides are much more stable than the corresponding sulphur
compounds.

Dialkyl and Diaryl Dihalides, R2Se(ImI)2
These are formed with great ease by the direct addition of chlorine or
bromine to the selenoether (with diphenyl sulphide bromine would give
(Br-C6H4)2S). An X-ray examination shows705"6 that the diphenyl compounds have a trigonal bipyramidal structure (the normal structure for
AB5), with the halogen atoms at the poles, and the phenyl groups at two
of the three positions on the equator. In the bromide706 the angles are
C—Se-C 110±10°, Br—Se-Br 180±3°, and the distances S e - C 1-91,
S e - B r 2*52 (theory 1-94, 2-31); with the chloride706 C l - S e - C l - is
180^5° and Se—Cl 2-30 (theory 2-16). The compounds dissociate in
carbon tetrachloride to some extent (the iodide in N/10 solution about
6 per cent.) into O2Se+HaI2.707"8
The dihalides are to some extent soluble in and hydrolysed by water.
They seem to be more stable when derived from the diaryl selenides than
from alkyl-aryl selenides. Thus709 OCH3SeBr2 (yellow needles melting at
115° with decomposition) is converted quantitatively in 10 minutes at 120°
into O-SeBr and methyl bromide. With silver oxide the halogen atom*
of the dihalides are replaced by hydroxyls, but the product ArMeSe(OH)2
cjannot be isolated, as it begins at once to lose water to form the selenoxide
ArMeSeO.
Selenoxides, R 2 SeO
These are formally similar to the sulphoxides R2SO, but differ from
thorn in many (though not in all) respects. They are no doubt resonance
hybrids of the formulae
R\
R\
>Se-»0: val. Gp. 2, 6 and
) S e = 0 : (2) 8.
W
W
m

The sulphur analogue Ar»S«Cl reacts in the same way, but even more vigormwly (H. Leoher, Ber. 1924, 57, 758).
™6 J. D. MoCullough and G. Hamburger, J.A.O.S. 1941, 63, 803,
70?
™« lei, ib. 1942, 64, 508.
Id., ib. 2872.
1
"• J. D. MoCullough and B. A, Eokerson, ib. 1945, 67, 707.
'9« O. K. Bdwftfdi, W. B. Gayfchwaii©, J. K©nyon, and H. Phillip* J.0.5. 192S,
•III.
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They can be made
by oxidizing the selenides with dichromate or
permanganate or nitric acid, or by the action of potassium hydroxide
on the dibromides. For example, diphenyl selenoxide O2SeO melts at
113-14°. At 230° in vacuo it breaks up into the selenide and oxygen;
with concentrated nitric acid it forms a salt R2Se(OH)NO3; excess of
concentrated hydrochloric acid converts it into the dichloride O2SeCl2.
The selenoxides are fairly soluble in hot water. They absorb moisture
from the air up to about the composition R3Sc(OH)2, and lose it again in
a desiccator.
The sulphoxides are readily oxidized further to the sulphones, R2SO2,
a very stable and rather inactive group of substances, but no such oxidation is normally possible for the selenoxides. Compounds of the composition of selenones R2SeO2 can be made, but their methods of preparation
and their properties are quite different from those of the sulphones (see
pp. 963-4). On the other hand the selenium in a selenoxide has a strong
tendency to form an easily decomposed addition compound with nitric
/OH
acid, which may be written R 2 SeO,HN0 3 , but presumably is R2Se
This is a common tendency of quadrivalent selenium. Thus benzene
seleninic acid forms711 the compound C 6 H 5 Se0 2 H,HN0 3 : benzyl712 and
methyl and ethyl seleninic acids713 behave in the same way. The same
compounds R2SeO5HNO3 are formed714 when the selenoethers are oxidized
with nitric acid. This nitric acid compound (known as the c hydronitrate')
cannot be further oxidized. Selenium seems to have a much smaller
tendency than sulphur to go over to the hexavalent selenonic form.
Phillips and Konyon716"17 have tried to resolve the bromo-camphor
sulphonates of the unsymmetrical selenoxides as they did those of the
sulphoxides; but though the salts were prepared they could not be resolved.
As the selenoxides are not (normally) oxidized further to the selenones,
so too715 if a seleninic acid Ar-SeO • OH is recrystallized from fairly strong
nitric acid, instead of being converted into the selenonic acid, as a sulphinic
acid would be converted into a sulphonic, it merely separates as the
hydronitrate; again, while ethyl iodide reacts with silver sulphite to give
the unsymmetrical sulphonate Et • SO2 • OEt, with silver selenite it forms
the symmetrical selenite (EtO)2SeO.718 These are all examples of the
reluctance which selenium shows (as compared with sulphur) to go into
the hexavalent state.
710
711
71
*
7 3
1714
7JLB

F. Krafft and W. Vorster, Ber. 1893, 26, 2821.
M. Stoecker and F. Krafft, ib. 1909, 39, 2200.
C. L. Jackson, Ann. 1875, 179, 13.
E. H. Shaw and E. E. Eeid, J.A.C.S. 1926, 48, 520.
D. G. Foster and S. F. Brown, ib., 1928, 50, 1182.
W. B. Gaythwaite, J. Kenyon, and H. Phillips, J,VJS. 1928» 2280.
'» Id,, ib. 2287,
' " 0. K. Idwardi, W. R. Gaythwaitt, J. Kmyon, m& H. Phillips, ib. 2293.
"• 0, A, MiGhMlIi and B, Lflndmion, Ann, 1887, 241, 100.
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Phenyl-aminophenyl selenoxide
H2N-C6H4V
C6H/
if it is heated above its melting-point (147°) suddenly evolves oxygen,
leaving the phenyl aminophenyl selenide,716 very unlike the sulphur compound H2N-C6H4(CH3)SO, which is stable up to a high temperature.
Selenoxides with alkyl groups attached to the selenium undergo a
different reaction on heating, which occurs so readily that they are
difficult to make; they then decompose with elimination of an aldehyde:
)SeO = R'SeH + R-CHO.
RCH/
Alkyl sulphoxides do the same; for example, dibenzyl sulphoxide on
heating gives off benzaldehyde.719"*20 The selenitine
tolv

/CH2-COOH

B/

NBr

does not lose its two Rr atoms on heating, but is converted into
tol-SeBr + Rr-CH2-COOH.
Many selenoxides cannot be isolated, as the dihydroxides, formed from
alkalies and the dibromides, begin to decompose before all their water
has been removed.

Selenones, R2^eO2
The selenoxides, unlike the sulphoxides, are highly resistant to further
oxidation. There are, however, two groups of compounds known of the
composition of selenones. The behaviour of the first, comprising only
€>,iSe02, is in many ways different from that of a sulphone, but it may
Hot have a different structure.
Diphenyl selenone (P2SeO2721 cannot be made by the oxidation of the
lilenoxide in acid solution, either by nitric acid or by dichromate, but
In alkaline solution, or in water, on treatment with permanganate the
lilenoxide is converted into a colourless crystalline compound (C6Hg)2SeO2,
Willing at 155° and boiling under 9*5 mm. pressure at 270° with slight
tlnaomposition. If it is heated in a test tube it explodes feebly, and at
100^400° it decomposes quietly into diphenyl selenide and oxygen, whereas
diphenyl sulphone is stable up to a red heat.
When the selenone is heated with sulphur it is reduced to the selenide
With formation of sulphur dioxide; selenium has the same effect on
diphenyl sulphone. The selenone, like selenic acid H2SeO4, but unlike
no

E, Fromm and 0. Achert, Ber. 1009, 36, 634.
R, Pommcnw, ib. 1900, 42, 2282; 1010, 43, 1404.
' " F. Krafft and B, B. Lyoni, lb, 1806, 39, 484.
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diphenyl sulphone, reacts with hydrochloric acid even in the cold to form
the dichloride and liberate chlorine. But while the selenoxide reacts with
potassium iodide to liberate iodine at once, the selenone only does so
slowly.
There is a marked resemblance between diphenyl selenoxide O2SeO and
iodosobenzene <I> • IO: both are definitely basic, easily obtained from the
dichloride, easily lose oxygen, liberate iodine from potassium iodide; and
a similar parallel may be instituted between the selenone O2SeO2 and
iodoxybenzene 0-1O 2 , which are both of them more stable, neutral,
explosive, and only slowly reduced.
A second group of selenones has been obtained by Backer722 by a
remarkable method, the direct addition, in cold chloroform solution, of
selenium dioxide SeO2 to an alkyl butadiene (butadiene itself will not
react); for example, from 2-methyl butadiene he obtains the selenone
CH8—C—CH2\
)Se02,
I—C-CH/
Hm. pt. 67° with some decomposition. It is scarcely soluble in benzene, but
easily in water and in chloroform; it is stable when pure and dry, but
when it is wet, or in aqueous solution, it readily decomposes, especially
in light, with separation of selenium.
It is very difficult with our present knowledge to say what the structure
of these selenones is, or why they are so seldom formed. For the possible
peroxide structure there is no real evidence. It will be noticed that the
two kinds of selenones have the selenium attached either to a benzene
nucleus or to an unsaturated ring.
ORGANIC COMPOUNDS OF T E L L U R I U M

Tellurium and selenium resemble one another more in their organic
compounds than elsewhere.

Telluromercaptam, R • Te • H
These are difficult to make, but have been prepared723 by the action
of hydrogen telluride on alkyl halides in an alcoholic solution of sodium
alkylate; boiling-points at 760 mm. are:
Me-TeH
57°

Et-TeH
90°

^-Pr-TeH
121°

^Bu-TeH
151°

Dialhyl
Tellurites
These can be made from barium alkyl-sulphate and potassium telluride784 ; by the reduction of the dihalide AIk2TeI2; by passing ether or
718

H, J. Baoker and J. Siratlng, Bao, Trav* 1034» 53, 1113.
'» A. Baronl, AM B, 1938, [vi] 27, 288.
' " F. Wflhlw and J1 Dtan, Ann, UIS1 93, 111,
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alcohol vapour over Al 2 Te 3 at high temperatures : or best from tellurium
dihalides and the Grignard reagents. They are colourless liquids with a
very repulsive smell.
(CH 3 ) 2 Te is formed by the action of moulds on a sugar solution containing H 2 TeO 8 . 726
The boiling-points of some of these tellurides have already been given
(p. 954): they have an unsaturated character like the selenides, but perhaps
not quite so strong. They add on Cl2 and Br 2 , and are oxidized (slowly
even by atmospheric air) to the telluroxides AIk 2 TeO, or with nitric acid
to the 'hydronitrates' AIk 2 TeO 5 HNO 3 . They form complexes with mercuric halides in acetone solution, such as Me 2 Te, HgBr 2 , m. pt. 160-1°. 731
Diaryl

Tellurides

These were first prepared by KrafFt and his collaborators 727 " 30 by the
action of tellurium on mercury diaryls. An example is diphenyl telluride
(C6Hg)2Te, b. pt. 182° at 16*5 mm.
A more convenient mode of preparation is by the action of the Grignard
reagent on tellurium dihalide. 732

Cyclic Tellurides
These are similar to the selenides, and made in the same way. Examples
are: the 'teUurohydrocarbon'
/CH2-CH2x
CH 2 (
)Te,
X)H2- CH/
b. pt. 82-3° at 12 mm., 733 " 5 and the 5-ring
CH 2 —CH 2 V^
CH2-CH/
b. pt. 1667^6O mm. made 735 from tellurium and tetramethylene dibromide,
which gives the dibromide, which is then reduced with sulphite. See
further references 738"7.
786

G. Natta, Brit. Chem. Abstr. 1926, 1023.
M. L. Bird and F. Challenger, J.CJS. 1939, 163.
ni
F. Krafft and R. E. Lyons, Ber. 1894, 27, 1769.
' " F. Zeiser, ib. 1895, 28, 1670.
f
« O. Steiner, ib. 1901, 34, 570.
"° Bee also K. Lederer, CR. 1910, 151, 611; Ber. 1911, 44, 2287; 1913, 46, 1358,
INlO.
m
F. Carr and T. G. Pearson, J.CJS. 1938, 282.
m
K, Lederer, Ber. 1915, 48, 1345.
m
G. T. Morgan and H. Burgess, J.0.8. 1928, 321.
"« F. L. Gilbert and T. M. Lowry, ib. 2058.
«» G. T. Morgan and F. H. Buratall, J.0£. 1981, 180.
»• 0. Courtot and M. G. Bwtiani, OM, 1980, 303, 197.
w
W. V. Wwf*t and J. M, QuIImA, /,0,S, 1941, Ii,
?5ifl
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Telluronium Compounds, R 3 Te[X]
These can be made by the action of tellurium tetrachloride on zinc
alkyls, or better from the alkyl iodides and dialkyl tellurides.738 They are
salts, like the selenonium compounds; their melting-points are low, e.g.:
M. pt.

.

Et8TeCl
. 174°

-Br
162°

—I
92°

They are insoluble in ether, but very soluble in alcohol and in water. Their
curious formation by the rearrangement of the dialkyl tellurium di-iodides
is described below (p. 967).
Whereas <E>2S and <&2Se do not add on methyl iodide or only with
difficulty, Ar2Te does so very readily, but it adds ethyl and other alkyl
iodides with difficulty. But the pure [Ar3Te]X can be made from the
action of the Grignard reagent on Ar2TeX2 or TeOl4. Diphenyl benzyl
telluronium bromide O2(O-CH2)Te[Br],739 melts at 90°; it is very easily
soluble in chloroform, though only slightly in water.
Diphenyl methyl telluronium iodide O2(CH3)TeI, obtained740 from
diphenyl telluride and methyl iodide, gives with silver oxide the base
O2CH3Te[OH], which smells like piperidine, and is a moderately strong
base, expelling ammonia from solutions of its salts, but forming a carbonate only in solution. The Ar3TeOH base is similar.
Lederer's phenyl p-ioljl methyl telluronium iodide <D(to])(CH3)Te[I],
was resolved741 through the bromo-camphor sulphonate and the camphor
sulphonate. The active cation racemizes very rapidly, with a half-life of
only a few minutes; but it was possible to show that the iodide prepared
from the extreme fraction had an initial optical activity which vanished
in a few minutes.

Ditellurides
These are less stable than their selenium analogues, and only one
ditelluride (and no tritelluride) is known. This is the diphenyl compound
<D • Te • Te O,742 formed as a by-product in the action of phenyl magnesium
bromide on tellurium dibromide; blood-red crystals melting at 53°; sodium
in alcohol reduces it to the telluromercaptan O T e - H , and nitric acid
oxidizes it to O • TeO • NO3.

Aryl Monohalides, R T e h a l
These are very little known, but they seem to resemble the selenium
compounds quite closely.
788

A. Marquardt and 0. A. U. Michaelis, Ber. 1888, 21, 2043.
"• K. Lederer, ib. 1015, 48, 1345.
»« Id., Ann. 1018, 399, 262, 287.
ui
T, M. Lowry and F. L. Gilbert, J,Q<St 1020, 2867.
"i K. Ltdmr, Mir, 1015, 4S1 1845.
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Dialhyl Tellurium
Dihalides
These are formed as in the selenium series by the direct combination
of the telluroethers with chlorine or bromine. Diphenyl tellurium dibromide O2TeBr2743 is isomorphous with its selenium analogue.
Dimethyl tellurium di-iodide was formerly thought to establish the
plane structure of 4-covalent tellurium. Vernon744 showed that it can be
obtained in two different forms. The original a-iodide, made by the
action of tellurium on methyl iodide, yields in solution a hydroxide, from
which it can be re-formed by the addition of hydrogen iodide. But if this
hydroxide is heated, it is converted into an isomer, which with hydriodic
acid gives a new (/?) iodide. The isomeric bromides and chlorides were also
prepared. The molecular weights of both forms of all three halides were
found in solution to correspond to the simple formula (CH3)2Te(hal)2. It
was assumed that (CH3)2TeI2 could occur in two structures, which like
the forms of the 4-covalent platinous compounds of Werner, must be the
cis and trans. Lowry745 showed that the ethyl compounds behaved in the
same way.
Then Drew746 showed that while the a-series of halides of Vernon have
the simple molecular weight, and are covalent compounds as he had
supposed, the /?-series are not isomers but polymers: they have twice the
molecular weight (Me4Te2X4), though this difference does not appear in
the molecular weight determinations, since they are highly ionized. Hence
the occurrence of the two forms cannot be regarded as evidence for the
steric disposition of the groups. Drew further showed that when the
cx-base is converted into the /3-base there is a migration of a methyl group
from one Te to another: and of an oxygen atom in the opposite direction:
2

>Te~>0 = [(CH3)3Te] CH3Te(X _ L
CH/
L
0J
If the /?-base is treated with an equivalent of hydriodic acid the colourless
trimethyl telluronium iodide crystallizes out, and then on evaporation a
oolourless substance CH 3 TeOO-TeO CH 3 separates, which is the anhydride of CH3• TeO • OH (methyl tellurinic acid). With more hydriodic acid
this gives the chocolate tri-iodide CH3TeI3, which if it is mixed with the
telluronium iodide (CH3J3TeI, gives Vernon's black j3-iodide, which thus
must be [(CHg)3Te][CH3TeI4]. Finally if the ^-iodide is treated with
potftiiium iodide a colourless precipitate of the telluronium salt (CH3J3Te[I]
separates, and the red filtrate on evaporation gives the potassium salt of
lhi anion K[CH8-TeI4]—a rather unusual form, since the tellurium is
fl-oovalent.
'«
O. Pellini, Ber. 1901, 34, 8807; Gaz. 1902, 32, i. 181.
fM
R. H. Vernon, J.0.8. 1920, 117, 86, 889*, I. E. Knaggs and R. H. Vernon, ib.
IMl
119, 103; Vernon, ib, 687.
1111
T. M, Lowry, R. R. Goldstein, and F, L. Gilbert, ib. 1928, 8071 Lowry and
QIlWt1 lb. 1997, 8179.
•« K1 S. K. Draw, ib. 1999» 560.
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Thus we have so far no evidence of the positions in the molecule
CH8\
/I
>e( ;
the tetrahedral structure of R 3 Te[X], with an octet, has no bearing on it,
as here the Te has the decet 2, 8, and we should expect the structure to
be that of a trigonal bipyramid with one position unoccupied, as has
actually been established by X-ray analysis for the selenium analogue
<t>aSeCl2 (p. 961).
The suggestion that the Te—I links in this compound are singlets seems
incompatible with the diamagnetism of the compounds (CHg)2TeX2, where
X = Cl, Br, I, or NO3.747
The aryl dihalides are as easily made as the alkyl; Ar2Te will take up
halogen in ether.748"*9 The dipole moments of the compounds Ar2AX2,
where A = S, Se, Te have been measured750 in benzene; the values
obtained are:
(#. CHa)2SI2
4-4

^ 2 SeCl 2
3-21

(p-tol) 2 TeBr 2
3-21

^ 2 SeBr 2
3-40
[(#-tol)2TeCl]20
6-1

(jo-tol)/TeCl2
2-98
TeCl4
2-57 D

The dipole moments though large are not large enough for real salts
of the type [R2AX]X, which should have moments of about 10 D.

Trihalides, KTe(hal) 8
The acid CH3-TeO2H, obtained from Vernon's j8-base, forms a yellow
tribromide and a chocolate tri-iodide.746 They are soluble* in acetone and
in ether to give red solutions; they are hydrolysed by boiling water to the
colourless acid and halogen hydride, but on cooling these recombine and
the trihalide crystallizes out. They decompose above 100°. The corresponding 'acids' R TeO2H, the tellurinic acids, are described below
(p. 983).
The aryl di- and tri-halides can also be made by the action of tellurium
tetrachloride or the so-called 'basic chloride', which probably contains
oxyohloride, on aromatic compounds with powerful o, ^-directing substituents, such as hydroxyl751 or amino groups.752 Thus when the addition
oompound 2 Me2N" C6H55TeCl4 is boiled with water, the tellurium enters
the para position on the ring, giving (Me2N C6H4J2TeCl2. This consists of
yellow plates soluble in benzene, which turn blue at 181° and at 188-9°
melt to a purple liquid.
747

S. S. Bhatnagar and T. K. Lahiri, Z. Phys. 1933, 84, 671.
Kraus© and v. Grosse, p. 683.
749
K. Lederer, Ber, 1916, 49, 1082, 1615.
760
K. A. Jensen, Z. morg. OUm, 1943, 250, 245.
m
G. T, Morgan and H. Burgtii, J.G.S. 1929, 2214$ G. T, Morgan and F. H,
Buritall, ib, 1980, 2599.
"* a. T. Morgan and M, Burgos*, ib, 1920, 1103.
748

Telluroxides, Tdlurones

969

Cresols react in the same way, taking up Te in the o or p positions,
and giving all three types of compounds Ar3Te[Cl], Ar2TeCl2, and Ar • TeCl3.

Telluroxides, R2TeO
The dialkyl or diaryl tellurides are readily oxidized by atmospheric air
or by nitric acid. The first give the telluroxide directly, the second its
addition product with nitric acid, or 'hydronitrate', which probably has
the structure R2TeOH[NO3]; this is converted by concentrated hydrochloric acid into the dichloride R2TeCl2, which with silver oxide gives the
water-soluble alkaline base R2TeO. According to Wohler753 Et2TeO is a
thick alkaline oil which is very unstable, and forms a series of salts
(soluble in water) with HNO 3 or one half of H2SO4.
Morgan's cyclic tellurohydrocarbon dibromides are converted in the
same way by alkalies into telluroxides, which can also be made by the
aerial oxidation of the tellurohydrocarbons themselves735; these oxides
are very like the selenoxides: they are soluble in water and alcohol, and
they regenerate the dichlorides with hydrochloric acid.
The aryl compounds are similar. Di-phenyl telluroxide O2TeO and its
derivatives O2TeX2 (where X = Cl, Br, etc.) have been made.754 The
oxides are easily soluble in benzene or chloroform, but only slightly in
alcohol or water; from the latter they crystallize as the dihydrates, which
gradually lose water in the air, and return to the oxide. With strong
acids they give salts or ionizable compounds, such as Ar2TeCl2 or
Ar2Te(NO3),.
The tendency of the diaryl tellurides to oxidize is so strong that if
diphenyl telluride is dissolved in ether, and the solution poured on to
concentrated hydrochloric acid and air blown through the liquid, it is
converted into the dichloride.
The structure of the telluroxides must be the same as that of the
selenoxides (p. 962), whatever that may be.

Tellurones, R2TeO2
(CH3J2TeO2 can be made by the prolonged action of excess of H2O2 on
Me2Te (the first product is Me2TeO); it is a white powder insoluble in all
solvents.755 In the same way from cyclotelluropentane C5H10Te a white
amorphous powder of the composition C5H10TeO2,H2O is obtained.756
It is insoluble; it explodes on rapid heating; it darkens at 195°; it liberates
chlorine from hydrochloric acid, decolorizes permanganate solution, and
decomposes violently on treatment with concentrated nitric or sulphuric
ftoid.
These are obviously highly polymerized in comparison with the sulphones and selenones: but little more is known about them.
m

7H
Ann. 1852, 84, 80.
K. Lederer, Ann. 1912, 391, 032.
Krauso and v. GfOiSe1 p. 675.
»• O. T. Morgan and H. Burgtit, J>C J . 1028, 897,
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S E L E N I U M O X I D E S AND OXY-ACIDS
[Selenium Monoxide. Although sulphur monoxide occurs, and probably
tellurium monoxide (see below, p. 980), all attempts to prepare selenium
monoxide have failed.]757

Selenium Dioxide9 SeO2
This is the only certain oxide of selenium. It is formed by the direct
oxidation of the element, which burns in air with a blue flame; the
oxidation is catalysed by traces of nitrogen peroxide, and hindered by
alkalies.
Selenium dioxide forms colourless crystals, which sublime under 1 atmosphere at 315°, and melt under pressure at 34O0.758 The liquid is orangeyellow 'and the vapour yellow-green; this change of colour is reversible
(it becomes colourless again on solidifying) and is not due to any loss of
oxygen.759 TeO2 behaves in the same way. The vapour density is normal
from 360° to 500°.76C X-ray examination of solid SeO2 shows that it consists of chains
0
0
_0_ge—0—Se-0—Se-OT

n

761

with Se—O 1-79 in the chain, and 1'73 outside it (theory Se—O 1*83,
Se=O 1-65).
Selenium dioxide gives a yellow solution in concentrated sulphuric or
selenic acid,759 but no analogue of dithionic acid is formed. It absorbs
moisture from the air, and is converted into selenious acid H2SeO8. It is
easily reduced: thus with sulphur it gives SO2 and free selenium, showing
that the affinity of selenium for oxygen is weaker than that of sulphur.
This ready reduction makes selenium dioxide a valuable oxidizing agent
in organic chemistry (see below). With halogen acids SeO2 forms compounds some of which are certainly oxy-halides, while others may be
hydrated halides.
The use of selenium dioxide as an oxidizing agent in organic chemistry
is due to H. L. Riley762-6: see also references 767~82. He showed that ketones
and aldehydes containing the —CH2—CO group, when warmed with the
dioxide, readily reduce it to elementary selenium, with the conversion of
767

P. W. Schenk, Z. anorg. Chem. 1937, 233, 401.
J. Meyer and J. Jannek, ib. 1913, 83, 57; Ber. 1913, 46, 2876.
789
J. Meyer and M. Langner, ib. 1927, 60, 285.
780
D. M. Yost and J. B. Hatcher, J.A.C.S. 1932, 54, 151.
7
« J. D. MoOullough, ib. 1937, 59, 789.
789
H. L. Riley, J. F. Morley, and N. A. C. Friend, J.C.S. 1932, 1875.
781
H. L. Riley and N. A. 0. Friend, ib. 2342.
*** S. Aitin, A. 0. 0. Newman, and H. L. RUeyf ib. 1088, 891.
»» S. Aitin and H. L. Riley, ib. 1984, §44.
<" S, AiMn, L, do V. Moulds, mil H. L, Riley, ib. 1981, 901.
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the group into —CO—CO—; thus acetone gives methyl glyoxal
CH 3 CO-OHO. The yields are good, and the SeO2 is easily regenerated
by filtering off the selenium, oxidising it back to SeO2 with nitric acid,
and subliming. Ketones without an adjacent CH2 group, such as benzophenone, are much less readily oxidized. Ethylene and propylene react 783
in the same way to give glyoxal CHO-CHO and methyl glyoxal; malonic
ester gives mesoxalic ester EtO-CO-CO-CO-OEt, and tartaric ester the
keto-hydroxy-suceinate EtO • CO • CO • CHOH - CO • OEt.
This curious tendency—which extends to many more complicated
organic compounds—to oxidize an active methylene or similar group to
carbonyl but no further, even when the product is an aldehyde—is very
remarkable, and almost suggests that the ketone formed is protected from
further oxidation by forming a complex with the dioxide, though of this
there is no evidence.766 It is singular that precisely the same peculiarity
is observed with the A element of Group VI which is in the same period
as selenium, namely chromium: dichromates, and chromyl chloride (as in
the fitard reaction) have a strong tendency to oxidize CH2 groups to the
ketone or aldehyde, and no further.

Selenium Trioxide, SeO8
Selenium occupies an anomalous position in the series S—Se—Te like
that of bromine in the series Cl—Br—I; it has less tendency than either
of the other members of the series to form compounds with several oxygen
atoms: thus selenium gives no (or practically no) trioxide, though we have
SO3 and TeO8, as we have HClO4 and HIO4, but no HBrO4. Selenium
trioxide cannot be made by heating selenic acid H2SeO4, or by treating
it with P 2 O 5 (which give the triokide of S and Te): what is formed is the
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dioxide SeO2 and oxygen; and if selenium is oxidized with ozone it only
goes as far as the dioxide.
The claim784 that the trioxide can be made by passing ozone through a
solution of selenium in the oxychloride SeOCl2 has not been confirmed.785
It was, however, found by Rheinboldt786 that the trioxide is foraged
when a high-frequency glow discharge takes place in dry oxygen in
presence of selenium; a white sublimate is produced, which turns deep
green when it comes in contact with selenium, perhaps from the formation
of a compound Se2O8, like the green SeSO3 or the blue S2O3. This sublimate
is very hygroscopic, and hisses with water, and the solution on treatment
with alkali gives a mixture of selenite and selenate, with about 40 per cent,
of the latter. This work has been confirmed by Olsen and Meloche.787

Selenious Acid, H2SeO3
This is made by the wet oxidation of the element, or by the action of
water on the dioxide, which dissolves (unlike TeO2) and crystallizes out
as the acid, An examination of the solid-liquid system SeO2, water788
showed that the only solid phases are SeO2, H2SeO3, and ice; unlike SO2,
SeO2 forms no hydrates other than H2SeO3.
Selenious acid H2SeO3 is a colourless789 crystalline substance, which is
hygroscopic, and dissolves very readily in water; at the cryohydric point,
—23°, the solution contains 57 per cent. SeO2. The crystals easily lose
water in dry air, and go over into the dioxide.
Selenious acid is rather a weak acid, the first dissociation constant K1
being about 4 x 10~3 (about a quarter of the strength of sulphurous acid,
for which K1 = 1-7 X 10~2), and the second about 1(T8.790-1 The solution
is very easily reduced, for example by sulphur dioxide: in strongly acid
solution the product is free selenium, but in a less acid solution in presence
of heavy metal salts their selenides may be produced: thus with copper
sulphate cuprous selenide Cu2Se is formed.792
The salts are not very well known; they all decompose on heating,
often to selenides. The alkaline793 salts have an alkaline reaction; the
784
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potassium salt is much more soluble than the sodium, as is usual for the
salts of a weak acid. Selenious acid is remarkable for its tendency to form
acid salts, giving not only the usual acid salts MHSeO3, but also a 'tetraselenite' MH3(Se03)2 where M = Na, K5 or NH4. It also has a strong
tendency to form complex salts; according to Riley794 the 'selenito' salts
tend to have the SeO3 group attached only by one oxygen, as in
[Co(SeO 3)(NH3)6]C1. This, however, may be peculiar to those salts in
which the SeO3 complex is part of the cation. For barium selenites see
reference m .

Selenious Esters
The sulphurous esters occur in two isomeric forms, a symmetrical
OS(OR)2 and an unsymmetrical (sulphonate) R-SO2-OR, but the selenious796 can only be prepared directly in one form, the symmetrical,
although the unsymmetrical (selenonic) acid can be made in other ways
(see below, p. 977). A careful study of these compounds797 has shown
that whether they are made from selenium oxychloride SeOCl2 and sodium
alkylate, or from silver selenite and alkyl iodide, the same product is
obtained, as judged by boiling-point, density, and refractive index. These
esters are all rapidly and completely saponified by water, which is good
evidence that both the alkyIs are attached to oxygen and not to selenium.
The boiling-points are: Me2 60°/15 mm.; Et 2 83°/15 mm.; Pr 2 110°/15 mm.
Phenyl magnesium bromide, which distinguishes the two isomeric sulphite
esters by converting the unsymmetrical R-SO2XOR into the sulphone
(DSO2-R and the symmetrical OS(OR)2 into the sulpB^5xiden3>2SOT-reduces
the selenites to selenium. A very unstable ester-acid EtO-SeO-OH can
be made and also its chloride EtO-SeO-Cl, b. pt. 175°.

Selenious Acid Halides
Selenium dioxide has the power of absorbing gaseous hydrogen halides
to form solid and liquid addition products; these on heating lose water
and hydrogen halide, and are ultimately converted either into the acid
halides SeO(hal)2 or into the tetrahalides. The structures of the compounds containing hydrogen are obscure; often they may equally well be
regarded as hydrogen halide addition products of the dioxide, or as
hydrates of the acid halide or of the tetrahalide.
Fluorides
Dry SeO2 absorbs hydrogen fluoride gas very readily, giving a colourless
mobile fuming liquid, which attacks glass slightly. On distillation a
product is left which has a composition very near to SeO2SHF.798 The
acid fluoride SeOF2 can be made799 from the chloride by heating it with
794
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silver fluoride at 140°. It is a colourless fuming liquid, b. pt. 124°,
m. pt. +4-6°, which attacks glass, silica, and elementary silicon violently,
giving SeO2.

Chlorides
These are similar to the fluorides. Selenium dioxide absorbs hydrogen
chloride gas readily, the amount depending on the temperature. The
results800 are compatible with the formation of two addition compounds,
(1) SeO2, 4 HCl, a yellow solid stable at 0°, and (2) SeO2, 2 HCl, a yellow
liquid capable of dissolving JlCl, stable up to 170°, and then distilling
with some decomposition. If hydrogen chloride is passed over the dioxide
at 30°, the product has the exact composition of SeO2, 2 HCl.
The oxychloride SeOCl2 can be made801 from SeO2+SeCl4, or by the
action of a little water on the tetrachloride, or most conveniently800 by
treating SeO2, 2 HCl with P2O6 and distilling. It is an almost colourless
liquid, boiling at 177°, and melting at +8-5°; its electrical conductivity
is low (about 10"6),801~2 but its dielectric constant is high: 51*0 for the
liquid at 10°, and 16-8 for the solid at O0.803 It is obviously covalent in
the liquid state, being miscible with CCl4, chloroform, carbon disulphide,
and benzene, though not with paraffins. It is hydrolysed by water to
HCl+SeO 2 . It forms a variety of co-ordination products, for example
with stannic chloride, and with unsaturated hydrocarbons.804

Bromides
Hydrobromic acid combines with selenium dioxide, though not quite
so readily as hydrogen chloride, SeO2,2 HBr being formed at 107° (instead
of 30°); more is taken up at lower temperatures.805 The oxy bromide
SeOBr2 can be made from the chloride SeOCl2 and sodium bromide, or by
the action of bromine on a mixture of SeO2 and Se.806 It melts at 41-6°,
and boils at about 220° with some decomposition. It resembles the
ohloride very closely, but is less stable.

Seleninic Acids, R-SeO2H
These, which are selenious acid with one hydroxyl replaced by R, are
the analogues of the sulphinic acids, and can be made by the oxidation
of the diselenides with nitric acid.807"12
800
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It is remarkable that whereas nitric acid will oxidize sulphur in a
disulphide to the sulphonic acid R • SO3H, it will only take Se in a diselenide
as far as the seleninic acid R • SeO2H5 just as it only oxidizes selenium to
selenious acid, but sulphur to sulphuric: chlorine, however, which oxidizes
selenium to selenic acid, correspondingly oxidizes the selenides or diselenides to the selenonic acids R-SeO 3 H. The seleninic acids can also
be made812 by the action of hydrogen peroxide on an aryl seleno-glycollic
acid Ar-Se-CH2-COOH, formed by condensing the aryl selenomercaptan
Ar-Se-H with chloracetic acid.
The alkyl seleninic acids are hygroscopic, and they are all soluble in
water. They are even weaker than the carboxylic acids,811 but they form
salts, such as CH3-SeO-ONa, 4H 2 O, and OSeO2Ag, from which other
salts such as the barium and cupric salts (the last explosive) can be
prepared. The acid cannot be got by treating the silver salt with H2S,
as this reduces it to Se,810 but the silver can be removed with HCl, and
the filtrate on evaporation leaves white crystals of $ -Se(OH)3, m. pt. 122°,
which at 130° loses water and goes over to the acid <t • SeO2H, m. pt. 170°.
Like the sulphinic acids this is reduced by zinc dust to the mercaptan
cD-Se-H.
This 'acid' is amphoteric, and has definite basic properties, forming
addition products with a whole series of strong acids, such as Ar-SeO2H,
HNO 3 and CH3-Se02H,HCl, which should no doubt be written
[Ar-Se(OH)2]NO3 and [CH3Se(OH)2]Cl. The nitrate is explosive.
This amphoteric character is shared by the selenonic acids (p. 978), and
is possessed even more strongly by the tellurium analogues.

Selenic Acid, H2SeO4
This is made by the vigorous oxidation of selenium or the dioxide,
usually with chloric acid or fused potassium nitrate; nitric acid is not
powerful enough. The best method of preparation,813 giving over 90 per
cent, yield, is to oxidize selenium to SeO2 with nitric acid, and then heat
this with chloric acid (from barium chlorate and H2SO4) not above 170°,
and finally in vacuo. Solutions of selenic acid must not be heated above
210°, or in the presence of chlorides above 170°, or they will lose oxygen.
Selenic acid H2SeO4, m. pt. 57-8°, is isomorphous with sulphuric acid,
whioh it resembles very closely in many ways. It is a strong acid, about
twice as strong as sulphuric (at p H 3 K is 2*6 x 10~2 for this, and 1-3 X 10~2
for H8SO4).816 Like sulphuric acid it forms two hydrates H2SeO4, H2O and
H9SeO4, 4 H 2 O; that corresponding to H2SO4, 2 H2O has not been found.
Th© melting-points are:
H1SeO4 .
.
. +57-8° l H2SO4
.
.
. +10-4°
H1SeO41H1O .
. +26°
H2SO49H8O
.
. + 8-5°
..
H2SO4, 2H8O .
. -38°
H1SeO4,4H8O .
. -51-7°
| H8SO4,4 H1O .
. -20°
111
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In general,
while selenium and tellurium are very similar to one
another in their quadrivalent compounds, much more than they are to
sulphur, in the ~ic acids the resemblance is between selenium and sulphur,
and tellurium is very different. Sulphur and selenium bofch form crystalline acids H2XO4, which melt easily to thick oily (highly associated)
liquids; they form similar hydrates; they both have a strong affinity for
water; they readily form condensed acids both with one another and
with other elements of the series, such as H2S2O7, H2SSeO7, H2SeCrO7,
and H2Se2O7816; the salts of the same base are usually isomorphous and
have similar solubilities; the two acids can usually replace one another
in complexes. In all these points tellurium behaves quite differently:
H2TeO4 does not exist at all, and telluric acid is H6TeO6.
The chief difference between selenic and sulphuric acid is that the
former is the less stable, and more easily loses oxygen. Sulphuric acid
can be heated to 300° without decomposition, whereas selenic acid begins
to decompose in presence of chlorides below 200°. Sulphurous acid is
oxidized by atmospheric air to sulphuric; but selenious acid can only be
made to take up more oxygen by a powerful oxidizing agent. So, too,
concentrated sulphuric acid has no action on hydrochloric acid hot or
cold, though it oxidizes hydrobromic acid when hot and hydriodio when
cold. But even dilute selenic acid will oxidize hydriodic acid quantitatively, so that the reaction can be used for its analysis, and will oxidize
hydrobromic acid fairly easily; while concentrated selenic acid will oxidize
hydrochloric, so that a mixture of the two concentrated acids behaves
like aqua regia and dissolves gold and platinum. In the same way while
the sulphuric esters are very stable, the selenic esters (see below) are liable
to explode on heating, like nitric esters, owing to internal oxidation and
reduction. Again the hydrazine salt817 is colourless when pure, but soon
goes pink from the separation of selenium. If it is touched with a hot
rod it explodes loudly, giving off a red aerosol of selenium, which only
settles slowly.
So, too, selenic acid is very readily reduced by reagents which will not
attack sulphuric acid under the same conditions: as, for example, by zinc
dust acting on the dilute acid.
The salts of selenic acid—the selenates—resemble the sulphates very
closely. They are mostly isomorphous with the corresponding sulphates,
©hromates, and manganates. They form alums and vitriols. The solubilities of the selenates generally lie very near to those of the sulphates, but
are rather larger: for example, BaSO4 2-6 mg. per litre; BaSeO4 82-5 mg.
per litre at the ordinary temperature. The resemblances are often surprisingly olose: thus, 810 calcium selenate forms a hemi-hydrate which
behaves like plaster of Paris: Na2SeO4, 10H2O effloresces in air like
Glauber's salt; at 31*8° (sodium sulphate at 32*4°) it goes over to the
818
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anhydrous salt, of which the solubility diminishes with rise of temperature ; like the sulphate it forms a metastable heptahydrate.
Again, both acids form nitrosyl [NO]+ salts. The selenate820 [NO]HSeO4
is not formed from SeO2 and nitric acid, as the sulphur compound is from
SO2 and nitric acid, but by the action of liquid nitrogen trioxide on the
anhydrous selenic acid. It forms colourless crystals, decomposed by water
with evolution of oxides of nitrogen, soluble without decomposition in
sulphuric acid or alcohol, and melting at 80° with decomposition; in all
these points it closely resembles the sulphur compound.
The same resemblance holds with the double salts819 and also with the
true complex salts.821 Thus Meyer has made a long series of complex
ohromi- and cobaltiselenates, and shows that they always resemble the
corresponding sulphates very closely.821

Selenic Esters, R2SeO4
Selenic acid reacts with alcohols822 to give alkyl selenic acids, such as
KtQ-SeO2* QH, of which salts can be made. The acid and its salts are
very unstable: the salts are isomorphous with the alkyl sulphates.
The dialkyl esters can be made822*4 from the alkyl halide and silver
Holcnate; the methyl ester can also be got from selenic acid and diazomethane. The esters can be distilled in vatuo without decomposition
(b. pts. Me2 100o/15 mm.; Et 2 105°/12 mm.; Pr 2 135°/25 mm.), but under
ordinary pressure they decompose explosively (though not so violently as
the alkyl nitrates) at about 150°, giving various products including free
aolenium and aldehydes.

Selenonic Acids, R SeO3H
These acids cannot be made on the analogy of the sulphonic acids by
oxidizing the selenomercaptans with nitric acid: or by the action of silver
Hfllenate on alkyl halides: or by heating phenyl hydrogen selenate: or by
treating selenic acid with phenol. The alkyl selenonic acids were first
made825 by oxidizing with KMnO4 the seleninic acids AIk • SeO • OH made
from the selenides AIk2Se and H2O2, with elimination of one alkyl.
The aromatic selenonic acids can be made (like the sulphonic acids) by
httftting the hydrocarbon with H2SeO4: e.g. from benzene at 110°; or by
Ih© action of chlorine (the oxidizing agent always used for the preparation
of derivatives of selenium trioxide) on the diselenides.810 Thus if diphenyl
dlliknide $-Se'Se-O is suspended in water and treated with chlorine
i t 80° and then with excess of silver oxide, silver benzene selenonate
# • StO8Ag separates on evaporation; from this other salts can be made;
110
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the silver salt is explosive. The free acid can be got by treating the silver
salt with H 2 S: it is remarkable that while H2S reduces the seleninic acids
it does not reduce the selenonic (compare the relative reducibility of chloric
and perchloric acids).
Phenyl selenonic (benzene selenonic) acid forms white crystals, which
melt at 142°, and explode at 180°; it forms a hydrate. Heated alone it
explodes feebly, giving diphenyl selenide, diphenyl diselenide, and free
selenium. Cold concentrated hydrochloric acid reduces it, as it does
selenic acid.
Selenonic acids can sometimes be made directly by a very peculiar
reaction.826 If selenic acid is heated with acetic anhydride in para- or
ortho-xylene (in other hydrocarbons the reaction does not occur below
temperatures at which the selenic acid is reduced) it reacts to form the
selenonic acid (Me2C6H3)SeO3H. These acids (m, pts. ortho 108-110°;
para 95-6°: the name refers to the relative positions of the methyl groups:
the substitution is, of course, o, p) are very like the sulphonic acids; their
salts are also very like the sulphonates.
Like the seleninic and also the telluronic acids (but unlike the sulphonic)
the selenonic acids can act as bases and add on strong mineral acids. This
power is more marked with tellurium.

Mixed Oxides
Sulphur, selenium, and tellurium all dissolve in sulphuric acid, sulphur
trioxide, and selenic acid, to give coloured solutions. On standing there
is often a reaction, for example with the separation of selenium or its
dioxide, but the primary product seems to have the added element directly
attached to the sulphur or selenium of the solvent, and not to its oxygen;
for example, if sulphur is dissolved in selenic acid it is reprecipitated on
immediate dilution, but on standing it is converted into SO2: selenium
dissolved in this acid is also reprecipitated on dilution, but on standing is
converted into SeO2. The colour of the compound depends on the dissolved
element rather than on the dissolving acid or oxide; thus we have (SeO3
is written for H2SeO4):
Blue
Green
Red

.
.
.

. S-SO3
. Se-SO3
. Te-SO3

S-SeO3
Se-SeO3
Te-SeO3

These compounds have not all been isolated. Se-SO3,827 from a solution
of selenium in sulphuric acid or sulphur trioxide, forms green crystals,
stable (unlike S2O8) to warming: it gives a green solution.
Various other mixed oxides or their hydrates are known. The meltingpoint curve of H2SeO4H-SO8828 shows maxima for H2SeO49SO8, meltingpoint +0*0° (salts known), and for H a Se0 4 ,2S0 8 , melting-point +20°.
« e E, Anjohtttz, J, Eallsn, and K* Riopenlcxttger, Ber. 1919, 52, 1360.
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Another mixed compound, of which also salts are known, is H2SeO4, CrO3,828
which melts at 200° to a green liquid.

Mixed Acids
The only very definite one seems to be selenosulphuric acid H2SSeO8,829
the salts of which are got from a polyselenide and a bisulphite. On addition
of acid Se is precipitated: there is probably an equilibrium
SeSO^ + H + *===* HSO^ + Se,
which is driven to the right by excess of acid.
The salts are isomorphous with the thiosulphates, but rather less
stable; iodine liberates Se, but forms no dithionate. The formation of
ielenosulphates may explain why traces of selenium greatly promote the
decomposition of sulphite to SO4+S.829
Carbon Selenides
Carbon oxyselenide O=O=Se: Pearson and Robinson830*"1 showed that
If dry carbon monoxide is passed over selenium at a low red heat, the
lBsuing gas contains about 4 per cent, of this, which can be frozen out
with liquid air. It is monomeric in the vapour, melts at —122-2°, boils
at — 20°/760 mm.: critical temperature +121°. It is colourless and evil
amelling. It is stable in the cold but easily decomposed to CO+Se on
heating.
Carbon sulphoselenide CSSe can be made832 by passing an arc between
& selenium anode and a carbon cathode under CS2, or more easily833 by
passing CS2 vapour over ferrous selenide at 650°; the yield is very small;
the CSSe is isolated by fractional distillation. It is a yellow liquid boiling
at 84° and melting at —85°; the vapour density is normal, and so is the
molecular weight determined cryoscopically in benzene and in bromoform.
Unlike the disulphide it is a strong lachrymator, and has a very offensive
imell. It is stable in the dark, but decomposes in the light; it is reduced
by zinc and HCl to H2S and H2Se.
Carbon diselenide was obtained in traces by Rathke in 1869 from
PgSa6+CCl4 at a red heat, and by Bartal in 1906 by passing CCl4 over red
hot cadmium selenide. A better yield was obtained834 when a mixture
if Ha8© and CCl4 vapour was passed through a tube at 500° and the best
fayM4« the action of methylene chloride vapour on selenium at 550-600°.
Il Il ft yellow liquid boiling at 124°/760 mm., and melting at —45-5°;
TlOUton oonstant 22*8. It will not burn in air, and slowly decomposes on
Ml f, Fo©r§ier, F. Lange, O. Drossbach, and W. Seidel, ib. 1923,128, 289.
M
» T. O. Pearson and P. L. Robinsqn, J.C.S. 1932, 652.
Ml
H, H, Puroell and F. D. Zahoorbux, ib. 1937, 1029.
Mi A, StOQk and E. Willfroth, Ber. 1914, 47, 144,
••* H, A, V. Briioo©, J, B. P@<>1, and P, L. Robinson, J.O.S. 1920, 56, 1048.
Ml H, O1 Orimm and H. Metzger, Ber, 1988, 69, 18S6,
Mt« D, J. O. Ivsi, R, W, Pittman, and W. Wardlaw, J.0J, 1947, 1010.
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standing in light. It readily polymerizes in various complicated ways,
especially in contact with ammonia. It forms a selenoxanthogenate
CSe(SeK)OEt with alcoholic potash.
An attempt 834 to make CTe2 in this way gave no result, although CSTe
has been made.836

Seleno-ketones, R2C=Se or [R2C=Se]2
Thioketones are little known, and seleno- and telluroketones were quite
unknown till in 1927 Lyons and Bradt886, by treating a cooled mixture
of ketone and concentrated hydrochloric acid with hydrogen selenide (on
the analogy of the thioketones837), got the seieno-ketones Me2C=Se,
MeEtC=Se, Et 2 C=Se. They were all heavy volatile red oils with a very
unpleasant smell and were all shown by the freezing-point in benzene to
be dimeric (R2CSe)2. (Me2CSe)2 boils at about 220~30°/760 mm. and
94-7°/6-10 mm. Acetophenone gives a similar compound, also dimeric,
also red, but non-volatile in steam.
T E L L U R I U M O X I D E S AND OXY-ACIDS
TELLUBIUM certainly forms two, and probably three oxides.

Tellurium Monoxide, TeO
This compound is not quite certain. Divers and Shimos6838 found that
-above 180° the mixed oxide TeSO3 gives off SO2 and leaves TeO. This
was disputed,839 but has been confirmed by Partington and Doolan,840
who found that if TeSO3 is heated until no more loss occurs, it turns
black, and has nearly the right percentage of Te for TeO. The product
is a black amorphous powder, which is stable in air in the cold. On
heating in vacuo it is converted into a mixture of Te and TeO2, and in
moist air it is oxidized to TeO2. Concentrated sulphuric acid dissolves it
to a red solution, from which tellurium separates on standing.

Tellurium Dioxide, TeO2
This is the stablest oxide, and is formed when tellurium is burnt in air
or oxygen. It is a colourless crystalline substance, and is dimorphic,
separating from water in octahedra, and from the fused substance in
rhombic or monoclinic needles. It melts at 452-00,841 and as with SeO2
the colourless solid turns into a dark-yellow liquid. This can be distilled
at a bright red heat, apparently without any decomposition.
* Tellurium dioxide is almost insoluble in water: at the ordinary tempera886

A-. Stock and P. Praetorius, Ber. 1914, 47, 131.
B. E. Lyons and W. E. Bradt, ib. 1927, 60, 824.
887
E. Fromm and E, Baumaon, ib, 1889, 22, 1085, 2592.
888
B. Divers and M. Shimoai, J. pr. Ohem. 1881 [ii] 24, 218; Ber. 1883, 16, 1004.
888
A. DamieruB, OJi, 1914, 179, 829,
"° J, J. Doolan and J, R, Partington, J.C8, 1924, 125, 1402,
Ml
A, Slmtls md B. ltttilUi, CoIL 0§§eh, Chm. Comm, 1980» 2, §04.
888
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842

ture 7 mg. dissolve in 1 litre, presumably as a tellurous acid H2TeO3,
though, the solution is scarcely acidic. It is soluble in concentrated H2SO4,
in concentrated hydrochloric acid, and to some extent in nitric acid,
forming apparently a sulphate, a chloride, and a nitrate. It can be used
like SeO2 (but less effectively) for organic oxidations.844
Alkaline hydroxides (but not ammonia) dissolve it to form tellurites
M2TeO3; alkaline carbonates react only on boiling, so that tellurous acid
appears to be weaker than carbonic.
Tellurous acid can be oxidized to the tellurate by fusion with potassium
nitrate, giving K2TeO4. But at high temperatures it is a strong oxidizing
agent, being readily reduced to tellurium, and it has been suggested for
use in organic combustions.
Tellurium dioxide is amphoteric, and like selenium dioxide forms a
Heries of addition compounds with strong acids. With hydrochloric acid843
it forms at - 1 0 ° TeO2, 3 HCl, which easily loses HCl to give TeO2, 2 HCl:
this is stable up to 90°, and then loses HCl and H2O, forming perhaps an
oxychloride. The solution of TeO2 in HCl can be shown by E.M.F.
measurements with a reversible tellurium electrode845 to contain tellurium
cations Te 4+ . Their concentration is proportional to the fourth power of
the hydrogen ion concentration, which is compatible with the reaction
H2TeO3 + 4H+ = Te4+ + 3 H2O. ,
The concentration of Te 4+ in a saturated solution of H2TeO8 is found to
be 6 x 10~19, which means that there are 360 individual ions per c.c.
The normal sulphate Te(S04)2 is by no means well established; but
2 TeO2, SO3 can be made from TeO2 and concentrated H2SO4, and forms
(J-sided prisms.846 When strongly heated, it melts, loses SO3, and leaves
TeO2: it is violently hydrolysed by water. A white compound 2 TeO2, TeO3
has been prepared.847
With concentrated nitric acid848 fairly stable crystals of 2 TeO2, HNO3
are formed.
On treatment with 70 per cent. HClO4 a crystalline compound 2 TeO2,
HClO4, is obtained,849 which can be dried at 300°, but is at once hydrolysed
by water.
Tellurium Trioxide, TeO 3
This substance is obtained by heating telluric acid, H6TeO6. The last
traoes of water are very hard to remove. At a low red heat it breaks up
141

D. Klein and J, Morel, CR. 1884, 99, 540, 567; 1886, 100, 1140; Bull £oc.
Ghm.
188S1 [2] 43, 204; Ann. CHm. Phys. 1885, [6] 5, 81.
141
A. Ditt©, CR. 1876, 83, 446.
«* 0. H. Fiiher and A. Eisner, J. Org. Ghem. 1941, 6, 169.
141
J, Kiaamowsky, Z. physikal. Chern. 1924, 109, 287.
*» B. lrauner, J.C.S. 1889, 55, 382; K. Vrba, Z. Krist. 1891, 19, 1.
Mt
R Mttifttr, CR. 1897, 124, 32.
111 1
>. XMhner, Ann. 1901» 319, 15.
Mv
f i Flohtor and M. Sohmid, Z, morg* Ohm* 1910, 98, UL
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into oxygen and the dioxide. It is not attacked by cold water, cold HCl,
hot HNO 3 , or moderately concentrated potassium hydroxide; it dissolves
in water on prolonged heating to give the acid H6TeO6, and in solutions
of alkaline hydroxides and carbonates; its general behaviour is very like
that of ignited ferric or stannic oxide, but it is a strong oxidizing agent.850
Hot concentrated HCl converts it into Cl 2 +Te0 2 +TeCl 4 : boiling with
concentrated potassium hydroxide converts it into the tellurate. On
prolonged heating it changes into a Second form which is grey, denser
(6-21 instead of 5*075), insoluble in concentrated acids and alkalies, and
generally much less reactive.850a

Tellurous Acid, H2TeO3
In the series of dioxides SO2, SeO2, TeO2, the volatility falls (b. pts.
—10°, 315°, ca. 500°) owing presumably to increasing auto-complex formation, and at the same time the tendency to hydrate, and also the acidity
of the acids H 2 XO 3 , diminish, although the acidities of the hydrides go
in the opposite direction:
First dissociation constants, and ratio K HjXOg /K HiX .
Batio
a

H 2 SO 3
1-7 X 10~
H 2 SeO 8 4 XlO- 8
H 2 TeO 8 0-6 XlO- 6

H2S
H 2 Se
H 2 Te

7

I x 101-9x10-*
2-3 XlO" 8

170,000
21
0*0026.

The compound H2TeO3 has never really been isolated. When the
potassium salt is treated with nitric acid, white flocks separate, but they
have no definite formula; they dissolve easily in water to give an acid
solution, but on warming above 40° TeO2 separates out.
Salts are known not only of tellurous acid H2TeO3, but also of condensed
acids such as H2Te2O5, and even up to H2Te6O13. In alkaline solution all
these tend to be oxidized by air to the tellurate; in acid solution, on the
other hand, they are very readily reduced to tellurium, for example, by
SO2, H2NOH, tin, zinc, copper, mercury, etc., as well as by many organic
substances.851 The normal alkaline tellurites M2TeO3 are colourless and
easily soluble in water, but the solutions decompose easily, and absorb
carbon dioxide from the air. The acid salts MHTeO3 are converted by
water into M 2 Te0 3 +Te0 2 .
The ease of oxidation diminishes as the complexity increases: atmospheric air will oxidize M2TeO3 at 450°, but it has no action on
M2Te4O0.852
No tellurous esters are known.
8(0

E. Montignie, Z. cmorg. Oh$m* 1048, 252, 111.
"Qfl Id., Bull Soo, 1047, 554,
111
e.g. by oxalio aoid in light i A, Boarath, Z, wtis, Phot. 1015,14, 218.
»* V. Ltahti* find 1, Woknniky, J,A,C,S, 1011, 35, 711,
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Tellurinic Acids, R • Te<;
\OH
These are the analogues of the sulphinic and seleninic* acids. Phenyl
/O
(or benzene) tellurinic acid <D • Te<^
was made by Lederer853; he converted diphenyl telluride <J>-Te-Te»0 by oxidation with nitric acid into
the nitrate <I> * Te

: the replacement of the sulphur of a sulphinic
[NO3]
acid by tellurium makes the compound amphoteric; this nitrate when
treated with alkali gives the phenyl tellurinic acid, a white powder of
rn.pt. 211°, which is soluble in alkalies and in acids, but not in the
ordinary organic solvents.

Tellurium Oxyhalides
These are very uncertain. From solutions of the dioxide in halogen
acids, various solids have been obtained, but none which correspond
to the simple oxyhalides. For the fluorides see Prideaux,854 and for the
chlorides and bromides Parker and Robinson.865

Telluric Acid
While selenic acid has a great resemblance to sulphuric, telluric acid
in quite different. It has a strong tendency to polymerize or condense,
and as the molecular weight increases the solubility gets less and less, and
the solutions tend to become colloidal; in fact the general behaviour of
telluric acid is not unlike that of stannic acid.
But among these various forms of the acid the simple form H2TeO4
does not occur, though its salts are known. The normal or ortho acid,
with one Te atom in the molecule, is H6TeO6, or Te(OH)6 (isoelectronic
with the stannate ion [Sn(OH)6] ). This ortho acid is made by oxidizing
tellurium or its dioxide856 with chromic acid in nitric acid857; on cooling
the solution H6TeO6 crystallizes out.
There are at least two definite forms of the acid, ordinary or orthotcdlurio acid H6TeO6, and allotelluric or poly-meta-telluric acid, of the
formula (H2TeO4)^, where n is about 11. Very possibly there are other
Intermediate condensed forms as well; but the simple form H2TeO4 does
nut oxist.
* For these see p. 974 and reference
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.

»•» K. Lederer, Ber. 1915, 48, 1345.
m
1. B, R. Prideaux and J. CN. Millott, J.O.S. 1929, 2703.
•it T1 V^, Parker and P. L. Robinson, ib, 1928, 2853; 1931, 1314.
•M Iu Staudanmaier, Z. anorg. Chem. 1895, 10, 189; J. Meyer and H. MoldenHAUPr1Ib. 1921, 119, 132.
M* J, Mny»r and W. Fimnkn, ib. 198O1193, 191.
OHM
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Ortho-telluric acid H6TeO6 is the most stable form. It has been shown
by X-ray analysis858 that the 6 OH groups are arranged octahedrally.
Salts of this form are known, such as the silver salt Ag6TeO6,859 and
an ester Te(OCH8J6 (below). In the alkaline salts the hydrogen is only
partially replaced, as in M4H2TeO6 or M2H4TeO6. In general the alkaline
tellurates are not isomorphous with the sulphates and selenates, but there
are exceptions; K2TeO4, K2SeO4, and K2SO4 have been shown by X-ray
analysis to have the same structure,860 and the acid salts RbHSO4,
RbHSeO4, and RbHTeO4 give mixed crystals with one another.861
H6TeO6 appears to be dimorphic. On heating it gradually loses water,
and it is possible to stop when the composition is that of H2TeO4, but
there is no indication that this is an individual. Further heating converts
it into TeO3 and then into tellurium dioxide and oxygen. The acid
crystallizes from cold water as H6TeO6, 4 H2O, and loses its 4 H2O at 10°;
its solubility in water is about 34/18°.862 The solution is colourless and
has a metallic taste. In cold water telluric acid behaves as a normal
electrolyte: its molecular weight is almost exactly that required for 1 Te
atom per molecule.863 On heating the acid polymerizes and the solution
becomes colloidal; on cooling it returns again to its previous state. The
same is true of the alkaline tellurates such as Na2H4TeO6, whose solutions
(at least on heating) are optically inhomogeneous; they have been called
'half colloids',864
Ortho-telluric acid is a very weak acid, with
K1 = 6 X 10~7, K2 = 4 x 10-11.865
It cannot be titrated as it is not much stronger than hydrogen sulphide
(IXlO™7), but like boric acid it gives strongly acid complexes with
glycerol, which can be titrated with phenol-phthalein.866
The ester Te(OCH3)6 is made by the action of diazomethane on telluric
acid in absolute alcohol867; it forms white crystals melting at 86-7°
to a turbid liquid. It is readily saponified by water, acids, or
alkalies.
Ortho-telluric acid is distinctly more easily reduced than its sulphur or
selenium analogues, and often (for example, by SO2, zinc, iron, or hydrazine) to tellurium.
868
L. Pauling, J.A.C.S. 1933, 55, 1898; see also L. Passerini and M. A. Rollier,
Atti E. Line. 1935, [vi] 21, 364.
889
See E. Montignie, Bull. Soc. Chem. 1935, [v] 2, 864.
880
M. Patry, G.E. 1936, 202, 1516.
891
G. Pellini, AtH R. Line. 1909, [v] 18, xi. 279; Gaz. 1910, 40, i. 380; ii. 37.
888
F. Mylius, Ber. 1901, 34, 2219.
188
A, Gutbier, ib. 2724; Z. anorg, Ohern* 1904, 40, 260; 42* 174,
184
A. Rosenheim and G. Jander, Roll. E. 1018, 22, 23.
m
E. Blano, J. Chim. PKy$. 192O1 18, 23.
m
Bm A, Hantiioh, Z» Klektroohwn, 191S1 24, SOL
"' Q. FiIUnI1 Gm, 1010» 46» U, 247.
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Mylius862 found that the ortho-acid if heated in a sealed tube to 140°
melts to a colourless syrupy mass, which is iniscible with water. In
solution its conductivity is 3 or 4 times as great as that of the ortho-acid,
but on standing this falls, and if the solution is concentrated the orthoacid crystallizes out. Freezing-points indicate that polymerization has
occurred and this allo-acid is presumably a polymerization or condensation product of the ordinary acid. Mylius's work has been repeated and
confirmed by Pascal and Patry.868"*72 The product of heating the orthoacid is a mixture, but owes its peculiar properties to a polymerized acid
(H2TeO4)^, of which esters can be obtained by refluxing with alcohol.871
Patry concludes that this is the only telluric acid other than the ortho,
and thinks that n = 11±1. It is clear that in water this goes over to the
ortho-acid, the two being in equilibrium, and the polymer being favoured
by rise of temperature and by increase of concentration.

Garbon Sulphotelluride, S=C=Te
This has been made by Stock873 by passing an arc between an electrode
of carbon and one of mixed carbon and tellurium under carbon disulphide
at 0°. The product contains up to 5 per cent. CSTe with up to 1 per cent,
carbon subsulphide C 3 S 2 ; the latter is removed by fractional distillation
below 0° and by combination with j8-naphthylamine. Carbon sulphotelluride has a melting-point of —54° and an extrapolated boiling-point
of about +110°; it is yellow-red, and melts to a bright red liquid which
Hoon decomposes; it smells of garlic. It is monomeric by the freezing-point
in benzene and the boiling-point in CS2. It is very unstable; it is decomposed by light and must be prepared in the dark; it soon decomposes at the
ordinary temperature, evolving carbon disulphide and apparently leaving
a mixture of carbon and tellurium.

Telluroketones, R2C=Te
874

These were made by the same method as the selenoketones (p. 980),
by passing hydrogen telluride into a 1:1 mixture of the ketone and contumtrated hydrochloric acid at 20-5°. The products are clearly of quite
a different type from the selenoketones; they are all more volatile (b. pts.
Mc2CTe 55~8°/10-~13 mm.; MeEtCTe 63-6°/9-10 mm.; Et2CTe 6972°/8-ll mm.); they are all found by the freezing-points to be monomeric
In benzene, and they have a different smell, which is choking, but not
unpleasant.
*fl68 P. Pascal and M. Patry, (7JK. 1935, 200, 708.
*70
» M. Patry, ib. 1597.
* l Id., ib, 1936, 202, 64.
«878 Id., ib. 2088.
Id., Bull 8oo, CMm. 1986, [v] 3, 845.
178
A. Btook and P, Praetohus, Bar. 19U1 479 131,
«" B. I , Lyons and E. D. Scuddor, ib. 1931, 64, SSO.
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S E L E N I U M AND T H E HALOGENS
THEEE are four possible types of these, with the formulae (M = Se or Te):
M2(hal)2; M(hal)2; M(hal)4; M(hal)6.
S E L E N I U M AND F L U O B I N E

Here there are two definite known compounds, SeF4 and SeP 6 : there
are no indications of Se2F2 or SeF2.
Selenium tetrafluoride was formerly confused with the oxyfluoride
SeOF2 (p. 973). SeF4 was obtained by Prideaux875 by the action of silver
fluoride on selenium tetrachloride. It boils at 93°, melts at —-13-2°, and
has a density of 2-77. It is colourless and is converted by silicon in the
cold into silicon tetrafluoride and selenium.
Selenium
Hexafluoride
This was discovered in 1906 by Prideaux876 and further investigated
by Yost and Claussen877 and Heiikel and Klemm.878 In the table 877
Ha is the heat of formation of the gaseous molecule from its atoms.
Heat of
Sbst.
SF 6
SeF 6
TeF 6

Ha
428-5
407-2
470-2

Subl.

Fusion

JM.pt.

Subl.
pt.

5-64
6-60
6-74

139
(2'01)
(1-90)

-50-8°
-34-6°
-37-8°

-63-8
-46-6
-38-9

The heats of formation from the atoms (H0) are calculated from the
heats of atomization: F 31-75; S 66-3; Se 61; Te 55. They give for the
heat of formation of the links:
S-F
71-5

Se-F
67-2

Te-F
78-4k.cals.

SeF6 has the same kind of extreme stability as SF 6 ; it does not attack
glass and is not absorbed or changed by water. Yost and Claussen877 have
shown that SeF6 reacts with ammonia slowly at 200° and much more
rapidly at 330°, to give nitrogen, selenium, and hydrofluoric acid. This
agrees with the calculated heat of reaction:
2 NH3(g) + SeF6(g) = N2(g) + Se(s) + 6 HF(g) + 116-0 k.cals.
Hence the chemical inertness of these hexafluorides is not due to the lack
of a thermodynamic tendency to react.
The evidence that SeF6 and SF6 are covalently saturated and TeF 6 is
not, will be discussed under TeF 6 (p. 990).
™ E. B. R. Prideaux, J.C.S. 1928, 1603.
"• Id., ib. 1000, 89» 816.
•" D. M, Yoit and W. H. Ciauiisn, J.A,C.S, 1038, 55, 885.
"• P. Htfikftl and W, Klemm, B. wmg* Gh$m, 1933, 222, 03,
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Three compounds of these elements probably occur in one state of
aggregation or another, Se2Cl2, SeCl2, and SeCl4.
Diselenium Bichloride, Se 2 Cl 2
This substance, often called selenium monochloride, can be made 879
from its elements, by the action of selenium on its tetrachloride, by
reducing SeCl4 with PCl3 (giving PCl5), or by dissolving selenium in oleum
and passing gaseous hydrogen chloride into the hot solution. It is a
brownish-yellow oily liquid, smelling like S2Cl2. Its molecular weight in
ethylene dibromide is that of Se2Cl2.880 It is heavier than water and is
slowly decomposed by it to give selenious acid, hydrochloric acid, and
free selenium. Unlike S2Cl2 it will not distil without fairly complete
decomposition.
It can be distilled881 in a high vacuum, being condensed with solid CO2:
the distillate is nearly pure, but some selenium remains behind, and
obviously the vapour is dissociated.
Se2Cl2 is miscible with benzene. Its dipole moment in the solution is
2*1 D. 882 This suggests that there is some
/Cl

xa
present. When warm it is a good solvent for selenium, which separates
on cooling in the grey form, which is insoluble in carbon disulphide. It
behaves as an unsaturated compound: with chlorine it gives the tetrachloride, with bromine the compound SeClBr3: with phenyl magnesium
bromide it gives diphenyl diselenide <t> Se Se •<!>, which reacts with excess
of bromine to give the tetrabromide C6H5 • SeBr2 • SeBr2 • C6H6. It reacts
with ethylene like S2Cl2 to give ' selenium mustard gas' Se(CH2 • CH2Cl)2.883
SSeCl2, b. pt. 68°/20 mm. can be made 884 by heating sulphur and Se2Cl2 in
a sealed tube at 200°.
Selenium Bichloride, SeCl 2
The solid-liquid curve880 of the system Se—Cl gives no evidence of the
axistence of SeCl2, which probably does not occur in the liquid or the solid
state; but it has been shown886-7 that the vapour of selenium tetrachloride
1170
F. Krafft and O. Steiner, Ber. 1901, 34, 560; F. H. Heath and W. F. Semon,
i/. Ind. Eng. Ghem. 1920, 12, 1100. For a good summary of its properties see V.
I*nher and C. H. Kao, J.A.C.S. 1926, 48, 1550.
""° E. Beckmann, Z. physikal Chem. 1910, 70, 1.
1,1
A. Voigt and W. Biltz, Z. anorg. Chem. 1924, 133, 294.
,ia
C. P. Smyth, G. L. Lewis, A. J. Grossmann, and F. B. Jennings, J,A>C.S.
IUQ9 62, 1219.
»*9 C. E. Boord and F. F. Cope, ib. 1922, 44, 395.
114
A. Baroni, AUi R, 1987, [vi] 25, 719 j 26, 458.
••• J. H. Sbnoni, J.A.C.S. 1930, 52, 3433.
MMf
D, M, Yoet and I 1 0. Kirohor, lb, 40S0,
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has half the expected molecular weight, and, from the effect of excess of
chlorine on the vapour pressuVe,887 that the vapour must consist of
SeCl2+Cl2. Also, if Se2Cl2 is heated, Se is left behind, so that probably
here too the vapour contains SeCl2. The vapour density of SeCl2 is
constant from 190° to 60O0,886""7 which is evidence that in the vapour
state SeCl2 is very stable, as we might expect it to be. But in the liquid
or solid state it seems to go over to Se2Cl2 or SeCl4 or both.

Selenium Tetrachloride, SeCl4
This is formed by the action of excess of chlorine on selenium, or of
PCl5 on SeO2, or better by chlorinating selenium under carbon tetrachloride.888 It is even formed by the action of concentrated HCl on
SeO2.889
Selenium tetrachloride forms colourless crystals which sublime on
heating. There has been much dispute about the density of the vapour;
but recent work886"7 agrees in showing that the vapour has, from 190°
to 600° at least, just half the density of SeCl4, and (above) that it consists
of SeCl2+Cl2, and not of Se2Cl2+3 Cl2. SeCl4 melts under pressure at
305±3° to a red liquid, and it sublimes with a vapour pressure of one
atmosphere at 196°. As with SCl4, there is no evidence that it occurs in
anything but the solid state.
SeCl4 is quite insoluble in CS2, but it can be recrystallized from POCl 3 ;
it decomposes when it is dissolved in sulphur, and it is decomposed by
water, first to SeOCl2 and then to selenious acid H2SeO3. It reacts with
the Grignard reagent to give Ar2SeCl2,890 or with benzene in presence of
aluminium chloride to give <I>2Se, ^2Se2? a n ( * ^aSe[Cl].891
It forms addition compounds such as SeCl45AuCl3892 and SeCl45SbCl5.893
Yost shows 886 from the vapour pressures that the heat of reaction is
SeCl4(S) = SeCI2(g) + CI2(g) - 35-58 k.cals.
Hence, if we adopt Julius Thomsen's value of 46*16 k.cals. for the heat
of formation of Hf of SeCl4(s), we have for the H 1 of SeCl2
Se(s) + Cl2(g) = SeCl2(g) -10-58.
S E L E N I U M AND B R O M I N E

The volatility and vapour density of mixtures of selenium and bromine894
show that the only selenium compound in the vapour is SeBr2, which in
the vapour is stable from 250° to 500° at least, but on condensation gives
as liquid or solid only bromine, Se2Br2, and SeBr4. It is especially marked
888
880

V. Lenher, J.A.O.S. 1920, 42, 2498.
J. Moyer, Z. anal OUm, 1914, 53, 145.
890
W . gtreoker and A. Willing, Ber. 1915, 48, 196.
801
W. E. Bradt and J, F. Green, J. Org. Ohem. 1937, i, 540.
••• L. Lindet, CJ?, 1885, 10I9 1492.
MI WtbiF, Fogg. Ann, 186S1 125, 78.
M* D. M, Ydit And J, B. Hatohcr, J.A,C,S, 19Sl, S3, 2549.
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t h a t a mixture in the proportions of 2 Br to 1 Se if vaporized gives practically no sign of the band spectrum of bromine, but when it is cooled, as
soon as the vapour begins to condense, the bromine bands appear.
The descriptions of Se 2 Br 2 thus apply only to the liquid, and those of
SeBr 4 only to the solid.

Se2Br2
I t is a very deep red liquid, less stable than the chloride Se2Cl2. I t is
slowly decomposed by water or alkalies to give HBr, selenious acid, and
free selenium. I t dissolves undecomposed in CS 2 .

SeBr4
This is less stable than Se 2 Br 2 ; it easily loses bromine, and at 70-80° is
wholly converted into Se 2 Br 2 H-Br 2 . I t forms yellow crystals and sublimes
as a mixture of Se 2 Br 2 and SeBr 4 . I t gives a clear solution in water, being
hydrolysed to H 2 S e 0 3 + H B r . With SO 3 it forms a compound SeBr 4 , 2 SO 3
(m. pt. 75°), which on heating evolves bromine and SO 2 , and gives a
yellow sublimate of the composition SeOBr 2 ,S0 3 .
S E L E K I I J M AND I O D I N E
The supposed compounds of these elements do not appear to be isolable;
the two elements give a simple eutectic curve. 8 9 5
The molecular weight of Se as found by the freezing-point in iodine
is Se 2 . 896
I t has, however, been found 897 t h a t light t h a t has passed through two
separate solutions of selenium and iodine in carbon disulphide has an
absorption band at 4,200-4,500 A, which is absent when the two solutions
are mixed. Also while selenium is not measurably soluble in carbon
disulphide, it dissolves in presence of iodine, the ratio I 2 /Se being 40«0±04.
Thus there is evidence of combination, though no compounds can be
iwolated.
S E L E N I U M COMPLEX H A L I D E S
These are all selenites of the type M2Se(hal)6, with the valency group
2, 12; the anions have been shown to be octahedral; they are formed by
dhlorine and bromine, but neither by fluorine nor by iodine.

Hexachloroselenites, M2SeCl6
Though the corresponding tellurium compounds M2TeCl6 are known,
arid also the bromoselenites, the chloroselenites have only been obtained
"1J G. Pellini and S. Pedrina, Atti R. Line. 1908, [5] 17, ii. 78; E. Beckmann and
Ii, Hanslian, Z. anorg. Chem, 1913, 80, 221; E. Beckmann, Berl. Akad. Ber. 1913,
iiflj E. Beckmann, E. Grtinthal, and O. Faust, Z. anorg. Ghem. 1913, 84, 97;
W, Montignio, Bull Soo. OHm. 1937, [v] 4, 132.
"M F. Olivari, Atti B. Line. 1908, [5] 17, ii. 389; 1909, [5] 18, i. 405? ii. 94, 284,
1, Beokmann and O. Faust (Z. cmorg. Chem. 1918, 84, 108) and R. Wright (J.O.S.
1113, 107, 1527) agr@<§.
• " J. D. MoCullough, J,4,0,£, 1989, 61, 8401.
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recently, chiefly, it would seem, owing to their great solubility. Petzold898
has now made the salts of potassium, ammonium, and a series of alkylammoniums. SeCl4 is dissolved in concentrated HCl (no doubt as H2SeCl6,
though this cannot be isolated), the alkaline chloride, also dissolved in
concentrated hydrochloric acid, is added, and the solution cooled to 0°.
The salts (which are all anhydrous) crystallize out. They are very hygroscopic and are quickly decomposed by moisture.

Hexabromoselenites, M2SeBr6
These are made in the same way, by the combination of SeBr4 with
HBr or alkaline bromides; here, however, the free acid can be obtained,
as dark red crystals from hydrobromic acid.899"900
The salts 901 are dark red; they give clear (but hydrolysed) solutions in
water. The potassium salt is very unstable in air, easily losing bromine;
the ammonium salt is much more stable. 900 The potassium salt is said902
to be isomorphous with the tellurium analogue, and the ammonium salt
(NHJ2SeBr6 with the corresponding Pb, Pt, and Sn salts. This presumably
implies that the anion in M2SeBr6 is octahedral in spite of the central atom
having a valency group of 14^(2, 12, with the inert pair), instead of 12 as
in the Sn and Pt compounds.
T E L L U R I U M AND T H E H A L O G E N S .
THE compounds of tellurium with the halogens are on the whole ^ery
similar to those of selenium.
TELLTJEJTIM ANB E L U O B I N E

The only fluoride definitely isolated is the hexafluoride, although it is
fairly certain that lower fluorides exist.
Tellurium hexafluoride is formed903 by the action of fluorine on tellurium. For its physical constants see above, p. 986. It has an unpleasant
smell, like a mixture of ozone and hydrogen telluride903 (SF6 has no smell:
nothing seems to be said about SeF6). It is slowly absorbed by water,
with complete hydrolysis to telluric acid H6TeO6.903 Also,877 while SeF6
does not react with selenium below the melting-point of glass, TeF 6 reacts
with tellurium below 200°, giving a white solid which is perhaps TeF 2 .
The inactivity of SeF6 as compared with TeF6 is important as evidence
that the covalency maximum of selenium is 6, while that of tellurium is
higher. As we have seen (p. 086), the inactivity of SeF6 is not due to any
exceptional thermodynamic stability, and can only be explained by an
898

W. Petzold, Z. anorg. Chem. 1932, 209, 267.
» A. Gutbier and W. Grunewald, J. pr. Chem. 1911, [2] 85, 321.
800
J. Meyer and V. Wurm, Z. anorg. Ghem. 1930, 190, 90.
»01 W. Muthmaim md J. Sch&fer, Ber. 1893,26,1008; J. F. Norris, J.A.O.S. 1898,
20, 490; V. Leaher, ib. 555} A. Gutbier and F. Bng©roff, Z. anorg. Ohem. 1914, 89,
807.
e°« 1. Carozzi, Qa%> 1914, 84, 550.
»081, B, B. Prtdoaux, J.CS, 190O1 89, SSi.
89

Tellurium

Hexafluoride

991

abnormally great heat of activation, which in turn must be due to the
covalent saturation of the central atom. This conclusion is further supported by the length of the covalent links in these hexafluorides, which
have been measured by Brockway and Wall.904 As they showed in the
tetrachlorides of Si, Ge, and Sn, the occurrence of resonance is indicated
by a shortening of the observed links, as compared with the lengths
calculated from other compounds in which resonance cannot take place;
and resonance is only possible if we can have as a constituent structure
one with a double link between the halogen and the central atom, and
this requires that the central atom should not already be covalently
saturated. With the hexafluorides we have no means of calculating what
the normal length of this link should be; we only know the radii of the
2-covalent S, Se, and Te atoms, which must certainly be somewhat larger.
So we should expect all the distances to be rather short, but those where
there was resonance (i.e. the link in TeF6) should be shorter still. The
observed facts bear this out, whether we consider the absolute or the
percentage difference:
Length of X-F in AJJ.
'
Calculated
Observed
.
.
Difference
Difference per cent.

.
.

.

SF 6

SeF 6

TeF 6

1-68
1-58
-0-10
-6-0

1-81
1-70
-0-11
-6-1

2-01
1-84
-0-17
-8-5

It is clear that other compounds of tellurium and fluorine exist, but none
have been isolated. These elements have been found (Moissan, Prideaux)
to give solid products of doubtful composition. Yost and Claussen877 on
fractionating TeF 6 got about 1*3 c.c. of a liquid boiling at about +60°,
which was not pure, but which gave a molecular weight from the vapour
density of about 340 (TeF6 = 241-5), so that it must have more than one
Te atom in the molecule.
Whytlaw-Gray905 finds that if TeF6 is heated in a tube of Al2O3 to 200°,
the tube is not attacked, but the TeF6 is completely absorbed, and fine
white needles of the composition TeF 4 remain; these are rapidly hydrolysed by water, or even by exposure to ordinary air. Metzner906 obtained
from the action of concentrated hydrofluoric acid solution on tellurium,
crystals of HTeF 5 , 5 H2O, from which salts can be got; a similar compound TeF4, 4 H2O has been described.907
TELLtTBIUM AND C H L O R I N E

Two compounds have been described, TeCl2 and TeCl4.
904
908

L. O. Brookway and F. T. Wall, J.A.C.S. 1934, 56, 2373.
G. A. B. Hartley, T. H. Henry, and R. Whytlaw-Grty, NaUWh 1981,142, 9S2.
•«
B.
Mstinw, Arm. OMm. F%#. 1898, [7] IS1 208.
s
<" A, Httgbom, Bull, Soo, CMm. 1881, [2] SS, 60.
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Tellurium Bichloride, TeCl 2
A black substance of this composition is formed by the action of chlorine
on tellurium in the right proportions, or by heating TeCl4 with Te. 908 It
appears to be amorphous, melts at 175°, and boils at 324°. See further
reference 909. After distillation this always contains a slight excess of
tellurium910 (compare SCl2).
The vapour obtained from this solid has a characteristic spectrum; its
density corresponds to TeCl2. The liquid formed on fusion has the fairly
high conductivity of 0-042 at 206°.910 The solid is fairly reactive, the
tellurium easily going over into the quadrivalent state; for example, water
converts it into H 2 Te0 3 +Te, oxygen into Te0 2 +TeCl 4 . It attracts water
from the air and is soluble in ether. It is decomposed by acids and alkalies
with the separation of tellurium.

Tellurium Tetrachloride, TeCl4
This is readily formed from its elements, or by the action of tellurium
on other chlorides such as S2Cl2 or AsCl3. It forms911 white crystals,
melting at 225° and boiling at 390°. It gives an orange-red vapour, whose
density up to 500° (where dissociation sets in) corresponds to TeCl4. The
heat of evaporation is 18-4 k.cals., which gives the very high Trouton
Constant of 27-8. The parachor is 267-8 from 238° to 322°. The electrical
conductivity is that of a salt; it is 0-1145 at 236° and 0-203 at 316°.910
In spite of the high conductivity it has the solubility of a covalent
compound, being soluble in benzene and toluene, as well as in methyl and
ethyl alcohol, but not in ether. Electron diffraction of the vapour912
indicates a trigonal bipyramid with one equatorial place empty, as is to
be expected with a valency decet (2, 8); Te—Cl 2-33 A (theory 2-36),
angle C l - T e - C l 93±3°.
Its chemical properties are unlike those of the volatile chlorides of
sulphur and selenium, and more like those of, say, SbCl3. It has not a
very strong affinity for water; cold water dissolves it and precipitates
TeO2; hot water (which does not dissolve TeO2) gives a clear solution.
Hydrochloric acid dissolves it to form the same solution as is got from
TeO2 and HCl, containing H2TeO3, TeO2, HTeCl5, H2TeCl6, and possibly
an oxychloride.
TeCl4 reacts with many organic compounds, especially those containing
carbonyl groups,913 and also with dimethylaniline,914 forming first an
addition compound (Me2N<l>)2,TeCl4, and then the diaryl dichloride
(Me2N-C6H4J2TeCl2. It forms a number of addition products such as
908

C. A. A. Michaelis, Ber, 1887, 20, 1780, 2488.
A. Damiens, Ann. QUm. 1023, [9] 19, 44, 179.
010
A. Voigt and W. Biltz, Z. cmorg. QUm, 1924, 133, 297.
811
J. H. Simons, J.A,0.8. 1980, 52, 3488.
010
D, P, Stovonaon and Y, Sohomakor, lb. 1940, 62, 1267.
•» G, T. Morgan and H, D, K, Drsw, J.O J . 1914, 135, 781, 754, 760.
*u G, T. Morgan and H, Burgm, lb. 1919, 1108.
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TeOl4.2 AlCl3, TeCl4, 2 Bt2O, TeCl4, 3, and 6 NH 8 *": and also a curious
compound TeOl45SO3, which is yellow and melts at 180°. Another is
TeCl4, 2 SO3.
T E L L U R I U M AND B B O M I N E

Two compounds have been described, and probably exist, TeBr2 and
TeBr4.

Tellurium Dibromide, TeBr2
This is very like TeCl2. It forms blackish-green crystals, m. pt. 210°,
b. pt. 339°, giving a violet vapour. Measurements of the vapour density916
show that the molecule is TeBr2 up to 750°; it cannot be a mixture of
Te 2 Br 2 +Br 2 since it gives no bromine absorption bands. It is hydrolysed
by water in the same way as TeCl2, to H 3 Te0 3 +HBr+Te.
TeBr2 has been shown by electron diffraction917 to have a Br—Te—Br
angle of 98±3°; the T e - B r distance is 2-51 A (theory 2-51).

Tellurium Tetrabromide
This again is made from its elements. Dark yellow or red crystals,
m. pt. 380±6°, b. pt. 414-27° with dissociation. At 432° the vapour is
more than 90 per cent, dissociated into TeBr 2 +Br 2 ; at 600° this dissociation is practically complete; the TeBr2 does not itself break up to Te+Br 2
below I5OOO0.916
TeBr4 gives a clear solution in a little water and, on cooling, red crystals,
apparently a hydrate, separate. Much water precipitates TeO2, which is
soluble in HBr.
It forms918 an addition compound with aniline (H2N • C6H6)2,TeBr4.
T E L L U B I U M AND I O D I N E

The two elements mix in the liquid state in all proportions, but the
only certain compound is TeI 4 . The only maximum in the solid-liquid
Te—I curve919 is at TeI4, m. pt. 259°, in a sealed tube: black crystals
which begin to volatilize and dissociate at any temperature above 100°.
Insoluble in CCl4, CS2, ether, chloroform, acetic acid; slightly soluble in
acetone and ethyl and amyl alcohols. This is the only binary compound
of iodine with sulphur, selenium, or tellurium that has been isolated.
COMPLEX T E L L U R I U M H A L I D E S

Complex fluorides seem to be unknown, but the other halogens give
complex acids and salts, which are always derived from the tetrahalide,
and are of two types M[Te(hal)5] and M2[Te(hal)6]. The first kind, which
is unusual, occurs as the free acid with all three halogens: HTeCl6, 5 H2O,
M* W. Btreoker and W. Ebert, Ber. 1925, 58, 2527.
"•17 D. M. Yost and J. B. Hatcher, J.A.C,S. 1982, 54, 151.
»nn M. T. Kogars and R. A, Spurr, ib. 1947, 69, 2102.
A. Lowy and B. F. Dimbrook, ib. 1922, 44, 014.
yl
« F. M. Jticgcu' and J, B. IVtonke, Z, m%orgt OUm, 1912, 77, 320,
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yellow needles: HTeBr5, 5 H2O, orange crystals, m. pt. 20°: HTeI 6 ,8 H 2 0, 92 °
black, m. pt. 55°. They are all unstable, and readily lose halogen acid in
the air; only the chloride seems to be known to give salts. The presence
in the chloride and the bromide of an odd number of water molecules
suggests that one at least is part of the anion, which has probably the
6-covalent form [Te(hal)5, H2O]"-.
The more usual type M2Te(ImI)6 has not been obtained at all as the free
acid, but is well known in a series of salts, chlorides, bromides, and
iodides.921-*2 Of the alkaline salts the hexachlorides are yellow, the hexabromides orange to scarlet, and the hexaiodides black. They dissolve
without decomposition in a small quantity of water, but with more water
they are hydrolysed, with the precipitation of TeO2. Hence they must
be recrystallized from the halogen acid.
The alkaline hexachloro- and hexabromo-tellurites, like the selenites,
are isomorphous with the other salts M2XBr6, where X == Se, Pb, Pt, Sn,
and also with M2SiF6: so that they must have an octahedral arrangement
with a valency group of 14 (2, 12).
Halides of Sulphur 9 Selenium, and Tellurium: summary
[v. = vapour;
Type

1. = liquid;

F

s. — solid.]
Br

Cl

I

M2X2

S2F2 ? ?
Se: no
Te: no

S2Cl2 stable
Se 2 Cl 2 1.
Te:no

S 2 Br 2
Se 2 Br 2 1.
Te: no

S:no
Se: no
Te: no

MX 2

SF 2 ??
Se: no
Te: no

SCl2 less stable
SeCl2 v. only
TeCl2 v., ? s.

S:no
SeBr 2 v. only
TeBr 2 s., L, v.

S:no
Se: no
Te: no

MX 4

S:no
SeF4-I-93°
TeF 4 ? ?

SCl4 s. - 4 0 °
SeCl4 s. only
TeCl4, s., L, v.

S:no
SeBr 4 s. only
TeBr 4 s., 1.

S:no
Se: no
TeI 4 s.

MX 6

SF 6
SeF 6
TeF 6

S:no
Se: no
Te: no

S:no
Se: no
Te: no

S:no
Se: no
Te:no

920
921
922

R. Metzner, CR. 1897, 124, 1448.
H . L. Wheeler, Z. anorg. Chem. 1893, 3, 428.
A. Gutbier and F . Flury, J. pr. Chem. 1911, 83, 145.
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POLONIUM
was discovered in bismuth from pitchblende by the Curies in
1898, being the first element to be discovered by means of its radioactivity.
It was separated by W. Marckwald in 1902923 as a deposit formed on a
bismuth plate when immersed in a solution of the chloride. Recent
methods of concentration924"6 follow the original plan, and usually end
with separating the element by immersing a plate of silver (or sometimes
gold or nickel) in the solution.
Polonium is a product of the decay of radium, and is identical with
radium P. Its half-life is 138-7 days.927 It is therefore present in old
specimens of radium compounds to the extent of 1/5,000 of the radium:
1 gramme of polonium is contained in 25,000 tons of pitchblende, or in
7-5 kg. of radium more than 30 years old. It is now often got from old
radon bulbs from hospitals, usually by electrolysis onto nickel or platinum.
Other isotopes of No. 84 with their half-life periods are AcA (0-0015"),
ThA (0-14"), RaA (3-05 min.), AcC (0-005"), ThC (1(T11 sec), and RaC
(10~6 sec). Hevesy928 has tried to find an inactive isotope in tellurium
and bismuth minerals by adding a trace of polonium and concentrating
this, when any inactive 84 should have been concentrated with it; but
none was found, though 1 part in 1011 of the mineral could have been
detected. Similar fruitless searches for inactive isotopes of radioactive
elements have been made, by Aston for emanation 86, by Hahn and
Donath for radium 88, and by Hevesy for actinium 89; but since bismuth
83 has both inactive and active isotopes there seemed to be more hope of
finding an inactive 84.
Metallic polonium was obtained929 by volatilization from nickel onto
a thin collodion film; about 10~7 g. was got as a layer some 100 A thick.
This gave a good X-ray pattern like that of tellurium, each Po having
4 nearest neighbours about 3-40 A away: so that the radius of Po is 1-70 A.
The chemistry of polonium is of great interest, as it is the heaviest
member of the sulphur subgroup, but our knowledge of it is naturally
small, and much of the evidence needs careful scrutiny.
On the whole its chemical properties seem to be those which we should
expect from its position. It resembles tellurium (it was at one time called
radio-tellurium) and also to some extent its neighbour bismuth. We
should expect that the inert pah* would be more marked in polonium than
in tellurium, and accordingly that polonium would have more the character
of a quadrivalent metal. This is so: hexavalency is very rare, and the
POLONIUM

1)28

Per. 1902, 35, 2285.
I. Curie and F. Joliot, J. CHm. Phys. 1931, 28, 201; L. R. Hafstad, J. Franklin
Inst. 1936, 221, 191; M. Haissinsky, J. CHm. Phys. 1936, 33, 97.
as
» M. A. Bollier, Oaz. 1936, 66, 797.
^ D. M. Ziv, CE. Acad. ScL U.R.S.S. 1939, 25, 743.
m
A. Sanielevioi, J. Phys. Podium, 1935, [vii] 6, 73. M. A, da Silva (O.J?. 1927,
134,197) gives 140-2 days.
Ml
G. v. Hevwy and A. Guenthsr, E. cmorg. Oh§rn. 1980, 194, 181,
••• M, A, Rollick S. B. Hoiulrioki, And L, B, Maxwell, J, Chtm, Phy*. 1080» 4, 041.
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usual valency is 4, which is well marked. The resemblance to bismuth is
certain, but is much less than that to tellurium. The hexavalency is
indicated by its forming solid solutions with the tellurate K2TeO4,3 H 2 0. 930
The similarity to tellurium is shown by the value of the discharge potential,
the easy reduction of the chloride, the large hydrolysis of the chloride and
nitrate, the precipitation of the sulphide from acid solution, and the
existence of a volatile hydride. Differences from tellurium are that the
salts in acid solution are less easily reduced, that the hydroxide is insoluble
in ammonia, and that the sulphide is insoluble in solutions of alkaline
sulphides. The position of the element in relation to tellurium and bismuth
is shown by the fact928 that if alkali is added to an acid solution containing
Te, Bi, and Po, the bismuth precipitates first as hydroxide, then the
polonium, and last, just before the solution becomes neutral, the tellurium;
if still more alkali is added, the tellurium goes first into solution, then the
polonium, and lastly the bismuth.
Elementary polonium is volatile at about 1,000°; when it is made by
reduction (e.g. of the chloride with zinc) in solution, it can separate in the
colloidal state 931 ; this is a general characteristic of polonium and its
compounds.
It forms a volatile hydride, which was discovered by Paneth, and which
no doubt has the formula PoH 2 . This can be made by dissolving magnesium in a hydrochloric acid solution of polonium.032 The maximum yield
is 0-1 per cent. It can be separated from the hydrogen by condensation
in liquid air. It is very unstable even at —180°; at the ordinary temperature, when mixed with the large excess of hydrogen which comes off with
it, its time of half (chemical) decay is about 5 minutes.
The methods used for investigating the chemical properties of polonium
are either electrochemical, or they consist in finding whether its compounds (identifiable only through their radioactivity) crystallize or dissolve
with those of other elements.933"42
The electrochemical behaviour of polonium is complicated. It was
shown by Paneth 943 that like tellurium it is a true 'Zwitterelement', in
that it can be electrolytically deposited on, or dissolved off, both the
anode and the cathode. It certainly occurs in three different states. In
880

A. G. Samartzeva, CJR. Acad. ScL UM.S.S. 1941, 33, 498.
W. Marckwald, Ber. 1903, 36, 2662.
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F . Paneth, ib. 1918, 5 1 , 1704; Z. EUktrochem. 1919, 24, 298; 1920, 26, 452;
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M. Guillot, CM. 1930, 190, 127.
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non-reducing media it is present as the simple cation Po , as we should
expect; this ion has the inert pair, and so should be more stable than with
tellurium. Then in reducing solutions there is present a cation of lower
valency, probably 2; if so it is suggested by Joliot944 that the ion is the
'polonyl' ion [O=Po] + + , which seems very probable in view of the
commonness of these 'yl' ions among the heavier B elements. The third
state of the polonium is as the divalent anion, probably that of polonious
acid H2PoO3, or perhaps sometimes the simple anion of the polonides, Po .
With the chemical evidence, there is the difficulty that the polonium
compounds can never be obtained in quantity, and so they cannot be
analysed. The assumption that if a polonium salt will come down with
the same salt of another metal, the polonium must have the same valency
as the other metal is not always true. There are many cases940 where
two compounds precipitate together without being of the same valency
type: thus ThB(Pb) separates with silver chromate945 and with alkaline
sulphates,946 and lead with alkaline halides.947 One characteristic of the
polonium compounds, which is unusual among radioactive elements
though it is to be expected here, is that so many of them are not ionized.
As we should expect, polonium forms a polonide like a telluride, and
Na2Po forms mixed crystals with Na 2 Te; in the same way it forms
di-eovalent derivatives (like telluro-ethers) such as the dibenzyl compound
Po(CH2-C6H5)2, which crystallizes with its Te analogue.
It also forms an interesting non-ionized dithiocarbamate, obtained from
the sodium salt [Na](S-CS-NR2).933'937 This separates along with the
dithiocarbamates of heavy metals such as Bi m , Com, or NiM, and can be
recrystallized with them from chloroform.
Polonium hydroxide dissolves in acetyl-acetone to give a product soluble
in benzene, obviously the covalent acetylacetonate. If this is recrystallized
along with a mixture of the acetylacetonates of thorium and aluminium
ThA4 and AlA3, the activity goes with the thorium and not with the
aluminium,941 so that we may presume that the polonium is quadri- and
not trivalent.
Polonium may also form a carbonyl, as the metal is found to be more
volatile in CO than in nitrogen935*948; the only carbonyl with an inert gas
number of electrons would, however, be Po«-C=0.
944
945
946
947
948

F . Joliot, CE. 1929, 189, 986.
B . Mumbrauer, Z. physikal. Ohem. 1933, 163, 142.
O. Hahn, Naturwiss. 1926, 14, 1197.
H . Kading, Z. physikal. Chem. 1932, 162, 174.
M. Lecoin, J . QUm. Phys. 1931, 28, 411.
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HIS subgroup consists of chromium, molybdenum, tungsten, and
uranium, to which the 'uranide' elements, neptunium, plutonium,
americium, and curium (which might be assigned to any Group from TIT
to VI) must now be added. Some of their properties are:

Abundance in g./ton
Radius of atom
M. pt
B. pt

.

Cr

Mo

W

I/

200
1-25
1,800°
2,660°

15
1-36
2,622°
5,690°a

69
1-37
3,380°
4,830°

4
1-49 A
1,150°

a =

04

».

Since this is the sixth group, the resemblance of the A compounds to
those of the B (sulphur) subgroup should be confined to the hexavalent
derivatives, such as the chromates and molybdates, which should resemble
the sulphates and selenates, as in fact they do. As we descend the series
from chromium to molybdenum we should expect that (1) the lower
valencies would become less stable, and (2) in any given valency the
tendency to ionize would become less. This is the opposite to the behaviour
in the B subgroup, and also to the simple covalency rules, which require
that as the cation gets larger its tendency to ionize should increase. The
general effect of both tendencies (1) and (2) is that as the atomic weight
rises, these A elements ionize far less, and so become less metallic in
character, whereas, as we have seen, in the B subgroups they become
more metallic with rise of atomic weight.
We should also expect that especially in the oxy-compounds with the
group valency (as in the acids H2XO4) there would be an increasing
formation of condensed and ultimately colloidal acids; this happens in
the B subgroups too, but to a less extent.
The actual facts bear out these expectations on the whole, especially in
the series Cr-Mo—W, where we find, as usual, that molybdenum comes
much nearer to tungsten than to chromium; but uranium in many respects
does not fall into the series; in some ways it is more like chromium than
like molybdenum or tungsten, and in others it is unlike any other member
of the subgroup.
The valency of 6 is the highest for all these elements; it is also the
stablest for molybdenum and tungsten, but for chromium it is the trivalency that is the most stable, while with uranium there is a special
valency of 4, which is nearly as stable as 6, This behaviour of chromium
049
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is noticeable: a certain instability in the higher valencies is characteristic
of the period to which chromium belongs, and is shown by vanadium,
arsenic, selenium, and bromine. Thus chromium alone of the elements of
Group VI (except oxygen, which being in the first period cannot do so)
forms no hexahalide, not even a hexafluoride.
In the oxy-acids H 2 XO 4 these elements all show a stronger tendency
than those of VI B to condense: even with chromium this occurs readily,
not only to the dichromates M2Cr2O7, but also to the tri- and even to the
tetrachromates M2Cr4O18. The molybdates and tungstates go much
further, forming the highly condensed polyacids and hetero-poly-acids:
in the latter we have one residue of another acid, such as boric or phosphoric, associated usually with 6, 9, or 12 units of a second acid, and this
second acid is always molybdic or tungstic. With uranium the tendency
is much smaller, but even the uranates are most frequently of the type
M2U2O7, corresponding to the dichromates, or the pyrosulphates.
The acidity of the H2XO4 acids falls off rapidly in the order
Cr>Mo>W>U:
H2UO4, or UO2(OH)2, is amphoteric, but is a very weak acid and quite a
strong base, giving the stable uranyl salts [UO2]X2.
The increasing instability of the lower states of valency with rise of
atomic weight is shown by the table below, in which single brackets
indicate that the state rarely occurs, and double brackets that it is
doubtful whether it occurs at all, while the more stable forms are underlined.
Cr
Mo
W
U

VI

YI
YI
YI

(V)
V
V
V

((IV))
IV
IV

IY

III
in
(HI)
III

II
(II)
(II)
(II)

The second tendency, the decrease in ionization in any particular
valency with increase of atomic weight, is equally clearly shown; chromium
in fully ionized in the tri- and divalent states: molybdenum and tungsten
never form simple cations at all, and uranium does so only in the tetravalent state which is quite peculiar.
Of the lower hydroxides, U(OH)4 is only basic: Cr(OH)3 is amphoteric
but mainly basic; and it is particularly to be noticed, as being opposed
Lo expectation (2) above (i.e. that ionization diminishes as atomic number
Increases), that while CrO2Cl2 is obviously covalent (b. pt. 116-7°) UO2Cl2
Ia m obviously a salt.
Chromium is remarkable for its enormous power in the trivalent state
of forming complexes, which are practically all 6-fold? and the majority
(M with cobalt and platinum) linked through nitrogen; in this it is
•tquaHed by a few elements*, such as cobalt and platinum, but exceeded
by none, Molybdenum and tungsten also form complexes, but nearly all
of theit are derived from their hoxavalent derivatives
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of the peculiarities of this element remain to be noticed. There is
a remarkable absence of compounds with a higher covalency than 4: they
seem to be confined to the complex derivatives of trivalent chromium,
which have a covalency of 6, and a few compounds in which the chromium
is joined to carbon, the carbonyl Cr(CO)6, and perhaps some of the very
peculiar chromium phenyl compounds. This absence of the higher valencies is common in the first long period.
Again hexavalent chromium like selenium has the power of oxidizing
organic compounds to aldehydes, and no further, as in the lStard reaction.
In general the valencies exhibited by chromium are: VI, which is very
stable; V, fairly certain, but unstable and rare; IV, probably non-existent
unless in the chromium phenyl compounds which seem to break all valency
rules; III, the most stable of all; II, quite definite but very unstable;
(I, very improbable) 0 in the carbonyl compound Cr(CO)0, since all the
linking electrons here are provided by the CO groups.
Chromium was discovered by Vauquelin in 1797.060 Its chief ore is
chrome iron-stone, FeO, Cr2O8. I t sometimes replaces aluminium in
minerals, as in the spinels M*pMf''02]2: Peruvian emerald is beryl coloured
by chromium, which replaces aluminium.
SOME

Metallic Chromium
This can be obtained as an alloy with iron by reducing chrome ironstone with carbon. To get the pure metal it must be reduced by GoldSchmidt's thermite process with aluminium
Cr2O3 + 2 Al = Al2O3 + 2 Cr + 109 k.cals.
An alternative method much used nowadays is the electrolytic. Chromium
is dimorphic. A hexagonal form can be made by electrolysis of chromic
acid solutions; the Cr—Cr distance is 2*72 A (theory 2-50); at 800° it
reverts to the cubic form.951"2 It is a hard metal953 of a brilliant white
colour with a tinge of blue: m. pt. 1,800°, b. pt. ca. 2,660°. It is chemically
very resistant; it is stable in air in the cold; on heating it combines with
the halogens, sulphur, carbon, nitrogen, silicon, boron, and various metals.
It is soluble in dilute hydrochloric or sulphuric acid, but in nitric acid
shows passivity in a more remarkable degree than any other metal.
In the active state the potential of Cr in contact with a solution of Cr"
is —0-56 volt, so that it comes between zinc and iron, and will precipitate
many metals, such as copper, zinc, and nickel from solutions of their salts.
In the extreme passive state its potential is +1-2 volts. Also while active
chromium dissolves as the chromous ion Cr++, passive does so as the
960
961
M8
191

Ann. CMm. 1708, [i] 25, 21, 194; 1800, [i] 70, 70.
A. J. Bradley and E, F. Ollard, Nature, 1026, 117, 122.
L. Wright, H. Hurst, and J. Biley, Tram, Far. Soc. 1085, 31, 1253.
If chromium powdef Ii degassed at 1,800° it becomes ductile when heated:
W, KrolJ, £, anorg, Chom, 19Sl1 326, 98,
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chromate ion OO4 ~. A result of this passivity is the curious periodic
fluctuations of the rate of evolution of hydrogen from chromium dissolving
in acids954; the period, which is of the order of 5 minutes, depends on the
acid and on the catalysts present. The most probable explanation of the
passivity is the formation of a superficial layer of oxygen.
Metallic chromium is used (1) for making chromium steels, which are
very hard, and are used especially for ball bearings; the amount of carbon
in them must be very small, and so the chromium is usually made by the
thermite process. (2) Of recent years chromium has been much used as
a protective layer on metal fittings. The difficulty that the hydrogen
evolved at the high voltage required gets between the chromium layer and
the metal on which it is being deposited and makes the chromium tend
to split off, has been largely overcome by using for the electrolysis a
solution of a chromic salt containing also a chromate, which is reduced by
the hydrogen and so absorbs it.955

Chromium and Hydrogen
Chromium prepared electrolytically can contain a considerable amount
of hydrogen, apparently as a supersaturated solution; at 60° most of it is
suddenly and irreversibly given off. The hydrogen does not change the
form of the metallic lattice, but it enlarges it (Hiittig, 1925). Claims956
that a definite hydride can be obtained have not been confirmed.

Chromium and Carbon
Chromium Carbide
Various carbides of chromium of different composition have been prepared 957 ; the most definite appears to be Cr3C2.958 In this each carbon
atom has 6 chromium atoms 2-02 to 2-07 A away (theory for Cr—C 2-02)
at the points of a trigonal prism. The carbon is 1*665 A from its neighbouring carbon atoms on each side (theory for C—C 1-54), so that the
carbons form a continuous slightly stretched chain. Cr7C3 and Cr4C have
also been made; for the stabilities and heats of formation of the carbides
woe reference 959.
Chromium Phenyl Compounds
Hein and his collaborators have described960 a remarkable series of
ciompounds with 3, 4, and 5 phenyl groups attached to the chromium.
mi
045

W. Ostwald, Z. physikal. Chem. 1900, 35, 33, 204; E. Brauer, ib. 1901, 38, 441.
See, for example, I. Stscherbakov and O. Essin, Z. Elektrochem. 1927, 33, 245;
M,111Liebreich, ib. 1928, 34» 41.
T, Weichselfelder and B. Thiede, Ann. 1926, 447, 64.
ft •"
O. Euf£ and T. Foehr, Z. anorg. Chem. 1918, 104, 27.
•ms* A. F. Wells, S.I.C. 456.
K, K. Kelley, F. S. Boerioke, G. E. Moore, E. H. Huffman, and W. M. Bangert,
t/,5, Bur. Mines Techn. Paper, 662, 1944.
»«« (i) F, Hein, J3#f, 1919, 52, 195; (ii) Id., ib, 1921, 54, 1905j (U) lb. £708;
(Iv) Ib, 2727, (v) F, HaIn and 0, Sohwarbzkopff, ib, 1924, 57, Si (vi) F. HtIn and
1. W. l i i i w , ib. 19Si159,162 j (vii) F, Hate, J. Baiohka, and F. Pintua, ib, 1017,60,
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They find that certain chromium halides react with phenyl magnesium
bromide to give halides of the bases <D3CrOH, O4CrOH, and O5CrOH—i.e.
with tetra-, penta-, and hexavalent chromium; these hydroxides and a
variety of their salts are described.
The evidence for many of their conclusions is not strong. In particular
it is curious that the hydroxides and many of their salts have the same
colour, that of a dichromate, in spite of the apparent changes of valency.
This difficulty is emphasized by the only independent examination of
these compounds that has been published, that of Klemm and Neuber961;
they measured the paramagnetism of ten compounds which according to
Hein have 5, 4, and 3 phenyl groups on the chromium, whose existence
and composition they confirmed; these are all found to have within 5 per
cent, a moment of 1-73 Bohr magnetons, and so presumably contain
pentavalent chromium. The structures which Klemm and Neuber suggest
on this basis are not very satisfactory, but the facts are at present too
uncertain for a detailed discussion.
Hein962 has acknowledged Klemm and Neuber's paper, but has so far
thrown no further light on the subject.
Chromium and

Nitrogen

Above 800° chromium absorbs nitrogen up to about 14 per cent. (Cr2N);
the curves963"4 are very like those of palladium and hydrogen, and indicate
the separation of a solid phase CrN, which is a violet-black powder with
no metallic glance.
Another nitride Cr3N has been described,965 as a green amorphous
powder very resistant to acids. See also reference 966.

Chromium and Phosphorus
A phase rule and X-ray examination of the system chromium+phosphorus from the chromium end up to CrP indicates967 that only two
compounds are formed, Cr8P, isomorphous with Pe 3 P, and CrP, which is
isomorphous with MnP, and has very nearly a nickel arsenide lattice.
679; (viii) Id., ib. 749; (ix) F . Hein and F . Pintus, ib. 2388; (x) F . Hein, O. Schwartzkopff, K. Hoyer, K. Klar, E. W. Eissner, and W. CIauss, ib. 1928, 6 1 , 730; (xi) F .
Hein and E. Markert, ib. 2255; (xii) F. Hein, O. Schwartzkopfii, K. Hoyer, K. Klar,
E. W. Eissner, W. CIauss, and W. Just, ib. 1929, 62, 1151; (xiii) F . Hein, J . praJcL
Chem. 1931, [ii] 132, 59; (xiv) F . Hein and W. Retter, Z. physikal Chem. 1931,
156, 81.
»61 W. Klemm and A. Neuber, Z. anorg. Chem. 1936, 227, 261.
862
F . Hein, ib. 272.
903
G. Valensi, J. CUm. Phys. 1929, 26, 152, 202.
QU
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G. Tammann, Z. anorg. Chem. 1930, 188, 396.
H. ter Meulen, Bee Trav. 1938, 57, 591.
L. Duparo, P. Wanger, and W, Sohuisete, HeIv, Ohm, Aota, 1930, 13, 917,
H. Nowotny and 1, Hongloin, Z. morg. Oh$m, 19SS, 339, 14.
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is the most stable valency of chromium next to that of 3, and occurs
in the chromic and polychromic acids, in the trioxide, and in some (not
binary) halogen derivatives.
The chromates are important commercially for various purposes; they
are made by oxidizing chrome iron-stone with air in the presence of alkali,
some lime being added to keep the mass porous.
THIS

Chromium
Trioxide
A strong solution of potassium dichromate (or the much more soluble
sodium salt) is treated with excess of strong sulphuric acid, and the
trioxide, which is only slightly soluble in the concentrated acid, crystallizes
out; it is then washed free from sulphuric acid by means of nitric acid,
which must not contain any oxides of nitrogen, as they would reduce the
CrO 3 ; the HlSTO3 can then be removed by warming. If necessary, the
CrO 3 can be recrystallized from a small quantity of water.
Chromium trioxide forms bright red needles, which melt at 197°, and
a little above t h a t temperature begin to emit red vapours. At higher
temperatures the trioxide loses oxygen (even the aqueous solution is said 968
to evolve oxygen on boiling), and is converted into various mixtures or
compounds of CrO 3 and Cr 2 O 3 : thus at 500° the product has the composition 2 CrO 3 , Cr 2 O 3 ; it is difficult by heat alone to reduce the oxygen content
down to t h a t of Cr 2 O 3 .
Chromium trioxide is excessively soluble in water; at the ('record')
cryohydric point of —155° the solution contains 60-5 per cent.
CrO 3 . 969
Chromium trioxide is a violent oxidizing agent, especially for organic
substances, being reduced to the green Cr 2 O 3 ; but it can be boiled with
acetic acid without change. I t reacts with sulphur trioxide to give chromic
oxide Cr 2 O 3 and oxygen; for the kinetics of this, see reference 97 °.
Chromyl Fluoride, C r O 2 F 2
This is formed in small yield when a mixture of calcium fluoride and
lead chromate is treated with sulphuric, or better with fluorosulphonic
acid. Efforts to purify it 9 7 1 failed until lately, when v. Wartenberg 972
nhowed t h a t it is a brown gas condensing to a brown solid (v.p. 24 mm.
at 0°), which slowly changes to a white solid not volatile below 200°, and
apparently a polymer. The absorption spectrum of the gas is remarkably
like t h a t of chromyl chloride CrO 2 Cl 2 . 973
008

N, D. Birjukov, J. Gen. Ohem. Ruaa. 1940, 10, 042.
E. H. Bttohner and A. Prkis, Z. physikal Ohem. 1918» 81, 118,
070
H. C. S. Snethlag©, Bee Trav. 1986, 55, 712.
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0. BuIE and H. J. Braun, Bw. 1914, 47, 868,
" • H. v. Wartsnbsrg, Z, anorg. Ohm,. 1041, 247, 185.
• " K. H. HiUwSfS1 Z, Phy§, 1041, 117, 598,
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Chromyl Chloride, CrO 2 Cl 2
This can be made by the action of gaseous hydrogen chloride on dry
CrO33 or better by acting with concentrated H2SO4 on a mixture of di~
chromate and chloride.
Chromyl chloride is deep-red as solid, liquid, and vapour. It melts at
—96-5°, and boils at 116'7°; the molecular weight in the vapour is normal;
in solution974 it is normal in POCl3 and slightly associated in acetic acid.
It is fairly stable in the dark, but in the light, or if heated, it decomposes,
giving various complicated products. It is miscible with CCl4, CS2, and
chloroform. It oxidizes organic compounds, often violently, but if it is
diluted with CS2 or chloroform it does so quietly, and in such solutions it
forms with homologues of benzene addition-compounds of unknown structure which, when treated with water, break up into chromic salts and the
aldehyde or ketone (lStard reaction); for example, benzaldehyde is formed
from toluene; compare the action of SeO2 in producing aldehydes.
All attempts to make chromyl bromide or iodide have failed, obviously
because the oxidizing power of the Crvl is too great. Chromyl chloride can
therefore be used as a test for chlorine: if the halogen compound (which
must be free from fluorine) is heated with dichromate and strong sulphuric
acid, and the vapour collected in alkali, then, if any chlorine is present,
chromium will be found to have come over.

Chromic Acid
Chromic acid cannot be isolated, but is readily obtained in solution.
This solution certainly contains the ions CrOi', HCrO4, and Cr2O?, but
we have no means of determining their amounts. Even the change of
colour which obviously accompanies the change of the first kind of ion
into the other two, is of little use. The absorption curves of the chromate
and dichromate are very nearly the same, except that the absorption of
the dichromate is rather more intense.975 Endredy976 finds that conductivity, molecular volume, and absorption all support the view that in an
aqueous solution of the trioxide or a dichromate there is an equilibrium
between Cr2O? ions with a mobility of 62-3/20°, and HCrO4 ions, mobility
49-5/20°; Vigdorov and Taratzujan977 confirm this.
Chromates
All the metallic chromates except those of the alkalies and the fighter
alkaline earths are insoluble in water. These are some solubilities of normal
chromates (g./100 g. water):
Boir .
At 0C.

Na

K

Cs

Mg

Ca

Sr

Ba

76*6
20°

62-9
20°

41
30°

72
18°

2-3
19°

0123
15°

0-00035
18°

' " B. MOIM and L. Gomez, Z. phyaikd. Ohtm, 1912, 80, 818; 1915, 90, 594.
•" B. Vitirbl and O. Krauw, Qcm. 1987, 57, 690.
»" B. Bndndy, Ung. Ahed. Wiu. 1986, 04, 459.
*" I. Vigdorov cod S. Twvtaujwi, J, Appl Ohtm, Run. 198S, 11,719.
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Na2CrO4, K2CrO4, Cs2CrO4 are all exactly isomorphous with K2SO4 and
Cs2SO4.978 The sodium and potassium chromates and sulphates form a
limited range of solid solutions.979 The hexa- and deca-hydrates of
ISTa2CrO4 form mixed crystals with the corresponding sulphates.980
Sodium chromate forms at least three hydrates:
20°

26°

63°

10H2O S = * 6H2O S = * 4H2O s = * Anhydr.
Lead chromate is trimorphic.981
Dichromates and Polychromates
Salts are known containing not only two but three and even four CrO3
groups to two equivalents of metal, but only the dichromates M2Cr2O7
are of any great importance.
The absorption in the visible of solid potassium dichromate at 20° K.
has been found982 to give 20 sharp lines and 30 diffuse.
The solubilities of the sodium and potassium dichromates differ greatly:
they are at 20°, Na 180, K 12-7. Na2Cr2O7 gives only a dihydrate, and the
cryohydric point is —48°.98a Potassium dichromate is 20 times as soluble
in water at 100° as at 0°. The dichromates of other elements are mostly
(unlike the chromates) very soluble in water, for example, those of Mg, Ca,
Sr, and Ba: the silver salt Ag2Cr2O7 is one of the least soluble. In a solution ,
of a chromate or a dichromate there is equihbrium between the CrO4 and
Cr2O7 ions, and so if BaCl2 is added to a neutral dichromate solution,
BaCrO4 crystallizes out.
The chromates and dichromates are much used technically, as oxidizing
agents in organic chemistry, in tanning, and in hardening gelatine for
photographic reproduction.
Halochromates
Fluorochromic acid HCrO3F is not known in the free state, but its salts
can be prepared by boiling a dichromate solution with excess of HF. If
this boiling is really necessary, there must be a true chemical change taking
place, confirming that the fluorochromate is a true complex and not
merely a double salt.
The crystal structures of KCrO3F and CsCrO3F are984 of the scheelite
(CaWO4) type, with tetrahedral anions. The salts (like the chlorochromates)
are very readily hydrolysed by water, and accordingly they attack glass.
078
070
980
181
618

J. J. Millar, Z. Krist. 1936, 94, 131; 1938, 99, 32.
8. Z, Makarov and L G. Drushinin, Bull Ahad. &cL UMJSJS. 1937, 1921.
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Here again, the free acid is unknown (like H2CrO4 itself). The chlorochromates, and perhaps the bromo- and iodochromates, are obtained by
boiling a dichromate solution with the halogen acid. Potassium chlorochromate KCrO3Cl is an orange salt, looking extraordinarily like azobenzene (KCrO3F is ruby-red). The bromo-compound KCrO3Br is said to
be dark brown and the iodo-compound KCrO3I garnet-red: it is difficult,
however, to believe that the Crvl could coexist with the iodide group.
The chlorochromates are hydrolysed by water, but they can be recrystallized from dilute hydrochloric acid.

Perchromic Compounds
Many oxidized compounds react with hydrogen peroxide to replace
oxygen atoms by O2 groups. Among these the chromate derivatives are
remarkable, especially for their brilliant colours. They are now realized
to be of two kinds, binary peroxides, and perchromic acids or salts. The
more important types are four, the first and last being peroxides, and the
other two salts.
1. Acidic solutions of chromates on treatment with hydrogen peroxide
give blue CrO5 (formerly thought to be HCrO5), which is soluble in, and
stabilized by, ether. The blue solid formed when chromium trioxide is
treated with a solution of hydrogen peroxide in methyl ether at —80°
(supposed986 to be the acid H2CrO5, 2 H2O) is really986 (CH3)20, CrO6; it
explodes at —30°. CrO5 also combines with pyridine and other organic
bases to give co-ordination compounds, such as py, CrO5, which is insoluble
in water but soluble in organic solvents, and is monomeric in benzene,
nitrobenzene, and bromoform.987"8 With alkalies it forms no salt at all,
but is at once decomposed. By its reactions with dilute acids, with silver
nitrate, and with permanganate, Schwarz and Giese987 showed from the
amount of 'available oxygen' that the parent compound must be CrO5
and not HCrO5. The number of O2 groups present in these compounds is
found from their power of reducing permanganate with evolution of
oxygen, which is quantitative in presence of a trace of molybdate987"8;
there are two O2 groups in CrO5. The pyridine complex has a paramagnetic
moment,989 but so small (160-330 X 10~6 c.g.s. units: theory for one unpaired
electron 1300) that we may assume that it is due to chromic impurities,
and that the pure compound is diamagnetic, with hexavalent chromium,
the formulae being such as
O = C r / 2 or O ^ C / * *: ^ C r ^ \
N)1
X)2
O^
M)2
••» B. H. Riesenfeld and W. Mau, Ber. 1914, 47, 548.
186
R, Sohwara and Q. Mitner, ib, 1986, 69, 575.
Ilf
B, Sohwarz and H, Obit, ib. 1982, 65, 871.
"• Id., lb. 1988, 66, 810.
••• W, Klemm and H. W«rth, £. anorg, Oh$m> 1988, 316, 127.
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/O
The peroxide CrO2 group is often written CrC I, but this is improbable
on account of the strain: it should be formulated as Cr->0~>0 or
Cr=0~>0.
2. MCrO6. If the ethereal solution of CrO5 is treated with alkaline
hydrogen peroxide in alcohol, or if 30 per cent, hydrogen peroxide and
a potassium salt are added to ice-cold ammonium dichromate, blue salts
of the composition KCrO6, H2O are obtained; the extra oxygen cannot be
present as H2O2 of crystallization, since an anhydrous thallous salt TICrO6
can be made, which has a similar behaviour.988 The compound has 2-5 O2
groups per Cr, and is diamagnetic989; hence the chromium must be
hexavalent and the molecule dimeric, as in
O2

O2

M, 0—Cr-0—0—Cr -O
0.

0.

3. M3CrO8, which is red, is formed by the action on a chromate of a
more strongly alkaline H2O2 solution than is needed to make the previous
salt M2Cr2O12.989*991"2 The blue salts are more easily formed and decomposed than the red. This red salt has 3-5 O2 groups per Cr, which need
not mean that it is dimeric: it could have the structure
Kr

0 2 \ vyrOg
)Cr(

o / N)2.
with pentavalent chromium. The conductivities and freezing-points of
aqueous solutions of the ammonium salt support the monomeric formula.993
One would think that the pentavalent state, which is rare and so
presumably unstable with chromium, could not possibly exist in conjunction with so powerful an oxidizing group as —O—O—•. There are,
however, two arguments in its favour, the paramagnetism and the crystal
structure. The red salt K3CrO8 (the monomeric formulae are used for
simplicity) has been shown989*994 to have the paramagnetic moment
required for pentavalent chromium; the peroxide groups will not affect
the moment, since [Zn(NHg)6]MoO8 is diamagnetic, as is required for
hexavalent molybdenum.
Again, the red M3CrO8 salts are isomorphous with the pervanadates,988
and they have the same crystal lattice as the perniobates and pertantalates
080 B. H. Biesenfeld, H. E. Wohlers, W. A. Kutsoh, and H. OhI1 Ber. 1005, 38,
ISSS
3578 j Biesenfeld, ib. 4068; 1908, 41, 2826, 3536, 3941.
1111
E. H. Biesenfeld, Z, anorg. Chem. 1912, 74, 48.
••• B. Spitataky, JSter. 1010, 43, 8187.
••• 1 . H. Rioflonfeld, ib. 1908, 4I 1 8941.
••« B. T. Tjabbn, §, anorg. Ohm, 1988, 310, 885.
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(M3AO8) (with 0—0 1-34, theory 1-32). These Group V peracids have
only one pentavalent atom in the molecule, and so we should infer that
the same must be true of the perchromates.
The peroxide CrO5 is known to be monomerie in its pyridine compound,
which can be written
py->Cr->0->0
\0~>0
or in other ways, with the chromium hexavalent.
4. A fourth type of compound is formed when the mixture used for
preparing (NH4)3Cr08 (3) is heated and then cooled; brown CrO4, 3NH 3
separates out. This gives a brown solution in water which liberates
hydrogen peroxide with acids, and with potassium cyanide gives a brown
compound CrO4, 3 KCN.990 These complexes can be formulated with
hexavalent chromium as

d,-

O
NH8^
NCK. f
NH3-£Cr->0->0 and K* NC-4Cr->0-»0
NC/J*
996
Bhatnagar, however, finds
that the former complex has the paramagnetic moment of two unpaired electrons, and so concludes that the
chromium is tetravalent, as in
NH 3 ~|c<
P E N T A V A L E N T CHROMIUM
As we have seen, pentavalent chromium compounds occur probably
among the chromium phenyl compounds of Hein (p. 1001), and possibly
among the perchromates just described. Apart from these they have only
been isolated in one or two types of compounds.
The fluoride CrF5 has been obtained997 as a red fairly volatile solid,
which is instantly hydrolysed by water to compounds of hexavalent and
trivalent chromium.
A small number of pentavalent chromium complexes have been prepared by Weinland.998"9 Chromium trioxide is reduced by very concentrated hydrochloric acid at 0°, and complexes derived from CrvOCl3 are
formed. They are of the types M2[CrOCl5], where M = K, Rb, Cs, NH 4 :
the Cs salt forms mixed crystals with the niobium salt Cs2[NbOCl5].
They are garnet-red in colour. Another series M[CrOCl4] (M = pyridine,
»95
990
067
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quinoline, H), which are orange-yellow, were obtained in a similar way
by Meyer and Best in acetic acid.1000
Recently Wagner has shown1001 that the kinetics of the oxidation of
ferrous salts by chromic acid support the view of Luther1002 that there is
an, intermediate pentavalent state of chromium. He also finds that chromic
acid liberates no iodine from potassium iodide in presence of sodium
bicarbonate, but does so if the chromic acid is engaged in oxidizing oxalic
acid in presence of potassium iodide. There must therefore be some
intermediate product in this oxidation which can oxidize hydriodic acid.
Tests for hydrogen peroxide and percarbonates gave negative results.
T E T R A V A L E N T CHROMIUM
THIS is a very unusual valency for chromium, v. Wartenberg has prepared the tetrafluoride CrF4, which is a brown amorphous solid of v.p.
3 mm./220°, giving a blue vapour with a characteristic spectrum; it is at
once hydrolysed by water to Crm and Crvi.1003~4 He has also shown1005
that a gaseous tetrachloride CrCl4 is formed when the trichloride and
chlorine react at 600-700°, and can be condensed out by rapid cooling
with solid CO2; it begins to decompose to CrCl3 at —80°.
Manchot has shown1006 that if dry chromic hydroxide Cr(OH)8 is heated
in oxygen to 300-400°, oxygen is absorbed and a black powder is left,
which, on the not quite certain assumption that the residue on ignition
has the composition Cr2O8, analyses nearly for CrO2. It is, however, quite
possible that this is a basic chromate such as CrO8, Cr2O8. There is also
the possibility that tetravalent chromium may occur among the chromium
phenyl compounds.
T R I V A L E N T CHROMIUM
is the stablest form of the element. It exists as the trivalent cation,
which is characterized by its strong tendency to form 6-covalent complexes by co-ordination; the simple ion in water is undoubtedly coordinated with the solvent as [Cr(OH2)6]+++, which is violet in colour, as
are the normal salts of the type [Cr(OH2)6]X8, where the anion may be F,
01, Br, I, ClO8, BrO 8 , SO4, S2O5, NO 8 , PO4, etc.; but there are other salts,
and some with the anions mentioned above, which occur in an isomeric
green form, in which the acid radical is not wholly ionized.1007
Apart from this tendency to co-ordination, which is as marked as in
any other known element and extends to all kinds of addenda, but is
THIS
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especially strong with nitrogen compounds, particularly amines, the
chromic salts show a strong resemblance to those of aluminium, and also
to the trivalent states of vanadium and titanium, and above all to trivalent
cobalt, though this has three more electrons. They form alums, and are
considerably hydrolysed in solution. Chromium sesquioxide Cr2O3 is
isomorphous with corundum Al2O3, and can replace Al2O3 in the spinels:
this is largely because the Cr'" ion (radius 0-65) is little smaller than the
AF" ion (0-83 A). Like practically all the compounds of chromium the
trivalent are strongly coloured, Cr2O3 dark green, Cr2S3 black, CrCl3 redviolet.
The chromic salts are widely used as mordants, like the ferric and
aluminium salts.

Chromium Sesquioxide, Cr2O3
This is a green insoluble crystalline substance, isomorphous with corundum, which can be made by reducing chromates (for example with SO2),
by heating dichromates with sodium chloride, or by heating ammonium
dichromate alone. When it is made by heating the hydroxide Cr(OH)3 it
is observed that as the last traces of water go off, the solid suddenly
glows; the X-ray diagram shows (B6hm) that this is due to the heat
evolved (23 k.cals. per Cr2O3) when the lattice of the sesquioxide is formed
from the amorphous material.
Cr2O3 is much used as a pigment. Various mixed oxides, such as
2 CrO, Cr2O3 are known, and can be made by the electrolysis of mixtures
of chromous and chromic salts (Bunsen).

Chromic Hydroxide, Cr(OH)3
This is made by precipitating a chromic solution with alkali. The green
precipitate has no definite composition, and is no doubt colloidal: on
standing it becomes less soluble in acids. Various different forms have
been described,1008 but their individuality is very doubtful.
The hydroxide is amphoteric; it forms salts with acids which are highly
hydrolysed in water, and also salts with alkalies, the chromites, which are
likewise highly hydrolysed.
The salts with acids are described later. The chromites can be got in
two ways, either by fusion of the oxides, when they are crystalline, or by
the solution of Cr(OH)3 in aqueous alkali: the solubility of the hydroxide
in the alkaline solution is then evidence that an alkaline salt is formed,
but the solids which separate are usually gelatinous and colloidal. SoMd
phases of definite composition can, however, be got,1009 such as Na3[Cr(OH)6]
and the corresponding Sr and Ba salts, and Na5[Cr(OH)8], 4 H2O.
If the aqueous solution is concentrated, the salts though no doubt
i008

G. Jander and W. Soheele, Z. anorg. Ohem. 1932, 206, 241 j A. Hantzsoh and
E. Torke, ib. 209, 60.
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hydrolysed are stable, but on dilution with alkali a colloidal mass separates,
and on dilution with water the hydroxide Cr(OH)3 is precipitated.
Chromic Sulphide, Cr 2 S 3
This can be made by various high temperature reactions, but not as a
rule (see, however, ref. 101°) from aqueous solution; thus it is formed by
the action of hydrogen sulphide on the hydroxide or chloride, or of sulphur
on the oxide chloride o? metal. It is green or black according to the state
of division ; it is paramagnetic1011; it burns in the air to the oxide or basic
sulphate, but is very resistant to acids in the cold, being attacked only
by nitric acid and aqua regia.
Chromic Fluoride, CrF 3
The anhydrous compound can be made from the sesquioxide and HF,
or by passing HCl gas over a mixture of Cr2O3 and CaF2 at a red heat:
it is a green solid of very high melting-point, which sublimes at about
1,200°. It is isomorphous with AlF3.1012
Chromic fluoride is remarkable for forming 5 (perhaps 6) violet or green
hydrates. Werner1013 has prepared 4, with 9, 6, 7/2 (in two forms), and
3 molecules of water to which he assigns formulae as follows.
(1) 6 aq.: [Cr(OHg)6]F3: this is a violet salt, only slightly soluble in water,
made by the action of KF on the violet nitrate; its formula is established
by its giving the corresponding sulphate with H2SO4. On standing in
moist air or in contact with its solution it takes up more water to form
(2) CrF3, 9 H2O, probably [Cr(OH2)6](F • OH 2 ) 3 : (it is doubtful whether the
F " anion can really be hydrated) this loses its extra 3 H2O very easily.
(3) CrF3, 3 H2O = [Cr(OH2)6](CrF6), a green salt, made by heating the
hexahydrate (1) for a long time with water; its constitution is shown by
the fact that it is formed from [Cr(OH2)6]Cl3+(NH4)3[CrF6]: it is thus
obtained first as the (4) 7/2 hydrate, really [Cr(OH2)6](CrF6)H20, the last
H2O being easily removed. The second isomeric hepta-hydrate (CrF3)2,
7 H2O was made by Poulenc1014 by precipitating a solution of CrF 3 with
alcohol. This is also green, but quite different from the first isomer. It
may be written [CrF3(OH2)3]2, H2O. It is easily soluble in water, but the
solution gives no reaction for fluorine ions; it behaves as an acid, and has
an acid reaction like the hydrate of platinic chloride.
Chromic Chloride, CrCl 3
This can be made in the anhydrous state by passing chlorine at a high
temperature over the metal, or over chromic oxide+carbon. It forms
Att
*°
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reddish-violet ( peach blossom') leaflets, which sublime at a red heat in
chlorine, and, if heated alone, break up partly into chlorine and chromous
chloride. If heated in air it gives the sesquioxide Cr2O8.
Anhydrous chromic chloride is quite insoluble in cold water, alcohol,
acetone, or ether. But in presence of a trace of chromous chloride it
dissolves readily in water, a soluble hydrated salt crystallizing out. This
peculiar phenomenon occurs not only in water but also in alcohol, acetone,
and ether.* One part of CrCl2 will make 40,000 parts of CrCl8 dissolve.
Other substances of a reducing character, such as SnCl2, FeCl2, CuCl, and
H2SO3, produce the same result, though less effectively; the effectiveness
bears no relation to the electrode potential.1016
The hydrated chlorides, like the fluorides, are of various types; they
can have none of the chlorine atoms ionized, or 1, or 2, or all 3. In presence
of a trace of CrCl2 the trichloride dissolves readily in water (evolving
21-3 k.cals. per CrCl8), and a dark green hexahydrate with a sweet taste
crystallizes out: if a fresh solution of this hexahydrate is treated with
silver nitrate, only a third of the chlorine is precipitated, so that it must
be [(Cr(OH2)4Cl2]Cl, 2 H2O.
A second pale green hydrate was obtained from this by Bjerrum,1016
from which silver nitrate precipitates two-thirds of the chlorine, indicating
the formula [Cr(OHa)5Cl]Cl2, H2O. Bjerrum supported this by showing
that the two chlorine ions could be replaced by other anions, giving,
for example, the salt [Cr(OH2)5Cl](PtCl6), 5 H2O.
If the first-mentioned dark green salt is boiled in water for some time,
and then cooled to 0° and saturated with hydrogen chloride, a third salt,
a grey-blue isomer, separates out. All the chlorine in this is precipitated
by silver nitrate, and so it must be [Cr(OH2)6]Cl3; this is the easiest of the
isomers to prepare: it is precipitated if the solution of any chromic salt
is saturated with HCl at zero. Its structure is supported by the X-ray
examination of the crystals, which shows1017 that the 6 H2O groups are
arranged octahedrally round the chromium. It has been found1019 that
at 25° fresh solutions of violet chromic chloride have lower, and those of
green chromic chloride higher, vapour pressures than after standing;
chromic sulphate behaves in the same way.
In solution the three ions of these forms attain equilibrium in time, but
in the cold take months to do so. The blue form is favoured by low
temperatures, and, as we should expect, by high dilutions.
Finally, a non-ionized hydrate of CrCl3 was obtained by Recoura1018 of
the formula [Cr(OH2)3C13]: this gives a stable brown solution in ether;
* The behaviour of ether is quite peculiar, and is discussed later, p. 1023.
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in alcohol it only reacts slowly with silver nitrate, and in presence of water
it at once forms the dark green hexahydrate [Cr(OH2)4Cl2]Cl, 2 H2O.
Chromic Bromide, CrBr 3
This is very similar to the chloride, and forms similar isomeric hydrates,
a green [Cr(OH2)4Br2]Br, 2 H2O and a violet [Cr(OH2)6]Br3.
Chromic Iodide
A violet hydrate CrI3, 9 H2O is known. Jt has been shown by Hein1020
that anhydrous chromic iodide is almost impossible to make, and that
chromous iodide CrI2 has often been mistaken for it. Chromium only
reacts with iodine as a rule at high temperatures, and then the reaction
does not go beyond CrI2. By treating pyrophoric chromium (obtained by
evaporating the mercury from chromium amalgam) with iodine at lower
temperatures, or by treating CrI2 with iodine at 300°, it is possible to get
a product containing 90 per cent, of CrI 3 : this is a loose black powder.
Chromic Nitrate
A hydrate Cr(NO 3)3, 9 H2O is described, as well as lower hydrates.
The solution is said to be blue by reflected, and red by transmitted light.

Chromic Sulphates
Anhydrous chromic sulphate Cr2(SO4J3 is of peachy-blossom colour, and,
like the chloride, is insoluble in water except in presence of a chromous salt.
It forms a series of hydrates, apparently of three types, a violet salt, a
green crystalline salt, and a green amorphous salt. These three classes
have been shown1021 to be distinct: (1) the violet salts occur with 18, 9, 3,
and 0 H 2 O; (2) the green crystalline salt can have 6 or 0 H 2 O; (3) the
green amorphous salt forms no definite hydrates, and its water content is
zeolitic. The structures are obscure: a fresh solution of (3) gives no precipitate with barium chloride for some time: (1) the violet salt precipitates all
the SO4 at once: (2) the first green salt is'said only to give the precipitate
slowly, but in fact the reaction goes fairly easily.
Chromic Chlorate and Perchlorate
The chlorate Cr(C103)3 has been made but is very unstable.
The perchlorate Cr(ClO4) 3, 6 H2O forms blue-green crystals, excessively
soluble in water; 9- and 10-hydrates have also been prepared.1022
The iodate Cr(I03)3 is also known.
Salts of Organic Acids
Various complex forms of these are mentioned later.
A normal formate Cr(HCOO)8, 6 H8O, grey-green, is JmOWn1 and a similar
ioflo
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acetate. The formate group is much less easily oxidized in this green
compound than in an ordinary formate (Reihlen).1080
The usual form of the oxalate is hydrated, amorphous, very soluble, and
blue; but a red crystalline form can be got. This also is excessively soluble
in water and alcohol (a sign that it is complex), and from its aqueous
solution sodium carbonate precipitates no Cr'" and silver nitrate no oxalate,
CHROMIC C O M P L E X E S
THE trivalent chromium ion has an enormous power of forming 6-covalent
complexes; in this it is at least equal to either of the other two great
complex-forming ions, trivalent cobalt and tetravalent platinum. The
resemblance to cobalt is remarkably close: it extends not only to the
co-ordination number of 6 and the valency of 3, bub also in many compounds to the colour as well; this is peculiarly remarkable, because the
atomic numbers of these two elements differ not by two but by three,
which would certainly not lead us to expect a similarity.
While the most numerous and perhaps the most stable of these complexes are those in which the chromium is attached to nitrogen, there are
a whole series of others, especially with oxygen links, such as the aquocompounds, and various kinds of ato-derivatives, particularly the sulphato,
carbonato, and oxalato compounds.
These complexes almost always have a co-ordination number of 6, but
lower values sometimes occur among the ammines; higher are impossible
by the covalency rule.
The compounds are all remarkable for their various and striking colours;
investigations of the absorption spectra have shown certain relations
between the groups present and the positions of the bands1023; the changes
caused by the replacement of a neutral molecule by an ion, or an NH 3 by
an H2O, are fairly regular.

Chromicyanides
Chromium, like iron and cobalt, forms hexacyanide anions in both the
divalent and the trivalent state. The chromicyanides M3[Cr(CN)6] are
much less stable than their ferric analogues.1024 The salts are yellow both
as solids and in solution, with an absorption spectrum quite different from
that of the other chromic complexes; the free acid is quite different again,
being blood-red.
This free acid H3Cr(CN)6 is only known in solution, and even there is
very unstable. If a suspension of lead or silver chromicyanide is treated
with hydrogen sulphide a blood-red solution is formed, which at once
begins to precipitate chromic cyanide Cr(CN)3 and to evolve prussic acid,
and will not re-form chromicyanides with bases.1025""6
1088
R. I. Colmar and F. W. Schwartz, J.A.O.S. 1932, 54, 3204; C. H. Johnson
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Potassium chromicyanide K3Cr(CN)6 can be made by treating a solution
of chromic hydroxide in acetic acid with potassium cyanide,1027""8 or from
the cyanide and chromous acetate in presence of air.1029 The conductivities
of the solution show it to be the salt of a tribasic acid.1030 The solution
is rapidly decomposed by acids, which at once turn it red, but excess of
alkali acts on it only after prolonged boiling. It is not poisonous. Other
salts of chromicyanic acids1026 are of the type M3[Cr(CN)6], x H 2 O; NH 4 ,
0; Li, 5; Na, 5 or 8; K, 0; also of the type MJ[Cr(CN)Ja are Ba3[Cr(CN)6]2,
20H 2 O, soluble in water and stable; and the zinc salt Zn3[Cr(CN)6]2,
10 H2O, an unstable yellowish white powder.
For a series of complicated heavy-metal chromicyanides see Reihlen
and Kraut. 1031
Hume and Stone 1032 find that the magnetic moments of the chromi- (as
of the chromo-) cyanides are those required for an octahedral 6-covalent
complex.

Thiocyanate Complexes
The formation of these chromic complexes has long been known (see,
for example, Rosenheim1033). They were investigated in great detail by
Bjerrum.1034r6 He showed that a chromic salt reacts in solution with an
alkaline thiocyanate slowly (in some days at 50°), giving all the possible
compounds from [Cr(SCN)(OH2)5]X2 through [Cr(SCN)3(OH2)3]° to
M3[Cr(SCN)6] in proportions depending on the concentrations. All but
the first two of these can be extracted from the acid solution with ether;
these two, [Cr(SCN)(OH2)6]X2 and [Cr(SCN)2(OH2)JX, could not be
isolated, but were shown to be present in the solution. The rest were all
isolated, the acids as salts, often of pyridine or quinoline. Bjerrum was able
to determine many of the velocities of formation and decomposition and
especially the equilibrium constants for all the 6 ions [Cr(SCN)(B(OH2)6«.a,].
[Cr(SCN)3(OH2)J0, the 'simple* chromic thiocyanate, separates from
water in violet crystals, which are difficult to purify.1033 It gives a red
solution in water, which at first shows none of the reactions of the ions,
and by the freezing-point is scarcely ionized at all, but on standing the
compound ionizes and the solution turns green. In acid solution the
compound is stable, but it is broken up by alkalies at once. The partition
coefficient with ether at 15° is about 4 in favour of the ether.1034
The hexathiocyanato-salts of the alkalies, of ammonium, and of most
of the divalent metals are soluble in water, the silver and lead salts
lnioluble. As with the simple thiocyanate the fresh solutions are red; they
1027
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give no reactions for chromic or thiocyanate ions, and the van't Hoff i by
the freezing-point is nearly 3. On standing, however (in a few days in the
cold1036), the solution turns green, the conductivity increases, the freezingpoint falls, and the solution gives the reactions of the simple ions. The rates
and equilibria of the dissociations have been examined by Bjerrum,1034"5
Many of the lower chromic ammines contain thiocyanato-groups in the
complex.1037

Nitrogen Complexes: Ammines
These form the largest group of chromic complexes; they closely
resemble the ammines of trivalent cobalt, and of trivalent ruthenium.1038
The co-ordination number—the number of atoms covalently linked to the
chromium—is practically always 6; some of the hexammines can be made
to take up more ammonia in the solid state, but this is much less firmly
held.1030 The electrovalency ranges from + 3 in the hexammines
[Cr(NHg)6]X8 through zero in Cr(NH3)3X3 to - 1 in M[Cr(NH3)2Br4] and
—3 in the halides M3[CrX6]. In the ammines all possible types have been
realized except the last, M2[Cr(NH3)X5] (though the mono-aquo-compounds
M2[Cr(OH2)X5] are known). A variety of amine bases may be used,
ammonia, alkylamines, pyridine, urea (only one NH 2 here reacting %dth
the Cr), as well as diamines, of which the best-known is ethylene-diamine
('en') NH2CH2CH2NH2.1040 The replacement of successive hydrogen atoms
in ammonia weakens the attachment, but this is more than counterbalanced by the extra stability due to the ring-formation in the diamines,
as it is to a considerable extent by the aromatic character of the (tertiary)
nitrogen in pyridine. Of the non-nitrogenous neutral molecules in the
ammine complexes the most important is water. The acyl groups are very
various, including OH" (hydroxo-salts), halogens, NO 2 , NO 3 , as well as a
number of anions of oxy-acids, usually dibasic as in SO4""" and especially
the oxalato-group C2O4 "*. (Some of these series of salts have been given
trivial names which are still in use: for example, [CrAm6]X3 luteo;
[CrAm5(OHg)]X3 roseo; M2[CrAm5X] purpureo; M2[CrAm5NO2] xantho;
the rhodo- and erythro-salts are of a more complicated Cr2 type.)
The hexammine (luteo-) salts can be made from anhydrous chromic
chloride and liquid ammonia, or by the action of ammonia and air on a
chromous solution. They are yellow or orange1041"2; they do not seem to
lose ammonia reversibly.1043 Many salts both of simple and of complex
loss N. Bjerrum, Z. anorg. Chem. 119, 39, 54, 179.
A. Cioci, ib. 1899, 19, 314.
G. Scagliarini and G. Tartarini, Qaz. 1923, 53, 139, 617.
K. Gleu, W. Cuntze, and K. Rehm, Z. anorg. Chem. 1938, 237, 89.
F. Ephraim and W, Bitter, HeIv, CUm. Acta, 1928, 11, 848.
*° See C. L. Rollinson and J. C. Bailar, J.A.O.S. 1943, 65, 250; 1944, 66, 641.
io4i jp or ^h6 oolonrs of the ehromammines see R. I. Colmar and F. W. Schwartz,
ib,1041
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For the ohanges in abioiption spectra when NH8 and H8O are replaced by
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acids are known, the latter often being insoluble in water. The free base
[Cr(NHg)6](OH)3, made by treating the trichloride with silver oxide, has
a strong alkaline reaction; it separates from water on addition of alcohol
and ether as a yellow solid.
The corresponding 'en J complexes are also known1044-5; conductivity
measurements confirm their great stability.
The aquo-pentamidines [Cr(NH3)5(QH2)]X3 can be made from the
hexammines by heating with water.1046"9 They are yellow solids, less stable
than the hexammines, and particularly sensitive to light.1050"1
The diaquo-sqJts are similar. The 'en' derivatives are of special interest
here from their stereochemical relations 1052~4 (see below). The triaquo-1065
and tetraquo-salts1056~7 are similar. These last can be made1058-9 by
oxidizing the diammine NH4[Cr(NHg)2(SCN)4] in presence of hydrobromic
acid to [Cr(NH3^2Br2(OH2)2]Br; the bromine in the complex is then hydrolysed by ammonia to OH in [Cr(NH3)2(OH2)3(OH)2]Br, which is converted
by acids into salts of the tetraquo-complex [Cr(NH3)2(OH2)4]X3. These
are reddish-violet salts, easily soluble (unlike the dihydroxo-compounds)
in water.
When the complex has one NH 3 replaced by an acyl group it becomes
divalent, as in [Cr(NH3)5X]X2 (purpureo series). The acyl groups in the
complex are reversibly hydrolysed by water to the aquo-pentammines
at Various rates1062"*3 (chlorine much more rapidly than iodine), with
an increase of conductivity. The ethylamine compounds such as
ICr(NH2Et)5Cl]X2 are very similar but less stable, and are slowly hydrolysed bjlcold water.1064"5 The nitrato-base [Cr(NH3)5N03]X2 is known.1060
1044

P. Pfeiffer, Z. anorg. Ghem. 1900, 24, 279.
Id., ib. 1902, 29, 107,
. m o The stability relations of the various solid hexammines, aquo-pentammines,
via., in contact with one another and the solution have been examined by A. Benrath
mid H. Steinrath, ib. 1929, 177, 292; 1930, 194, 351.
1047
S. M. Jorgensen, J. prakt. Ghem. 1882, [2] 25, 398.
IUW
A. Werner, Ann. 1914, 405, 212.
um
S. Loria, Ann. Phys. 1912, [4] 38, 889.
1050 j? o r ^ j 1 0 conductivities of these salts and their relations to the hydroxo (OH)
oompounds see H. J". S. King, JXJJS. 1925, 127, 2100.
1051
For their crystal structures (exactly like those of their cobalt analogues) see
O, HoBsel and G. B. ISTaess, Z. anorg. Ghem. 1928, 174, 24.
1088
P. Pfeiffer, Ber. 1907, 40, 3126.
1011
Id., Z. anorg. Ghem. 1907, 56, 261.
1066
"** Id., ib. 1908, 58, 228.
A. Werner, Ber. 1906, 39, 2656.
*••« A. Werner and A. J. Klien, ib. 1902, 35, 277.
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» P. Pfeiffer, Z. anorg. Ghem. 1902, 3 1 , 401.
»•• A. Werner and J. V. Dubsky, Ber. 1907, 40, 4085,
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* J. V. Dubsky, J. prakt. Ghem. 1914, [2] 90, 61.
*wo H. H. Eiesenfeld and F. Seemann, Ber. 1909, 42, 4222.
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* F . Frowein, Z, anorg. Ghem. 1920, 110, 107.
IMI
A. W©m©r and A, Miolati, Z. phyrikal. Ghem* 1894, 14, 506,
" w H, Fraundlieh and H. Pap©, ib. 1914, 86, 458.
»"• H. Mandalp B*. 101S1 48, 20SB,
™* Id,, lb, 1016, 49, 1307,
»••• A. W«ntr Md J. v. HUbM 1 ib. IiOi 1 39, S8M.
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The hydroxo-compounds [Cr(NH3)4(OH)(QH2)]X2 can be made from
the diaquo by treatment with pyridine; they have a neutral reaction,
but are converted by acids back into the diaquo-salts.1052'1059
The salts of the monovalent base [Cr(NHg)4X2]X have various possibilities of isomerism; the two X groups may be attached to adjacent (cis) or
opposite (trans) corners of the octahedron (X—Cr—X — 90° or 180°).
The configuration is determined by finding whether a divalent radical
(usually the oxalato-) can take the place of the two acyl groups; if it can,
they must be a cis. With the di~en compounds of the type [Cr(ew)2X2]X
there is a further possibility of optical isomerism in the cis (but not in the
trans) series:

cis

cis

X

trans
The cis-trans isomerism is known in many series; the isomers ordinarily
differ in colour and are interconvertible; whether the cis or the trans is
the more stable depends on the nature of the groups in the complex.1083'1067
Of the asymmetric compounds, Werner resolved [Cr(ew)2Cl2]X in 19111088
and the trichelate oxalato-salt K3[Cr(C204)3] in 1912.106*>
With three kinds of groups in the complex, as in [Cr(NHg)3(OH2)Cl2]X
a third series of isomers becomes possible, and has been isolated in some
cases.1060-1
Fluorine compounds are unusually common among these complexes,
especially those with pyridine; all three types [CrF2py4]X, [CrF3py3]°,
and [CrF3py2(OH2)]° are known.1070 The salts of the first series can be
made by the action of pyridine on hydrated chromic fluoride.1070-"1
The triacyl compounds CrX3Am3 must of course be non-ionized, and
they behave as such. CrF3py3, also made from the hydrated fluoride and
pyridine,1070 is soluble in water, and the solution has practically no conductivity, and gives no precipitate with polyvalent anions like PO 4 or
PtCl6. The chlorides CrCl3Am3, which can be made in a similar way,1044>1072-3
and also by heating the chloropentammine chloride in hydrochloric acid
at 270°,1074 is insoluble in water but dissolves in chloroform; its undisl068
"•'
See Table in Abegg, p. 240.
A. Werner, Ber. 1911, 44, 3132.
10 9
« Id., ib. 1012, 45, 3061.
l0
™ N. Oosfcaohesou, OUm. Omtr. 1912, i. 1970.
l0
" Id., ib. 1914, i. 8141.
"*a P. H®i£to, B$r. 1000, 33, 2086,
ww Id,, B, crnorg, Ohm. 1907, Sl 1 97.
" " S. 1,19UiIbIiNr md 1« S. Wofatr, J.A&S. 19M1 Sl9 3SI0.
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sociated character is further shown by its being precipitated unchanged
by water from its solution in concentrated nitric acid.1073
The monovalent anions [CrAm2X4]"" occur in such salts as
NH4[Cr(SCN)4(NH3)2], H2O
(Reinecke's salt),1075 which is red and fairly soluble in water, and the
oxalato-saltNH4tCr(C204)2(NH3)2].1076
In addition there are numerous binuclear (Cr2) complexes, such as the
diol salts [Cr2Am8(OH)2]X4, which presumably have the two hydroxyl
groups acting as bridges,1059 as in
H

A
O

(ew)2Cr^.

/Cr(ew)2 XA

The remarkable monols occur in a normal [Cr2Am10(OH)]X5 and a
basic series [Cr2Am10O]X4; each of these occurs in two isomeric series,
known as the rhodo- and the erythro-salts. The explanation of the
isomerism given by Werner (ascribing it to 'valency isomerism') is now
seen to be meaningless; but Jensen has shown1077 that it must be due to
the link between the chromium atoms being an OH group in the rhodoand an NH 2 in the erythro -series: thus
Normal

Hhodo -salts

H
I
[Am5Cr-O-Am5]X6
OH 2

Wry thro -salts .

[Am 4 Cr-ISTH 2 -CrAm 5 ]X 5

Basic

[Am5Cr-O-CrAm5]X4
OH

I
[Am4Cr-NH2-CrAm5]X4

Oxygen Complexes
These again are numerous; they are formed by the usual three kinds
©f addenda, neutral molecules like water or alcohol, monovalent chelate
groups Hke those of the /?~diketones, and divalent acid radicals as in the
©ssalato and other *ato' complexes; this third class is the most numerous.
Blftmples of the complexes formed with water have been given above in
lhi aquo-ammines; the extreme form [Cr(OH2)6]+++ is the hydrated ion
whioh ooours in solutions of all simple chromic salts, and in many of their
*°» O. T. OhriatsiHHin, J. pmkt. QUm, 1892, [2] 45, 218, 856.
™* A. Wtmer, Am. 1914, 406, 201.
»•" K. A. Jamon, Z. anorg. Ohm, 1987, 333, Ul,
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crystals as well. Alcohol can behave like water, as in the compound
CrCl3, 3 EtOIl. 1078
Chromic acetylacetonate (CrA3) can be made by heating chromic

V
HC
V CH,
hydroxide with acetylacetone; it is a reddish-violet solid, and is remarkably stable; it melts at 214° and boils undecomposed at 340°, giving a
green vapour 1079 ; unlike, for example, the ferric compound it is unaffected
by phenyl hydrazine.1080
The more numerous 'ato' complexes are formed both by monovalent
and by divalent radicals. Tn the lower ammines we find nitrito O—N=O
and nitrato 0 - N O 2 groups in the complexes. Various double formates
are known; most of these have 2 or 3 Cr atoms in the molecule,1081 but
there is a normal salt Na3[Cr(O CO-H)6], 4-5 H2O, which only gives a
precipitate with ammonia after a time.1082
With acetic acid there is a great variety of complicated types, mainly
with three chromium atoms, as in [Cr3(O-CO.CH3)6(OH)2]X,1081'1083 and
the derived forms with (OH)(OH2)]X2 and (OH2)2]X3.1084~6
The chelate derivatives of dibasic acids are more numerous. The complexity of at least some of the double sulphates (including chromic sulphate
itself, but not the alums) is clear. A more important group is that of the
oxalates. The 'simple' oxalate Cr2(C2O4)3, #H 2 0 must be complex as it is
so soluble in water (p. 1014).1087~8 Of the double oxalates there are two
main types. One is the trichelate M3[Cr(C2O^)3], which was resolved by
Werner in 19121089; these are blue salts, whose solutions give no reactions
for chromium or oxalate; the soluble calcium salt Ca3[Cr(C2O4)8]2 aq. is
stable in solution in the cold, but on boiling calcium oxalate is precipitated.
The dioxalato salts M[Cr(C2O4)2(OH2)2]i090""1 are red; their structures allow
of their existing in two inactive forms, cis and trans, of which the latter
are resolvable, and Werner showed1076 that these two series occur.
1078
I. Koppel, Z. anorg. CUm. 1901, 28, 461.
10
™
G. Urbain and A. Bebierne, CM. 1899, 129, 302.
1080
H.
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Weinland
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A.
Wtmsr,
Ber.
191S
48,
8061.
1
1090
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The racemization of the chromioxalates has been shown " to be a
first-order reaction, with a half-life (for the trichelate salt) of 59 minutes
in a 0'08-normal solution at 18°. Since this reaction was shown not to be
catalysed by oxalate ions, it would seem t h a t it cannot involve the separation of oxalate ions from t h e complex. This has been conclusively established by Long. 1095 Oxalate made with radioactive carbon 11C was mixed
with the oxalato-compound at 35°, where the time of half-change in water
is 24 minutes; samples removed after 12*5 and after 25 minutes showed
t h a t no isotopic exchange had occurred.
I t has been shown 1096 that at 18° the chromioxalate racemizes 20 times
as fast as the cobaltioxalate.

/

A-o-\

Catechol complexes cat =
I have been made by Weinland. 1097 They prepared a series of compounds M 3 [Cr(cat) 3 ] (M = Li, K,
NH 4 , I Mg3 I Ca, etc.), mostly hydrated. They are green and give green
solutions, which on dilution turn red reversibly, presumably through
hydrolysis to the dichelate M[Cr(eat) 2 (OH 2 ) 2 ].
Sulphur
Complexes
Chromic sulphide Cr 2 S 3 (p. 1011) will combine with metallic sulphides to
form 'thiochromites' MCrS 2 or M2Cr2S4. These cannot be made by dissolving the chromic sulphide in an alkaline sulphide solution, but only
by heating a chromic compound with a metallic oxide or carbonate in
presence of sulphur and in absence of air. 1098 " 9 Thus we have NaCrS 2 ,
a brick-red powder, stable when dry, but oxidized by air and water to a
thiosulphate. If this is boiled with the solution of a heavy metal salt,
the corresponding thiochromite is produced, such as AgCrS2, Cu(CrS2J2,
or Fe(CrS2)2.1098>1100 These are black insoluble substances, unaffected by
hydrochloric acid but oxidized by nitric acid. Similar selenochromites
are known. 1099 ' 1101 " 2
Complex
Halides
Apart from one or two fluorides M 3 CrF 6 , these all seem to be of the type
M 2 CrX 5 , H 2 O, the water being no doubt in the complex. Chlorides of the
types MCrCl4 and M3CrCl6 have been described, but not recently.
1092

C. H. Johnson, Trans. Far. Soc. 1935, 31, 1612.
C. H. Johnson and A. Mead, ib. 1621.
!094 N . W . B e e s e a n d c. H. Johnson, ib. 1632.
iooft F. A. Long, J.A.C.S. 1939, 61, 570.
1098
E. Bushra and C. H. Johnson, J.CS. 1939, 1937.
1007
R, Weinland and E. Walter, Z. anorg. GUm. 1923, 126, 141.
10
« R. Schneider, J. prakt. Chem. 1897, [2] 56, 401; 1898, 57, 208.
1099
J. Milbauer, E. anorg. Ohem. 1904, 42, 442.
1190
M. Grager, Mon, 1881, 2f 260.
1101
P. B» Swkai? and S. N. Bhattaoharya, J, Ind> QUm. £oe» 19SO1 7, 765.
"°* p, o. Rayohoudhury, ib. 1940, 17, 62i f 1941, IS1 97» 277.
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The hexafluoride (NH4J3[CrF6] can be made1103~4 by heating a chromic
salt with ammonium fluoride; it is green, and easily soluble in water.
The second type M2[CrX5(OH2)] occurs with fluorine, chlorine and
bromine, and often in two series, one red or violet and the other green.
The fluorides1105"6 M2[CrF5(OH2)] are green. The chlorides separate in
violet hygroscopic crystals1107*"8 unless the solutions are very concentrated,
when a green salt separates which may contain 8 H2O (Rb1109) or 4 H2O
(Cs1110); the green salts go over readily to the red forms. The bromides,
such as Rb2[CrBr5(OH2)] are similar; their red aqueous solutions soon
turn green. No iodides have been described.
D I V A L E N T CHROMIUM
THE chromous ion Cr ++ is the first product of the solution of metallic
chromium in acids, but it is very easily oxidized to the chromic ion Cr +++ ,
and all work on chromous compounds must be carried out in complete
absence of air. Chromous compounds can also be made by the reduction
(for example, electrolytically) of chromic, and the halides can be made by
the combination of the elements in the proper proportions.
In solution, and in many hydrated salts, the chromous ion is bright blue.
Its chemical behaviour is very like that of the ferrous ion: the same
reagents precipitate both: with both, the hydroxide is precipitated by
ammonia, but not in the presence of ammonium salts: chromous solutions
like ferrous absorb nitric oxide, though the chromous, instead of forming a
compound with it like the ferrous, reduce it, in neutral solution to ammonia,
and in acid solution to hydroxylamine. But there is a marked difference
between the two, in that the tendency to pass from the di- to the trivalent
state is far stronger with chromium than with iron. The discharge potential, that is, the E.M.F. with a hydrogen electrode of a platinum plate in
a solution containing normal chromous and normal chromic ion, is —0*4
volts, while the corresponding value for iron is +0-75 volts. As a result
a chromous salt should be just able to decompose water with evolution
of hydrogen, and in fact this does occur under the catalytic influence of
platinum; without a catalyst there is no evolution of hydrogen from water
unless the solution is fairly acid. But its reducing power is very strong.
In solution it removes oxygen from air, and it is often used to remove the
last trace from a gas; the relative amounts of oxygen left in nitrogen after
passing various reagents are: quinone hyposulphite or CuCl—NH3 260;
pyrogallate 390; CrCl2 1; so that it is by far the most efficient.1111 As
1108

G. Fabris, Gaz. 1890, 20, 582.
no* H. v. Helmolt, Z. anorg. Chem. 1898, 3, 125.
1105
O. T, Christensen, J. prakt. Chem. 1887, [2] 35, 161.
1108
A. de Schulten, OM. 1911, 152, 1107, 1261.
1107
G, Neumann, Ann. 1888» 244, 336.
uoi
A. W©m©r and A, Gubser, Ber. 1901, 34, 1579.
1100
Id., ib. 1906, 39, 1823.
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B. F. Weinland and A. Kooh, JB* anorg, Ohm* 1904, 39, 296.
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occurs with strong reducing agents the oxygen is thereby activated
(autoxidation); thus chromous chloride in alcohol is oxidized by air and
at the same time the alcohol is oxidized to aldehyde: in presence of an
arsenite, while a chromous salt takes up oxygen to become chromic, an
equal amount of oxygen goes to oxidize the arsenite to arsenate. Chromous
salts reduce mercuric salts to mercurous, cupric to cuprous, while they
separate platinum, gold, and even tin from solutions of their salts.

Chromous Oxide, CrO
This is formed by oxidizing chromium in its amalgam by air: when
heated in air it burns to the sesquioxide. Unlike the sesquioxide, if it is
heated to a high temperature in hydrogen it is reduced to the metal.
This is
prepared.
a yellow
evolution

Chromous Hydroxide, Cr(OH) 2
so readily oxidized that it is not certain if it has ever been
When treated with alkalies, chromous chloride solutions give
precipitate, which is rapidly converted by the water, with
of hydrogen, into the oxide Cr3O4.

Chromous Fluoride
This can be made by the action of hydrofluoric acid on red-hot chromium,
or on chromous chloride in the cold. It is a green solid which melts at
1,100°, and is not volatile at 1,300°. It is only slightly soluble in water
and insoluble in alcohol.1112
Chromous Chloride
Chromous chloride can be made by the action of hydrochloric acid on
chromium at a white heat, or of hydrogen on chromic chloride at a red
heat. It is a white substance1113 which is easily fusible but only slightly
volatile (the lowest temperature at which Nilson and Petterson got its
vapour density was 1,300°); in the vapour state it is very largely Cr2Cl4
even above 1,500°. It dissolves readily in water (evolving 18»6 k.cals. per
CrCl2) to give a blue solution from which various hydrates can be obtained,
namely:
6 aq. ^ • * 4 aq.A ^==£ 4 aq.B ;••
ca. + 10o
50°
Dark |
Blue
Blue
Green)

N

3 aq. <
Pale J
Blue/

N

2 aq. s '
Pale J
Green/

. N. anhydr.

White.

AU these except the green 4 aq.B behave in solution as normal strong
electrolytes, but this form has a much lower conductivity, gives a green
solution, and is obviously complex.
The behaviour of anhydrous ohromous ohloride with ether is very
»"• 0. Pouleno, CE. 1393, 116, 253.
HM F o r 1^ magn®tio proporti©* its B. H. WSbSr1 Am, Phys, IBIl116, 624,
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remarkable.
Chromic chloride will not dissolve in ether unless it is
mixed with chromous. If the mixed solid is treated with ether in the
absence of air and moisture, it is found that the ether takes up practically
only the chromous chloride. The solution, although it contains Cr and Cl
in the ratio 1:2, has no reducing properties at all: it does not reduce
Fehling's solution, nor ammoniacal silver, nor iodine, nor methylene blue,
nor indigo; with hydrochloric acid and palladium there is no evolution of
hydrogen, and the solution does not decolorize permanganate as chromous
chloride does. It is in fact clear that the solution contains trivalent and
not divalent chromium, and it gives all the usual chromic complexes.
These are all derived from a compound CrCl2(OEt): for example,
(NEy3CrCl2(OEt);
and it seems certain that the chromous chloride must react with the ether
to form this ethylate; but no one knows what happens to the rest of the
ether molecule, which ought to give butane. The ethereal'solution is a
non-conductor of electricity. Chromous bromide and iodide behave in the
same way. For the ether we can substitute dioxane or benzyl ethyl ether,
but not a partly aromatic ether such as anisol or phenetol. This may,
however, only mean that these last-mentioned ethers need a higher
temperature for reaction than the product will stand.
Chromous chloride CrCl2 has been used as a reducing agent in organic
chemistry,1115 especially for reducing iminochlorides to aldehydes, for
example :

Chromous Bromide
This is a white solid which turns yellow on melting, and is easily soluble
in water; it is only known in the anhydrous state and in solution. It
forms a stable co-ordination compound with hydrazine of the formula
CrBr2, 2N 2 H 4 (Traube).
Chromous Iodide
1116-17
According to Hein
this is dark red or red-brown, and melts at
790-5°; the colour cannot be due to free iodine, since it is not removed
by shaking with mercury.1117 At high temperatures it is much more stable
than chromic iodide, and even as low as 300° the conversion by iodine
into the tri-iodide is not complete. Above 800° chromous iodide is to some
extent reduced by hydrogen to the metal, but attempts to prove the
existence of a univalent CrI have all failed; there appears to be nothing
between CrI2 and Cr+1 2 . 1117
"i*
*"•
»M
»"

F. HeIn9 H. Farl, and H, Bto, Ber. 1830, 63, 1418.
J. v, Braun and W. !Randolph, ib, 1934, 67» 260, 1785.
F. HeIn end I. Wlnteez-Hdlder, Z. amrg, Oh$m> 1931, 202, 81.
F, Beta mi O. Blhr, lb, 1943, 211, 241,
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This can be prepared 1118 by reducing chromic sulphate electrolytically
with a platinum cathode in an atmosphere of hydrogen; it is precipitated
by alcohol as CrSO 4 , 5 H 2 O 5 and this is stable in dry air. The anhydrous
salt is unknown, but a second blue hydrate CrSO4, 7 H 2 O has been made,
which is isomorphous with the ferrous sulphate. I t also forms double
sulphates corresponding to the vitriols. The aqueous solution evolves
hydrogen in presence of a platinum catalyst, or of hydrochloric acid.
Ghromous
Formate
This is a red salt, giving a blue solution in water.
Ghromous
Acetate
This also is red, and is only slightly soluble in water, so that it is a good
source for making other chromous compounds; it must be prepared and
used in an atmosphere of hydrogen or nitrogen.
Ghromous Oxalate, C r O x , H 2 O
This is a yellow powder looking like ferrous oxalate, which is very
slightly soluble in water, and is relatively stable even when moist, and
only slightly oxidized by air (Moissan),
CHROMOUS COMPLEXES
T H E chromous compounds form a series of complexes, though much fewer
than the chromic, owing to the smaller charge (compare cobaltous and
cobaltic).
The chromocyanide K4[Cr(CN)6] (Descamps, 1882) is a dark-blue solid
giving a red solution in water. I n acid solution it rapidly changes to the
chromicyanide K 3 [Cr(CN) 6 ], but in neutral solution (in absence of air) it
is quite stable. 1032 I t has the paramagnetic moment required for an octahedral complex. 1032
Various ammines are known 1119-20 including the very stable CrCl 2 ,6NH 3 ,
and compounds with hydrazine 1121 and dipyridyl.1121*1123 The ease of
oxidation of the chromous atom in these ammines varies greatly, depending on the stability both of the chromous complex and of the chromic
complex into which it can pass. The ammines proper are usually stable
in the air when dry, 1120 ^ 1 but if ammonia and ammonium chloride 1124 or
ethylene diamine 1125 are added, hydrogen is evolved and a chromic complex formed. Pyridine complexes are oxidized by air even when wet. 1122
1118
A. Asmanow, Z. anorg. Chem. 1927, 160, 209.
1119
F. Ephraim and C. Zapata, HeIv. Ghim. Acta, 1934, 17, 287.
nao
H. I. Sohlesinger and E. S. Hammond, J.A.C.S. 1933, 55, 3971.
nai w , Traube and W, Paasarge, Ber. 1913, 46, 1505.
naa ^ Traube, E. Burmeister, and B. Stahn, Z. anorg. Ohem> 1925, 147, 50.
1188
G. A. Barbi®ri and A. Tettamanzi, AUi JK., 1082, 15, 877.
ll1
* A, Asmanow, £. morg, Oh$mt 1927, 160, 200.
»» J, H. Balthl* and J. 0. Bailar, J,A,C.S, 193Q1 58, 1474.
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Complexes of dipyridyl, such as [Cr(dipy)3]Br2, 6 H2O, are only slowly
oxidized by air.
Double sulphates M^Cr(SOJ2, 6 H2O are formed by chromous sulphate
as a vitriol (K salt Mpissan, 1882: NH 4 salt1126). Carbonato-compounds
such as Na2Cr(COa)2, ^O and 1 H2O, and K2Cr(COg)2, 15 H2O (Baug6, 1896)
are yellow solids, aiid as they give brown solutions in water must be
complex. No doubly oxalates are known (Abegg, 1921). A brownish-red
double formate NH4Cr(HCO2) 3 and a double malonate
Na2Cr(CO2 - CH2 - C02)2, 4 H2O
must be largely dissociated in water as the solutions are blue.1127
The double fluorides KCrF 8 (pale blue) and NH 4 CrF 3 , 2 H2O (blue) give
blue solutions in water,1122 and so are no doubt largely broken up.

Chromium Carbonyl, Cr(CO)6
This can be made1128 by the action of carbon monoxide on chromic
chloride at the moment when it is being reduced by the Grignard reagent.
A solution of ethyl magnesium bromide Et-Mg-Br in ether is dropped
into a cooled suspension of CrCl3 in ether in presence of carbon monoxide,
the product is decomposed by dilute H2SO4, and the ethereal layer, which
contains the carbonyl, is separated and distilled. The carbonyl Cr(CO)6
remains as a white powder, which can be purified by sublimation at 160°.
The yield is about 24 per cent., but it can be raised to 60 per cent, by
increasing the pressure of the carbon monoxide to 50 atm.1*30
Hieber1129 points out that the conditions of this reaction are exactly
those which Hein found necessary for the production of the chromium
phenyls, even to the extent that the reaction goes only with covalent and
not with ionized chromium derivatives; ajid he suggests that the first
stage is that a phenyl group becomes attached to the Cr, and that this
is then replaced by a CO, which will in fact sometimes react farther with
the phenyls to produce ketones, etc. Hieber and Romberg1129 show that
this method of Job's can also be used with advantage for the preparation
of the molybdenum and tungsten carbonyls (which can also be made in
other ways that are not available for chromium) and they redetermine
the physical properties of the three carbonyls as follows:
B. pt. extrap.
Ht. ofSubln.
(k.cals./mol.)

.

Cr(CO)6

Mo(CO)6

W(CO)6

145-7°
17-2

156-3°
16-3

175-0°
17-7

• «» C. Laurent, CB. 1900, 131, 111.
na?
w. Traube and A. Goodson, Ber. 1916, 49, 1679.
lla
* A. Job and A. Cassal, CR. 1926, 183, 392; Bull JSoc. CHm. 1927, [iv] 41,
8U1 1041.
mo W1 Hisbtr and E. Bomberg, C. anorg. Ohern, 1983» 221, 821,
1110
B. B, Owtn, J, English, H. G, Caiiidy, and 0. V. Dundon, J.A.CS. 1947, 69,
17SS,
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All three carbonyls have been shown by X-ray analysis
and by
electron diffraction1132 to be octahedral.
The chromium compound is colourless, and melts at 149°. It can be
recrystallized from benzene, ether, chloroform, or CCl4. The carbonyls of
this subgroup are remarkably stable, as compared with those of either
iron or nickel, and among them the chromium compound is the stablest,
perhaps because it alone is covalently saturated. Its vapour does not
decompose below 120°, and it is not attacked by concentrated HCl or
H2SO4, or by bromine, which decomposes molybdenum carbonyl.
In these compounds the carbonyl groups can be replaced by other
donors, especially pyridine and o-phenanthroline.1133 But here again the
great stability of the hexacarbonyls, and especially of the chromium
compound, can be seen. Thus pyridine attacks nickel carbonyl, and expels
carbon monoxide from it, at the ordinary temperature: it does not attack
molybdenum carbonyl below 116°, nor chromium carbonyl below 140°.
The main products of its action are with chromium Cr(CO)4Py2 and
Cr(CO)3Py3 and with molybdenum Mo(CO)3py3.
These compounds have the normal behaviour of carbonyls (see IV. 547).
They contain the groups M«~-C£=0, and the E.A.N, of the central
metallic atom (of which the valency strictly speaking is zero, since all the
linking electrons are provided by the CO) is that of an inert gas. Every
CO group contributes 2 to this number, and accordingly the simple (monometallic) carbonyls will be formed only by elements with even atomic
numbers. Thus in the first long period we have
28Ni : Ni(CO)4 E.A.N. - 2 8 + 2 x 4 - 3 6 .
26Fe : Fe(CO)6 : 26 + 2 x 5 = 36.
24Cr : Cr(CO)6 : 24 + 2 x 6 =. 36.
The positions of Mo and W (54 and 86) are obviously similar.
1131
1132

W. Rudorff and U. Hofmann, Z. physikal Chem. 1935, B 28, 351.
L. O. Brockway, R. V. G. Ewens, and M. W. Lister, Tram. Far. Soc. 1938, 34,
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H33 w . Hieber and F. Muhlbauer, Z. anorg. Chem. 1935, 221, 337.

MOLYBDENUM AND T U N G S T E N
THESE two elements show very marked differences from chromium, in the
same direction as in the earlier A subgroups, for example, between Ti and
Zr—Hf, or V and Nb—Ta, but much more intense. On the other hand,
the differences between the two elements themselves are quite small.
In chromium there is a sharp distinction between the hexavalent compounds, which are covalent and acidic, and the di- and trivalent which are
definitely ionized, and in which the element is clearly metallic or basic;
the intermediate valencies of V and IV either do not occur at all, or
only very rarely.
The properties of hexavalent molybdenum and tungsten are very like
those of hexavalent chromium, except that the tendency to polymerization
and condensation of the oxy-acids has increased enormously, even more
than in the previous subgroups. All the lower valencies down to 2 are
represented, but none of them, not even the lowest, give simple ions
corresponding to Cr ++ and Cr +++ . The elements in these lower valencies
are largely non-ionized (the usual effect of increasing atomic number in
A subgroups) and when they form salts with acids these are not simple salts,
but when not complex are partly oxides, the so-called c yl' compounds,
Nueh as MolvO(S04). The result is that while the chromium compounds
fall into two sharply distinguished classes, the covalent derivatives of the
hexavalent acidic chromium and the basic and ionized tri- and divalent
Halts, we find among the molybdenum and tungsten compounds no such
sudden contrast of properties: as we go from one of the five different
valencies to the next, there is a smaller and much more gradual change.
The differences between molybdenum and tungsten are all small, and
will be noted as we come to them. The most marked is an exemplification
of the general rule that in A subgroups the lower valencies become le&s
ntable as the atomic number rises. So here, in the trivalent state molybdenum has a trihalide and oxyhalides as well as complexes, while tungsten
has the complexes alone: and in the divalent state the peculiar complex
Xehal12 which forms this group with both elements, is much more stable
with molybdenum than with tungsten.
Molybdenum
Molybdenum was discovered by Scheele in 1778, in molybdenite MoS2,
which is its most important ore. The metal is obtained from this by
roasting it to oxide, and then reducing this, either with carbon, or with
aluminium (when calcium fluoride is added as a flux, and also to moderate
the reaction), or electrolytically. It has also been suggested1134 that the
metal should be made by the action of heat on the carbonyl Mo(CO)6.
The proportion of molybdenum in igneous rocks1135 is 1-5 x 10"5 (15 g.
to the ton), being less than that of tungsten (70 g./ton) and much less than
that of chromium (about 330 g./ton).
1114

For Fftfti, »§• liit of patsnti quetsd by Gmtlin, Molybdmum, p. 30.
»•• a, v, Htvtiy And E. Hobbit, M1 anorg, Ohm, 1033» 213, 184.
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Tungsten
This was discovered by Scheele and also by Bergmann in 1781. The
chief ores are Wolframite, a tungstate of iron and manganese (Fe5Mn)WO4,
and Scheelite or Tungstein CaWO4. The name tungsten is derived from
the Swedish tungsten = heavy stone (the density of CaWO4 is 6-06); the
other name is from Wolfrahm or spuma lupi, because the ore interferes
with the smelting of tin, and was imagined to eat it up.
Tungsten is of great commercial importance; the amount of ore containing 60 per cent. WO 3 which was produced in the world in 1927 was
9,500 tons, of which 7,700 came from Asia (mainly China and Burma),
1,145 from America (mainly California and Colorado), and 500 from
Europe (mainly Portugal). In its metallurgy the wolframite is first converted into the alkaline tungstate; this is then turned into WO3, and the
oxide reduced with carbon, or, if it is wanted in the pure state, with
hydrogen.
Metallic
Molybdenum
Owing to its high melting-point of 2,622° molybdenum is usually
obtained as a black powder, but if it is compressed and heated electrically
nearly to its melting-point it forms a coherent mass of a brilliant silverwhite colour. The boiling-point is found by extrapolation from the vapourpressure curve to be 3,560° (van Liempt, 1920) or 4,510° (Zwikker,1136
L927). Its specific conductivity at 0° is about one-third of that of
silver.
Molybdenum is one of those metals (like chromium and also tungsten)
which according to its previous treatment can behave either as a noble
(inactive) metal or as an ignoble or active metal,1137 The difference is very
large; the potential to the normal hydrogen electrode of the extreme
passive form is +0*66 volts, and of the most highly active ~-0«74
volts.
The metal is fairly stable at the ordinary temperature; it is attacked
by fluorine in the cold, by chlorine and bromine when it is heated, but
by iodine not at all. Dilute acids, and concentrated HCl, have very little
action: fairly concentrated HNO 3 will dissolve it, if it is not strong enough
to make it assume the passive state. The metal is practically insoluble in
alkaline solutions, and very nearly so in fused alkali; but fused potassium
nitrate dissolves it at once.
Metallic molybdenum is used for a variety of special steels, as the
addition of a small amount of it greatly increases the hardness. For the
filaments of incandescent lamps it is much less used than tungsten, as it
is more volatile; but it is used in these lamps to hold the filament, since
(unlike tungsten) it can be fused into glass.
1188

C, Zwikker, Phyaica, 1927, 7, 71. He gives the values of a series of physioal
properties of the element between 900° and 1,100° 0.
« " B. Beoker and H, Hilbtrg, Z. EhMrookm. 1926, 31, 8SiW, Muthmwin And
F. Ftaunbtrgtr, Bar, Bayr, AhatL 1904, 34, 201,
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Metallic Tungsten
The fused metal is a brilliant white; it melts at 3,400°, and its boilingpoint is calculated by Langmuir1138 to be 6,700°; it is among the least
fusible and least volatile of metals. It is stable in air at the ordinary
temperature, but on heating it is oxidized by air to WO 3 and by steam
to WO2. Nitrogen has no action on it below 1,500°, but above that
temperature forms a nitride: fluorine acts on it in the cold and chlorine
at 250-300°, giving in absence of air the hexachloride WCl6, and in
presence of air the oxychloride or the trioxide.
Tungsten is very stable to acids, largely because it easily becomes
passive; compact tungsten is only superficially acted on even by concentrated nitric acid or aqua regia. A fused mixture of sodium hydroxide
and nitrate, however, dissolves it rapidly.
Tungsten can be made to assume the passive state by CrO3, FeCl3,
HNO 8 , HCl, H2SO4, etc. The highest passive potential to the hydrogen
electrode is +0*88 volts, and the lowest in the active state is ~~~0'70 volts.1139
Extreme Electrode Potentials to Hydrogen Electrode
Active
Passive
Difference

.

Cr

Mo

W

-0-56
+ 1-2
1-76

-0-74
+0-66
1-40

- 0 - 7 0 v.
-fO-88
158 v.

Applications of Metallic Tungsten
Tungsten is a constituent of various special hard steels, in particular
(usually along with chromium) of high-speed tool steels.
It is now the sole metal used for incandescent-lamp filaments, on account
of its high melting-point and its low volatility. Its efficiency as a source
of light is about 4 times as great as that of the old carbon filament, about
one-fourth of that of a neon lamp, and about one-sixteenth of ideal
perfection. For this use the tungsten must be specially pure, and so is
made by reducing WO 3 with hydrogen. It is thus obtained as a powder,
and the problem was to discover a way in which it could be converted
into fine wires of sufficient strength. This is done in two ways. In the
first the powder is compressed, and the rods so formed are submitted
alternately to high temperature and to vigorous hammering, until finally
the metal ceases to be brittle, and can be drawn into wires of 0-01 mm.
diameter. A second and even better method is to convert the wire into
a single crystal; for this purpose the powder is mixed with about 2 per cent,
of thorium oxide (which has a great effect, though we do not know why)
and an adhesive suoh as gum, and forced through a fine orifice under
pressure so as to form a thin wire. This wire is then made to pass through
a short spiral of tungsten wire heated to 2,200-2,400°, at the rate of about
1181
H. A. 3mM> L Lnngmuir, and Q, M. J. Mciokay, Phys, Mm 1927, ii. 30, 2OL
1111
Wi Muthnrnnn and F, Fraunbsrgw, Jif, Bayr> dkad, 1904, 84, 214.
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3 metres per hour (about 1 mm. per second); the crystals start in the hot
zone, and the wire is moved at the rate at which they grow: in this way
single crystals several metres long can be obtained. They have the
advantage that they do not become brittle on repeated heating and
cooling—i.e. on long use—which the drawn wires do, presumably owing
to recrystallization.
The reason for the effectiveness of the ThO2 is unknown. It is found
that the addition to tungsten of between 0 and 2«5 per cent., or more
than 4 per cent, of ThO2 diminishes the tendency to crystal formation,
but that between these two concentrations this tendency increases and
passes through a sharp maximum.
Tungsten and the Inert Oases
The compound of tungsten and helium which Boomer considered that
he had prepared has already been discussed under helium (0. 9).
With argon it was shown by Langmuir1140"1 that the electron emission
of a heated tungsten wire was the same in argon at 0-07-55 mm. as in vacuo;
hence under these circumstances no compound with argon can be formed.
Molybdenum and Hydrogen
No hydride is known. Even the powdered metal takes up very little
hydrogen, and loses it all again at 300°.1142
Tungsten and Hydrogen
Like molybdenum, tungsten absorbs only a minute amount of hydrogen
nt any temperature up to 1,500°, and no compound seems to be formed.
Molybdenum and Carbon
The metal can be made to take up carbon either by heating it with
carbon in an atmosphere of CO2, or by heating a molybdenum wire in CO.
Though there are evidently compounds formed, their nature is very
obscure, and solid solutions are also produced.1143 Two probable compounds are Mo2C and MoC: they seem to be very similar; the first forms
white crystals melting at 2,960^50°; it is slowly attacked by water, and
Also by oxidizing acids. The second is said to melt at 2,965±50°.
Tungsten and Carbon
Its behaviour appears to be similar to that of molybdenum, but the
Compounds are much better known. The C—W diagram1144 contains two
compounds, W2C and WC, with a limited formation of solid solutions.
ii«° I. Langmuir, Phys. Z. 1914, 15, 522.
»«
J. F. Congdon, PML Mag, 1924, [6] 47, 458.
1141
L. Hamburger, OUm. Wwkblad, 1916, 13, 11.
1141
A. Weitgren and 0. Phragmen, £, cmorg. Qh%m* 19Sa1 1S6, 87.
%m
Sts Qmtlin, Tung*t$n, p, 181.
III4.I
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WC melts at 2,770° C 3 and has an electrical conductivity at the ordinary
temperature about 40 per cent, of that of tungsten: at 2*5° Abs. it is
superconducting. Its crystal structure has been worked out.1145 Its heat
of formation from graphite and the metal is 4 k.cals./mole (exothermic).1146
W2C. This has been said to be not a compound but only a solid solution,
but Becker has shown1147 that the crystal structure points to a true
compound. M. pt. 2,780°: (within 10° of WC) electrical conductivity
7 per cent, of that of tungsten at the ordinary temperature. It is very
resistant to chemical attack, and in general behaves like tungsten itself.
But unlike both tungsten and the other carbide WC it is strongly attacked
by chlorine at 400°, giving WCl6 and graphite.
Molybdenum and Nitrogen
Molybdenum does not absorb nitrogen below 1,000°, but if it is heated
in nitrogen at 1,000° and 1 atm., and allowed to cool in it, a new phase
of nitride separates, as X~ray diagrams show.1148 If the powdered metal
is heated with ammonia this is decomposed, and the nitrogen is absorbed.
Nothing is known of the chemistry of the products, bub an X-ray examination shows that at least three compounds are formed,1149 of which one is
MoN, with the same crystal structure as WC, and another Mo2N.
Tungsten and Nitrogen
Nitrogen has no action on tungsten until a temperature is reached
(about 2,000°) at which the metal begins to evaporate, and combination
then takes place with the formation of one or perhaps two compounds.
WN2 is certain: it is formed as a brown deposit on the walls when
a tungsten wire is strongly heated in nitrogen.1150 Water readily converts it into ammonia and a tungstate. Its crystal structure has been
measured.1151
W2N8 has also been described as being formed from WCl6 and NH 3 ,
but it has not been confirmed.
Hexavalent Molybdenum and Tungsten
This is the group valency, and so it is here that we expect the closest
resemblance to sulphur and the B elements. This we find in the acids of
the class of H2XO4 and its derivatives. But the increased tendency of
the XO4 group to polymerize and condense, which is always greater in
1145

K. Becker, Z. Phys. 1928, 51, 484; A. Westgren and G. Phragmen, Z. anorg.
Chem.
1926, 156, 27. They find the distances W - C 2-22; W - W 2-86; C - C 2-86 A.
u
*«
L.
D. McGraw, H. Seltz, and P. E. Snyder, J.A.C.S. 1947, 69, 329.
1147
K. Becker, Z. Elektrochem. 1928, 34, 640. He finds the distances W - C 2-15;
W—W 2*78; C - C 2-99 A. But Westgren and Phragmen (loc. cit. above) do not
agree.
1148
A. Bieverts and G. Zapf, Z, anorg, Chem* 1936, 229, 61.
«*• G. Httfg, Z. physikal (Item. 1080, B 7, 389.
%m
T. L&ngmuir, J.A.C.S, 1918, 3S1 0321 Jf. anorg* Chem. 1914, 85, 261.
»ftl O. Kigg, J?. phyikal Chm. 1919, B 6, SIl; 1931, B 12, 33.
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A elements than in B, is very marked here, where most of the salts are
derived from highly complex acids: there is practically no difference in
this respect between molybdenum and tungsten.
With the oxyhalides, which all these elements form, it will be noticed
that those of molybdenum and tungsten are more stable than those of
either chromium or selenium (and in V A : V < Nb < Ta).
With the halides themselves we have peculiar relations. Chromium
forms no hexahalides. Molybdenum gives a hexafluoride, and no more.
Tungsten gives a hexafluoride, and also a hexachloride and hexabromide,
the latter the only compound of its type known at all. Uranium gives a
hexafluoride, and a hexachloride. The reason for these differences is quite
unknown; it cannot be steric, because the sizes of the molybdenum and
tungsten atoms are practically the same, the radii being Mo 1-36 and
W 1-37 A and U 1-49 A.
The hexavalent state is the most stable both for molybdenum and for
tungsten, in marked contrast to chromium, where, as usual in a lighter
element, a lower valency, that of 3, is more stable. It is commonly said
that the hexavalent state is more stable with tungsten than with molybdenum; this may quite possibly be true, but the evidence usually given
lor it is the existence of WCl6 and WBr6, and the absence of the correNponding molybdenum compounds. This, however, is only evidence for
the stability of the 6-covalent state: in chromium we saw that the
i\ covalent state was so unstable that no compounds of this type are known,
though the 6-valent state was shown to be very stable by the behaviour
of chromic acid and chromyl chloride, in which the chromium is hexavalent, though not hexacovalent.

Molybdenum Hexafluoride
This can be made from its elements.1152 It is a white crystalline substance, melting at 17-5° and boiling at 35°. The heat of fusion in l-94k.cals.,
and that of evaporation 6*36, giving a Trouton constant of 206,
It is immediately hydrolysed by moisture: in this it resembles TeF6 but
differs from SeF6, the maximum covalency for molybdenum as for tellurium being 8 (Mo gives quite stable 8-fold complexes) while that for Se is 6,
wo that MoF6 like TeF 6 is co-ordinately unsaturated, and capable of further
no-ordination and reaction.
Otherwise molybdenum hexafluoride is quite stable; it is not affected
by dry air, chlorine, or sulphur dioxide.
It forms double oxy-fluorides (p. 1044).
Tungsten
Hexafluoride
Our knowledge of this compound also is mainly due to Ruff,1153""6 It can
be made (1) in 30 per cent, yield by the action of HF on WCl6 in the
tm
0. Buffi and P, Eisner, Bw. 1907, 40, 2928; 0, Buffi and E. A»oh©r, £, anorff,
Ohem* 19Sl1 196, 410.
»•» O, HvS Md F. IiMiW1 flir, 190B1 3§, 747.
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cold.
Better methods of preparation are, (2) by the action of arsenic
trifluoride on WCl6 in the cold, or (3) by the action of antimony trifluoride
on the hexachloride, according to the equation
WCl6 + 3 SbF3 = WF6 -f- 3 SbFCl2.
But the easiest method of preparation, if elementary fluorine is available,
is its direct action on the metal.
Tungsten hexafluoride melts at 2*5° under a vapour pressure of 375 mm.,
and boils at 19-5° (15° below MoF6); its vapour density is normal. It is
very reactive; it fumes in air and attacks practically all metals except
gold and platinum. In every way it behaves just like the molybdenum
compound. It forms complex oxy-fluorides (see p. 1044). It is remarkable
for giving coloured solutions in many aromatic or oxygenated organic
solvents, such as benzene, acetone, and ether, owing presumably to
co-ordination. With benzene at low temperatures a white solid, probably
WF6,C6H6 separates.1156"

Tungsten Hexachloride
This and UCl6 are the only known compounds XCl6. WCl6 is made by
the action of chlorine on freshly reduced tungsten at a low red heat in
the complete absence of oxygen,1157 or by that of chlorine, sulphur chloride,
PCl5, etc., on tungsten trioxide or trisulphide.
Electron diffraction shows that it is a regular octahedron with the
W—Cl distance 2-261160 (theory 2-36). Crystal structure measurements
show that the molecule has the same form in the solid.1158 It forms dark
violet or steel-blue crystals melting at 275° and boiling at 347°1159; the
contrast to the colourless hexafluoride boiling 328° lower, is remarkable;
but as regards the boiling-point it may be pointed out that this means an
average rise of 55° for each replacement of F by Cl, and the corresponding
value for the methyl compounds is —24°—-(—78°) = 54°, and for the
ethyl -f 13°—(—32°) = 45°. The change of colour is more remarkable:
it is possible that it is something like the effect produced by several
bromine or still more iodine atoms attached to the same atom, as in
iodoform: but if so it is curious that no such effect is noticed in the
hexachloro- or even the octachloro-anions of complex salts.
The vapour is slightly dissociated even at the boiling-point, the vapour
density (to H 2 = 1) being 190-9 at 350°, and 168-8 at 440°: theory for
WCl6 198-4. The liquid is practically a non-conductor: conductivity
2 X 10"« at 280°.
1164

O. Ruff, F. Eisner, and W. Heller, Z. anorg. Chem. 1907, 52, 256.
O. Ruff and F. Ascher, ib. 1931, 196, 413.
116
« P. Henkel and W. Klemm, ib. 1935, 222, 67.
"w* H. F. Priest and W. C. Schumb, J.A.C.S. 1948, 70, 2291.
1187
For reoent details see A. J. Cooper and W. Wardlaw, J.OJS. 1932, 636.
"*8 J. A, A. Kefcelaar and G. W. van Oosterhout, Beo. Trav. 1943, 62,197.
U66

»•• Id. and P. B. Bmxm, ib. fi&7.
"•• B. V, Q. Bwtm mi M. W* LIiUr, Tram. Far, Soo. 1938, 34, 1358.
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The compound is easily soluble in CS2, ether, chloroform, and CCl4,
giving red-violet solutions. It is only slowly attacked by air, and by
water only above 60°; it is very readily converted into the oxychlorides.

Tungsten Hexabromide
This compound so far as it is known closely resembles the hexachloride.
It can be made by passing bromine vapour in nitrogen over warmed
tungsten,1161 and sublimed as blue-black needles fuming in the air. It
decomposes even on gentle heating, so that the vapour density is unknown.
Water converts it into the blue oxide, but aqueous ammonia gives a
colourless solution presumably of the tungstate.
It seems1162 that mixed hexahalides WGlxBr6^x occur.
Molybdenum
Oxyfluoridesmz
There are two of these with hexavalent molybdenum, MoOF4 and
MoO2F2.
MoOF4 is best made by the action of HF on MoOCl4.1164 It forms
colourless crystals, m. pt. 97°, b. pt. ca. 180°. It is very hygroscopic and
deliquescent, and turns blue in contact with air owing to its reduction by
the dust. It gives a colourless solution in water, which on evaporation
leaves the trioxide MoO3 behind.
MoO2F2. This is made in the same way1164 from HF and MoO2Cl2. It
is colourless, stable to water, giving a colourless solution in AsCl3 and in
HiCl4, but insoluble in toluene and practically in ether.

Tungsten Oxyfluoride
Only WOF4 is known for certain. It is made from HF and the chloride
WOCl4, or by the action of lead fluoride on the trioxide WO3. It melts at
110°, and boils at 1S5°.1165 It forms white crystals, insoluble in CCl4,
slightly soluble in CS2 and benzene, and easily in chloroform. It is very
hygroscopic, and when exposed to moisture soon begins to deposit yellow
ttmgstic acid H2WO4. It attacks metals when warm, turning blue in the
process.
The other oxyfluoride WO2F2 has never been isolated but may be
present, mixed with some WOF4, when this last is treated with a little
water.1165 When PbF 2 is heated with even a large excess of WO3 no
WO2F2 can be isolated, so that evidently if it is formed in this reaction
It i» wholly converted at a red heat into WO 3 +WOF 4 .
%m

H. A. Sohaffer and E. F. Smith, J.A.C.S. 1896, 18, 1098.
«•• E. Defacqz, C.i?. 1899, 129, 516; Ann. Chim. Phys. 1901, [7] 22, 250.
1191
For earlier references to the (mostly old) work on the oxyhalides of hexavalent
molybdenum and tungsten, see Gmelin, ed. 8, Molybdenum, p. 151, eto.; Tungsten,
p, 157, eto.
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O. Ruff and F. Elmer, Bar, 1907, 40, 2931.
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Molybdenum
Oxychloride
While WOF4 is certain, and WO2F2 doubtful, the reverse is the ease
with the oxychlorides of molybdenum: there only MoO2Cl2, is certain.
MoOCl4 is supposed to be the product of the action of chlorine on
partially reduced MoO2 (this is the material used for making MoOF4), but
it is likely that this is really a mixture of MoCl5 and MoO2Cl2.1166
MoO2Cl2 is formed by passing chlorine over hot dry molybdenum
dioxide.1167 The reaction begins at 500°, and is rapid at 700°.1168 The
compound is fairly volatile, and melts only under pressure. It is easily
soluble in and hydrolysed by water. A variety of more complicated
halides with 2 and 3 atoms of molybdenum in the molecule have been
described.
A possible hydrate MoO2Cl2, H2O, which should perhaps be written
MoO3, 2 HCl, is made by heating MoO3 to 150-200° in dry hydrogen
chloride gas.1169 It sublimes easily, and as it is easily made is a convenient
substance to use as a starting-point for the preparation of other molybdenum compounds. It forms white or pale yellow crystals, easily soluble
in water, alcohol, ether, and acetone; the aqueous solution on evaporation
leaves MoO3; in ether and acetone the molecular weight is nearly normal,
but in alcohol there is some dissociation.
The structure of this substance is uncertain; H2[MoO3Cl2] seems an
improbable formula because (1) the substance does not behave as an acid,
and no salts of it are known, and (2) if it were a strong acid it would need
some water to hydrate the hydrogen ions. The formula O=Mo(OH)2Cl2
seems on the whole the most likely, especially if the substance is really
not dissociated in ether and acetone.

Tungsten Oxychlorides
One difference between molybdenum and tungsten is that the latter can
take up more chlorine and bromine atoms than the former, and this
difference persists in the oxychlorides. Just as we have WCl6 and WBra,
but no corresponding molybdenum compounds, so we have WOCl4 and
WOBr4, while MoOCl4 is doubtful and MoOBr4 quite unknown.
The two oxychlorides WOCl4 and WO2Cl2 are always formed together,1170
and can be separated by means of the greater volatility of the former;
but whenever the mixture is distilled, there is a certain loss of the dichloride
through its disproportionation:
2WO2Cl2 = WO3-J-WOO4.
»••
See I. Nordenskjold, Ber. 1901, 34, 1575.
1167
O. Ruff and F. Eisner, ib. 1907, 40, 2933.
1W8
W. Kangro and R. Jahn, Z. anorg. Chem. 1933, 210, 327.
"•»
See A. Werner, ib. 1895, 9, 407? A. Vandenberghe, ib. 10, 52.
11 n
Aooording to A. V, Komandin and D. N. Tarasenkov (J. Gen. Chem. Evse.
1940, 1Oi 1883) » stream of 8 N1-I-S Cl8 pasied over WO8 for 1 hour at 540° gives
mftlfily WO1H1 but «om* WOCI1I th* reaction 2 WO1CO1** WOCl4+WO1 (reverftihla) bngin«nl'ilO'\
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WOCl 4 is formed
by the action of oxygen or moisture on WCl 6 ;
by passing moist chlorine over tungsten; or from W O 3 by treatment
with PCl 5 , with CCl4, or with WCl 6 vapour. I t melts at 209° and boils at
233°. Its heat of fusion is said to be 1-44 k.cals. and that of evaporation
16*84 k.cals. 1174 If this last figure is correct, the Trouton constant has the
enormous value of 33-2. The vapour density is nevertheless normal at
350° and at 440°. The substance is practically a non-conductor of electricity.
I t reacts violently with water to give WO 3 .
WO2Cl2,1175"7 Yellow crystals, melting at 265° and volatile on further
heating: stable in moist air and only slowly hydrolysed by water.

Tungsten Oxybromides
WOBr 4 . Made by the action of bromine on a mixture of WO 3 and
carbon, or of WO 2 and tungsten. I t is very like the chloride: brownishblack crystals, m. pt. 277°, b. pt. 327°. I t is very hygroscopic and decomposes easily in air.
WO 2 Br 2 . Made in the same way as WO2Cl2, for example by passing
a mixture of air and bromine vapour over red-hot tungsten. I t is a red
or yellow substance, infusible, and less volatile than WOBr 4 . If it is
rapidly heated it is converted into W 0 3 + W O B r 4 . I t is only slowly acted
on by cold water.
Molybdenum
Trioxide, M o O 3
This is the stablest oxide of molybdenum, and so is the final product
of the ignition of the element or its oxides or sulphides, or other compounds, in air, or of their oxidation by nitric acid. I t is a white powder,
which turns yellow on heating, and melts at 795° to a dark yellow liquid:
the colour disappears again on cooling. I t has a perceptible vapour
pressure even below its melting-point (0-30 mm. at 700°), and boils at
1,155°. The crystal structure has been examined by Wooster 1178 : the
oxygen atoms form distorted octahedra round the Mo atoms.
MoO 3 is insoluble in water, but soluble in alkaline solutions, including
ammonia and alkaline carbonates, to form molybdates, such as M 2 [MoO 4 ]:
it can scarcely be called an anhydride of molybdic acid since it will not
form it with water.
Hydrogen reduces it at temperatures between 300° and 470° to MoO2,
and above 500° to the metal.
1171

E. F. Smith and V. Oberholzer, Z. anorg. Chem. 1894, 5, 65.
B. F. Smith and H. Fleck, J.A.C.S. 1899, 21, 1008.
K. Lindner and A. Kdhler, Ber. 1922, 55, 1461.
nu
W. Beinders and J. A. M. van Liempt, Bee. Trav. 1931, 50, 997.
1175
O. Ruff, F. Eisner, and W. Heller, Z, anorg, Chem, 1907, 52, 267.
l m
C. Friedheim, W. H. Henderson, and A. Pinagel, ib. 1905, 45, 397.
« " G. Jmder and D. Mojert, ib. 1928, 175, 272.
*»• N. Wooitw, £. Kriit, 1981, 80, 504. Th© diatftnosi tmi Mo-O 1*90 to 2*84?
0—0 2-75 to 8-75 A.
1172

1173
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Tungsten Trioxide, W O 3
This resembles MoO3 in that it is the final product of heating tungsten
and its compounds in the air. It is a lemon-yellow powder, orange when
hot, and melting at 1,473° to a green liquid1179; its boiling-point is above
1,750°. Its crystal structure resembles that OfMoO3.1180-1 It is completely
volatile in chlorine at 500°, presumably being converted into the oxychloride. It is quite insoluble in water, but dissolves in alkaline solutions
to give tungstates. Hydrogen reduces it according to the temperature to
the blue W4O11, WO2, or metallic tungsten. A solution of chlorine in OCl4
in a sealed tube at 200° converts it into WOOl4, and at 280° into WCl6.
It is insoluble in concentrated H2SO4 or HNO3, or dilute HCl: it is almost
unattacked by HF.
Molybdenum Trisulphide, MoS 3
This can be made from a molybdate solution by saturating it with H 2 S,
which converts the salt into the thiomolybdate M2[MoS4]: from this HCl
precipitates the trisulphide MoS3 as a dark brown solid, which easily goes
over (like As2S3) into a colloidal form. On heating it changes irreversibly
into MoS2 and sulphur.1182 It is soluble in alkalies, and especially in
alkaline sulphides, including (NH4)2S, with which it reforms the thiomolybdates.
A persulphide MoS4 can be made by the action of H2S in excess on a
molybdate solution: it is a brown powder like the trisulphide.
A triselenide MoSe8 is also known: in general it may be said that the S
in the thio-derivatives of Mo (or W) can be replaced by Se but not by Te.
Tungsten Trisulphide, W S 8
This is made in the same way by the action of HCl on a solution of a
thiotungstate M2WS4. It is a black powder slightly soluble in cold water,
and more in hot. It very readily goes over into a colloidal form, even on
washing with water. If it is heated in the absence of air it is converted
into WS2, and in presence of air into WO3.
A similar selenide is known.1183
It is obvious that the trisulphides of the two elements, like the trioxides,
are extremely similar.
Molybdic Acid and the Molybdates
Molybdic acid—and the same is true of tungstic acid—has an enormous
power of condensation* and polymerization, not only with itself, but with
a variety of other acids.
* Condensation means the combination of two or more molecules with loss of
water: polymerization the same, but without loss of water; with many of these
complex acids the formation can be described by either term, according to whether
we regard the acid as made up from the simple aoid or its anhydride the trioxide.
nn F, M. Jaeger and H. C. Germi, Z, anorg. Ohem, 1921, 119, 149.
" I 0 K. Brftkksn, £, JSMtf. 19Sl1 7S1 487. laeh W ii surrounded ootahedrally by
0 O n W - O - 1-8OtOl-OlA,
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Molybdic Acid
The free acid H2[MoO4],H2O forms yellow crystals, which separate
slowly from a solution of a molybdate in concentrated HNO 3 : the yellow
deposit often seen in bottles of ammonium molybdate solution for analytical purposes consists of this acid.1184 On gentle warming, even in contact
with the solution, it is converted into the anhydrous acid H2MoO4, fine
white needles occurring in two modifications which look alike, but differ
in many properties especially in the ease with which they lose water.1186
Molybdic acid dissolves in water up to about 1 g. in the litre at 18°.
The aqueous solution reddens litmus and seems to be fairly strongly acid,
but determinations of the dissociation constant vary very much, probably
from the substance going over to the colloidal state.*
The acid is, of course, reduced under various conditions to various lower
valencies.1186
Like boric acid molybdic acid combines, probably to form ring-compounds, with sugars, as is shown by its effect on their rotatory power.1187

Molybdates
Simple molybdates of the type M2MoO4 are known, but the tendency
to condensation is so great that they only separate from solutions containing a large excess of alkali; most known molybdates are polymolybdates,
even the familiar ammonium molybdate. In Ag2MoO4 the Mo—O distance
was found by Donohue and Shand1101 to be 1*83, 0-17 A less than would
be expected; they quote these similar instances (among others) of a
shortening of the A—O distance in AO4 ions: AsO4 0-10, VO4 0-22, 1O4
O'15: see above, p. 914. Jander 1188 using the rate of diffusion as a measure
of the molecular weight (not a very certain method) claims to have shown
that with diminishing alkalinity of the solution the molybdate ions pass
through separate stages with 1, 3, 6, 12, and 24 Mo atoms in the molecule.
The total number of known molybdates (even excluding for the present
those which contain other acids as well) is very large, and examples are
* There is a danger that these acids when precipitated carry down with them
some of the precipitating acid.
ii8i j r o r ^ e S y S tem W O 3 + W see O. Glemser and H. Sauer, Z. anorg. Chem. 1943,
252, 144.
1182 W # B i l t z a n d A # Kdcher, Z. anorg, Chem. 1941, 248, 172.
llsS
L. Moser and K. Atynski, Man. 1925, 45, 241.
1184
According to V. Auger (CR. 1938, 206, 913) this deposit usually contains
MH3, and owes its yellow colour to traces of silicomolybdate from the glass. He
finds, however (ib. 207, 1213), that there is a brownish-yellow labile form of
H 8 MoO 4 .
lias A . Rosenheim and I. Davidsohn, Z. anorg. Chem. 1903, 37, 316.
1186
W. F . Jakob and W. Koslowski, Rocz. Chem. 1929, 9, 607 j G. Canneri, Qaz.
1980, 60, 113 j P . Krumholz, Z. anorg. Chem. 1938, 212, 97,
11M
G. Tanret, CJR. 1921, 172, 1363; E. Darmois and J. Martin, ib, 1980, 190,
294; Z, Soubarev-Cheitelain, ib. 1980» 200, 1942.
1118
G. Jandar and A. Wlnktl, £ . physihal Ohm. 1980,149» 971 O. Jander, K. F .
Jalir, and W. Heukenhovon, Z, anorg* Ohm* 1080» 194, 888.

1040

Group VI.

Molybdenum

and

Tungsten

known containing, to every two monovalent M atoms, 1, 2, 2J, 3, 4, 6, 8,
10, and 16 MoO3 groups in the molecule. Various classifications have been
proposed, but none of these are of much value unless we have the corresponding X-ray data.1189 The simpler molybdates have been examined
in detail by Hoermann1190 together with fche corresponding tungsbates.
He shows that double molybdates, and also double tungstates with two
different alkali metals, are common, but that double molybdate-tungstates
are rare. The alkalies Li, Na, and K nearly always give salts with 1, 2, 3,
and 4 MoO3 (for example, Na2Mo4O13): the melting-points of the simple
anhydrous salts R2LMoO4] are Li 705°; Na 687°; K 926°. The paramolybdates have been definitely shown to be M6[Mo(Mo6O24)], 4 H 2 O 1192 ;
the paratungstates are similar (see p. 1041).
Tungstic Acid
Free tungstic acid occurs in two forms, a yellow, which is precipitated
on addition of acid to a hot solution of a normal or para-tungstate, and
a white one, which is precipitated in the cold.
1. The yellow form has the composition H2WO4, is crystalline, and is
almost insoluble in water, its solubility being at the ordinary temperature
about 1-5 x 10~6 equivalents (3*75 mg.) per litre.1193 It is soluble in HF,
and slightly soluble in concentrated HCl.
2. The white form, which is precipitated in the cold if enough HCl is
added to the fcungstate solution, is white or pale yellow, and very voluminous: its composition approaches H2WO45H2O. This has been shown
to be really crystalline.1194 It is soluble in water, and is said to give the
solution an acid reaction, but this is largely due to the release of adsorbed
mineral acid. It has a strong tendency to pass into a colloidal state. It
is unstable, and with concentrated acid, or even with water, especially if
it is warmed, it goes over into the yellow form.
Tungstates
The salts of tungstic acid, like those of molybdic, have very variable
proportions of acid and base.1195 We can distinguish three kinds:
1. Normal tungstates M2WO4.
2. Metatungstates commonly written M2W4O13^H2O, but more correctly M6[H2W12O40]^H2O (see below).
1186
See A. Rosenheim and J. Felix, ib. 1913, 79, 297; G. Jander et aU ib. 1930.
%
194,
383;
Gmelin, Molybdenum, pp. 114-29.
1190
F.
Hoermann,
Z. anorg. Ghem. 1928, 177, 145.
1181
J.
Donohue
and
W. Shand, J.A.C.S. 1947, 69, 222.
1192
J.
H.
Sturdivant,
J.A.G.S. 1937, 59, 630.
1198
A.
J.
Rabinovitsch
and V. A. Kargin, Z. phyaikah Ghem. 1931, 152, 26.
1194
H.
C.
Burger,
Z,
anorg,
Ohem, 1922, 121, 241.
1198
For further information on tungstates and suggestions of possible structures,
see the following* G. Jander and W. Heukeshoven, Z. anorg. Ohem. 1930, 187, 60;
A. M, Morit^, J.0.£. 1930, 19S7* K. F. Jahr and H. Witimann, Z. anorg, Ohem.
1032, 308, 14a i B. K, Vallanoe and B, 0, K, Pritohett, «/,0.5, 1984, 1586.
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3. Para-tungstates, with still more complicated formulae, formerly
written 5 M 2 0,12 WO 3 ^H 2 O, but more correctly 3 M 2 0,7 WO 3 ^H 2 O.
The separation of the alkaline tungstates, both from water and from the
fused melt, has been examined by Hoermann.1190 They vary in composition from M2O3WO3 to M2O, 4 WO3. The melting-points of the simple
tungstates M2WO4 are: Li 742°, Na 700°, K 921°. Of the ordinary sodium
salt, Na2WO4, 2 H2O, from which most of the compounds of tungsten
are derived, 73 g. will dissolve in 100 g. water at 21°.
The meta series are very different from the other two; for example,
they do not precipitate the free acid with hydrochloric acid, as (1) and (3)
do, since metatungstic acid is soluble in water.
It has been pointed out1196 that the metatungstates have the structure
of a hetero-poly-aeid, with the hetero-group replaced (in the formula, but
not necessarily in a stereochemical sense) by H2, to judge by the following
examples of isomorphism:
K6[H2W12O40], 18 H2O I K4[SiW12O40],18H2O
Ba3LH2W12O40] 27 H2O
Ba2^5[BW12O40j, 27 H2O
H6[H2W12O40], 24 H2O I H3[PW12O40], 24 H2O
Again, the pentahydrates of H6BW12O405H4SiW12O40 and of metatungstic
acid H6[H2W12O40] are all isomorphous with H3PW12O40, 5 H2O, the
structure of which is known. All these acids give similar Cs3 salts in spite
of their different basicities, so that the packing is of primary importance.
The correctness of this view has been definitely established by the X-ray
examination of metatungstates by Signer and Gross1205 and Santos,1206
which has shown that they have the structure of a 12 Mo heteropolyacid
but with the central 'hetero' group left out.
The para-tungstates (like the para-molybdates) have been written both
as 5 M2O, 12 WO 3 ^H 2 O and as 3 M2O, 7 WO35^H2O, which can scarcely
be distinguished analytically unless M is heavy. The latter composition
is supported by the analysis of a triethanolamine paramolybdate derivative,1197 and established by Sturdivant's X-ray measurement of the cell
1,96
H. Copaux, Ann. CMm. Phys. 1909, [8] 17, 245; 1912, 26, 22; see also A.
Rosenheim and F, Kohn, Z. anorg. Ghem. 1911, 69, 247; A. Rosenheim, ib. 1912,
75, 141.
1197
F . Garelli and A. Tettamanzi, AUi Acad. ScL Torino, 1935, 70, 382 (Ghem.
Abetr. 1935, 7864).
1198
Gmelin, Handbuch, 'Molybdenum' (1935), pp. 312-93; 'Wolfram' (1933),
pp. 324-96.
1109
L. Pauling, J.A.C.S. 1929, 51, 1010.
i»°° G. Canneri, Gaz. 1926, 56, 642, 871.
"<* L # Fernandas, ib. 655.
laoa
G. Jander, D. Mojert, and T. Aden, Z. anorg. Ghem. 1929, 180, 129.
1808
A. Rosenheim, J. E. Koch, and N. Siao, ib. 1980, 193, 47 j Rosenheim and
A. Wolff, ib. 64.
1
^* J. F . Keggin, Natur$t 1938,131, 908 j Pras. Boy. Soc. 1084, 144, 75,

1801
111)1

R. Signer wad K. Grow, H#te. Ohim, dote, 1984, 17, 1076,
J. A, SanboB, Proo> Roy, Sm* 1085, ISO, 809,
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dimensions and density of the ammonium salt (NH4J6[Mo(Mo6O24)],
4 H2O, with a central nplybdenum atom.1192

Hetero-poly-acids
The discovery of this enormous group of compounds was due to Marignac,
who in 1861 found that silicic acid will dissolve in tungstic acid to give
crystalline compounds. Hetero-poly-acids in the widest sense are complicated structures, in which two or more kinds of highly oxidized acid
residues take part. For practical purposes we can distinguish two classes
of these: (1) those in which the two kinds of radicals are represented to
more or less the same extent, and are relatively few in the molecule, as
in the salt K2O5I2O5, 2 Mo0 3 ,H 2 0; these are produced by an enormous
number of oxyacids; (2) those in which a large number—usually 6, 9, or
12—residues of one kind, which is almost always either molybdic or
tungstic acid, are combined with a single residue of another acid, which
may be any one of a large number of oxyacids including those of B, Si,
Ge, Ti, Zr, Th, P, V, As, and Mn. It is this second class which is generally
understood by hetero-poly-acids, and it is with these that we are mainly
concerned. The most frequent have one residue of boric, phosphoric,
arsenic, or silicic acid, combined with 6, 9, or 12 WO3 or MoO3—sometimes 8, but never more than 12; when the single residue is that of telluric
or periodic acid the number is usually 6. They are practically always
hydrated, usually with large numbers of water molecules, which, however,
are perfectly definite: thus one has 29 H2O, which can be shown not to
be 28 or 30. The reasons for these numbers are, of course, steric. Some
of the more important papers on the hetero-poly-acids are quoted
below.1198"1207
It may be mentioned that reference u " is a classification of heteropoly-acids in general and a suggested assignment of structures to the various
types, on theoretical principles; X204 is an X-ray study of the 12-phosphotungstates; and 1205 and 1206 are X-ray studies of the 12-silico- and 12-borotungstates, and of metatungstic acid.
The structures assigned to these compounds in a great deal of the earlier
work are very speculative. The theoretical ideas of Pauling1199 were of
fundamental impoitance: in particular he showed that the various acid
residues must all be united through oxygen atoms; see further.1210 The
fact is that these molecules are too complicated for it to be possible to
assign structures to them until we have the X-ray evidence. This has,
however, now been provided1204"6 for several acids, which are nearly all
tungstic, but it is obvious that the molybdates are built on the same lines.
As an example of the complications involved, it may be mentioned that
1807

G. Jander, Z, physikal Ohem. 1040,187,140. He gives a general review of the
hetero-poly-acids,
and also disousses their dialysis oo-effioients.
1901
Forftdescription of the struotures with diagrams, see Wells, S.7.O., pp. 341-2*
»•«• J. S, Anderson, N&ium, 1037,140, 810.
*«• K, H, RlMiMiUd and M, Toblwik, £, umrg. ChGm1 19Sa1 331» 287.
L
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Keggin1204 worked out the structures of the two hydrates of 12-phosphotungstic acid, H8PW12O40, 5 and 29 H2O (see further refs. MU-U). These
give us the clue to the general lines on which all these hetero-poly-acids
are built up. It is clear that the unique radical—say the PO4 in a phosphotungstate—occupies the centre, the P atom being surrounded tetrahedrally
by 4 oxygen atoms. On the 6 edges of this tetrahedron are then disposed
in some way the 6, 9, or 12 MoO3 or WO 3 groups.1208
As to the rest of the structures we may consider (1) the 12-acids, and
(2) the 6-acids.
In the 12-acids the unique atom—say the phosphorus in a phosphotungstate—occupies the centre, being surrounded tetrahedrally by 4
oxygen atoms. Each of these is attached to 3 tungsten atoms which form
a W3O10 group. In each of the four W3O10 groups every W atom is
surrounded by 6 oxygen atoms, (1) the oxygen atom of the PO4 group,
(2) an oxygen atom not otherwise linked, (3) two oxygen atoms shared
with another tungsten atom in the same W3O10 group, and (4) two oxygen
atoms shared with tungsten atoms from two of the other W3O10 groups,
to form a closed network (these last atoms are barred (0) in the diagram).
The whole 12 tungsten atoms of the group occupy the corners of a cubooctahedron.

vA-^ 0
The 6-acids are derived from central atoms which have a characteristic
co-ordination of 6, such as iodine and tellurium, for example, in M5[I(M6O24)]
(compare the paramolybdates and paratungstates, e.g. M6[Mo(Mo6O24)]).
Anderson1209 suggests that the octahedral WO6 groups share edges to form
a ring, the central cavity holding the nuclear hetero-atom by means of 6
inwardly directed (and octahedrally arranged) oxygen atoms.
For the heteropoly acids with intermediate numbers of molybdenum or
tungsten atoms (8, 8f,... up to 11) per central hetero-atom, Pauling suggests
that the ion is binuclear, the molybdenum or tungsten groups forming a
correspondingly larger polyhedron, capable of holding both XO4 groups.
Thiomolybdates
The oxygen atoms in the molybdates can be replaced successively by
iulphur, and the whole series of individual compounds from M8MoO4 to
M8MoS4 are known.1918 Even a perthiomolybdio acid H8MoS5, oorrespond1811
A. J, Bradlsy and J. W. IUingworth, Proo. Boy, Boo. 108S, 187, US,
»» O. Kraup, Z, Krxtt, 1930, 100, 804,
1110
J. W, Rttgm, 2. phyMal. Ohm. ISOS1 10, 841.
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ing to permolybdic acid and obviously from its behaviour having a
—S—S— linking, has been prepared. 1214
Thiotungstates
All the possible members of the series are known, M 2 [WO 3 S], M2[WO2S2J,
M 2 [WOS 3 ], and M 2 [WS 4 ]; the last one on treatment with acids precipitates
WS 3 . The position is exactly the same as with molybdenum.
Corresponding selenium compounds, as
are known. 1215

(NH4)2[W02Se2]

and

(NHJ2[WSe4]

Fluoromolybdates
A whole series of compounds in which one or more of the oxygens in
molybdic acid are replaced by fluorine were elucidated by Werner. 1216
They are of the five types below:

r

O3]

L

F2J

M, Mo vi

r . °si
L F3J

M, Mov

r

O2]

I

F4J

M, Mo vi

r

M3 Mo i v

O3]
FJ

r

vi
M„ Mo

O2]

F6J

(I)
(II)
(III)
(IV)
(V)
Examples of these salts are: type I, N H 4 ; type TI, JSTH4, K, T l ' ; type I I I ,
NH 4 , Na, K, Tl', Cd, Zn, Ni, Co", Cu"; type IV, N H 4 ; type V, NH 4 .
Their isomorphous relations with other complexes illustrate the dependence of the crystal structure on ionic type and size rather than on the
nature and valency of the central atom. Isomorphism has been established in the following groups (see Gmelin, Mo, p . 153).
(1) Rhombic (NH4, Tl')
(2) Monoclinic
(3) Monoclinic
M2[MoViO2F4]
CuLMoViO2F4], 4 H2O
K2[Movi02F4],H20
M 2 [W-O 2 F 4 ]
K 2 [Wvi0 2 F 4 ],H 2 0
Cu[W-O 2 F 4 ], 4 H2O
M2[MoVOF5]
Cu[M0VOF5], 4 H2O
K2[MoVOF5LH2O
M2[NbVQF5]
Cu[NbVOF6], 4 H2O
K 2 [NbvOF 6 ],H 2 0
Cu[XiVF6], 4 H2O
(X'v = Si, Ti, Sn.)
(4) Hexagonal
MlMoVO 2 F 4 ], 6 H2O
M"[MovOF5], 6 H2O
M"[NbvOF5], 6 H2O
M"[X'vF6], 6 H2O

(5) Regular
(NHJ3[M0ViO3F3]
(NH4)3[Wvi03F3]
(NH4),[NbvOF6]
(NH 4 UZr-F,]

Fluor otungstates
Several series of these are known: they are made by dissolving tungstates
in H F . The main types are M 0 [WO 2 F 4 ] (the commonest), M[WO 2 F 3 (H 2 O)],
and M 8 [WO 3 F 3 ]. 1217
» " K. A. Hofmann, Z. anorg. Chem. 1896, 12, 60.
»» V. Lenher and A. G. Fruehan, J.A.O.S. 1927, 49, 3076.
»it Neutra Antohawingm, ad. fl, p. HQ.
'•" Hot Qm»lin, 'Wolfram', p. 101.
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Acid solutions of molybdates when treated with hydrogen peroxide turn
yellow or orange, and yield coloured salts which have the typical reactions
of H2O2S and obviously contain hexavalent molybdenum combined with
peroxide —0—O— groups. The simplest of these have the composition
M2MoO6, but other simple types, such as M2MoO6 and M2MoO8 are known;
and all these acids have the same tendency as the parent molybdic acid
to condense, so that many of the salts are highly complex.
In one case the free acid is known; H2MoO5, 1-5 H2O is made by
treating MoO3 with H2O2, filtering the deep yellow-red solution, and
evaporating in vacuo.1218 It forms a yellow powder which, unlike perchromic acid, is insoluble in ether.
The salts,1219 which are numerous, seem by their colours to belong to
two classes: (1) yellow, as Na2MoO6, and (2) red, as in the numerous
salts1219 M2MoO8, which are explosive.

Pertungstates
Tungsten trioxide and the tungstates behave with hydrogen peroxide
just like the molybdenum compounds.1220
Recent work shows that the per-acids of tungsten are among the stablest
per-acids known3221 (tungsten being the heaviest element, apart from the
eccentric uranium, of an even group) though like all per-acids they slowly
lose oxygen.
Further investigation shows1222"3 that with monotungstates, when the
hydrogen peroxide is weak, colourless monobasic ions with 2 atoms of
active oxygen are formed:
[ W O J - + 2 H2O2 *==? LHWO6]- + OH" + H2O.
If the H2O2 is stronger, the yellow ion with 4 active O atoms is got:
[WO 4 ]- + 4 H2O2 *=? [WO 8 ]- + 4 H2O.
Hexatungstates only give the colourless [HWO6]" ions:
[HW6O21F + 12 H2O2 ^ = * 6 [HWO6]- -f 9 H2O + H+.
Molybdenyl
Sulphate
It is a sign of the stability of the oxy-salt or f yl' salt type in this
Nubgroup that even hexavalent molybdenum is able to adopt it, and in
a form XO2 otherwise practically confined to uranium. There are signs,
however, that this form is less stable with tungsten, although it reappears
with uranium. Molybdic acid is soluble in sulphuric acid, and this is one
1818

W. Muthmann and W. Nagel, Ber. 1898, 31, 1836.
K. Glen, Z. anorg. Chem. 1932, 204, 67; A. Rosenheim, M. Hakki, and Q.
Krause, ib. 1932, 209, 175; N. J. Kobosev and N. N. Sokolev, ib. 1988, 214, 821.
1880
A. Rosenheim, M. Hakki, and O. Krause, Z. anorg. Oh§m, 1982, 209, 202.
l8
« K, F. Jahf m& B. Lothtr, B$r, 1988, 71, 894.
4
«" Id.pib. 908.
"•• Id 11 Ib. 1127.
1110
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of the few points that distinguishes it from tungstic. The fact has been
used to separate the two, by dissolving out the MoO8 in a mixture of
SeO2Cl2 and H2SO4.1224 From the solution of molybdic acid in H2SO4
various compounds can be separated, but the simplest is the 'yl' sulphate
MoO2SO4.1225 It is very hygroscopic and decomposes on heating. If it is
exposed to dust it is superficially reduced and turns blue.
A similar selenate MoO2SeO4 has also been obtained.1226

Substituted Tungstic Acids
Many derivatives are known of both molybdic and tungstic acids with
organic acids, especially oxy~acids, such as citric, mucic, salicylic, gallic,
etc., all or most of which owe their stability to the fact that they contain
chelate rings.
An interesting series of these is that of th$ catechol compounds1227""8; the
acidity of catechol is so weak that they must owe their stability to chelation. They are mainly of two types M2[WO3cat(H20)] (M = NH 4 , Tl'), and
two similar kinds (NH4)2[W02cat2],H20 and (NH4)H[W02cat2].

Molybdenum Blue
This is a substance or group of substances about which there has been
much discussion. It clearly contains molybdenum in two valency states,
of which one is vi and the other probably v.
The first product of the reduction of molybdenum trioxide is commonly
a blue substance known as molybdenum blue (discovered by Berzelius in
1826). It is probable that there are several distinct substances included
under this name 1229 ; they are stable only when they contain water as well
as Mo and O. One formula which seems often to satisfy the analyses is
Mo3O8^H2O or perhaps more exactly Mo8O283^H2O.1230 All sorts of
reducing agents will produce these substances, Cu and HCl, Zn, Al, Fe,
hydrazine, H 2 S, etc.; they can also be made by the oxidation of pentavalent molybdenum, or air or diluted nitric acid. The solid substance is
nearly black, but it is very soluble in water to form a deep-blue solution,
which, as its X-ray pattern suggests, is probably colloidal.1230 It forms
compounds with various acids, such as phosphoric, and also with bases,
including the alkalies; the products are always complicated in composition,
and often colloidal. For possible structures see reference 1231.
1224

H. B. Merrill, J.A.G.S. 1921, 43, 2383.
J. Meyer and V. Stateczny, Z. anorg. Ghent. 1922, 122, 19.
iaae E , Wendehorst, ib. 1928, 176, 233.
1227
L. Femandes, Gae. 1925, 55, 434.
1228
R. Weinland, A. Babel, K. Gross, and H. Mai, Z. anorg. Ghem. 1926,150, 177.
1220
See further M. Guiohard, G>R. 1900, 131, 389, 419; V. Auger, ib. 1936, ?02,
1180; V. Auger and N". Ivanov, ib. 1937, 204, 1424, 1815.
1880
F. B. Sohirmer, L, F. Audrieth, 8. T. Gross, D. S. MoClennan, and L. J.
Boppi, J.A.C.S, 1942, 64» 2543,
H» W, D, Twftdwdl and Y. Sohatppl, HiIv, OWm, Ao$a, 1946» 39» 771.
1226
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Tungsten Blue
This seems to be very similar. The gentle reduction of WO 3 or tungstates
gives blue products, which are no doubt compounds of WO 3 with lower
oxides.1232 If WO 3 is left in sunlight under water it turns blue. The
formation of a blue colour on addition of stannous chloride and HCl is a
very sensitive test for a tungstate. (See also under W2O5, p. 1049).
PENTAVALENT MOLYBDENUM AND TUNGSTEN
THE compounds of pentavalent molybdenum are usually formed by the
electrolytic reduction of the trioxide. The main results of the fall in
valency are (1) the production of colour: while the hexavalent compounds
are usually colourless the pentavalent are usually green or red, and (2) the
disappearance of the acidic properties of the oxide. The pentavalent
molybdenum atom nearly always forms covalent molecules (including, of
course, complex ions) or rarely salts of the 'yl' type [MoO2]X.
With tungsten, while there is no doubt of the existence of pentavalent
compounds, their number is much more limited than with molybdenum;
apart from the pentachloride and pentabromide it is confined to the
complex salts, which very closely resemble those of molybdenum.
Molybdenum
Pentachloride
This is the only known pentahalide of molybdenum. It is made1233"4 by
heating the powdered metal in chlorine. It consists of dark green almost
black crystals, m. pt. 194°, b. pt. 268°, giving a dark red vapour whose
density is normal at 350°. Electron diffraction shows1236 that MoCl5 is a
trigonal bipyramid, with all the Mo-Cl distances 2-27 A (theory 2-35).
In the fused state it is practically a non-conductor, the conductivity being
!•9XlO -6 at 2160.1235 It is very hygroscopic and sensitive to moisture;
even moist air turns the blue-black surface green; when heated in dry air
it is oxidized to the white hexavalent oxychloride MoO2Cl2, while it reacts
violently with water to give the green pentavalent oxychloride MoOCl3.1237
Its formation of green and conducting solutions in certain solvents is due
to traces 1238 of moisture forming the oxychloride MoOCl3, which is green.
If the solvents are thoroughly dried they either react, as the alcohols do,
with evolution of HCl, or they give red solutions which do not conduct.
The only exception is pyridine, which gives a brown conducting solution,
but it has been shown that this is due to the reduction by the pyridine
of the pentavalent molybdenum to tetravalent, and the formation of
compounds of the composition MoCl4, #py. In ether the pentachloride
forms a black co-ordination compound MoCl5, 2 Et 2 O.
1888
O, Glemser and H, Sauer, Z. anorg, Chem, 1943, 252, 144, 160.
1888
A. Voigt and W. Biltz, ib. 1924, 133, 299.
1884
O. Hdnigschmid and G. Wittmann, ib. 1930, 229, 65.
1885
For the magnetic* properties see W. Klemm and H. Steinberg, ib. 227, 193.
1888
E. V. G. Ewens and M. W. Lister, Tram, Far. SQQ. 1988, 34, 1858,
8
»1118
* P. Kiwon, B$r. 1901, 34, 148; I. Nordetiskjold, lb. 1575,
W. Wardlaw mi H, W. Webb, JtQ& 1980, 8100,
§114,9
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MoCl6 reacts with phenols in carbon disulphide1289 to replace some of the
chlorine, giving MoCl2(O* C6Hg)3: dark red needles, insoluble in cold water,
easily soluble in CS2 and in benzene.
Tungsten Pentachloride
This is made by heating the hexachloride, or distilling it in hydrogen.
It forms dark green needles, m. pt. 248°, b. pt. 276°. It gives a greenishyellow vapour, of which the density is normal for WCl6. Its electrical
conductivity is 0*67 x 10~6 at 25O0.1240 It is less stable in air than the
hexachloride; it burns in air to WOCl4 (hexavalent); it is very hygroscopic. It is hydrolysed by water, acids, 6r alkalies to a greenish-blue
solution, which ultimately becomes colourless, through oxidation to WO3.

Tungsten Pentabromidemi'-2
This is very like fche pentachloride. It is made from bromine and
tungsten at a red heat, or by passing HBr over WCl6 at 250-300°. It
forms dark brown or black needles, m. pt. 276°, b. pt. 333° with some
decomposition; the vapour is dark brown. It is soluble in ether, CCl4,
chloroform, and ligroin. It decomposes even in a vacuum to bromine
and the lower bromides. It is hydrolysed by water to the blue oxide.

Oxyhalides
Pentavalent oxyhalides are unknown both with molybdenum and with
tungsten, but complexes derived from them have been made (see below).
Molybdenum
Pentoxide
This can be made by heating a mixture of the trioxide and the metal
in the right proportions, or by precipitating a solution of pentavalent
molybdenum with ammonia, when the hydrate MoO(OH)3 comes down
and can be dried to Mo2O6.1243 It is a dark violet powder, insoluble in
water, slightly soluble in sulphuric and hydrochloric acids. Its specific
resistance at the ordinary temperature n u is less than that of the dioxide
( r x l O 4 = 12: MoO2 31).
The hydroxide MoO(OH)31245 which is precipitated from Mov solutions
by ammonia, is soluble to some extent in water (2 g./litre) but not in
presence of ammonium chloride, probably because the solution is colloidal.
1289
1240
1841
la4
»
1243

A. Rosenheim and C. Nernst, Z. anorg. Chem. 1933, 214, 209.
A. Voigt and W. Biltz, ib. 1924, 133, 301.
E. Defacqz, CE. 1899, 128, 1233; Ann. Chim. Phys. 1901, [7] 22, 249.
F. W. Bergstrom, J.A.G.S. 1925, 47, 2317, 2322.
For more recent work see E, Friederich and L. Sittig, Z. anorg. Chem. 1925,
145, 187 j W. Wardlaw and F. H. Nioholls, J.C.S, 1925, 127, 1487. The existence
of this oxide is denied by Gmelin, but the later work quoted above, and especially
the determination of the eleotrioal conductivity, seem to make it certain that it
•xiiti.
"« Frledtrioh and Sittig, loo, elt,
»« F1 XIaion, B$r* 100I1 34, 150.
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Tungsten Pentoxide
While the existence of molybdenum pentoxide is fairly well established,
that of the tungsten analogue is very doubtful indeed. It may possibly
occur as a solid solution in WO3 in the tungsten blue already described,
bub it is more likely that this is a definite compound W4On.1246~7 The
so-called wolfram blue, or mineral blue, which is formed by the gentle
reduction of WO 3 or of tungstates, has a composition according to recent
analyses somewhere between W3O5 and W4On ( = W205.5). Later work
suggests that there may be a W4O1x which is violet-blue, and a solid
solution (or new compound) of this with more WO 3 which is pure blue.1247"9.
Molybdenum
Pentasulphide
This is prepared by reducing a solution of ammonium molybdate in
20 per cent, sulphuric acid with zinc until it is wine-red, which shows that
the molybdenum is pentavalent, and then saturating with H2S. A dark
brown precipitate of Mo2S5, 3 H2O is formed. This is insoluble in water
but soluble in acids with evolution of H 2 S; if it is heated in a stream of
H2S it is converted into Mo2S5, 3 H 2 S. If carefully heated in CO2 it loses
its water and becomes Mo2S6.1260
A similar selenide exists.
Tungsten, just as it will not form a pentoxide, will not form a pentasulphide or a pentaselenide, although both sulphides and selenides of
hexavalent and of tetravalent tungsten exist.

Salts of Pentavalent Molybdenum and Tungsten

These scarcely exist at all. The only salts formed by Mov with acids
are oxy- or ' jV salts, and apparently these are only known in the sulphates.
The existence of the simple sulphate Mo203(S04)2 is rather doubtful,1251
though there is a series of double salts derived from it, such as
(NH4)[MoO2(SO4)LH2O.
In the same way pentavalent tungsten does not seem to give any simple
waits, except that the Wv compounds can be dissolved in concentrated
H2SO4 or HCl to give blue solutions, which may contain such salts. But
most likely these are complex too: the solution if saturated with HCl
deposits the complex M2[WOCl5].
C O M P L E X E S OF P E N T A V A L E N T MOLYBDENUM

These are numerous and varied; the most important are (1) the oxyhalides, (2) the cyanides, (3) the thiocyanates, and (4) certain chelate
organic derivatives, such as those of catechol.
m
* See J. A. M. van Liempt, Rec. Trav. 1931, 50, 343, who brings forward evifiinoi
to show that W8O6 does not exist, but that W4On does.
MI
*1141
Se® further F. Ebert and H. Flasch, Z, anorg, Ohem. 1035» 226, 65.
E. Tarjan, Nakmui&s. 1981, 19, 160.
'•*• L, Wahltr, Z. Shibata, and B. Kunst, Z, Bhotroohtm. 193S1 38, 811.
1110
F, Mawrew and M. Nikolow, JS, anorg, Chem, 1918, 91, 101,
" " F, H, Nloholli, H, Sattigtr, And W. Wardlaw, J,O,S, 1981, 1448.
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Though no free oxyhalides of molybdenum occur, complexes with
fluorine, chlorine, and bromine are all known.
Oxyfiuorides
The salts belong to various types,1262 such as K2[MoOF5],H20, which
is blue. M2[MovOF5] can crystallize with M 2 [Mo vi 0 2 FJ, and similarly
M5[Mo^O3F14] with M 5 [Mo^ 3 O 6 F n ].
Oxychlorides
These have been much more extensively examined, especially by
Wardlaw and his co-workers.1253"6 The solution of pentavalent molybdenum is conveniently made by reducing the molybdate with a platinized
platinum cathode (a polished Pt cathode gives Mo111). From this the
oxychlorides can be made. The chief type is M2[MoOCl5], where M = NH4,
K, Rb, py, quin, etc. These chlorides, as well as the bromides, and their
tungsten analogues, all have magnetic moments corresponding to one
unpaired electron (and see later p. 1055). They have any colour from white
to amber or green,1257 and are soluble in water, the concentrated solution
being reddish-brown, and changing on dilution first to orange and then to
yellow; the cause of this became evident when the freezing-points and the
conductivities of the solutions were measured, for both of these properties
showed that there was practically complete hydrolysis to MCl, HCl, and
hydrated Mo2O5. A similar series of salts is M[MoOCl4,H20], which is also
green. The corresponding bromides are known in both series, and are
even more easily hydrolysed and oxidized than the chlorides.

Oxybromides
These complexes are of two types, M[MoOBr4], usually hydrated, and
M2[MoOBr5], usually anhydrous.1258"9 Alkaline, alkaline earth, and pyridinium salts are known. They are from dark red to green.
Oxy-halogen Complexes of Pentavalent
Tungsten
These are formed with chlorine and bromine but not with fluorine.
Tungsten trioxide dissolved in concentrated HCl can be reduced, either
electrolytically1260 or by bismuth amalgam1261 to a definite pentavalent
state, which is bright blue: the solutions are unstable and oxidize in the
ma E# Y. Smith and V. Oberholtzer, J.A.C.S. 1893, 15, 26; Z. anorg. Chem. 1893,
4, 1258
243.
R. G. James and W. Wardlaw,
J.C.S. 1927, 2145.
1264
125B
Id.,
ib.
1928,
2726.
H. M. Spittle and W. Wardlaw, ib. 2742.
126
« F. G. Angell, R. G. James, and W. Wardlaw, ib. 1929, 2578.
las? 0t F t Hiskey and V. W. Meloohe, J.A.C.S. 1940, 62, 1819; 1941, 63, 964.
" " R. F. Weinland and W, Kndll, Z. anorg. Chem. 1905, 44, 81.
"»»
A, Roaenheim and M. KoM1 ib. 1906, 49, 148.
1810
0. ColUmbsrg and J. Baokw, %, Bhctroohim. 1924, 30, 232.
" " K, iQRitya, Z, morg, Ch$m, 1920, 141, 1731 1927, 163, 207.
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air. From these solutions a whole series of salts of the alkalies and of
organic bases have been obtained1262; they are of two types: M2[WOCl5]
and M[WOCl4], both anhydrous and hydrated.* The first class, whether
hydrated or not, is a fine green: the second is bright brown when it is
anhydrous: the only hydrated salts of this second type, Et 4 N and
Pr4NrWOCl4],H20 are blue-green.
These salts are stable in dry air; in moist air or in water they are
hydrolysed and oxidized, going first blue and finally white. Oxidizing
agents such as Cl2, KMnO4, HNO3, and H2O2 readily and completely
convert them into compounds of hexavalent tungsten. The pentavalent
oxychlorides M2[WOCl5] undergo a remarkable reaction with potassium
cyanide, in which they are converted into the octacyanides of tetravalent
tungsten, K4[WCy8]: molybdenum behaves in the same way. It was
thought1263 that oxygen was evolved, but Young has shown 1264 that with
tungsten (and no doubt with molybdenum too) this is not so, but the
corresponding quantity of tungstate is formed; the essential cause of the
reaction is the very remarkable stability of these octacyanides of W lv (and
of Moiv), which is discussed later.

Complex Tungsten Bromides
The salts M2[WOBr5] (M = Rb, Cs, NH4), Et4N[WOBr4],H2O, and
(PyH)[WOBr4] have been prepared1265 in exactly the same way as the
chlorides described above; they have the same crystalline form, but are
more brownish-yellow in colour. They are stable in dry CO2, but are more
easily hydrolysed than the chlorides; their solutions in concentrated HBr
are green, while those of the chlorides in concentrated HCl are blue.
Complex Pentavalent Molybdenum
Cyanides
Complex cyanides are highly characteristic of certain valencies, especially 4, of both molybdenum and tungsten, the stable form being the
octacyanide M4[MoCy8]. These have been converted1264'1266 into the pentavalent molybdenum cyanides by oxidizing the solution with KMnO4, and
isolating the product as the silver salt. This was then converted into the
K salt K3[Mo^Cy8], and also, by the action of HCl, into the free acid
HsMovCy8, 3 H2O. The reaction is very peculiar, because in all other cases
permanganate oxidizes the molybdenum to the hexavalent state; the fact
that here the oxidation proceeds no farther than the pentavalent must be
due to the great stability of this 8-covalent complex of Mov, as compared,
* A pyridine salt (PyH) 2 [WOCl 5 ]H 2 O is formed when pyridine reacts with WCl6
In CCl4 in presence of moisture: the excess of pyridine seems to be chlorinated and
io reduoe the tungsten. This salt is green.
lMI
See further O. Collenberg, Z. anorg. Chem. 1918, 102, 259; O. Collenberg and
A. Guthe, ib. 1924, 134, 322.
" " W. R. Buoknall and W. Wardlaw, J.O.S. 1927» 2988,
>•" B. C. Young, JJL.0J3. 1982, 54, 4515.
llflS

H, PaulM&n von BtOk9 Z. wwrg. Oh§m* 1981, 196, 85.
"«< O, Olnon, Bir, 1914, 47, 917; Z, anorg, Ohm. 1914, Sl 1 49.
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that is, with that of a corresponding Movl complex. The pentavalent
octacyanides are yellow, very sensitive to light, and very easily reduced.

Complex Pentavalent Tungsten Cyanides
These show exactly the same peculiarities as the molybdenum cyanides.
Tungsten forms no simple cyanides at all, nor any complex cyanides of
any valencies except 4 and 5 (molybdenum is the same). Here again the
only known types are the octacyanides M3[WCy8] and M4[WOy8]. Here
too, the tetravalent form is oxidized by permanganate no farther than to
the pentavalent state in H2SO4 solution, although this reagent oxidizes
tungsten in all other known compounds (as it does molybdenum) to the
hexavalent state.1267 Various salts of the pentavalent series are known,
as well as the free acid: they are made much in the same way as with
molybdenum. If the tetravalent M4[WCy8] solution is oxidized and treated
with silver nitrate, the red silver salt Ag8[WCy8] is precipitated. If this
is treated with HCl the free acid H8[WCy8], 6 aq. is formed. This consists
of orange-yellow crystals and is. unstable in air.

Complex Thiocyanates: Molybdenum
These are formed by both elements, and are entirely different in type
from the cyanides, never having covalencies above 6. The molybdenum
thiocyanates have been examined by James and Wardlaw.1268 A delicate
test for molybdenum is that the solution turns deep red on addition of
KCNS, and that the colour is soluble in ether. The nature of this compound was quite unknown. James and Wardlaw were able, by treating
the complex Mov oxychloride M2[MoOCl5] with a thiocyanate, to replace
all the Cl atoms by CNS, and obtained two series of salts (1) a red-brown
series M2[MoO2(SCN)8], and (2) a dark green series M2[MoO(SCN)5]. On
acidifying the solution and extracting with ether a red ethereal solution
was obtained, which on evaporation left behind a red oil, solidifying to an
almost black solid. This is the free acid H2[MoO2(SCN)8], 2 H2O.
All these compounds are highly hydrolysed in water, though thiocyanic
acid is a far stronger acid than hydrocyanic.
Tungsten Complex Thiocyanates
So far as they are known these seem to be similar to the molybdenum
compounds. Solutions of pentavalent tungsten on addition of thiocyanates
give red solutions from which a few salts have been isolated, such as two
pyridine salts, apparently (PyH)2[WO2(SCN)3] and (pyH)2[WO(SCN)5].1269
Chelate Organic Derivatives
These have been investigated with molybdenum, but apparently not
with tungsten, Molybdenyl oxalates with pentavalent molybdenum, of
mi

O. Oltton, B*r. 1014, 47, 017.
* B. O. Jamai and W. Wardlaw, J*a®. 102S1 S786,
« " O, Oliion, Sirs 1018» 46, 578.
m
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1270

the type M[MoO2Ox], #H 2 0 are known.
The barium and pyridine salts
are both red, and are fully hydrolysed in water.
Rosenheim1271 has made a series of complex salts with catechol and
with salicylic acid, etc., of the types
M8[MoOcat3], x aq., and Ma[Mo(OH)8oat2], x aq.
Very similar salts are formed by pentavalent niobium. If the catechol is
replaced by a monohydric phenol, such as phenol itself or cresol, the
products are of quite a different type, being covalent compounds of the
composition MoCl2(O • Ar)3.
T E T R A V A L E N T COMPOUNDS
Tetrahalides
A TETRAFLTTOEiDE MoF4 was reported by Berzelius, but it has not been
confirmed.
Molybdenum tetrachloride MoCl4 can be made by heating molybdenum
dioxide with a solution of Cl2 in CCl4 in a sealed tube at 25O0,1272 or by
heating the trichloride MoCl3 to a red heat in a stream of CO2,1273 when
it is converted into the 'divalent' Mo6Cl12, which stays behind, and MoCl4
which distils over.
MoCl4 is a brown powder which is easily volatile, forming a yellow
vapour. It is not stable. If it is heated in a sealed tube it is partly
disproportionated into MoCl3 and MoCl5. It is sensitive to air, light,
moisture, and heat. It will not keep even in carbon dioxide. It reacts
with water with hissing, and is soluble in, but not decomposed by alcohol:
in these hydrolyses it splits up into MoCl3+MoCl5 or their decomposition
products.
The tetrabromide and tetraiodide have been described, but are not
confirmed.
Oxyhalides of tetravalent molybdenum do not seem to have been made.
Tungsten
Tetrahalides
While the fluoride and bromide are unknown, not only the chloride but
also the iodide have been prepared.
Tungsten tetrachloride can be made by distilling the hexachloride in
hydrogen at a sufficiently high temperature. It forms a loose grey-brown
mass, and is non-volatile and infusible. It is hygroscopic and hydrolysed
by water. If it is heated in air it is converted into the volatile WCl5 and
the non-volatile WCl2 or W6Cl12.
Tungsten tetrabromide is unknown, though the divalent, the complex
trivalent, and the penta- and hexavalent bromides of tungsten are all
1S

™ R. G. James and W. Wardlaw, J.C.S. mi, 2145.

1871

A. Rosenheim and O. Nernst, Z. anorg. OhBm. 1988, 214» 809.
»™ A. Mlohael wid A. Mwphy, Am, OA. J. 191O1 44, 879.
"'a See W. Bilts And O. Fendiui, «, anorg, Oh*mt 19IS1 173* 890.
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known: and on the other hand the tetraiodide is known, though no other
iodide of tungsten except the divalent has been made.
Tungsten tetraiodide WI 4 can be made1274 by heating WCl6 with liquid
HI in a bomb. It is black, infusible, and not volatile without decomposition. It is reduced by hydrogen below a red heat. Chlorine expels iodine
from it in the cold, and bromine at 100° (no doubt forming the penta- or
hexahalide). It is insoluble in ether and chloroform, and also in water,
which slowly attacks and hydrolyses it. It is decomposed by acids.
Molybdenum Dioxide, MoO 2
This can be obtained by the careful oxidation of molybdenum, or by
the action of steam on ignited molybdenum, or by the reduction of the
trioxide by passing hydrogen over it at 470°; or by the reduction of
molybdates with zinc or in other ways.
It is a brown-violet powder with a copper reflex; the solid is a fairly
good conductor of electricity, but not so good as Mo2O5. At high temperatures it is oxidized by carbon, dioxide,1275 and it is converted by CCl4
into the tetrachloride. It takes up chlorine to form the hexavalent
oxychloride MoO2Cl2, but unlike MoO3 it will not add on HCl. Also
unlike MoO3 it will not dissolve in alkaline or acid solutions, but it is
oxidized by nitric acid, and by silver nitrate (with separation of silver)
to MoO3.
A hydrated form, approximately Mo(OH)4, is precipitated when a
molybdate is reduced with hydrogen and palladium1276: this on careful
drying is converted into MoO2.

Tungsten Dioxide, WO2
This is formed by the feeble reduction of the trioxide, as by hydrogen
at a low red heat or by heating in CO2, or with carbon to 1,000°, tungsten
blue being usually formed as an intermediate product.
It is a brown powder which melts in an atmosphere of nitrogen at
1,500-1,600°,1277 and boils at about 1,700°.1278 Its crystal structure is of
the rutile type, as is that of MoO2.1279 The distance W - O is 2-00 A
(theory 2-03). It is easily oxidized back to WO3, and is reduced by
hydrogen at high temperatures to the metal. Chlorine converts it into
the hexavalent WO2Cl2, and CCl4 at 250° into WCl4. HCl and H2SO4 have
no action on the dioxide: nitric acid converts it into the trioxide WO3.
Molybdenum Disulphide9 MoS 2
This is molybdenite, the chief ore of molybdenum. The crystal forms
a giant molecule with a layer-lattice, in which each Mo has 6 S atoms at
"'* E. Defarqz, O.B. 1898, 127, 510; Ann. CMm. Phys. 1901, [7] 22, 259.
1876
C. Friedheim and M. K. Hoffmann, Ber, 1902, 35, 792.
"»• C, Paal, ib. 1914, 47, 2214? 0. Paal and H. Btittner, ib. 1915, 48, 220.
Wf H. Friederioh and L. Sittig, Z. anorg. Chem, 1925, 145, 134.
19fl
1, Alterthum and F. Korof, Z, WUktroohtm, 1925, 31, 508.
" » V. Af. Goidiohmidt, Tm*. far, 8m 1919, 35, S59.
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the points of a trigonal prism; the distances are Mo—S 2»35 (theory 2*40);
Mo--Mo 3-15; S - S 308A. 1280
The mineral is found in Norway, but mainly in America (especially
Colorado and Arizona), and in Queensland. The compound can be made
from its elements, from the action of H2S on the trioxide, or by fusing
the trioxide with sulphur and potassium carbonate.
Molybdenum disulphide has a metallic conductivity, at any rate above
200° 1281 ; this increases when it is exposed to light. On heating it decomposes to sulphur and molybdenum.1282
A similar selenide MoSe2 is known.
Tungsten Disulphide, W S 2
This is formed by heating the trisulphide in the absence of air, or by
fusing the trioxide with sulphur and K2CO3, or by passing sulphur over
tungsten or its trioxide.
It is a soft, dark-grey powder, with the same crystal structure as MoS2.1283
It is insoluble in water, and burns in air to WO3. If it is heated in vacuo
it loses sulphur at 1,200° and above, and forms metallic tungsten.
A similar selenide has been prepared.1283
A dark-grey diamagnetic telluride WTe2 can be made from the elements
at 700°.1284
COMPLEXES OE TETRAVALENT MOLYBDENUM AND TUNGSTEN

These are almost confined to the cyanides and a few 'ato' compounds.

Complex Chlorides
If a solution of WO 3 in concentrated HCl is suitably reduced (for
example, with tin) it can be made to give the chloride K2[Wiv(OH)Cl6],1286
which is a dark-green solid giving a red solution. The solutions are
remarkably stable, and can be kept exposed to air for some days, even
when very dilute, without change.
No complex bromides are known.
The corresponding molybdenum compounds do not seem to have been
prepared.
Complex Tetravalent Cyanides:
Molybdenum
These complexes are very characteristic of the tetravalent state of both
the elements. This is especially true of the octacyanides M4[XCy8]. With
19
«« R. G. Dickinson and L. Pauling, J.A.C.S. 1923, 45, 1466; O. Hassel, Z. Kriat.
1925,
61, 92 (confirms Dickinson and Pauling).
mi
0. Tubandt and M. Haedicke, Z. anorg. Ohem. 1927, 160, 306.
1111
N,
Parawano and G. Malquori, AtU B. Lino. 1928, [vi] 7, 109,
ilM
V. M. Goldsohmidt, Tram. Far. Soo. 1929, 25, 279,
"•* A, Morette, OM. 1948, 216, 566.
11,8
A, Ronnhtlm and R. F. Bemhardi-Griwon, 7th Intwnol, Oenff. Ap1 Oh$m,
HlO1 10, 123, 125.
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1286-9

molybdenum there are
three series of salts: (1) yellow M4[MoCy8];
(2) red-violet M4[MoO2Cy4], x aq.; (3) a blue series which are obtained by
the hydrolysis of salts of series (2), and so must contain tetravalent
molybdenum: they probably are M3[Mo(OH)3Cy4(H2O)], #aq. The first
series (in which the central atom has the inert gas number) are remarkably
stable,1287-8 especially among 8-covalent compounds. They are formed
from trivalent or pentavalent molybdenum by the action of a large excess
of KCN. The potassium salt K4[MoCy3] 2 H2O is yellow, and with concentrated HCl gives the free acid H4[MoCy8] 6 H2O, also yellow. Type (2)
is formed with a smaller excess of KCN. See further reference 1291. They
are diamagnetic.1290
This is the first 8-covalent complex whose shape has been determined.
X-ray investigation showed1292 that the anion of K4[MoiT(CN)8J, 2 H2O
is not a cube or a twisted cube (antiprism), but is dodecahedral1298"4 (for
figure see original paper).
Hdlzl1289 finds that if the octacyanide is treated with methyl sulphate
it is methylated: this is a way of saying that it is converted into a
co-ordination compound of MeNC, which, as a fact, is of a different type,
being [MoCy4(CH3-NC)2(OH2)2], 4 H2O. When treated with KCN this is
reconverted into the octacyanide.
Complex Cyanides of Tetravalent Tungsten
These are very similar to the molybdenum compounds. The main series
are the octacyanides M4[WCy8], which are yellow, stable to air, and in
solution neutral to litmus. The remarkable fact that these octacyanides
of tetravalent molybdenum or tungsten are oxidized by permanganate in
acid solution only up to the pentaValent stage has been disputed, but it
has been confirmed.1295"7
Complex Tetravalent
Thiocyanates
These have been prepared with molybdenum, and, as with the pentavalent compounds, they are entirely different to the cyanides, and do not
go beyond a co-ordination number of 6.
1286

A. Rosenheim, Z. anorg. Chem. 1907, 54, 97.
O. Collenberg, ib. 1922, 121, 298.
1288
W. R. Bucknall and W. Wardlaw, J.C.S. 1927, 298L
1289
F. Hotel and G. I. Xenakis, Mon. 1927, 48, 689.
i29o w . Klemm and H. Steinberg, Z. anorg. Chem. 1936, 227, 193.
1291
H. H. Willard and R. C. Thielke, J.A.C.S. 1935, 57, 2609.
1292
J. L. Hoard and H. H. Nordsieck, ib. 1939, 6 1 , 2853.
1893 ^ o r the theory of the structure of [Mo(CN)8]4- see C. Racah, J. Chem. Phys.
1943, 11, 214.
i2»4 F 0 r 8-oo-ordination in general see L. E. Marohi, J.A.G.8. 1943, 65, 2257.
1296
O. Olsson, Ber, 1914, 47, 017; Z. anorg. Chem, 1014, 88, 54.
1287

1190
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A. Roienheim and E, Dehn, B$r, 1915, 48, 1170.
O. O, Collenberg (this in the i&me poruon tut O. Oliiom), Z. anorg, Oh$m. 1922,
121, SSl1 296.
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The compounds M2[Mo(SCN)6] can be made " by oxidizing the corresponding compounds of trivalent molybdenum with potassium ferricyanide.
Complex Oxalates
These are known in the molybdenum series: they differ from most of
the other complexes in that they are oxy-salts ('yl' salts), with some
oxide-oxygen attached to the molybdenum. They are all highly complex,
containing 3 or 4 atoms of molybdenum in the molecule1300; even the
apparently simple molybdenyl oxalate, with the composition MoO(O2O4),
3H 2 O has been shown1300 to be really complex, and probably triple,
with the formula H2[Mo3O4(C2O4) J , 8 H2O, this being the form from
which many of the salts are derived. This complexity is also supported
by the conductivities of the salts.
T R I V A L E N T MOLYBDENUM
Trihalides
THE trifluoride MoF8 is not certain. Complex salts derived from it are
well known (see below, p. 1059).
Molybdenum
Trichloride
This can be made by passing the vapour of the pentachloride over heated
molybdenum, or more conveniently1301 by heating the pentachloride to
250° in a stream of hydrogen. It forms dark-red crystals which are
insoluble in water and are not hydrolysed by it in the cold, so that the
crude product can be freed from other chlorides by grinding with water.
An aqueous solution of the trichloride can be obtained by electrolysing
a solution of molybdenum trioxide in HCl; it is purplish-red, and alkaline
chlorides precipitate red complex salts such as K3[MoCl6] (p. 1059).
MoCl3 is almost non-volatile; at a red heat in dry CO2 it is converted
Into the tetrachloride MoCl4 and the dichloride Mo3Cl6. In dry air it is
alowly oxidized and, if the air is not quite dry, slowly hydrolysed.
It forms ammines with ammonia, methylamine, and pyridine, mostly
of the form MoCl3 + 2 or 3 molecules amine.
Molybdenum Tribromide, MoBr 3
This can be made from the elements, best at 350-4000.1301 It forms
dnrk-green or black needles. It is insoluble in ordinary solvents, but
n&Nily dissolves in pyridine to form a dark-brown solution, from which
the compound MoBr3, 3 py can be obtained. Gaseous ammonia completely converts it, even at low temperatures, into metallic molybdenum.
1111
4111
»00
1101

A. Rosenheim and A. Garfunkel, Ber, 1908, 41, 2886.
Q. A. Barbieri, AUi JB. Lmo. 1980, [8] 12, 55.
H, M. Spittle and W. Wardlaw, J.O.S, 1920, 702.
A, Boienheim, O, Abel, and B. Lewy, Z* anorg. Ch$m, 1081, 197, 200.
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Oxyhalides of Trivalent Molybdenum
These are formed by all the three lighter halogens, and are hydrated to
the same extent, forming MoO(hal), 4 H2O.
The fluoride MoOF, 4 H2O is made1302 by treating the chlorine compound with ammonium fluoride.
MoOCl, 4 H2O. This occurs in two presumably stereomeric forms, one
brown and the other green.1303""4 They are both made by reducing MoO3
electrolytically and precipitating with acetone in an atmosphere of CO2 in
complete absence of air. The freezing-points in water and the conductivities of the solution show that both forms first dissolve in water as nonelectrolytes, and then slowly hydrolyse, the green form rather quicker
than the brown.
The brown form is easily oxidized in the air, and easily soluble in water;
the solution reduces cupric and mercuric salts to cuprous and mercurous,
ferric to ferrous, and silver nitrate to metallic silver. The green form
behaves in much the same way, but is far more reactive. Wardlaw points
out that if we assume an octahedral arrangement of the 6-covalent
0<-Mo—Cl, 4 H2O, a cis and a trans structure are possible; from the
behaviour of the two forms with sodium salicylate1304 he concludes that
the green is the trans form.
MoOBr, 4 H2O. This is similar to the chloride, but only the brown
form is known.1304"6

Molybdenum Sesquioxide, Mo2O3
The existence of this oxide has been doubted,1306 but it is fairly certain
that it or its hydroxide exists. Alkalies precipitate from a solution of
trivalent molybdenum a black powder which has a composition very near
to Mo(OH)3; it is very slightly soluble in acids, and is oxidized by the
air to MoO3.1307

Molybdenum Sesquisulphide, Mo2S3
This cannot be made by the reduction of the disulphide with hydrogen,
as that proceeds the whole way to the formation of the metal; but it can
be prepared by heating the disulphide in an electric furnace either alone,
or mixed with lime and calcium fluoride.1308 It consists of steel-grey
needles.,
A similar selenide is known.
iao2
w. Wardlaw and R. L. Wormell, J.C.S. 1927, 1089.
1308
Id., ib. 1924, 125, 2370.
1304
Id., ib. 1927, 130, 1090.
1305
W . Wardlaw and A. J. I. Harding, ib. 1926, 1592.
i80« M. Guiohard, Arm. Ohm. Phya. 1901, [7] 23, 549.
"°* W. Muthmami and W. Napl, Ber. 1808, 31, 2012? 0. Paal and H. Biittner,
ib, 191S1 48, 220,
»•• W. Mutiimanu and A. MAI1 Ann, 1907, UB 9 HL
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Oxy-Salts of Trivalent
Molybdenum
The electrolytic reduction of solutions of MoO3 in H2SO4 gives rise to
red and green solutions.1309 The difference between these is obscure, but
the green solution is further reduced 2,000 times as quickly as the red.1310
In the same way a sulphate Mo2O(SO4J2, 5 H2O can be made, as well as
other more complex compounds.
An oxy-oxalate Mo2O(C2OJ2, 6 H2O is also known.1311

Trivalent Tungsten
All the trivalent compounds we have so far discussed have been compounds of molybdenum. Now it is a general rule that in any A subgroup
as the atomic weight increases the lower valencies become less stable.
This effect is very marked with tungsten; the difference in stability
between molybdenum and tungsten is small when their valencies are 6, 5,
or even 4, but considerable in the trivalent compounds. The trivalent
tungsten compounds are confined to the complexes, and these are of a
complicated kind, with two tungsten atoms in the molecule.
Trivalent tungsten forms no halides, no oxide,1312 and no sulphide. In
fact, there are no tungsten analogues to any of the trivalent molybdenum
compounds which we have so far discussed. The only known tungsten
compounds of this valency are a group of salts of the acid H3W2Cl9,
which are usually regarded as complexes derived from an (unknown)
chloride W2Cl6, which is assumed to be a polymer of WCl3, and so to
contain trivalent tungsten. On the other hand, the complex compounds
of trivalent molybdenum, which are fairly numerous, do not include this
type of complex at all, but like the tetravalent complexes are mainly the
halides (of the usual types), the cyanides, and the thiocyanates.
C O M P L E X E S OF T R I V A L E N T MOLYBDENUM

Complex Halides
Fluorides, These are of the type of K[MoF4], H2O, which is pale violet:
the ammonium salt is similar. They are made by adding the alkaline
Huoride to a solution of MoO3 which has been reduced electrolytically.1313
Chlorides. These are got in the same way by adding HCl and an alkaline
chloride to an electrolytically reduced MoO3 solution. They are of two
types (not including the above fluoride type) M3[MoCl6] and M2[MoCl5,
H2O].1314 They are both brick-red, and in solution are strong reducing
agents.
1
^e
1310

W. Wardlaw and N. D. Sylvester, J.C.S. 1923, 123, 971.
G. Bredig and J. Michel, Z. physikal Chem. 1922, 100, 130.
inn w. Wardlaw and W. H. Parker, J.0.8. 1927, 1312; see also Wardlaw et al,
Ib.1119
512, 519.
See J. A. M. van Liempt, Reo. Trav. 1981, 50, 848,
mi
A. Rosenheim and H, J. Braun, E. anorg. OMm, 1905, 46, ISO.
uu p, Fo©r§tor and 1, Friokt, Z. angow, Oh$m, 19S8, 36, 451,

1060

Group VL

Mo and W9 Lower Valencies

The conductivities and freezing-points in water show that these salts
first dissolve according to the formulae given above, and then slowly
hydrolyse1315 like MoOCl itself (p. 1058).
Some of these trivalent molybdenum complexes are isomorphous with
ferric compounds.1316 Both the potassium and the ammonium salts
M2[MoCl5, H2O] are isomorphous with those of M2FeCl5, H 2 O; further, the
potassium salts form solid solutions containing up to 17 per cent, of the
molybdenum compound, and the ammonium up to 10 per cent.
Trivalent Molybdenum Thiocyanate Complexes
The double salts M8[Mo(SCN)0] are obtained by the electrolytic reduction of MoO3 solution in presence of KCNS: they are yellow, and some of
them are isomorphous with the chromic compounds.
Cyanides
If the chloride K3[MoCl6] is treated with KCN.solution in air-free water
in an atmosphere of nitrogen, the salt K4[Mo(CN)7, H2O] separates.1317 It
is interesting to see how here, too, the CN group (apparently alone of acid
radicals) is able to raise the co-ordination number of the molybdenum to 8.
Complex Halides of Trivalent
Tungsten
If sodium tungstate is reduced electrolytically in HCl strong enough to
prevent hydrolysis of the products, a series of salts can be got of the
formula M3[W2Cl9].1318~ld The free acid is known only in solution; this is
obtained by the action of HI on the thallous salt. It is a strong acid
which expels CO2 from a carbonate, and it is green. The salts are numerous,
and can be divided into several groups.
1. M3[W2Cl9] :M = NH 4 , K, Rb, Cs, TF. These are greenish-yellow, and
can be recrystallized from water or dilute HCl: they are anhydrous, and
are fairly stable when dry. The solubility falls off rapidly from NH 4 to
TF, which last is almost insoluble.
2. Salts of ammine-cations such as Co(NHg)6", Cr(NH3)I5", and Ag(NH3J2.
These are stable also when dry, but are slowly hydrolysed by water, in
which they are only slightly soluble. This slow hydrolysis, and a slow
oxidation by air, are common to both types of salts.
It has been shown by Young1320 that these salts undergo two remarkable
reactions. If the aqueous solutions, say of the potassium salt of type 1,
is heated, the salt decomposes the water with the evolution of hydrogen,
and the formation of a higher valency of the tungsten: a black solid is
law s e e w. R. Budmall, S. R. Carter, and W. Wardlaw, J.C.S. 1927, 515,
ww G. Carobbi, Gaz. 1928, 58, 85.
1817

R. C. Young, J.A.C.&. 1082, 54, 1402.
" » o, Olison, Bm 1918, 46, 566.
in* O. Olnion-OollonbGrg and K, S&ndved, Z. omrg. Ch§rn, 1923, 130, 10.
»•• B, O. Young, J.4.0 J , 1981» 14, 4517,
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precipitated, which is said to be W6O9 (valency 3*6). The same reaction
occurs in the cold in the presence of KOH, but unless the concentration
of the KOH is at least 50 per cent., the reaction is not complete.
The second curious reaction is that when K3[W2Cl9] is treated with
KCN in an atmosphere of nitrogen, it is oxidized to the tetravalent
tungsten compound K4[WCy8] no hydrogen is evolved, but the required
oxygen is got from the HCN, which is hydrolysed to formic acid and this
partly reduced to formaldehyde, which can actually be detected.
These compounds, as has be©** said, are peculiar to tungsten. Their
existence and their reactions obviously depend on the structure of the
W2ClJ' ion. This has lately been examined by X-ray methods. Brosset1321
has shown that the salts M3[W2Cl9], where M = NH 4 , K, Rb, Cs, and TT,
which are coloured, but not very strongly, are all isomorphous; the shape
of the anion is this:

r
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It is formed of two WCI6 octahedra, with a face in common. The W- • W
distance is only 2»46 A, which is even less than that (2»74) in metallic
tungsten. These results have been confirmed by Jurg Waser in Pauling's
laboratory.1822 The substance is diamagnetic. From the very short W • • W
distance Pauling concludes1322 that there is a covalent link, between single
and double, joining the two tungsten atoms, which in that case would be
at least tetravalent, so that trivalent tungsten would disappear; he also
points out the remarkable similarity in structure between this ion and the
carbonyl Fe2(CO)9 (VIII. 1369).
D I V A L E N T MOLYBDENUM AND T U N G S T E N
I HJE existence of these valencies is based on the 'dihalides' of the compositions MoX2, WX2, which are certainly polymerized, and whose
molecular weights and constitutions have only recently been established.
1

Divalent
Molybdenum
The so-called dichloride and dibromide of molybdenum are very remarkable substances; one-third of their halogen is much more easily removed
than the rest, as was pointed out by their discoverer Blomstrand,1326 so
that the formulae must be multiplied at least by 3, which would give
1891

C. Brosset, Nature, 1936, 135, 874; Id., ArHv Kemi, JMin., Oeol 1936, 12 A,
utj, 4. [This latter paper gives the data on which the crystal struoture is based.]
llM
L. Pauling, Ohem. and Eng. News, 1947, 2970 (Oct. 13).
1188
I. Koppel, Z. anorg, Ch$m. 1912, 77, 289,
«•« K. Lindner, E. Haller, and H. Helwig, ib. 1928» 130, 209.
" » W. Bilti and 0. Fendiui, ib. 1928, 172, 889.
»•• 0. W. llomiti-md, J, pmhU Ohm, 1S&0, 77,10, 971 1891, 83, 487.
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Mo3X4(Cl4). ~ Recent work ' " has shown that the polymerization
is really sixfold, and the formulae are Mo6X8[X4]; the structure of this
complex cation has been determined.
Molybdenum dichloride Mo6Cl12 is made by the action of the halogen on
the heated metal, or by heating the trichloride MoCl3 in a stream of CO2,
when it breaks down into MoCl4 which volatilizes, and Mo6Cl12 which stays
behind.1325 Another rather remarkable but very effective method1324
is to heat metallic molybdenum in phosgene at 630°.
Mo6Cl12 is a yellow powder, infusible and non-volatile, which is quite
insoluble in water but reacts with it slowly; it is also insoluble in toluene,
ligroin, and acetic acid, but soluble in alcohol and ether.
The compounds are remarkable for their extraordinary stability, especially to oxidation; they are not acted on by dilute acids, and they have,
even in solution, practically no reducing power. The bromide, as we shall
see, is even more inert than the chloride.
The looser attachment (presumably ionic) of one-third of the halogen
atoms is shown in various ways. Thus the chloride dissolves, to give a
yellow solution, in concentrated HCl, HBr, and HI, and from the solution
can be obtained [Mo6Cl8](hal)4, 6H 2 O, where 'hal' is the halogen of the
acid used, Cl, Br, or I. So, too, when the chloride is treated with silver
nitrate, instead of the silver being reduced to the metal, as we should
expect, double decomposition occurs, with the formation of the nitrate
[Mo6Cl8](NOg)4.1324 It also dissolves in alkali, and the hydroxide
[Mo6Cl8](OH)4, 14H2O
crystallizes out, or can be precipitated with CO2 or acetic acid: this
consists of yellow crystals, and two of the water molecules appear to
form part of the complex, since only the rest can be removed in a
desiccator.
From the HCl solution can also be crystallized a compound of the
composition Mo6Cl12, 2 HCl, 8 H2O which is probably to be written
H2[Mo6Cl8]Cl6, 8 H2O, as a double chloride of hydrogen and the complex
cation, as is shown by its forming the pyridine salt1324; the acid is stable
in an atmosphere of HCl, but soon loses HCl in air.
Molybdenum dibromide, also discovered by Blomstrand, is very similar
to the chloride; it is made1327 by heating the metal in bromine vapour in
a stream of nitrogen; since the higher bromides are decomposed between
600° and 700°, it is more easily got pure than the chloride.
It is a yellow-red amorphous powder, infusible, and even more indifferent to acids than the chloride: it is not soluble in the halogen hydrides,
as the chloride is, nor is it perceptibly decomposed even by boiling aqua
regia. This difference is probably due to a difference in solubility rather
than in ohemioal characteristics. The bromide is soluble in alkalies, and
on adding ©xoess of HBr th© hydrated bromide Mo0Br12, 6 H2O crystal»•' K, Lindnif and H. HiIwIg1 £. vtarg. ^Hm, 1925, 142, 181.
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lizes out; this is very similar in behaviour to the hydrate of the chloride.
The bromide, like the chloride, behaves as the dihalide of a weak tetraacid base [Mo6Br8](OH)4, which can actually be prepared (with 16 H2O),
as can also a whole series of derivatives Mo6Br8X4, x H2O, where X = F,
Cl, NO3, or X 2 = SO4, CrO4, MoO4, C2O4.
The iodide MoI2 or Mo6I12 described by Berzelius, was probably a
mixture.1828
The structure of this [Mo6X8]4"1" cation has been elucidated by the
X-ray examination by Brosset1829 of [Mo6Cl8](OH)4, 14 H2O and
[Mo6Cl8]Cl4, 8 H2O (see further refs. 1*22,1330). I n t h e c a t i o n t h e 8 chlorine
atoms are at the corners of a cube, with the 6 molybdenum atoms
slightly above the centres of the 6 faces. Presumably each Cl has the
links Cl^>, and each Mo is divalent and 4-covalent with an E.A.N, of 48.
The Mo- «Mo distance is, however, only 2*64 A, which certainly suggests
that there may be an Mo—Mo link (theory 2-72); this would make the
molybdenum trivalent.

Tungsten Dihalides
These are very like the molybdenum compounds, but are much less
stable.
Tungsten Bichloride. This is formed by reducing the hexachloride WCl6
with hydrogen or with 3 per cent, sodium amalgam, or by heating the
tetrachloride WCl4.1331"2
It is a grey powder, non-volatile and infusible. It is unstable in air,
evolves hydrogen with water, and in general behaves as a strong reducing
agent: for example, if it is heated in the vapour of nitric acid it produces
large quantities of ammonium salt. This is quite unlike the molybdenum
dihalides, which have practically no reducing power at all: in fact the
resemblance between the dihalides of the two elements goes no further
than that both are non-volatile and infusible: but there is greater resemblance between the complexes, which makes it fairly certain that the
tungsten dihalides have the same sixfold structure as those of molybdenum
and are W6(hal)12.
Tungsten Dibromide. This can be made by reducing the pentabromide
with hydrogen at the temperature of a zinc chloride bath (Roscoe). It
behaves just like the chloride.1333 With potassamide it forms a peculiar
compound W(NK)2NH2, also produced from WBr5.1334
Tungsten Di-iodide. It is curious that although the dihalides of tungsten
are much less stable than those of molybdenum, tungsten will form a
lm
%m
1180
im

M, Guiohard, CE. 1896, 123, $21; Ann. QHm. Phys. 1901, [7] 23, 565.
G. Broiset, ArUv. Kern. Min. Qeol. 1945, 20 A, No. 7 j 1940, 22 A, No. IL
H, M. Powell, Ann. Bep. Ohem. Soe. 1946, 43, 95.
K. Lindner and A. Kdhler, Ben 192?, 55,1461; Z. anorg. Ohtm. 1924,140,857.
mi
W i Biltls md Ci Fendim, ib. 1928, 172, 888.
1881
H. A. Bohaffer and B. F. Smith, J.A.CS. 1896, IS9 1098.
1884
F. W. Bargttrom, ib. 1925, 47, 2817, 2881.
1114.1
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di-iodide which molybdenum probably will not. Tungsten di-iodide is
made by passing iodine vapour over red-hot tungsten, or HI over WCl6
at 400-450°.1836~6 It is a brown powder, which is not fusible and cannot
be volatilized without decomposition. It is insoluble in cold water: hot
water at once hydrolyses and oxidizes it. Aqueous HF or HCl attack it
slowly, alkaline solutions at once.

Monoxides of Molybdenum and Tungsten
It is very improbable that either of these compounds exist, at any rate
as separable substances. The black precipitate which Blomstrand obtained
by the action of alkalies of solutions of derivatives of molybdenum
dihalides, was really a trivalent molybdenum compound. Also the spectrum of MoOa gives no indication of the presence of a monoxide.1337
Tungsten monoxide WO, according to Langmuir,1838 may exist in the
film of oxide formed on the surface of a hot tungsten wire in O2.

Divalent Molybdenum Complexes1**9
These are all derivatives of the * dihalides' Mo6X12, and are formed
from the Mo6Cl8 ion by co-ordination; but until the X-ray data are
available we cannot say exactly what their structures are. They are
formed by the dichloride and dibromide alike. The acid
H2[Mo6Cl14(H2O)2], 6H2O
made by treating a solution of the dichloride with hydrochloric acid has
two molecules of water much more firmly attached than the other six.
In water it gives at first a clear yellow solution, in which, however, it is
hydrolysed, and a sudden precipitate containing all the molybdenum
separates. A series of salts can be obtained from this chloro-acid. It
forms a very stable pyridine salt (PyH)2[Mo6Cl14(H2O)2].
The pyridine salts obtained from alcoholic solution
(PyH)6[Mo6Cl18), 6 ROH (R = CH3, C2H6, C6H11),
give on heating (pyH)2[Mo6Cl14]. Again, if the acid is treated in HCl with
alkaline chlorides it forms a series of derivatives
M2[Mo6Cl14(H2O)2], 4 H2O (M = K, NH4, urea + H, M2 = en + 2H).
These are the main complex salts of divalent molybdenum. It is possible
to prepare the corresponding bromides, and in the chlorides it is easy to
replace all the halogen atoms but eight by bromine, as in the salt
M2[Mo6Cl8Br6], It is obvious that the complex anion has a core Mo6(hal)8,
to which 6 Cl, 6 Cl+2 H2O, or 10 Cl are attached in the different salts.
"8B E. Defaoqz, CE. 1808,126, 962? Ann. Ohvm. Phys. 1901, [7] 22, 259.
" " A, Boifnhdm and E. Dehn, Bm*. IBlB9 48, 1168.
"•' G, Piccardi, AtU, JR* Lino. 1983, [vi] 17, 064.
" " Phys, £, 1914, II, 6SO.
«•» K. Lindntr, E, Hallir, and H1 HtIwIg, £. anorg, Ohm, 1983»130, SU.
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As with divalent molybdenum, these are formed only by the chlorides
and bromides, and are all built up on a basis [W6(hal)8]4+, forming most
commonly the type M2[W6Cl14, 2 H2O], or the corresponding bromine
compound.
In the preparation of these complexes WCl6 is reduced either by heating
with aluminium with the addition of silica to moderate the reaction,ia4a~2
or by sodium amalgam.1342 The product is extracted with HCl and
evaporated: the residue is saturated with HCl gas, and the hydrogen
compound (the 'chloro-acid') separates in yellow needles. The acid is
most probably1341 H2[W6Cl14(H2O)2], 6 H2O, like the molybdenum compound. Its only certain salt is that of pyridine: this smaller stability of
the tungsten complexes as compared with those of molybdenum is to be
expected in the divalent state. The acid in a desiccator easily loses all its
water molecules but two, together with two HCl, giving W6Cl12, 2 H2O.
The acid is more reactive than the molybdenum compound, the chlorine
being much more easily hydrolysed, with a break up of the complex.1342
It is soluble in water and slowly hydrolysed. The smaller stability as
compared with molybdenum is shown by its behaviour with alcoholic
silver nitrate; with this reagent the molybdenum acid loses 6 HCl and
gives Mo6Cl8(NO3J4: but the tungsten acid has all its chlorine precipitated,
and is then oxidized by the excess of AgNO3 with separation of silver.
The tungsten compound is more stable to sulphuric acid, which only
oxidizes it above 100°: below that temperature it acts like the molybdenum
acid, and has two chlorines replaced to give W6C18(S04)2.
The action of alkalies on the acid is very instructive. They first dissolve
it to form a yellow solution, but very soon the complex breaks up, and
at the same time the tungsten is oxidized, with evolution of hydrogen;
it is clear that the tungsten can only remain in this state of valency so
long as this complex with six tungsten atoms persists; when the alkali
breaks it up by removing the chlorine atoms the separate tungsten atoms
are at once oxidized by the water (even in alkaline solution).
Thus the tungsten complex resembles its molybdenum analogue very
olosely: they both have the same behaviour on heating, the same preferential ionization of one-third of the halogen atoms, and the same slow
hydrolysis by water and stability to HCl. The main difference is the
greater instability of tungsten to alkalies: the amphoteric hydroxide
(Mo6CIs(H2O)4](OH)4 is stable to and dissolves in alkalies, while the corresponding tungsten compound is at once broken up and destroyed. This
difference is in agreement with that observed between the dichlorides
Ihimselves, that the molybdenum compound is so stable that it has no
wduoing properties, while W6CIi2 is able even to reduce water, with
•volution of hydrogen.
" " K. Lindner and A. Kdhler, B*r. 1922, SS, 1464.
" « Id,, M. crnorg, Ohm. 1024, 140, 353,
» « J. B. HiU1 J JLXJ JH. 1916, Sl 9 MSS,
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Bromine Complexes of Divalent Tungsten
The mixed chlorine-bromine complexes mentioned above can be made
from the chloro-acid by treatment with concentrated boiling HBr.1843 On
cooling, the acid H2[W6Br8Cl6(H2O)2]JlSH2O crystallizes out. Its solubility, its hydrolysis, and its instability to alkalies are almost identical
with those of the chlorine compound. A pyridine salt (PyH)2[W6Br8Ol6]
can be prepared, though (like the chlorine compound) not directly.
MOLYBDENUM AND T U N G S T E N CARBONYLS
compounds belong to the same type as the chromium carbonyl
Cr(CO)6 already described; they no doubt have the same structure; they
have the same E.A.N, of the next inert gas, and the same general properties, though they are not quite so stable.
THESE

Molybdenum Carbonyl, Mo(CO)6
This compound was first made1344 by the action of carbon monoxide
under not less than 150 atm. on molybdenum at 200°. Klemm1345 showed
that it definitely had the formula Mo(CO)6. Hieber1846""8 made it like the
chromium compound (p. 1026) by the action of carbon monoxide on the
chloride in the presence of phenyl magnesium bromide.
The carbonyl is driven over from the products with steam.
Mo(CO)6 boils at 156-40,1347 but has a considerable vapour pressure well
below its boiling-point, and can be sublimed in hydrogen or CO2 at 30°
or 40°. The vapour begins to decompose about 150°. With oxidizing
agents, and especially with halogens, CO is evolved and molybdenum
salts are formed.
Like other carbonyls it readily forms ammines1348 by the replacement
of successive carbonyl groups by amines: thus we get
Mo(CO)3py3
Yellow-brown

Mo(CO) 4 Phthr.
Mo(CO ) 3 py,Phthr.
Deep red
Red-black
[Phthr. = o-phenanthroline]

Mo2(CO)6en3
Pale yellow

It is remarkable that of these amines the one which has the weakest
power of co-ordination is ethylene diamine: while pyridine acts on
Mo(CO)6 at 80-85°, ethylene diamine will only expel CO above 180°.
Ethylene diamine is normally one of the strongest amminating agents;
but that is when it attaches itself to one central atom as a chelate group,
and has the stability which chelation involves. Here we see its natural
weakness when it has to link two groups, and does not form a ring,
1848

K. Lindner and A. Kahler, Z. anorg. Ohem. 1924, 140, 364.
L. Mond, H. Hirtz, and M. D. Cowap, J.O.S. 1010, 97, 808; Z. cmorg. Ohem.
1910, 68» 217.
ii45 w . Klarom, H. Jaoobi, and W. TiJk9 ib. 1081,201, U.
" " W. HlibiF and 1, Romberg, ib. 1980, 331, 821.
" " ld. ( lb. 882.
» " W. Hiabar and F. MOhlhauor, lb, 887.
1844

Summary: Molybdenum and Tungsten
Tungsten Oarbonyl, W(CO)6

1067

This was first made by Job 1349 like the chromium compound, by the
action of O-Mg-Br on WCl6 in solution in ether and benzene, in an
atmosphere of CO. Hieber1350"1 showed that at low temperatures a 20 per
cent, yield can be obtained. He examined1361 the thermal properties of
the three carbonyls.
W(CO)6 is a colourless crystalline solid, which begins to sublime at 50°
and boils at 175° C.1351 It is decomposed by heating, especially if it is
impure, and also by fuming nitric acid, but not by water or by ordinary
acids.
In almost every point the tungsten compound behaves like the other
two, although like the molybdenum compound it is not quite so stable as
the chromium carbonyl. But it is clearly more stable than either the
nickel compound Ni(CO)4, or the iron Fe(CO)6.

Summary: Molybdenum and Tungsten
A brief comparison of these two similar elements in their various
valencies may be useful.
Hexavalent Compounds. This is the most stable state for both. Of the
halides molybdenum gives only MoF6, while we have WF 6 , WCl6, and
WBr6; a stronger affinity for bromine than for the lighter halogens often
distinguishes tungsten from molybdenum though the sizes of the ions
(1*36:1-37 A) are practically the same. The oxyfluorides of molybdenum
are more and the oxychlorides less stable than those of tungsten.
The trioxides and their derivatives—acids, thio-acids, etc.—are very
nimilar for both.
Pentavalent Compounds. These are definitely less stable with tungsten
than with molybdenum. There are no pentafluorides, but molybdenum
gives MoCl5, and tungsten WCl5 and WBr 5 ; but while there is probably
an Mo2O5 and certainly an Mo2S5, there is no W2S5, and probably no W2O5.
There are oxyfluoride complexes of molybdenum but not tungsten;
oxychlorides of both; oxybromides of tungsten but not molybdenum.
Both elements give octacyanide complexes, so stable that permanganate
will not oxidize them to the hexavalent state.
Tetravalent Compounds. Here there is very little difference between the
two elements. Tetrahalides, dicalcides, oxyhalides, and octacyanides are
given by both, and in each type the two are about equally stable.
THvalent Compounds. Here on the contrary there is scarcely any
Ukaness between molybdenum and tungsten. Trivalent molybdenum
forms non-volatile trihalides, an oxide, sulphide, and selenide; also complex halides, and 8-covalent double oyanides M4[Mo(CN)7OH8]: all these
are quite definite, though they are easily oxidized.
m

« A. Job md J, Bouvilloii, QM. 1028, 187, 664.
nm w. Hiobsr and 1, Romberg, Z, rmorg. Ohm* 1935, 331, 811.
" " Id,, ib. 189.
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Trivalent tungsten forms none of these compounds at all; it only
occurs in a group of salts of the complex acid H3[W2Cl9], to which there
are no molybdenum analogues.
Divalent Compounds, With both elements these are confined to the
' dihalides' (A6hal8)hal4 and their derivatives, including the salts
M2[A6hal14(H20)2].
AU these occur with both, and the structure of the group A6IIaIJ", which
is known with molybdenum, must be the same with tungsten. But this
group is much less stable with tungsten than with molybdenum.

URANIUM
is of unusual interest, for several reasons. Except for radium
and thorium, whose chemical properties are almost wholly ionic, it is (or
was until lately) the only element in the last period whose chemistry is
known in any detail, and this is in many ways different from that of the
other members of the VIth Group. In addition, its nuclear transformations, especially under bombardment, are of fundamental importance;
they include the phenomenon of atomic fission—the breaking up of the
nucleus into fragments nearly of the same size—making part of the
nuclear energy available as a source of power or for the atomic bomb;
and they lead to the formation of the trans-uranium elements 93-6
(93 neptunium, 94 plutonium, 95 americium, 96 curium), which for the
first time give clear evidence of the opening of the ' second rare earth
series', the 'uranides', through the expansion of the fifth quantum group
from 18 towards 32.
The nuclear transformations of uranium are partly spontaneous, giving
neighbouring elements, and partly induced by collision, leading sometimes
to atomic fission, and sometimes to the formation of the trans-uranium
elements 93-6. These new elements will be discussed after uranium, and
all the nuclear changes of uranium (and its isotopic constitution) will be
dealt with along with them (p. 1090).
The extreme importance of uranium as a source of atomic energy both
for peace and for war has led to a very large amount of work being done
in the last few years on the physical and chemical properties of this and
the succeeding elements; some of this work has been or is being published,
but much of it has not yet been released for publication. I have tried to
bring the following account up-to-date as far as possible, and I am very
much indebted to Dr. C. D. Coryell, of the Massachusetts Institute of
Technology, and to Dr. M. W. Lister, of Harwell, for the help they have
given me; but new papers are appearing almost daily,* and many of the
•statements will need modification and amplification by the time they are
in print.
Uranium was discovered by Klaproth in 1789, and named after the
planet Uranus, which had been discovered by Herschel in 1781. Its chief
ore is pitchblende, which is U3O8 containing small quantities of other
oxides. This can be converted by treatment with concentrated nitric acid
Into uranyl nitrate UO2(NO3J2, which can be purified by recrystallization
and on heating leaves a residue of the trioxide UO 3 . Pitchblende is found
Jn Cornwall, in St. Joachimsthal in Czechoslovakia, in Colorado, near the
Hear Lake in Canada, and in the Belgian Congo; many other sources have
fa@©n discovered in the last few years. Except as a source of atomic energy
and of radium, uranium is of small practical use. The metal is not used
URANIUM

* A series were read at the Chicago meeting of the American Chemioal Society
At laster 1948, abitraots of which were issued by the Society. So far as these have
not Appeared in their journal they are referred to here by their numbers, AS J./LC.5.
SMt, T.S, 10,
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at all; the salts and the oxide are used to colour glass for illumination,
and the carbide UC2 as a catalyst in Haber's ammonia synthesis.

Uranium Metal
Uranium is a very heavy (density, 18-7), silver-white metal, hard, but
not so hard as steel, which melts at 1,150°1852 (not, as previously supposed,
1,690°), a very low temperature in comparison with the rest of the group,
and is more volatile than iron. The solid has two sharp transition points
at 662° and 772 0 C, the heats of transition being 0-680 and 1-165 k.cals.
per g.-atom.1363 It is reactive; it burns in air on warming to give U 3 O 8 ;
it catches fire in fluorine, giving mainly the tetrafluoride; it catches fire
in chlorine at 180°, and combines with bromine at 210° and with iodine
at about 260°. Dry hydrogen chloride attacks it at a dull red heat;
sulphur combines with it at 500°, and nitrogen at 1,000°. Its normal
potential probably comes between those of manganese and zinc. In a
finely powdered state it is attacked by cold water; acids readily dissolve
it to form hydrogen and tetravalent uranium salts, nitric acid reacting
only slowly, because uranium, like the other metals of the subgroup, is
made passive by it. Alkalies have no action on it.

Uranium Hydride, UH31854
At 500-600° under 120 atm. pressure of hydrogen uranium forms a
hydride UH 8 ; the composition is quite definite and is confirmed by X-ray
measurements, and the compound will not take up more hydrogen or
more uranium. It is a brittle substance but conducts electricity like a
metal; it does not melt or decompose (under a high pressure of hydrogen)
up to far above 600°.
The X-ray results show that each U has 6 nearest U's at 3-32 A. It is
not an interstitial compound; there are no U—U bonds (theory for U—U
2-98 A) and there are no ions. It is a metal-like hydride of a new type,
and must contain some kind of U—H—U link. A similar deuteride can
be made. The crystal structure has been discussed in detail by Pauling
and Ewing,1356 who support these conclusions.
Uranium and Carbon
Two, if not three, carbides of uranium have been prepared. UC can be
made from its elements1366; they will combine at 2,100°: or from uranium
powder and carbon tetrachloride at 650°.1357 It has a sodium chloride
1352
H. D, Smyth, Atomic Energy for Military Purposes, Princeton University
Press (the official American report, also published by the British Government as a
white paper).
1868
G. E. Moore aad K. K. Kelley, J.A.C.S. 1947, 69, 2105.
»w R. E. Bundle, ib. 1719.
18M
L. Paulliig and F. J, Ewing, ib. 1948, 70, 1800.
m
* R. B. RimdUi, N. 0. BdOnIIgW1 A. S, Wilion, and R. A. McDonald, ib, 99,
lllT
L. M, Lit*, A. B. Garrett, and J1 0. Croxton, lb. 1718.
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structure, and is miscible in the solid state with the nitride UN and
probably with the oxide UO also. A carbide U2C3 seems to exist above
2,000°.
UC2 is formed by heating oxides of uranium with carbon,1358"9 or from
uranium with excess of carbon at 2,400°.1357 It looks like bismuth, is
crystalline, melts at 2,425°, and is calculated to boil at 4,100°. It forms
brilliant sparks when it is hit; it catches fire when it is ground in a mortar,
and anyhow in air at 400°; it is decomposed by cold water and violently
by hot, giving a mixture of various hydrocarbons.1360 Its crystal structure
is like that of calcium carbide CaC2,1367 which suggests an acetylide of
divalent uranium which should give acetylene with water; but it might
possibly be U!v[C==C], and if so the C—C distance should be longer than
in Ca[C^=C]. (Compare the MC2 carbides of La, Ce, Pr, and Nd, though
La could scarcely be either divalent or tetravalent.)
Uranium and Nitrogen
Uranium absorbs nitrogen when it is heated. Various compounds have
been described, some of which (such as U3N4) are probably solid solutions.1361 The most certain1356'1362 are UN, with a sodium chloride lattice,
IT2N3, which is isomorphous with Mn2O3, and UN 2 ; this last, which has
a fluorite structure, can only be made and is only stable under a high
pressure (over 100 atm.) of nitrogen.
The compound U3N4, which is probably a solid solution of U 2 N 3 and
UN, can be made from its elements, or by passing ammonia over UCl4, or
by heating a mixture of U3O8 and magnesium in nitrogen. It is dark
brown or black; it decomposes in vacuo above 1,400°; it burns slowly in
mv to U3O8, and is insoluble in water, concentrated hydrochloric or
iulphuric acid, but easily soluble in nitric acid. Boiling potassium
hydroxide solution has no effect on it, but fusion with the hydroxide
decomposes it with evolution of ammonia.1361
Uranium and Phosphorus
Heimbrecht, Zumbusch, and Biltz1363 find by investigation of the
iystem U + P that the phosphides UP 2 , U 3 P 4 , and UP exist; they discuss
their structures.
H E X A V A L E N T URANIUM
Tiff S is the most stable state of valency of uranium; it is also that in which
the element most clearly shows its group properties, and its resemblance
to the typical and the B elements of Group VI, such as sulphur and
itltnium, as well as to molybdenum and tungsten. It is represented by
1111

O. BuIf and A. Heinzelmann, Z. anorg. Chem. 1011, 72, 64.
" " O. Heusler, ib. 1926, 154, 866.
"•o J. Bohmidt, Z. EUHrochem. 1934, 4O1 170.
1111
B, Lorenz and J, Wooloook, Z. cmorg. Ohm, 1928, 176, 302.
IMI
B, K. Bundle, N. 0. Baenziger, m& A. B. Wilson, J,A ,0.3. 1948, T J . 50.
1111
M. Httaibwehl, M. Zurnbmoh, mi W. Bilti, £, anorg, 0km. 1940, 345, 891.
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three types of compounds, (1) UP 6 and XJCl6, (2) UO 3 and its salts with
metals, the uranates, and (3) the salts with acids of the divalent uranyl
radical [UO2]4"4" or [O=U-O] + 4 ", which is almost peculiar to this element
and its immediate successors, is very stable, and also has a strong tendency
to form complexes.
Uranium
Hexafluorideim4rS
This can be made by the action of fluorine on uranium or its carbide
in presence of a little chlorine, which acts as a catalyst and causes the
reaction to go to the hexafluoride, whereas without it it is liable to stop
at the tetrachloride.1364"5 It can also be made by the action of fluorine
or even hydrogen fluoride on the pentachloride UCl5.
The electron diffraction1367 and the Raman spectra1868 show that the
molecule is octahedral, and the dipole moment is zero1369; it is feebly
paramagnetic.1866 It forms pale yellow crystals, melting at 64*05° C. under
1,137 mm. pressure, and having a vapour pressure of 1 atm. at 56'5°. mo ~ l
It is interesting to compare the boiling-points of the hexafluorides of
Group VI:
SF6

SeF 8

TeF 6

[CrF6]

MoF 6

WF6

XJF6

-64°
subl.

-46-6°

-39°

[none]

+35°

+ 17*5°

+ 56-5°
subl.

The heat of evaporation of UF 6 is 10*36 k.cals.186* It is not acted on by
dry air, oxygen, nitrogen, carbon dioxide, chlorine, or iodine, but hydrogen
reduces it to the tetrafluoride even in the cold. It is very hygroscopic,
fumes in moist air, "and reacts violently with water to form UO2F2 or with
excess of water UO 3 ; it behaves in the same way with alcohol. It is very
reactive: it reacts vigorously with benzene, toluene, or xylene, with
evolution of HF and separation of carbon, and slowly even with CS2 and
paraffin oil. It is soluble (apparently without reaction) in (CHC12)2» CCl4,
and nitrobenzene.
The chloride UCl6 has recently been made by disproportionation, by
subliming the pentachloride; it begins to lose chlorine at 100°, and is the
most reactive of the uranium chlorides.1372
The oxyhalides of hexavalent uranium are really uranyl salts [U02](hal)2,
and as such are described later (p. 1075).
1864

O. Ruff and A. Heinzelmann, Z. anorg. Chem. 1911, 72, 64.
A. v. Grosse and P. Kxonenberg, ib. 1932, 204, 184.
*3«« P. Henkel and W. Klemm, ib. 1935, 222, 70.
is*? H, Braune and P. Pinnow, Z. physikal Chem. 1937, B 35, 239.
xaa8
J. Bigeieisen, M. G. Mayer, P. C. Stevenson, and *T. Turkevich,«/. Chem. Pfvya.
1943, 16, 442,
1889
0. P. Smyth, Princeton University Report no. A 2180, quoted in referencel8M.
""> B. Weimtook and E, H, Crist, ib. 436.
1171
F. Of. Briokwedde, H. J. Hog*, and B. B. Scott, ib. 429.
" " 0. B. Pretcott Jr., J>A.Q>8> 1148, TJ. 41.
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Uranium Trioxide
This can be made by the careful heating of uranyl nitrate U0 2 (N0 3 ) 2 ,
or ammonium uranate, or peruranic acid, or the hydrated trioxide
UO2(OH)2 (uranic acid) precipitated by acids from the solution of a soluble
uranate.
UO 3 forms an orange or brick-red powder which, according to GoIdschmidt, is isotropic and shows no signs of crystalline structure. It is not
volatile and on heating loses oxygen to form U3O8. It is amphoteric in
behaviour, forming uranyl salts with acids (for example, [UO2]Cl2 with
HCl) and uranates with metallic oxides or carbonates; this latter reaction
begins at a temperature depending on the metal, from 125° for the
strontium to 450° for the manganous salt.1373
A peroxide UO4 is formed reversibly by the action of hydrogen peroxide
on a uranyl salt [UO2]X21374; it is relatively insoluble, and can be used
for the separation of uranium.

Uranium and Sulphur

Biltz et al.U7S examine the system U + S by phase-rule methods, and
tensimetric and X-ray measurements. In addition to US2 and U 2 S 3 they
get US 3 from US 2 +S at 600-800°, with evolution of 40 k.cals. per U atom,
the excess of sulphur being removed with CS2, or by heating in vacuo.
M. Zumbusch1376 examines a subsulphide found by Biltz: it has a facecentered cubic lattice of U atoms, indicating U 4 S n : from the densities n
is found to be 3. The lattice is of the NaCl type with U for Na and S for Cl,
but a quarter of the Cl places are unoccupied. U—S distance is 2*75,
U..-U 3-88 A (theory U - S 2-53; [U] • [S] 2-79; U - U 2-98).
Uranic Acid
The hydrates of uranium trioxide are the uranic acids. Three of these
are known1377 as well as a colloidal form: written as acids they are,
(1) H 2 UO 4 ; (2) H2UO4, H 2 O; (3) H2U2O7. The first of these forms orangeyellow crystals, insoluble in water; the second is lemon yellow, unchanged
in air, losing water over H2SO4 to go into (1); 0-16 g. dissolves in a litre
of water at 27°. The compound (2) is amphoteric in behaviour, and though
an acid is also a base, forming salts with acids; with nitric acid it gives
uranyl nitrate UO2(NO3J2, evolving 12-38 k.cals. (Gmelin).
Uranates
A large number of these are known, of various types. Their tendency
to condense is much smaller than that of the molybdates or the tungstates,
Mid ioarcely greater than that of the chromates. The oommonest type is
UM
Q. Tammann and W. Rosenthal, E. morg* OUm, 1928,166, 20,
" M C. B. Laroon, J.A.O.S. 1948, T.S. 47.
" " B. F, Strotier, 0. Sohnoider, and W, Biltz, Z. cmorg, Ohm. 194O1 243, 907.
""« M, Zumbuioh, lb. 8S2.
" " 0, 7, HUttig and B. v. Sohro«der, ib. 102S1121, 200.
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that of the di-uranates M2U2O7, corresponding to the dichromates; the
next commonest is the simple M2UO4; but tri-, tetra-, penta-, and even
hexa-uranates are known, though none of the more complicated forms
like the meta-tungstates: nor can uranium replace molybdenum and
tungsten in the 6-, 9-, and 12-hetero-poly-acids.
All uranates, even those of the alkalies and ammonium, are insoluble.
Ammonia will precipitate from a solution of a uranyl salt the di-uranate
(NH4J2[U2O7], a yellow powder practically insoluble in water, but easily
soluble in ammonium carbonate solution: this salt can be used to estimate
uranium, but it is liable to go over into the colloidal state.
(Thiouranates do not seem to occur.)
Peruranates
Uranic acid, like the corresponding acids of chromium, molybdenum,
and tungsten, reacts with hydrogen peroxide to give peroxide —O—O—
derivatives.
If a concentrated solution of uranyl nitrate or acetate is treated with
H2O2, a yellow precipitate of UO4, 2 H2O comes down. These precipitates
are hard to dry, and the existence of this particular hydrate has been
denied.1378 If dilute H2O2 is used the precipitates are easier to filter, and
on analysis the ratio of uranium to active oxygen is found to be 1:7.1379
This substance, which is quite stable, and does not begin to lose oxygen
until about 100°, is often called peruranic acid, but it does not form salts
directly with bases, and though the peruranates do exist, they are not the
saltsofU0 4 , 2H 2 O.
If, however, this compound is treated at once with alkali and H2O2,
or if a uranyl salt is treated with H2O2 or Na2O2 solution, peruranates are
produced. These contain more than 1 atom of active oxygen to 1 U: those
of the alkalies and alkaline earths are of the type of K4[UO8], 10 H2O,
while those of the heavy metals seem to ho mainly of the type M2[UO5].
M2[UO6], x H2O also occurs.1380*-1
The constitution of the peruranates has been re-examined lately,1380^1
and it has been definitely shown that the so-called peruranic acid UO4,
2 H2O is not ionized, and is not the parent of the salts, in which the ratio
of active oxygen to uranium is not, as in the 'acid' 1:1, but 1-5-3:1.
Uranium Beds
These are a curious series of brilliant red compounds, formed from the
uranates by treatment with alkali and hydrogen sulphide in presence of
air. They always contain sulphur, and either ammonium or a metal:
thus a possible composition of one of them is U3O8(OK)(SK). According
1878

But it is reasserted by A. Rosenheim and H. Daehr, Z. anorgt Chem. 1929» 181»
177.
" " A. Sieverts and E. L. MiiUar, ib. 1928,173, 299.
">° A. Roienhoirn and H. Daehr, ib. 193S1 308» 92.
*•»« B. 8ohwar« and 7. Htinrloh, ib. 1935, 3SS9 891.
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1382

to V. Kohlschiitter
they always contain U: S: alkali in the ratio 5:2:5,
and with acids half the sulphur comes off as H2S and the other half as free
sulphur, indicating that the sulphur is present as —S—S—.1383 As the
'metallic' component we can have K, NH 4 , Ba, and hydrazinium
H2N NH 8 . In many ways these compounds resemble the ultramarine
compounds of aluminium.

Uranyl Compounds
All the salts formed by hexavalent uranium with acids are salts of this
uranyl ion [U0 2 ] ++ , which behaves like a compound metal. It also has a
strong tendency to form complex salts.
The structure of this ion, as of all the compounds in which one of these
heavier elements has two of its valencies saturated by an oxygen atom,
is uncertain. These are the two possibilities of a double link and a
co-ordinate link. With the uranyl ion, as it has two oxygen atoms, there
are thus three possible structures:
VaIGp.

[0«~-U->0]++
(8),4

[0«~U=0] ++
(8),6

[O=U=O]++
(8),8

The true structure is presumably some kind of resonance hybrid; the
U - O distance is 1-90 A, which supports this (theory 2-09).
According to Dittrich1384 the uranyl salts, like the mercuric, but like no
others, are dissociated to much the same extent as the acids from which
they are derived. This seems to imply that both the ion and the covalent
form are stable.
The uranyl ion has a strong tendency to increase its covalency by complex formation either by adding two amine molecules, as in [(H3N)2UO2]Cl2,
or by forming a complex salt with alkaline salts, as in K2[UO2Cl4].
Uranyl Halides
It must be noticed that these compounds U02(hal)2 are definitely salts,
and are quite unlike the covalent oxychlorides, with corresponding
formulae, produced by sulphur and chromium, such as SO2Cl2 or CrO2Cl2.
This is shown most conclusively by their non-volatility (SO2Cl2 b. pt.
«9-3°, CrO2Cl2 116-7°).
UO2F2, This is obtained by evaporating down a solution of UO 3 in HF.
It is said to contain water, but this is uncertain and anyhow the water
QMi probably be removed. It is extraordinarily hygroscopic, and if heated
in air is converted into U3O8 or UO8. It is easily soluble in water and
ithyl alcohol, but insoluble in ether, and (unlike the other uranyl halides)
in wmyl alcohol
"1118
" Arm. 1901, 314, SlL

Thii, hewavar, is dtnted by V. Auger, Bull Soo. CMw*. 1919, [4] 2S1 851 j
Vi Augw and J, N. Longineiou, CB. 1926, 183, 970.
"•* C. Dittrioh, Z. physikaL Ohm. 1899, 29, 449.
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UO2Cl2. The anhydrous form is prepared by the action of Cl2 on the
dioxide UO2, or on a mixture of U3O8 and carbon, at a red heat. The
hydrated form separates1385 from a solution of UO 3 in HCl as UO2Cl2,
3 H2O, in yellow crystals which cannot be dehydrated without decomposition : it is stable in dry air, but is very hygroscopic. It is very soluble in
water, of which 100 g. will dissolve 740 g. of the trihydrate at 18°, and
in alcohol and ether. The aqueous solution is very considerably hydrolysed.
UO2Br2. This is only known as the hydrate with 7 H2O, obtained
from the dioxide and bromine, or from the trioxide and HBr, in yellowgreen crystals. It is very hygroscopic: it is easily soluble in water to form
a yellow solution, in which it is hydrolysed to the trioxide UO3.
UO2I2. This is most conveniently made by precipitating the nitrate
UO2(NO3J2 in ethereal solution with barium iodide. It forms red crystals,
and is very unstable, being very easily hydrolysed by water and oxidized
by air.

Uranyl Nitrate, UO2(NOg)2
This is the best-known of the uranyl salts. It is made by dissolving an
oxide of uranium in nitric acid. It occurs with 0, 2, 3, and 6 molecules
of water. The hexahydrate forms yellow prisms soluble in water, alcohol,
and (rather surprisingly for a hexahydrated nitrate) in ether. The trihydrate forms yellow crystals; the dihydrate is greenish, and the anhydrous
compound is a yellow powder. The saturated solution in ether contains
22 per cent, at 0° and 8*8 per cent, at 20°.1386 It is also soluble in acetone,
but not in CS2, benzene, toluene, or chloroform. The aqueous solution,
which can hold up to 56 per cent, of anhydrous salt at 25°, has the conductivity of a salt solution: it is about 6 per cent, hydrolysed at 25° in
a normal solution.1387
Uranyl Chlorate is known only in solution.
Uranyl Perchlorate, UO2(ClO4), 6 H 2 O: yellow crystals, melting at 90°,
very deliquescent.
Uranyl Iodate is known only in the form of hydrates with 2 H2O and
1 H2O (two modifications of the latter). It cannot be dehydrated without
decomposition.1388 It is only slightly (about 1 per cent, at 100°) soluble
in water.
Uranyl Formate UO2(HCO2J2, 0 and IH 2 O: soluble 7-2 per cent, in
water at 15°.
Uranyl Acetate, 0 and 2 H 2 O: highly fluorescent. Decomposes at 275°:
7*7 g. anhydrous salt dissolve in 100 g. of water at 15°. This salt is one
of the most usual sources of uranium compounds.
The most important of the uranyl salts of dibasic acids are these:
was w. Oeohsner de Ooninok, Arm. Ohvm. Phys. 1904, [8] 3, 600 \ CB. 1909,148,
1709.
" " P, MiSO^tItUl1 Qm, 198O9 60, 889,
»"
K. Loy, f. physical. Ohm. 1899» 10, 949.
1111
P. Artmarm, f, anorg, Ohm* 1918, 79, 880.
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Uranyl Sulphide, [UO2]S. This can be made as a brown precipitate by
adding ammonium sulphide to a solution of a uranyl salt. It is soluble in
dilute acids, and in moist air is readily hydrolysed to uranic acid UO2(OH)2.
It can also be made in the dry way by fusing UO 3 with sulphur and KCNS.
It then forms black crystals, much more resistant to acids, and only
dissolved by HCl if it is hot 1389 : when ignited in air it burns to SO2
and U3O8.
Uranyl Sulphate. This is formed by evaporating a solution of uranyl
nitrate in H2SO4. It gives hydrates with 0, 1, 2, and 3 H2O. The trihydrate loses water in air; soF 17*4/15-5°. This like all uranyl salts
readily forms complex salts, but it does so more easily than some, since
a free complex acid H2[UO2(SO4J2], 2 H2O can be obtained, and there is
evidence of the existence of complex ions in a solution of uranyl sulphate
itself.1390
Uranyl Carbonate, UO2CO3. This occurs in the pure state in E. Africa
as the mineral Rutherfordine, formed by the weathering of pitchblende.
It is difficult if not impossible to make in the laboratory.
Uranyl Oxalate. The compound UO2(C2O4), 3 H2O is 0-5 per cent,
noluble in water at 20°.
There are also many uranyl derivatives, probably largely chelate, of
organic acids, oxy-acids, and the like, for example, of malic acid,1391
walicylic acid,1392 and of /?~diketoiies.1393
These last show a curious co-ordinate unsaturation. Biltz1394 prepared
the uranyl acetonylacetonate as an orange-yellow solid with the composition UO2A2, H2O. Hager1393 showed that if it is formed in presence
of a base, the resulting products—all orange-yellow solids—are, when
B the base is NH 3 , methylamine, or aniline, UO2A2, HA, B and when it
Ii pyridine or quinoline UO2A2, B, with no extra diketone molecule. Hager
•uggests that the compounds of the first type may be salts BH[UO2A3].
Complex Uranyl Compounds
The uranyl group has a very strong tendency to form complexes, and
complex salts corresponding to nearly all the simple uranyl salts are
known, There are also a certain number of diammines of the type of
(H8N)2UO2Cl2: thus one molecule of uranyl chloride or bromide will form
ftll addition compound with two molecules of ether, aniline, pyridine,
nlfcrosodimethyl-aniline, etc.; and uranyl nitrate forms similar compounds
©f the composition UO2(NO3J2, 2 B, where B is NH 3 , pyridine, or quinoUnt,
But the great majority of these complexes are double salts; they are
1111

J. Milbawr, ib. 1904, 42, 448.
A. Coiani, O.R. 1927, 185, 273; Bull Soc. Ohvm. 1928, [iv] 43, 754.
l n
* L, W. Andrews, Proc. Iowa Aoad. 8et. 1925, 32, 299,
"M E. Wiialaad and K. Hagor, Z. cmorg. Ohm. 1997, 160, 198.
" " K. Hagtr, ib. 162, 82.
»** W, BUtI and J, A. Clinch, f, anorg, ah$m. 1904, 40» 211,
%m
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formed in very large numbers by all kinds of metals1395; the following
account deals mainly with the salts of the alkali metals and ammonium
compounds with more than one uranium atom in the molecule are usually
omitted.
Fluorides. These are of three types (the most obvious one M2[UO2F4]
does not seem to occur):
1. M[UO2F8]; Na, 4 H2O
2. M 8 [U0 2 F 5 ];K 3 , 0;(NH 4 ) 3 , 0.
3. M4[UO2F6]; Li4, 0; Na4, 0; K4, 0.
F. Olsson1396 has shown that the alkyl and aryl ammonium bases have
a strong tendency to form double salts with uranyl fluoride; they are of a
peculiar type (although parallels could be found among other substituted
ammonium salts) in that they have only one ammonium fluoride molecule
to 1, 2, or 3 of UO2F2, for example (B == ammonia or substituted ammonia): BH[UO 2 F 3 ]; BH[U2O4F5]; BH[U8O6F7].
Chlorides. Almost the only simple type is: M2[UO2Cl4]; Na2, 0 H 2 O;
K2, 0, 2;(NH 4 ) 2 , 2; Rb2, 2(Cs 2 , 0.
Bromides. These are similar: K2[UO2Br4], 2 H 2 O; (NH4J2, 2.
Nitrates. These are of tyo types:
1. M[UO2(NO3J8] (e.g. K, NH 4 , Rb, Cs) all anhydrous but most of them
very hygroscopic, and also:
2. M2[UO2(NO8)J; K2, 0; (NH4)2, 2 H2O.
Iodate. K[U0 2 (I0 8 ) 8 ], 3 H2O.
Acetate. Most of these are of the type M[UO2Ac3]: e.g. Li, 3 and 5 H 2 O;
Na, 2 and 0; K, 5 and 1; NH 4 , 3 and 0. They crystallize very well and
have a brilliant green fluorescence.
Cyanides. There is a double cyanide K2[UO2(CN)4] which is of interest
in view of fhe importance of the cyanides among the molybdenum and
tungsten compounds, because this seems to be the only cyanide of any
kind known to be formed by uranium: there are no known simple
cyanides, and no other double cyanide formed with any of the alkali
metals or ammonium.
Sulphates. The usual type is M2[U02(S04)2(OH2)2]; Li2, 4 H2O (including the two in the ion): Na2, 3; K2, 2; Rb 2 , 2; Cs2, 2; (NH4)2, 2. (These
last four afford strong evidence that there are two molecules of water in
the anion.) There is also at least one salt of a different type K4[UO2(SO4)3],
2H 2 O.
Carbonates. (NH4J4[UO2(CO3)3], 2 H 2 O; yellow; solubility 5 g. in 100 g.
of water at 5°. Also Na4, 0; (NH4)4, ?*0; Rb4, 0.
Oxalates. According to Wyrouboff1397 there are four types of these salts:
1. M2[UO2Ox2].
3. M6[U2O4Ox5].
2. M4[UO2Ox8].
4. M2[U2O4Ox8].
1308
0

See Gmelin, 'Uranium' (1986), pp. 136-287.
"° Z. anorg. Ohm. 1080, 187, 118.
no? Qf, Wyrouboff, Bull Soo, Min, IdOd1 S3, 340 j •§* alio A. Coloni, Bull. Soo,
OMm9 19IB1W17, SSL
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Of (1) and (2) there are the following examples:
1. Li2, 5-5 H 2 O; Na2, 5 and 3; K2, 3; (NH4J2 3 and 0; Rb2, 2; Cs2, 2.
(The H2O is obviously attached to the oxalate group in the last two
salts.)
2. (NH4J4[UO2Ox8].
Uranoso-uranic Oxide, U 3 O 8
This compound, which is presumably composed of hexavalent and
tetravalent uranium, perhaps UO2, 2 UO3, is for some reason remarkably
stable. It is probably a solid solution of the di- and trioxide, and its
stability is due to its dissociation tension being very near that of the
oxygen in the atmosphere. It constitutes, of course, the mineral pitchblende. It can be made by strongly heating the dioxide or the trioxide
in air, or by igniting in air the uranyl salts of volatile acids, or ammonium
uranate.1398 It forms dark-green to olive-green crystals; its crystal structure is not known except that it is different from that of the dioxide
UO2. Unlike the dioxide it can be sublimed at 1,300°, but at 1,240° its
vapour pressure is only 1-4 mm.1398 When strongly heated it gives off
oxygen, forming apparently first a solid solution of UO2 in U 3 O 8 : it is
only at very high temperatures that the conversion into UO2 is complete.
By heating in hydrogen it is completely converted into the dioxide UO2.
It is slightly soluble in HCl and readily in HF. If heated with concentrated H2SO4 it is slowly converted into uranyl sulphate UO2(SO4) and
U(S04)2.
This oxide seems also to form a hydrate, which can be made by exposing
a uranyl salt solution, containing an oxidizable substance such as alcohol,
aldehyde, or glucose, to sunlight,1399 i.e. by partly reducing the hexavalent
to pentavalent uranium. This hydrate is a violet powder, and seems to
go black on drying. It oxidizes in air very readily.
PENTAVALENT URANIUM
THIS valency occurs in the pentafluoride and pentachloride, in the UOj
ion which is found in solution, and probably in the pentoxide U2O6.
Uranium pentafluoride UF 5 occurs in two modifications, which are
distinguished by their X-ray patterns. 1400
Uranium pentachloride UCl51401 is formed along with the tetrachloride
when uranium oxide and carbon are heated in chlorine, and can be
separated because the pentachloride is the more volatile of the two; the
temperature of formation is about 500-600°.
It forms long needles, green by reflected, and red by transmitted light;
it is unstable and loses chlorine even at the ordinary temperature, so that
»»
W. Biltz and H, Miiller, Z. cmorg. Ohem. 1927, 163» 260.
m
* J. Aloy, Bull &oo> OMm. 1900, [3] 23f 869? J. Aloy aad B. Bodier, ib. 192O1
[4]1400
27» 104? J. Zehenter, Hon. 1900» 2I9 287.
P. Agron, A, Qmmll, B. Kunin, and S. WdIiF1 J,AtC>$. 194S1 TJ. 48,
im
0, Bull and A. Hfinitlmaiui, Z, anorg, Ohm* 1911, 73, 64.
HUll

Q
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it can only be kept in an atmosphere of chlorine. It is volatile at 70°
under low pressures,1402 but its molecular weight has never been determined, so that it may be U2Cl10, with one atom of hexavalent and one
of tetravalent uranium.
It is excessively hygroscopic: the aqueous solution deposits U(OH)4.
It is soluble in alcohol, acetone, and benzonitrile, and slightly soluble in
CCl4 and chloroform.
All attempts to make UBr51403 have failed.
The pentoxide U2O6 has been prepared1404; it is orthorhombic. The
pentavalent uranyl ion [UOJ + is present in hydrolysed solutions of the
pentahalides.
T E T R A V A L E N T URANIUM
THE remarkably stable tetravalent state of uranium is very important as
a sign of the beginning of the uranide series of elements (see p. 1091).
The hydroxide U(OH)4 has no acidic properties whatever, but only
basic. Moreover, it seems to be unable to form covalent compounds,
other than perhaps the hydroxide itself, unless it has a negative charge,
i.e. unless it forms part of/a complex anion. Thus all the simply tetravalent uranium compounds are salts, even the halides; the tendency to
form complexes is fairly strong. They are, on the whole, less stable than
the compounds of hexavalent uranium, but are more stable than any of
the lower valencies.
The resemblance of the tetravalent uranium salts to those of thorium
is very striking; it is ordinarily somewhat concealed because it is easy
to separate the uranium by changing its valency, while that of thorium
cannot change. The likeness is so great that Fleck,1406 when he was
working out the isotopic relations of the radioactive elements, raised the
question whether they are not related as a kind of isotopes, and tested
this by seeing whether the salts (he used the fluorides) of thorium and
tetravalent uranium could be separated by their solubilities when the
uranium was kept throughout in the tetravalent state: he showed that
in spite of their similarity this separation cpuld be effected.
In the following account the properties of the thorium salts are briefly
appended for comparison.
Borohydrides
1406
Schlesinger and Brown
have shown that when uranium tetrafluoride
is treated with aluminium borohydride it gives U(BH4)4, [Th(BH4)4 has
recently been obtained]. When this is treated with boron trimethyl it
gives U(BH4)aBHsMe and U(BH8Me)4. The ethyl derivatives were also
"•« H. Martin and K. H. lidau, Z. anorg. Ohem. 1948, 251, 295.
"•• W. BiIt* and H. Miiller, ib. 1927, 163, 295.
" " R. B. Rtaiidlt, N. 0, Bawiiigw, And A. S. Witaon, JJL.OJ9. 1948, T.S. 58.
"G* A, FIiQk1 J.CS, 1914,101, 250.
*«• H. I, SohlHinger and H, 0. Brown, J,A,0,8, 1948, TJ. 50.
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obtained. These are the most volatile of all known uranium compounds
except UF 6 , having the vapour pressures:
U(BH4)4
.
U(BHJ3BH8Me
U(BH3Me)4 .

. 0-33 mm. at 35°
. 2-83
„ „
. 0-16
„ „

2-27 mm. at 55°
11-89
„ „
0-58
„ „

The first two are dark-green solids in the cold, the third is dark violet.
They all seem stable in the cold in the absence of air but react slowly
with air, and quickly with water, alcohol, and hydrochloric acid. At
80-100° the reversible reaction
2U(BH4)4 * = * 2U(BH4)3 + B2H6 + H2
occurs.
Uranium Dioxide, UO 2
This is formed when UO 3 or U3O8 is heated in hydrogen, and also by
the action of water on the chlorides or double chlorides of tetravalent
uranium. It is a brown or black* powder melting at 2,176° [thorium
dioxide has a very high melting-point, as we all know from its use in gas
mantles] and is so stable that Klaproth thought it was the element. It
has the same crystal structure (CaF2 lattice) as ThO21404; it dissolves with
difficulty in acids (like ThO2) (except in nitric acid, which oxidizes it to
uranyl nitrate UO2(NO3J2), and forms U iv salts. If it is heated in air or
nteam it is oxidized to U3O8, and it takes up chlorine at a red heat to
form UO2Cl2. The form which is precipitated from U iv salts is hydrated,
and is green or red. It oxidizes in air to UO3, 3 H2O.

Uranium Bisulphide, US2
This is made from the elements, or by passing hydrogen and sulphur
vapour over UCl4 or Na2UCl6 at 500°. It is a dark-grey crystalline powder
which when heated in vacuo neither melts nor decomposes below 1,100°;
at 1,300° it begins to dissociate. It is attacked very slowly by water,
more rapidly by hydrochloric acid, and violently by nitric acid.
Tetrahalides
Uranium tetrafluoride UF 4 is the usual product of the action of fluorine
on uranium; it can also be made by treating the yellow solution of UO2F2,
made by dissolving U3O8 in hydrofluoric acid, with stannous chloride, or
by the action of hydrofluoric acid on uranium tetrachloride.1407 It can
alno be made1409 by the reaction
2 CF2Cl2 + UO3 - UF4 + CO2 + CO + 2 Cl2
which goes at 400°.1408 It is a green solid which melts about 1,000°, and
IM stable up to 1,100°1409; it is insoluble in water. [ThF4 is also a highmelting solid; it forms a hydrate ThF 4 , 4 H2O.] If heated in air UF 4 is
* Other oolours—red and blue^—have been attributed to it, but these products
may have oontained a slight excess of oxygen.
I4if
O. BuS and A. Heinzelrnann, Z, morg. Chem, 191I1 72, 64.
"•• H, B. Booth, W. Kraany.Ergen, And E. 1. Hoath, J,A,0£, 1840, 6S9 1969.
*«• V. O. Chlopin and M. L. J<uohtioh«nko, Bull, Acad, 3o<, C/Ji.S J , 194I1 67,
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converted into XJ8O8; if heated in hydrogen it gives a red-brown compound
which perhaps is UF 3 . Its solubility in water is 0-0053/25°, apparently as
the acid H^[UF4(OH)2]; it forms hydrates with J, 2, and 2£ H2O.1409
It is hardly attacked at all by acids, but is converted by boiling with
alkaline hydroxide solution into the hydroxide U(OH)4.
U 2 F 9 : this remarkable substance was discovered by R. Livingston1411
in 1943; its formula was established by analysis.1412 It is a black substance
which turns green on exposure to air. The crystal structure has been
examined by Zachariasen.1410 He finds that it is cubic, with each U atom
surrounded by 9 F's at the average distance of 2*31 A (theory U—F 2-13,
[U](F)" 2-38). The uranium atoms, though they must be half penta- or
a quarter hexavalent and the rest tetravalent, are all equivalent, and
presumably are all in resonance.
Uranium Tetrachloride UCl4 is formed from the elements: from the
ptftitachloride on standing; from the action of carbon tetrachloride on
U3O8, or of chlorine on a mixture of U3O8 and carbon at a low red heat;
or by the action of phosgene on uranium dioxide, [ThCl4, m. pt. 820° (it
begins to sublime below this) is made in the same way from carbon
tetrachloride and ThO2.]
UCl4 is the stablest of the chlorides of uranium; it forms dark-green
crystals with a metallic glance. It melts at 567° and boils at 618° (very
like ThCl4); the electrical conductivity of the fused tetrachloride at 570°
is 0-34, i.e. is that of a salt1413 [ThCl4 0-61/814°]. UCl4 is very hygroscopic
(the compounds of uranium must have more hygroscopicity between them
than those of any other element); it dissolves in water with a large
evolution of heat [so does ThCl4], and gives a green solution which is very
largely hydrolysed.
It is soluble in acetone, ethyl acetate, and ethyl benzoate, giving a palegreen solution. It is insoluble in ether, chloroform, and benzene.
Uranium Tetrabromide is very like the tetrachloride, but less stable.
It is made by passing bromine vapour in carbon dioxide or nitrogen over
heated U3O8 mixed with carbon: it can also be got by the action of HBr
on the tetrachloride.
Brown or black crystals: its vapour density at a red heat is normal, so
that the substance boils undecomposed [ThBr4 boils at 725°]. It is very
hygroscopic and hydrolysed by water; in moist air it is at once oxidized
to the oxybromide UO2Br2.1414
Uranium Tetraiodide, UI 4 , is made from its elements1415 or by the action
of iodine on the dioxide and carbon at a red heat, or by reducing UO2I2
with HI in sunlight.1416 It is similar to UCl4, but less stable. It forms
1410
W. H. Zachariasen, J, Chem. Phys. 1948, 16, 425.
1411
B. Livingston and W. Burns, Manhattan Project Eeport CN 982, Oct. 1943.
1418
S. Weller, A. Grenall, and R. Kunin, Eeport A—3326, March 1945.
1418
A. Voigfc and W. Biltz, Z. anorg, Ohm. 1924, 133, 281.
" " See T. W, Richard* and B, S, Merrigold, lb. 1002, 31, 254.
" « M. GulehfWd, CM, 1907, 14S1 021,
»«» J. Aluy and 1, Hodlor, Bull, Sm, OMm, 1022, [4] 31, 247,
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black needles melting at about 500°. It is deliquescent in moist air [ThI 4
is also deliquescent] and hydrolysed by it, and then oxidized to the
oxyiodide.
Oxyhalides of Tetravalent
Uranium
Oxyfluoride. The hydrate TJOP23 2 H2O is made by treating U3O8 with
excess of 30 per cent* H F : or by reducing UO2Cl2 solution to the tetravalent stage and adding HF. 1417 It is a green solid which can be dried at
100°. It can be used to estimate uranium.1418 [ThOF2 is known.]
Oxychloride. This is formed by the photochemical reduction of UO2Cl2
in ether.1419 It is very pale green, very soluble in water and alcohol. The
grass-green solution soon darkens, especially on warming, and precipitates
U(OH)4. [ThOCl2 is readily formed, and hydrolyses easily.]

Other Salts of Tetravalent Uranium
These salts, which are less stable than the uranyl salts, are all green,
and usually are easily soluble in water; the oxalate, however, is nearly
insoluble even in acids, and also is more stable than most of the salts.
Most of the salts are considerably hydrolysed in water (as we should
expect the salts of a tetravalent base to be, and as the thorium salts are)
and they are very easily oxidized: the hydroxide U(OH)4 formed by
hydrolysis (and precipitated by alkalies) is no doubt covalent, and as
such is more readily oxidized than the ion.
They form complex salts (especially the oxalate) but not quite so readily
as the uranyl salts.
Nitrate. No neutral nitrate is known, but only the basic nitrate
UO(NOg)2.1419 This is pale green, and can be dried at 100°. [Thorium
does form a normal nitrate Th(NO3J4, 12 and 5 H2O. But if it is dissolved
in water a basic compound separates out.] (We must remember that
nitric acid though classed as a strong acid is really much weaker than
HCl, not to say HClO4.)
Chlorate and Perchlorate. These can be made in solution by dissolving
the hydroxide U(OH)4 in acid, but they decompose on evaporation.
Formate and Acetate. The normal salts UAc4 and also the basic salts
UOAc2 are known.
Sulphates. These can be made by the action of sunlight on a solution
of U3O8 in H2SO4. There are certainly two hydrates, U(SO4J2, 4 H2O and
U(S04)2, 8H 2 O. Thorium sulphate forms the same hydrates, which are
both isomorphous with these uranium salts, and which resemble the
uranium salts also1420 in showing the most peculiar behaviour in solution.
Thus the solubilities in g. anhydrous salt to 100 g. water are:
U(SO4J2, 4 H20:10-9/24°, 6-7/630
U(SOJ2, 8 H20:11-3/18°, 58-2/620.
" " ,F. Giolitfci and G. Agamennone. Atti R. Lino, 1905, [S] 14, i. 114, 165.
"m l 8 F. Giolltti, Qm. 1004, 34, IL 180.
* A, Benrath, £. Win. Phot. 1917, 16, 258,
"•• F. Giollttl and G. Bucci, Ga$, 190S1 33, ii. 162,
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This indicates an unparalleled degree of metastability in the octahydrate
at the higher temperature. The explanation was finally given by R. J.
Meyer,1421 who showed that the salts were isomeric even in solution, and
that in water (or strictly speaking in the presence of dilute acid, added to
repress hydrolysis) the molecular weight of the tetrahydrate was twice
as great as that of the octahydrate.
Phosphates. Ortho-, meta-, and pyrophosphates of tetravalent uranium
are known.
Oxalates. If a solution of a uranyl salt containing oxalic acid is exposed
to sunlight the uranium is reduced, and uranous oxalate precipitated.
U(C2O4J2 is dark green, and insoluble in water and dilute acids; it is easily
soluble in alkaline oxalate solution with the formation of a double oxalate.
[Thorium forms a similar oxalate, which is hydrated, ThOx2, 6 H2O. It
also is almost insoluble in water, but readily soluble in solutions of alkaline
oxalates or ammonium oxalate, forming double salts.]

Complexes of Tetravalent Uranium
These are numerous, though not nearly so numerous as the uranyl
complexes. The following are some of the more important. The thorium
analogues are added in square brackets.
Fluorides.1*™ K[UF 6 ]; NH4[UOF3]. [KThF6, \ H 2 O; K 2 ThF 6 , 4 H2O.]
Chlorides. M2[UCl6]; M = Li, Na, K, Rb, Cs. [Cs2[ThCl6].]
Bromides. Na2[UBr6]; K2[URr6]. [(pyH)2[ThBr6].]
It will be noticed that all these complex U lv halides (though not quite
all the thorium compounds) are anhydrous.
The hydrogen halides seem to be the only monobasic acids which form
tetravalent uranium complexes; but several polybasic acids do so.
Sulphates. On adding sulphuric acid to an electrolytically reduced
solution OfUO2Cl2 the acid H2[U(SO4J3], 10 H2O is formed.1423 Salts of it
are also known such as K2[U(SO4)J, 2 H2O and also another type,
(NHJ4[U(SO4)J. [Na?[Th(S04)J, 6 H2O:K4[Th(SO3)J, 2 H2O.]
Sulphites. No simple uranous sulphites are known, but a complex
(NH4J4[U(SO3)J1424 and also more complicated salts have been prepared.
Phosphate. A complex phosphate Na2[U(PO4)J is known. [Also the
corresponding Th salt Na2[Th(PO4)J.]
Oxalates. The insoluble simple oxalate of tetravalent uranium is very
soluble in solutions of alkaline oxalates, owing to the formation of double
salts.1425 Such are K 4 [UOxJ, 5 H2O, grey; (NHJ 4 [UOxJ, 7, 6, and O H 2 O;
Ra2[UOxJ, 6 H2O, red-violet.
1481

R. J. Meyer and H. Naohod, Ann. 1924, 440, 186.
1482 j * o r ^J16 crystal straoture of the complex fluorides of tetravalent uranium see
W.imH. Zaohariaaen, J.A.C.S. 1948, 70, 2147.
F. Giolitti and G. Buoci, Oaz. 1905, 35, ii. 168.
1414
A.
RoBonheiiTi and M. Kelmy, Z, anorg. Oh$m. 1932, 206, 39.
1416
Sit L. ! . Marohi, W, O. FmItIiUi1 and P. J, MaoRoynolds, J.A>0,8,1043, 65,
819, 8S8.
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[Various complex oxalates of thorium, such as Na 2 [Th(C 2 0 4 ) 3 ] are
known.]
TRIVALENT URANIUM
seems to be no doubt t h a t trivalent uranium exists. There are
the trihalides, a trivalent sesquisulphide U 2 S 3 , and a trivalent ion in
solution: and although the molecular weight of none of these compounds
is known, since all but the last are infusible and non-volatile, and the
ion is very probably complex, the alternative suggestion that they contain
divalent and quadrivalent uranium is improbable since divalent uranium,
if it exists at all, is extremely unstable.
Uranium borohydride, U(BH 4 ) 3 . As we have seen (p. 1080) tetravalent
uranium borohydride is converted into"the trivalent U(BH 4 ) 3 at 80-100°.
Unlike the dark-green volatile U(BH 4 J 4 this compound is brownish-red
and non-volatile, and detonates violently. 1406
A nitride UN has recently been established on X-ray evidence 1404 ; it
has a sodium-chloride lattice.
Uranium sesquisulphide, U 2 S 3 , can be made by heating the tribromide
in hydrogen sulphide for 8-10 hours in complete absence of oxygen. 1426
I t consists of grey crystals, which decompose in air with evolution of
hydrogen sulphide.
Trihalides
Uranium trifluoride, UF 3 . If the tetrafluoride is heated in hydrogen, it
gives off hydrogen fluoride, and a red-brown solid, insoluble in water, is
formed: it is scarcely attacked by any acids except nitric. This is presumably the trifluoride UF 3 . 1 4 2 7 Its existence has recently been confirmed.1412
Uranium trichloride, UOl3, is made by reducing the tetrachloride with
hydrogen; it was discovered by Peligot in 1842; for recent work see
references 1372,1428-9 JJ. c a n a | g o ^ 6 m a ( j e ^y subliming the tetrachloride
in nitrogen. 1430 For the crystal structure of this and of the isomorphous
trihalides of the lanthanide and the actinide elements see Zachariasen. 1431
I t forms dark-red needles, scarcely volatile at all and very hygroscopic.
I t is more stable in air than the pentachloride, but as hygroscopic as the
tetrachloride. I t dissolves easily in water to give a purple-red liquid,
which at once begins to evolve hydrogen, turns green, and deposits what
is probably the tetravalent U(OH) 4 . I t dissolves in hydrochloric acid
with evolution of 40*6 k.cals. per g.-atom uranium, and forms a red
solution (which can also be got by reduction of a solution of higher
valency), which is rather more stable than the solution in water.
Uranium tribromide, UBr 3 , can be made by distilling the tetrabromide
M
* G. Alibegoff, Ann. 1886, 233, 134.
u
*i H. C. Bolton, Z. Ohem. 1866, [2] 2, 353; Bull Soc. Chim. 1866, [2] 6, 450.
MM
A. Roaenheim and H. Loebel, Z. anorg. Ohem. 1008, 57, 235,
"•• W. Biltz and C. Fendius, ib. 1928, 172, 380.
l
*«° O. Hdnigiohmid and W. E. Sohilz, ib. 170, 148.
uii w , H, Zaohariflien, J. Oh$m. Phyt. 1948, 16, 254.
THERE
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1432

in nitrogen,
or by the action of hydrogen on the tetrabromide at its
melting-point, when the reduction goes to trivalent uranium, but no
further.
It forms dark-brown, very hygroscopic crystals; the volatility is too
small for the vapour density to be measured. It dissolves in water with
great ease and a hissing sound to give a purple-red solution, in which it
slowly oxidizes on standing.
[U2O3: according to Biltz (see under U2O5) this does not exist.]

Trivalent Uranium Sulphate
1433

Rosenheim
showed that a sulphate of trivalent uranium undoubtedly
exists. It is made by precipitating the reduced solution of trivalent
uranium by fairly concentrated H2SO4. He gives it the formula H[U(S04)2],
which has an improbable unhydrated acidic hydrogen; attempts to prove
the formula by preparing its salts failed, because the substance is so easily
oxidized. It forms red crystals which are very easily oxidized—even
during washing—to the tetravalent state. In water it is at once oxidized
to U i r with evolution of hydrogen.
DIVALENT URANIUM
THE only good evidence for this valency is the monoxide UO. There is a
very dubious monosulphide which has not been seen for over fifty years;
a difluoride UP 2 has got into the literature, but only through a misprint,
as was pointed out by Sieverts.1434 Recent work on the halides1400 has
given no evidence of divalent uranium compounds.
Uranium monoxide, UO, can be made from its elements1366,1404; it is
very difficult to get it free from carbide and nitride; the dioxide is only
completely converted into the monoxide at a very high temperature. It
has a sodium chloride lattice.
Uranium monosulphide, US. According to Alibegoff (1886) this can be
made by heating the sesquisulphide U 2 S 3 to a red heat in hydrogen.
But Flatt and Hess1436 failed to repeat his work, and got no evidence
for the existence of compounds of divalent uranium.
1432
1433
1434
1435

O.
A.
A.
R.

Honigschmid, GM. 1914, 158, 2005; Mon, 1915, 36, 68.
Rosenheim and H. Loebel, Z. anorg. Chem. 1908, 57, 237.
Sieverts, ib. 1928, 170, 191.
Flatt and W. Hess, HeIv. Ghim. Acta, 1938, 2 1 , 525.

NUCLEAR FISSION AND NUCLEAR ENERGY 143663
IN 1937 it was found, mainly by Otto Hahn and his co-workers,1437 that
the bombardment of uranium by neutrons gave a whole series (10) of
radioactive products, whose chemical properties showed that they were
not isotopes of any element from 84 Po to 92 U; as no case was then
known where bombardment caused more than a small change in atomic
number, it seemed that these must be the elements following uranium,
with atomic numbers 93 to 97, and their isotopes. Early in 1939, however,
Hahn showed1438-9 that one of the supposed new elements was barium,
and he suggested that the uranium nucleus was broken up into barium
plus krypton (56+36 = 92). Further work confirmed this, and showed
that the nuclei of heavy elements like thorium and uranium can be
broken by nuclear bombardment into a few large pieces. These 'fission'
products usually themselves change further, so that the number of products that have been identified is large. A complete list of the 160 known
fission products of uranium (including isotopes), with their various radiations, has been given by the Plutonium Project.1440 Recent work1441 has
shown that not only thorium (which behaves very like uranium) but also
tantalum, platinum, thallium, lead, and bismuth when bombarded with
a-particles, neutrons, or deuterons of 100-400 m.e.v. energy undergo
fission with the formation of gallium, bromine, strontium, ruthenium, etc.
Now Aston showed in 19271442 that the masses of the atoms are not
exact multiples of the unit 16O/16; those of the lightest elements, especially
hydrogen, and those of the heaviest being rather greater, while those of
the intermediate elements are smaller, with a minimum at about Ti—Ni.
This can be seen by plotting against the atomic weight the 'packing
fraction': if an isotope with a mass-number N is found to weigh N-{~f
times the unit, the packing fraction is (f/N) x 104. Examples of its values
are H +81-2; He +9-8; Ti - 7 - 2 4 ; Cr - 8 - 1 8 ; U +5-0. Hence if a heavy
atom undergoes fission the products will weigh less than it did. Now
Einstein showed that when mass is converted into energy the latter has
1436

British White Paper on the Atomic Bomb, 1945.
O. Hahn, L. Meitner, and F . Strassmann, Ber. 1937, 70, 1374.
1488
O. Hahn and F . Strassmann, Naturwiss. 1938, 26, 755.
1439
Id., ib. 1939, 27, 11.
1440
Plutonium Project, J.A.G.S. 1946, 68, 2411.
1441
I. Perlman, R. H . Goeckermann, D. H . Templeton, and J . J . Howland, Phys.
Hev. 1947, ii. 72, 352.
1442 F . w . Aston, Mass Spectra and Isotopes, ed. 2, 1942, p . 81.
1448
N". Bohr, Nature, 1939, 143, 330; Phys, Rev. 1939, ii. 55, 418.
1444
N. Bohr and J. A. Wheeler, ib. 56, 426.
1445
IST. Bohr, ib. 1940, ii. 58, 654.
144
« G. T. Seaborg, Chem. Eng. News, 1945, 2 3 , 2190.
1447
Id., ib. 1946, 24, 1192.
i«* E. Fermi, ib. 1357.
1449
F . Daniels, ib. 1514.
i«° G. T. Seaborg, ib, 8160.
1461
H. G, Harvey, H. G. Heal, A. G. Maddook, and E. L. Bowley, J,(LS. 1947,
1010.
*«* G, T. Seaborg and A. 0, WaM 1 J.A&& 1948, 7O1 U88,
"•• O. T. Siftborg, Ch*m. Wng, N*w> 1947, 38,138,
1487
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the enormous value e = me , where c is the velocity of light. This gives
2*2 x 1010 k.cals. as the equivalent of a mass of 1 g. This does not mean
that all mass can be converted into energy: as far as we know, protons or
neutrons cannot be so converted, and the only part of the atomic mass
that can be turned into energy is that shown by the differences of the
packing fraction. Hence it is theoretically possible that a part of the
nuclear energy might be liberated by transforming either the lightest or
the heaviest of the elements into others of medium weight. The first
method occurs in the conversion of 4 atoms of hydrogen into 1 of helium,
which is the source of most of the energy of the stars (see Group 0, p. 3);
as this requires atomic collisions at a temperature of about 40 million 0C.
it is not likely to be achieved artificially. The second method, the fission
of heavy atoms, is that used in the atomic bomb, and is the only one we
have for obtaining atomic energy. The fission of 1 g. of 235U or 239Pu
involves the loss of about 1 mg. of mass, and so the liberation of 2x 107
k.cals. of energy.
The process used for the fission depends on the fact that heavier atoms
have a larger proportion of neutrons than lighter, and so their fission
might be expected to lead to the liberation of several neutrons. Thus if
235
IJ with 235—92 = 143 neutrons, broke up into two atoms of even the
heaviest isotope of palladium (each with 110—40 = 64 neutrons), there
would be 143—128 = 15 extra neutrons set free. Most of these extra
neutrons remain, however, in the nuclei produced, which emit jS~rays and
so increase their atomic numbers. The neutrons, being uncharged, have
very long free paths, and unless the mass of material is large they will
escape from it without causing a fission; there must, however, be some
critical size at which the neutrons liberated by the fission of one atom
can on the average break up one atom more; above this size they can
each break up more than one atom. This is the principle of the atomic
bomb, in which two pieces of the fissile material, each a little below the
critical size, are suddenly brought together (by the explosion of a small
charge), when the rate of fission increases with enormous rapidity, and
the whole energy of a large fraction of the mass that is lost is released in
about a millionth of a second.
The critical size for 238U, broken up only by fast neutrons, is calculated
to be about 40 tons, which for practical purposes is prohibitive; for 235U,
which is broken by slow neutrons much more easily, it is not more than
a few kilograms. The separation of the 235U from the 140 times as abundant
238
U is, however, like all isotopic separations, extremely laborious; it
involves either a lengthy diffusion of volatile uranium compounds if they
can be found, or the use of something like a giant mass spectrograph.
This has to some extent been carried out, but another source of energy
has been found in plutonium, 289Pu. The theory of atomic fission worked
out by Bohr and Wheeler1448*5 (and verified experimentally) showed that
both a8i U and 889Pu would b© broken up by slow neutrons, Now 280Pu

OAtI bs mads from the abundant 111U by bombardment with neutrons of
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moderate speed (about 5 e.v.), and it has the great advantage that it can
be separated by chemical means; for example, it can be co-precipitated
in the reduced (IV) state, and then oxidized to the hexavalent state to
remove the carrier.
It is for the production of this 239Pu that the atomic * piles' were constructed. In these, pure (usually metallic) uranium is embedded in
graphite; the fast neutrons (usually started by casual cosmic rays) are
reduced to thermal (gas-kinetic) speeds of about 0-025 e.v. by passing
through 40 cm. of graphite, and some of them break up other 235U atoms,
while others are absorbed by 238U atoms which they convert through 239U
into 239Np and so into 239Pu. The working of the pile depends on the
conditions being such that the neutrons given by one 235U fission on the
average break up exactly one more 235U. If the number is below this
the chain dies down, and if above, it leads to an explosion. The regulation
is effected by inserting rods of a material which absorbs neutrons, such as
cadmium; these can be pushed in or pulled out as required.
The immense scale on which this work was carried out in America during
the war (with 125,000 workmen at a cost of 2 x l 0 9 dollars, the target
aimed at being between 1 kg. of plutonium per month and 1 kg. per
day1352) made it possible to obtain from the piles some of the other
products, such as 237U and 237Np, and further to obtain by the bombardment of the plutonium the last two elements americium and curium—all
these in weighable quantities.

NUCLEAR CHANGES OP URANIUM AND THE URANIDES
are three natural isotopes of uranium, whose mass numbers and
abundances are:

THERE

Mass numbers
.
Abundance per cent.

. 234a
.
0008
a = 143«

235
0-7

238
99-3

They undergo the following spontaneous changes:*
Gp. II, 88 Ra

VI, 92 U

Of the artificial isotopes of uranium1446"7'1449 237U is made from 238U
by (n, 2n); it goes in 7 days to 237Np, which can be isolated from the
products of the big piles.
239
U is formed by the action of resonance neutrons of about 5 e.v. on
238
U, and goes in 23 minutes by a /J-ray change to 239Np.
Trans-uranium Elements and their Production
93 Neptunium. Seaborg and Perlman1454 find that the amount of
neptunium in pitchblende is certainly less than 1 part in 109, and there
is no evidence that there is any. 93 was the first trans-uranium element
to be discovered (E. M. McMillan and P. A. Abelson, Berkeley, 1940).
There are three isotopes, 237, 238, 239.
237
Np is made through 237U by bombarding 238U with moderately fast
neutrons, and also from 236U by double neutron capture; it is formed in
the pile to about 1/1,000 of the plutonium, and can be isolated if required.
* The times given throughout are those of half-life. In the bombardments
desoribed later the symbols in braokets, suoh m (d, n), give the nature of the bombftrdlng particle followed by that of the particle or my emitted on bombardment.
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This is by far the stablest of the isotopes, and is the one to be used for
working out the chemistry of the element. Its half-life is 2*25 x 106 years
(a-change, to 233Pa).
238
Np is got from 288U by d, 2n; it goes by a /J-change in 2 days to 238Pu.
239
Np is formed spontaneously (/3, 23 min.) from 239U. It goes by a
j8-change in 2-3 days to 239Pu.
94 Plutonium. Seaborg and Perlman1454 find 1 part in 1014 of 239Pu in a
pitchblende concentrate from the Great Bear Lakes in Canada.
238
Pu, made from 238Np as above, was discovered by Seaborg et al.lu*;
its half-life (a) is about 40 years; it changes into 234U.
239
Pu is made from 238U by neutrons of about 5 e.v.; it has an a-ray
change with a half-life of 24,110 years. Hence it occurs in nature, and it
has been separated from pitchblende and from carnotite, in both of which
it occurs to about 1 part in 1014 (this means 1/100 microgram per ton).
239
Pu is the material used along with 235U in the atomic bomb.
241
Pu is formed by the change <x, n from 238U. It has a slow j8~change to
241
give Am.
95 Americium. 241Am was first made by G. T. Seaborg, R. A. James, and
L. O. Morgan in 1944, by bombarding 239Pu with 40 m.e.v. a-partieles in
the Berkeley 60-inch cyclotron. It is an a-emitter with a half-life of 500
years. It is also formed as above by a spontaneous /3-ehange from 241Pu.
242
Am is formed by the action of slow neutrons on 241Am; it undergoes
a spontaneous /?-change in 18 hours into 242Cm.
96 Curium was discovered in 1944 by G. T. Seaborg, R. A. James, and
A. Ghiorsi. Two isotopes are known, 240 and 242. 240Cm is made (a, 3w)
by the action of 44 m.e.v. a-particles on 239Pu. Its natural half-life is
1 month.
242
Cm is made as described above from 239Pu or 241Am; it is an remitter
with the short life of 160 days.
PROPERTIES OF THE URANIDE ELEMENTS
The question whether the fifth quantum group of electrons which is
completed up to 18 in gold begins to expand towards 32, as the fourth does
in cerium, and if so where, has now been settled by the chemical properties
of these newly discovered elements. In the lanthanides the beginning of
the expansion is marked by the main valency becoming and remaining 3.
With these later elements of the seventh period there is scarcely any sign
of valencies other than those of the group until we come to uranium.
Thorium is practically always tetravalent (very unstable trihalides have
recently been obtained); it is particularly remarkable that it is so even in
the nitride, which is Th8N4, though the existence of the very stable nitrides
VN, ZrN, and HfN shows that in this type of molecule the trivalent state
is greatly stabilized. Up to and including uranium, the group valenoy ig
always the stablest, but beyond this no further rise of valenoy ooours, suoh
" " Q. T, Seaborg and M, L, P«rlman, J.A.CS, 1941, 7O1 1571.
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as we find in rhenium and osmium. Hence the point of departure of the
new series of structures (corresponding to lanthanum in the first series) is
obviously uranium, and the series should be called the uranides.
With the succeeding elements the lower valencies become increasingly
stable, these lower valencies being 4 for 93 and 94, and 3 for 95 and 96; it
is doubtful whether 96 Cm has any valency other than 3. The valencies
are given in the following table, the most stable being doubly, and the next
most stable singly, underlined.
89 Ac
90Th
91Pa
92 U
93Np
94Pu
95 Am
96Cm

3
(3)

2

3
3
3
3

4
4

4
&
4

6

5
&
5
?5

1

The atomic structures of the isolated atoms are not certain (see Meggers1456), as is true also to some extent of the lanthanide elements, but
from the chemical point of view this is of less importance, since the
energies of the alternative orbits do not greatly differ. We may compare
for the (not always realizable) trivalent ions the number n of electrons in
the penultimate quantum group (assuming that there are 8 in the outermost group) in the two series:
Lanthanides .
*Actinides'
Number n

57La
89 Ac
18

58Ce
90Th
19

59Pr
91Pa
20

60Nd
92 U
21

6111
93Np
22

62Sm
94Pu
23

6 3 B u 64Gd
95 Am 96Cm
24
25

The chemical development is not wholly dissimilar in the two series.
Among the lanthanides cerium has the tetravalency of a fourth group
element almost as strongly marked as its trivalency, but this higher
valency vanishes in the succeeding members of the period; in the elements
of the seventh period the group valency is maintained as the most stable
up to 6* in uranium, and then this fades out, the trivalency of the third
group being ultimately regained. The position of curium should be
noticed; it has as many electrons in its outer groups as gadolinium, the
penultimate group in the trivalent ion being 25 in both—i.e. half-way
between 18 and 32. This implies great stability, which as we have seen
(III. 450) is supported for gadolinium by the valency being only 3, while
the preceding element europium can be di~ and the succeeding element
terbium tetravalent. With curium we have in the same way 3 as the only
valency, while the preceding element americium can be divalent like
europium.
* It was pointed out by Bohr (Theory of Spectra and Atomic Constitution, 1922)
that the/ electrons will be less firmly held in the fifth than in the fourth quantum
group; hence we might expeot the valenoies to be higher here than in the corresponding lanthanides.
"u w, 1, Meggen, Sotincs, 1847, 101, 514,
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These elements resemble the lanthanides in other ways as well, The
successive members show a contraction like that of the lanthanides (III.
445) due to the smaller screening effect of the electrons in the/subgroup.
Zachariasen1456 has shown by X-ray measurements that this occurs with
the radii of the trivalent and tetravalent ions, as well as with the A—O
distances in the hexavalent [AO2]^+ ions. The figures are:
A—O distance
in hexavalent
[AOJ + +
Tetravalent ion

Radius of
Trivalent ion
Ac
Th
Pa
U
Np
Pu
Am
Cm

113
,.
104
102
101
100
••

,,
110
.,
0-89
0-88
0-86
0-85

1-91
1-90
1-89

The paramagnetism also is similar: in the table, n is, as before, the
number of electrons in the penultimate quantum group; the paramagnetic
susceptibilities are multiplied by 10s; they show a change corresponding
to the 'first hump' in the lanthanides (III. 442).
n
18
19
20
20
20
21
22
23
24

Th i v , XJvi
Np v i
U^ \
Npv

Pu™i v J

Np
Pu i v
p u iii
Am*"

La***, Ce*v

Di&.
+2-45

Ce***

Dia.
+2-35

+40

Pr***

505

+3-9
+ 1-5
+0-35
+0-3

Nd***

505

Sm***

10
3-60

Eu***

The absorption spectra again have the remarkable 'rare earth' characteristic (III. 443) of being composed of very narrow bands, often at low
temperatures only some 5 A broad.
A brief account of the chemistry of the individual trans-uranium elements follows.
Neptunium has the oxidation states VI, V, IV, and III, with a shift of
stability towards the lower states as compared with uranium. The pentavalent state is fairly stable with neptunium, more so than with uranium or
plutonium. The oxidation of the tetra- to the hexavalent state is much
easier with neptunium than with plutonium; it can be effected by cold
permanganate with the former but not with the latter.1482
All four states have been obtained in water1457; strong oxidizing agents
14H

W. H. laehariawn, J.A.O.S. 1948, T J . 57.
" " L, B, MApIiMiOn1 J. 0, Hindman, and T, A, LAOhApSUt1 lb. T J . 18,
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will give the hexavalent neptunyl acetate Na[NpO2(O-CO-CHg)3], and
electrolytic reduction in an atmosphere of nitrogen gives the trivalent
form.
There is a borohydride Np(BH4)4.
The chief oxide is NpO2, which can only be oxidized to Np3O8 with
difficulty; an oxide NpO has also been described.
Halides of the type NpX 3 , NpX4, and NpX 6 are known; the fluoride
(and also the iodate) of the reduced neptunium is insoluble in water, while
that of the oxidized (presumably [NpO2J+ or [NpO2]*"1") is soluble.1462
Plutonium. Its chemistry was examined by Seaborg and Wahl1452 and
by Harvey et al.im in Canada, with about 5 mg. of 239Pu from an atomic
pile; their results essentially agree. The plutonium was separated by the
co-precipitation of its trifluoride with lanthanum trifluoride, and was then
removed from the latter by oxidation to a soluble hexavalent fluoride,
presumably PuO 2 F 2 .
Plutonium has three well-marked valencies of III, IV, and VI, of which
IV is the most stable, though the compounds easily disproportionate to
I I I + V I , the latter appearing as [PuO2]"1"4".
Trivalent plutonium is a much weaker reducing agent than trivalent
uranium, which liberates hydrogen from water; tetravalent plutonium is
reduced to trivalent by trivalent uranium, as well as by hydroxylamine,
sulphur dioxide, iodine ion, etc. Pu m is stable in solution in absence of air
(and forms a hydrated ion, as is shown by the absorption spectrum)1458;
in presence of air it is slowly oxidized to Pu i v ; permanganate in acid solution oxidized PuUi to PuiT in the cold, but to Pu vi at 60°. Pu m salts are
blue; ammonia precipitates Pu(OH)3 as a dirty-blue solid very easily
oxidized by air; PuP 3 is insoluble. PuiU salts form complexes very readily;
there is a series of double sulphates M[Pu(SO4J2], 4 H2O as with the Ianthanide metals; for the crystal structure of NaPuF 4 see Zachariasen.1459
Tetravalent plutonium salts are pink or greenish; PuO 2 (insoluble) is
brown, Pu(OH)4 brownish-green, and PuP 4 (insoluble) yellow. They form
complexes very readily; complex (or at leastdouble) thiocyanates, oxalates,
and sulphates are known; for the crystal structure of the complex salts
M[PuF5] (M = Na, K, and Rb) see reference 1459. A Pu iv salt can be
removed from aqueous solution by adding acetyl acetone and extracting
with benzene.
Pentavalent plutonium1460 is unstable (though more stable than pentavalent uranium), and goes to a mixture of Pu vi with Pu iv or PuiU. It
occurs as the ion [PuO2]"1".
Hexavalent plutonium. Plutonium is not oxidized to this by hydrogen
peroxide, as uranium is to U vi , but it is by other strong oxidizing agents,
such as dichromate, permanganate, eerie salts, and electrolytic oxidation.
The PuTl oompounds include the slightly soluble ammonium plutonate
i«« J. O. Hindmara, J.A.C.S, 1048, T.S. 89,
" " W. H. Zaoharianen, ib, 70, 2147.
"•• B, B, Conniok, lb. 194O1 71, 017.
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(presumably (NH4J2PuO4) and a series of mostly brown or orange plutonyl
salts PuO2X2. The plutonyl salts are usually orange, and pink in dilute
solution. They are very like the uranyl salts, except in their oxidizing
power. The nitrate PuO2(NOg)2 is soluble in ether; the complex sodium
acetate is isomorphous with its uranium analogue.
Among the individual plutonium compounds the following should be
mentioned.
Plutonium hydride and deuteride.1461 At 400-500° under 350 mm.
pressure of hydrogen PuH 2 and PuH 3 are formed; they give solid solutions
in one another; the heat of formation of PuH 2 is 32*5 k.cals. per mole.
Deuterium behaves in the same way, but the dissociation pressure is 1-5
times as great as with hydrogen.
A borohydride Pu(BH4J4 or perhaps Pu(BH4)3 has been obtained.
The oxides PuO, PuO2, and perhaps Pu2O5 have been made. Pu iv forms
two differently coloured peroxides, with the probable compositions
2Pu lv , 1O 2 , 1OH (brown), and 2 Pu i v +2 0—O (red)1462; equilibria
indicate that both have 2 Pu atoms in the molecule; there is no sign of a
peroxide with 1 Pu.1462 Thorium behaves in much the same way.1451
The known halides are of the types PuX 3 and PuX4.1463 At 900° PuF 4
forms PuF 3 and free fluorine. The tetrachloride does not react with dry
oxygen up to 600°, but at this temperature the trifluoride undergoes the
reversible reaction
4 PuF3 + O2 = 3 PuF4 + PuO2.
Americium.uu In water1465 this is mainly trivalent, and is very like
the corresponding lanthanide europium. Only very powerful oxidizing
agents such as sodium hypochlorite or alkaline hydrogen peroxide will
oxidize trivalent americium, and even these have no effect on trivalent
curium. Divalent americium can be got by the action of a powerful
reducing agent such as sodium amalgam on the trivalent element; this
resemblance to europium is emphasized by the fact that AmSO4 can be
oo-precipitated with EuSO4. Pentavalent americium probably occurs. The
oxides AmO, Am2O3, and AmO2 occur. AmO2 is stable in air; Am(OH)3
when ignited in air at 900-1,400° goes to AmO2, which is reduced by
hydrogen at 800° to AmO.
Halides. Only those of the type AmX 3 are known. AmO2 is converted
Into the corresponding halide by hydrogen fluoride at 600°, by CCl4 at
850°, by AlBr3 at 500°, and by AlI 3 at 500°. X-rays show all these trihalides to be isomorphous with the corresponding plutonium compounds.1466
14M
l4M

I. B. Johns, ib. T.S. S4.
B. E. Conniok and W. H. MoVey, ib. T.S. 91.
1488
@t y r i e d md ^ Bg Davidson, ib. T.S. 53.
1494
See further B. B. Cunningham, ib. T.S. 42.
1485
S. G. Thompson, B. A. James, and L. 0. Morgan, ib. T J . 48«
" M i . FrMi ib. T.S. 55.
IH4.I
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Curium. *
The trivalent is certainly the stablest and probably the
only valency state of curium, as it is of its lanthanide analogue gadolinium.
The only known oxide is Cm2O3, and the trifluoride CmF8 is co-precipitated with lanthanum or other rare earth trifluorides, from which it
can only be separated with difficulty.
1467

L. B. Werner and I. Perlman, J.A.C.S.

1948, T.S. 44.

GROUP VII
F

Cl

THE HALOGENS
Br
I
85(At)
Mn
Tc
Re
[93 Np]

I

N this group we have the extreme case of the resemblances among the
later groups of the typical to the B elements. The halogens F—Cl—Br—I
form the most perfect series we have, more so even that the alkali metals,
since their behaviour is more diverse, not being so much confined to that
of the simple ions. The resemblance of this series to the A elements
Mn—Tc—Re is limited to the heptavalent compounds of the perehloratepermanganate type. This limitation we now realize to be an inevitable
result of the atomic structures; but it makes it desirable to treat the two
sections of Group VII separately.

The Halogens, F, Cl, Br, I, At
The chief characteristic of these elements is their marked univalency,
which is due to the atom having one electron less than the next inert gas.
The most important classes of compounds of all these elements are (a) the
Himple univalent anions, and (b) the l-covalent compounds. As the size of
the atom increases we find, as we should expect, that the second class (6)
tend to become more important than (a).
Apart from these compounds, the covalency can be increased by coordination, and further, with all but fluorine, the valency group is capable
of expansion. The actual distribution of covalency maxima among the
halogens is remarkable; it is as follows, the theoretical maxima being
added in brackets: fluorine 1, or at most 2 (4); chlorine 4 (6); bromine 5 in
BrF5, otherwise 3 (6); iodine 7 (8). Fluorine never, so far as we know,
dxooods a covalency of 2; it only attains this in the polymerized hydrogen
fluoride, and only if a hydrogen bond is a covalency; in all other nonIonized compounds apart from possible resonance forms its covalency is 1.
In chlorine, on the other hand, where the maximum valency group is 12,
It IH only very rarely that a group of more than 8 is found, perhaps only in
ttin unstable salts of the anion CI3, and in chlorine trifluoride ClF3. But
by co-ordination as donor the octet of chlorine very readily reaches a
mvalency of 4, as in the very stable perchlorates.
In bromine again the expansion of the octet is very rare, and seems to
bi confined to the tri- and pentafluorides BrF 5 and BrF8, and certain
ptrhallde ions as Br^ and BrCIa; but here the limit of the covalenoy appears
Io bt§ lain than in chlorine, and seldom exceeds 3: the bromates are formed
but not th© perbromates. This is another example of the limitation of the
torftknoy In tha first long period, a® we have already mm in ohromium,
tntnlo, ©to.
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In iodine, as we should expect, high covalencies are frequent, rising to
6 in H5IO6 and 7 in the heptafluoride IF 7 .
The differences in this series of elements are distributed in the usual
way; chlorine and bromine are very similar to one another, but differ
markedly from fluorine on the one side and iodine on the other. The
changes in physical constants as we go along the series are shown in the
Table which follows; the various heats of linkage (heats of formation from
the atoms)2 are given, and for each halogen the mean A—hal of all the
known values for the covalent links that it forms.
ci

F
At. wt. 1948 .
Bad. of atom
Bad. ofion (V.M.G. 1927)
Electron affinity** .
B. pt
M. pt
Abundance g./ton, crust ,
Colour
.
.
.
.
ThermalU,000° K.
Dissocn./2,000°K.
Normal potl. to H
Mob. of ion/18 0
D.E.C. liquid
Condy. liq. in mhos at
m. pt.
Trouton constant .
Soly in water
g./lOO g. 20°, 1 atm. .
Heats of linkage :b
Hal—hal .
A—hal

19000
0-64
1-33
98-5
-187-9°
-223°
270
Pale yellow
?
?
+2-8 v.
46-e
1'56/-184 0 C.

35-457
0-99
1-81
92-5
-3411°
-101-04°
480
Green-yellow
0-035%
62%
-f 1-36 v.
65-5
1-94/10°
10-i«

20-4

18-8
(reacts)
33-3
86-4

0-59
57-8
80-0

Br

I

79-916
1-14
1-96
87-1

-7-3°
[ca. 30]
Brown
0-23%
72-4%
+ 1-08 v.
67-6
315/25°

126-92
1-33 A.U.
2-20 „
79-2
(k.cals./atom)
187°
113-7°
0-3
Violet
2-8%
89-5%
+0-58 v.
66-5
11-08/118°

5-5 X 10~ 10
21-9

5-2X10" 6
22-9

+58-8°

3-6
53-8
65-5

0018
51-2 k.cals.
520 „

a - \ *> - K

As usual the heat of linkage to hydrogen falls off (132-4, 102-7, 87-3, 71-4)
comparatively rapidly as the atomic weight of the halogen increases. In
every case, with one significant exception (F—F; see note, p. 1146), the
values fall for any given element from fluorine to iodine. The stability of
the HXO 3 acids ('ate') is in the order 1O3 > BrO 3 > ClO3. The readiness
to form oxides is greatest with iodine, and the iodine oxides are by far the
most stable; but the next readiest is chlorine, of which at least four oxides
are known, which are easy to make, although they are very unstable.
Until a few years ago it was thought that fluorine and bromine could not
form oxides at all. This is now known to be untrue, but the oxides are
difficult to make, and most, though not all, of them are very unstable.
Fluorine differs in so many respects from the other halogens that it will
be convenient to treat it separately first, and then disouss chlorine,
bromine, and iodine together,
1

Pftuilng, Ch$mioal Bond, p, 841.

• Sft§ Introduction, p, xxxi,
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FLUORINE *

is in some ways the most interesting of the halogens. It is
almost as widely distributed in the earth's crust as chlorine itself. According to V. M. Goldschmidt5 the proportions in grammes per ton (parts per
million) are F 270, Cl 480, making the former 56 per cent, of the latter.
In sea-water the proportion of F to Cl is very small, about 7 x 10~5.6 In
spite of this our knowledge of the properties of fluorine was until lately
very scanty, and is still small in comparison with its interest and its
abundance. This is mainly due to two causes. Firstly, the enormous
affinity of fluorine for silicon makes both free fluorine and fluorine ion
attack silica and silicates, so that vessels of glass or quartz cannot be used
in working with them; in experiments involving elementary fluorine, since
this attacks many metals, the choice of containing vessels is still further
limited. Certain metals, especially platinum and copper, can be used if
the temperature is not too high, as they become covered with a protective
film of fluoride; for higher temperatures the vessels can be made out of
powdered fluorite CaF 2 7 ; sintered corundum Al2O3 can also be used; the
fluorine acts on this superficially, but the AlF 3 layer formed, not being
volatile, protects the Al2O3 from further attack. 8 Secondly, the quantitative estimation of fluorine is of great practical difficulty, owing to the
absence of suitable insoluble fluorides, and the great solubility of the
nilver salt. This deficiency of knowledge about the compounds of fluorine
has been to a considerable extent made up during recent years, especially
by the work of Ruff on the inorganic compounds, and that of Swarts, and
recently Midgley and his collaborators, on the organic.
The most remarkable characteristics of fluorine, which it is not always
easy to refer to a common cause, are:
1. Its extreme electronegativity.
2. Its large heat of ionization, and of covalency formation (Table VIB,
p. xxxi). Where the heats of linkage A—F and A—Cl are both known for
the same element A, A—F is on the average 15 k.cals. greater than A—Cl.
Hinee the heat of linkage in the molecule of elementary fluorine is only
18*8, 24*5 k.cals. less than in Cl2 (57-8), it is obvious why fluorine has such
An enormously greater chemical activity than the other halogens. In
particular, its links to boron, hydrogen, silicon, and carbon are among the
itrongest of known covalent bonds.
8. Its low covalency, never, so far as we know, exceeding 2, and perhaps never reaching it.
4. Per contra, fluorine has tendency to bring out the highest covalency

FLUORINE

1

H. J. Emeleus (J,,0'.$. 1942, 441) has a general lecture on Fluorine*
For an aooount of fluorine ohemistry in general, especially on the technical
•Ido, its J. Ind* flng. Ohem. 1947, 39, 286-404.
• J.0& 1087, 056.
1
T. G. Thompion and H, J. Taylor, J, Ind* Mng, Cham, (Anal), 1088, S, 87«
' O, Ruff and A. Bitbtth, E, anorg, Ohsm* 1928,173« 878.
1
O, Honrmbohn and W. Klomm, lb, 1986, 339» 340.
1
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of the atom to which it is attached, as we see in [HF 2 ]", [SiF6] , SF6, and
OsF8. The only known compounds of the types MA8 and MA7 are OsF8
and IF 7 , the only compounds of the type MA6 in which A is not fluorine are
UCl6, WCl6, and probably WBr6. This peculiarity is no doubt connected
with the small size of the covalent fluorine atom (two-thirds of chlorine and
less than half of iodine), and with the large heat of linkage A—F.
5. The weakness of the true (as well as the apparent) acidity of hydrogen
fluoride, and its remarkable tendency to polymerize.
6. The abnormal solubilities of many of its salts as compared with those
of the other halogens, as, for example, with silver and the alkaline earths.
7. The tendency for the fluoride to be ionized when the other halides are
not, as with aluminium, tin, mercury, etc. This results on Fajans' principles from the small size of the fluorine ion; but the magnitude of the
effect is remarkable.
The differences to be expected from the structure of fluorine and its
position in the periodic table are those due to its small size, and the limitation of the valency group to 8, which latter cuts out a series of types of
compound formed by the heavier halogens; but these are clearly insufficient to explain all the differences observed in practice. Often the most we
can do is to emphasize and collect the peculiarities, in the hope that they
will some day be explained.

Elementary Fluorine
[For physical properties see Table, p. 1098].
Fluorine was of course not isolated until long after the other halogens.*
Its affinity for other elements is so strong that it can only be separated
from its compounds by the most vigorous means, and even then, unless
special precautions are taken, it will combine with its surroundings. Free
fluorine is produced in a few reactions, as by the action of heat on the
double lead fluoride K 3 PbF 7 (which can be made from lead dioxide and
potassium fluoride), or on AgF2, PtF 4 , OsF8, CoF3, etc.; but either the
yields are small, or the decomposition temperature is so high that no containing vessel will resist the fluorine, or the compounds themselves can
only be made by the use of elementary fluorine; so that the only practical
method of preparing it is by means of electrolysis. It was by this method
that fluorine was originally isolated by Moissan9 in 1886, by electrolysing
a solution of potassium hydrogen fluoride KHF 2 in hydrogen fluoride at a
low temperature (about —25°) with platinum electrodes. All the subsequent methods of preparation are based on this, though the details have
been modified.10 Moissan used not more than 25 per cent, of KHF 2 in HF
* The discoverers, and dates of discovery, of the free halogens are: fluorine,
Moissan, 1886; chlorine, Scheele, 1774; bromine, Balard, 1826; iodine, Courtois,
3811.
• H. Moiwsan, CM, 1880, 102, 1543; 103, 202, 206.
10
Sit O. Buff, Bf*r. 10S6, 69, A IRl1 a general leotur© onfluorinefrom which
much of thi« Ii Uikan.
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at --23° to —30°, with platinum electrodes: others have used KH 3 F 4
(m. pt. 6&°) at 50-200° with a nickel anode (Lebeau,11 Cady12) (this method,
at as low a temperature as possible, is probably the best): or KHF 2 (m. pt.
227°) at 240-250° with a copper cathode and a graphite anode.13-16 Dennis17
avoided a diaphragm by using a V-shaped copper vessel; this was modified
by Henne.18
Physical Properties of Elementary

Fluorine

(and see p. 1098)

Concordant measurements of electron diffraction19'20 show the F—F
distance to be 1'44^0-Ol A, giving the (purely covalent) radius as
0*72 A, 12 per cent, longer than that (0*04) derived from its compounds,
where the link is partly ionic. The D.E.C. is 1*56 at —183°; the dipole
moment is zero.21 A saturated solution of [solid] chlorine in liquid fluorine
at —195° contains 1*04 per cent. Cl2.21

Chemical Properties of F 2
Fluorine is quite exceptionally reactive. It is the most electronegative
of the elements; the ion has the strongest electroaffinity; its heat of
hydration is greater than that of any other halogen ion, or of any alkaline
cation.22
Solid fluorine explodes when brought in contact with liquid hydrogen
at —252-5° C* Fluorine has no action on oxygen or ozone, on the rare
gases, or on nitrogen; otherwise it reacts with practically all elements,
though some of them must be heated, because the fluorine forms a protective layer of fluoride on the surface.
Fluorine reacts with water with the utmost ease, giving oxygen mixed
with ozone, hydrogen peroxide, and apparently other oxidizing substances
which have not yet been isolated.23 The solution of fluorine in water or
alkaline solutions is a very strong oxidizing agent.
Both elementary fluorine and, rather surprisingly, fluorine ion are highly
* It will be shown later, however (p. 1102), that in the complete absence of catalysts this does not happen.
11

F. Lebeau and A. Damiens, CM. 1925, 181, 917.
G. H. Cady, J.A.C.S. 1934, 56, 1431.
l
* W. L. Argo, F. C. Mathers, B. Humiston, and C. O. Anderson, J. Phys. Chem.
UJ 19, 23, 348.
14
F. Meyer and W. Sandow, Ber. 1921, 54, 759.
11
G. H. Cady and J . H. Hildebrand, J.A.C.S. 1930, 52, 3839.
11
K. Fredenhagen, D.R.P. 493, 873 (1928).
»T L. M. Dennis, J. M. Veeder, and E. G. Rochow, J.A.C.S. 1931, 53, 3263.
11
A. L. Henne, ib. 1938, 60, 96.
" L. O. Brockway, ib. 1348,
10
M. T. Rogers, V. Schomaker, and D. P . Stevenson, ib. 1941, 63, 2610.
11
M. Kanda, Bull Chem. Soc. Japan, 1937, 12, 458.
11
K, Pajatui, Naturwiss. 1921, 9, 733.
11
Bm F. Fiohter and W. Bladergro©n, HeIv. OMm. Acta, 1927, 10, 549, 505, 569,
AAOi F, F, and B. Brumior, J.CS. 1928, 1862; HeIv. Chim, Am9 1920,12, 214, 805;
*. F, and A. Ooldaoh, ib, 1980, 13, 371.
la
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poisonous. " It is said, however, that fluorine ion in concentrations less
than 1 p.p.m. in the water-supply is not harmful to health, and may even
be beneficial.
Of the compounds of fluorine many have already been dealt with under
the other elements they contain. But there remain to be discussed
(1) hydrogen fluoride and its salts, (2) organic compounds with fluorine
attached to carbon, and (3) the oxides of fluorine.
HYDROGEN FLUORIDE
THIS is one of the most remarkable of the compounds of fluorine, and in
some ways it is unique. The action of hydrogen fluoride as a catalyst in
organic reactions is discussed below (p. 1132), in the C—F section.
The affinity of hydrogen for fluorine is very great; the heat of formation
of the H—F link (132*4 k.cals.)27 is probably greater than that of any other
single link, with the exception of B—F (1406 k.cals.); even the double
C=C link only involves 146 k.cals.
Moissan and Dewar found that when solid fluorine is brought in contact
with liquid hydrogen at -252-5° (F2, m. pt. - 2 2 3 ° ; H2, b. pt. -252-7°) it
explodes. The heat evolved by the combustion of one litre of the gases in
question is for H 2 +E 2 2,860 cals., for H 2 +C1 2 980 cals,, for H 2 and
O2 1,740 cals., roughly in the ratio 3:1:2.
At the same time there is evidence that the combination does not proceed at all rapidly in the absence of catalysts. Eyring has shown28 that
even at the ordinary temperature the two gases on mixing do not normally
react; but occasionally, especially in the presence of impurities, they
explode violently. Theory would lead us to expect a heat of activation of
50 k.cals., while a chain reaction, like that between hydrogen and chlorine,
should not begin below 150°. These conclusions are supported by Bodenstein who found29 that in magnesium vessels at the ordinary temperature
there is practically no reaction even in ultraviolet light, not even when
chlorine is added. This supports the view that the reaction, exactly like
those of chlorine and bromine, goes through the atoms, but that the
reaction chains are exceptionally easily broken on the walls of the vessel.
It must be remembered that the reaction between hydrogen and chlorine
is rapid only because of the great length of the reaction chains.
Hydrogen fluoride is commonly made by the action of strong sulphuric
acid on calcium fluoride in lead vessels. But for its preparation in quantity
it is better to heat the 'acid' fluoride KHF 2 . 30 As it is very difficult to
24
85

See E. Deussen, Deutsch. Z.f. ges. Med. 1923, 2, 14.
See K. Roholm, Fluorine Intoxication (especially among cryolite workers),
Lewis
and Co., London, 1937. Reviewed in Nature, 1937, 140, 483.
88
M, S. Nichols, Amer. J. Public Health, 1939, 29, 991.
7
» H. v. Wartenberg and H. SoMtza, Z. anorg. Chem. 1932, 206, 65.
»18 H. Eyring and L. S. Kassel, J.A.CS. 1988, 55, 2796.
M. Bodenitein and H. Jokuiob, Z, emorg* Ohwn* 1927, 231, 24.
•o IP01 ddtoili of iti preparation in quantity ie* W. Klatt, lb. 1985, 222, 236.
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dehydrate the acid, the anhydrous substance is best prepared by first
dehydrating the salt KHF 2 by electrolysis.31 The apparatus for working
with it should be made wholly of metal, and by preference of platinum,
gold, or silver. The pure acid produces very painful and dangerous
wounds on the skin, which, however, can be healed if they are immediately
treated with magnesium or calcium hydroxide.32"3

Physical Properties of Hydrogen Fluoride*4-47
These are some of the more important (with the water values added for
comparison): b.pt. +19-54 0 C. 40 ; m.pt. — 83-7°46; crit. temp. 230-2°37
(water 374°). Heat of fusion 1-094 k.cals. for 20 g. (water 1-44 k.cals./18 g.).
Heat of evaporation of HF 42 : (1) to saturated vapour (HF)3.5 1-78 k.cals.,
(2) to monomeric HF gas 7-80 k.cals., for 20 g. (water 9-70 k.cals. for 18 g.);
Trouton 26-6 (water 26-0). For its thermodynamic values generally see
reference 51. For the spectra see 57~60. Diamagnetic susceptibility 52. The
viscosity is 0-570 centipoises at —50°, and 0*256 at 0°, almost the same as
31

J . H. Simons, Ghem. Bev. 1931, 8, 213.
K. Fredenhagen and M. Wellmann, Z. angew. Chem. 1932, 45, 537.
33
W. Klatt, Z. anorg. Chem. 1935, 222, 238.
34
J . H . Simons, J.A.G.S. 1924, 46, 2179.
35
J . H . Simons and J. H. Hildebrand, ib. 2183.
36
R. T. Birge and O. R. WuIf, Phys. Bev. 1928, ii. 3 1 , 917. (Theory for the hydrogen halides, based on the energy levels.)
87
P. A. Bond and D. A. Williams, J.A.G.S. 1931, 53, 34. (Critical temperature.)
38
J . H . Simons and J . W. Bouknight, ib. 1932, 54, 129. (Density and surface
tension.)
39
J . Dahmlos and G. Jung, Z. physikal. Chem. 1933, B 2 1 , 317. (Heat values.)
40
K. Fredenhagen, G. Cadenbach, and W. Klatt, ib. 1933, 164, 176. (Some physical properties, but mainly on H F as a solvent.)
41
K. Fredenhagen, Z. anorg. Ghem. 1933, 210, 210. (Vapour density and heats
of evaporation.)
42
K. Fredenhagen, W. Klatt, H. Kunz, and U. Butzke, ib. 1934, 218, 161.
(Dissociation isotherms at the ordinary temperature: heats of dissociation.)
43
G. Briegleb, Z. physikal. Ghem. 1942, B 52, 368. (Same subject.)
44
E. O. Salant and D. E. Kirkpatrick, Phys. Bev. 1934, ii. 46, 318. (Rotation
apeetrum.)
48
Id., ib. 1935, ii. 48, 945. (Same subject.)
46
G. H. Cady, J.A.G.S. 1934, 56, 1431.
47
K. Fredenhagen and J . Dahmlos, Z. anorg. Ghem. 1928, 178, 272.
48
S. H. Bauer, J . Y. Beach, and J . H. Simons, J.A.G.S. 1939, 6 1 , 19.
4
» F . Giinther, K. Holm, and H. Strunz, Z. physikal. Ghem. 1939, B 43, 229.
10
Id., ib. B 44, 474.
il
G. M. Murphy and J. F . Vance, J. Ghem. Phys. 1939, 7, 806.
88
P. Ehrlich, Z. anorg. Ghem. 1942, 249, 219.
11
N. B. Hannay and C. P. Smyth, J.A.G.S. 1946, 68, 171.
14
A. J. Weith, M. E. Hobbs, and P . M. Gross, ib. 1948, 70, 805.
11
H. A. Benesi and C. P. Smyth, J. Ghem. Phys. 1947, 15, 337.
11
R. A. Oriani and 0. P. Smyth, J.A.O.S. 1948, 70, 125,
IT
A. M. Buswell, B , L. Mayoock, and W. H. Bodebush, J . QUm, Phys, 1989, 7,
100.
Sl
Id., ib, 1940, 8, 862,
•• A . L. Wahrhaftig, lb. 849,
32

10

L. A, Woodward and H, J, V. Tyrrell, (Fran*. Far, Soo, 1941, 38» 018.
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t h a t of ethyl ether.
The dielectric constant is 174-8 at —73°, 83-6/0°
(water 87-9/0°).
The electron diffraction of the vapour 48 indicates that there are no
6~rings, but zigzag polymers, probably of several kinds. Distances are:
in monomeric H F l-00±0-06 (theory 0-94); F - -H- -P 2 » 5 5 ± 0 0 3 ; angle
F - F - - F 1 4 0 ^ 5 ° ; the hydrogen atoms are within 15° of the line joining
the 2 F atoms. Debye-Scherrer photographs of solid H F at — 182°49~60
indicate tetragonal crystals, with 4 [HF] 4 molecules in the unit cell. Each
[HF] 4 is a zigzag with F - H- F2-7 A, a n d t h e F - - F - - F angle about 134°.«2
Measurements of the dielectric polarization of the monomeric gas at
lower pressures and higher temperatures gives /x = 1-91 D 5 3 5 8 ; very
similar values are got in non-polar solvents. 54 As the pressure increases a
mixture of open-chain polymers (not one only) is formed 56 ; but there are
signs that cyclic non-polar polymers are produced at still higher pressures.
Clusius64"5 has shown that the specific heats of solid H F (like those of
N H 3 and H 2 O, and unlike those of HCl, HBr, H I , PH 8 , and H 2 S) do not
indicate t h a t at any temperature the oscillations (which seem to be those
of H 2 F 2 molecules) pass into rotations.
Electrical Conductivity. The lowest value reached 61 was l-4x ICT6 reciprocal ohms; this was only obtained when special precautions were taken
to secure purity; but probably the true conductivity is much less than
this, and more of the order of t h a t of water (4 x 10~ 8 ); there are obvious
difficulties in the purification, and the affinity for water in particular is
enormous, the partition coefficient at low water concentrations for water
between liquid and gas being greater than 100,000, and in hydrogen
fluoride water acts as a strong electrolyte.
Hydrogen fluoride is miscible with water in all proportions, evolving
much heat. The heat of mixture of H X with 400 H 2 O is in k.cals./HX.
HX = HF
HCl
HBr
HI
11-6
17-2
19-9
19-2
But in solvents such as hydrocarbons its solubility is very small, even near
its boiling-point. Thus in benzene and octane at 25° with H F vapour at
1 atm. pressure, the solubilities are as follows66 (the normality in the gas,
with a mean molecular weight of (HF) 3 ^, is 0-045):
Grammes HF/litre .
Norm, of soln.
Partn.: soln./gas

Benzene

n-Octane

1-50
0-0217
0-486

0-42
0-0061
0137

** K. Fredenhagen and G. Cadenbach, Z. anorg. Ghent. 1928, 178, 289.
•a For a theoretical discussion of the configuration and potential energy of the
(hypothetical) gaseous H 2 F 2 , see G. E. Evans and G. Glockler, J. Chem. Phya. 1948,
16, 325.
•• J. H. Simons and B, D. Drosdner, J.A.G.S. 1944, 66, 1070.
«* K. Olusiui, Z. EUkftoohem* 1988, 39, 598.
84
IC. Oluiiui, K. Hilltr, wid J. V. Vnughm, Z, phynihal Chem. 1980, B 8, 427.
" J. H. Simons JA,C,S. 1001, U 1 ' 18.
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Hydrogen fluoride is more highly associated than any other known substance. From the vapour-pressure measurements of Thorpe and Hambly, 6 7
confirmed and extended by Fredenhagen, 41-2 it appears t h a t at 1 atm.
pressure and 19*5° C. (the b. pt. of the liquid) hydrogen fluoride has in the
vapour an association factor of 3*45, but that it is converted practically
entirely into single H F molecules if either the pressure is lowered at this
temperature of 19-5° to 20 mm., or the temperature is raised at 1 atm. to
80° C. The heat absorbed when 20 g. of the vapour (of mean association
factor 3*45) is converted wholly into monomeric H F is 6-02 k.cals. 42
Various ring-polymers have been suggested, such as H 6 F 6 35 * 70 and
H 4 F 4 , 6 8 but none of them could be confirmed,41*66 and the electron diffraction results already mentioned 48 are all in favour of the vapour containing only a series of open-chain polymers, as was originally suggested
by E. Baur in 1904.71"2 An examination of the solid hydrates of H F has
only given the series 1 H 2 O + 1 , 2, and 4 HF. 6 9 In view of the undoubted
existence of [HF 2 ] ions in solution in water, it should be noticed t h a t
Fredenhagen's results 41 give no indication of any special stability of a
double polymer H 2 F 2 .
The state of liquid hydrogen fluoride, which is obviously polymerized,
will be discussed later. That of the solid has been discussed already
(p. 1104).

Hydrogen Fluoride in Water
The behaviour of hydrogen fluoride as an acid in aqueous solution has
I)eon the subject of numerous investigations, 73 " 7 and is very remarkable.
11 is certainly a weak acid, in the sense that in decinormal solution it is
only some 10 per cent, ionized. But the dissociation constant calculated
from the conductivity measurements falls continuously with dilution. I t
was shown by Pick 7 3 that these results could be explained by assuming
that the solution contains, in addition to the monomeric H F and its ions
11' and F " , the ions F 2 H " as the anions of a strong acid, i.e. without there
being any undissociated H F 2 H present. This agrees with the great
stability of the 'acid' fluorides, such as K H F 2 . We thus have two equilibria, (a) between the undissociated monomeric acid H F and its ions:
HF ^ = * H + + F " T. E. Thorpe and F. J. Hambly, J.CJS. 1889, 55, 163.
" J. F. T. Berliner and K. M. Hann, J. Phys. Chem. 1928, 32, 1142.
•• O. H. Cady and J. H. Hildebrand, J.A.G.8. 1930, 52, 3843.
»• B. W. Long, J. H. Hildebrand, and W. E. Morrell, ib. 1943, 65, 182.
T1
XL Baur, Z. phyaikal. Chem. 1904, 48, 488.
n
See further J. Kreuzer, ib. 1943, B 53, 213.
fl
H. Piek, Nermt Fertachrift (Z. phys. Chem.), 1912, 360.
w
0. W. Daviei and L. J. Hudleston, J.C.8. 1924, 125» 260.
fl
J. D. 0. Anthony and L. J. Hudleston, ib. 1925, 127, 1122.
H
K, Fredenhagen and M. Wellmann, Z. phyaikal Chem* 1932, 162, 454.
ff
W, A, Both, H. Pfthlke, A, Bertram, and H, Bflrger, Z. MUhWmUm, 1987, 43,
MO.
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giving the equation

Hydrogen
=

mm

Fluoride

^1'

and (b) between the F"* ion and its complex with HF
F" + HF v= F2H"
[F 2 Hl
[ F l . [HF] K9
l o r K1 Pick obtained the value 7*2 x 10~4; for K% 5-5. Pick's conclusions
were entirely confirmed by Davies74 from the transport numbers in aqueous
hydrofluoric acid, and by Anthony and Hudleston76 from the freezingpoints of solutions of HF in water. For the second equilibrium constant
K2 they got the value 4-7, so that we may take the mean value 6-1 as being
very near the truth. Measurements by Roth 77 of the heats of dilution of
aqueous solutions of HF have further confirmed these conclusions.78
E.M.F. measurements in concentration cells have given the fairly concordant values K1 6-7X 10~4, K2 3-96.78
We may, therefore, take it that in water hydrogen fluoride is present
partly as the strong (completely dissociated) acid H[F 2 H], with an equilibrium constant 5*1 for the formation of the anion from F"" and H F : and
partly as a half-strong acid HF, with an Ostwald dissociation constant of
7-2 x 10~4, about half as strong as monochloracetic acid (K = 15-5 X 10~4).
The proportions of these various molecular species present in water at
various concentrations are given below, being expressed (1) as normalities,
and (2) as percentages of the total stoichiometric concentration of hydrogen
fluoride.
F""

HF
Total stoich. \
norm, of HFJ
0-100
1-000

H+

F a H~

norm.

/o

norm.

%

norm.

%

norm.

/O

0-088
0-890

88
89

0-006
0-010

6
1

0-003
0-050

3
5

0-009
0-060

9
6

These relations are very peculiar, and are not found in any other known
substance. In the first place the weakness of the simple acid HF is in
startling contrast to the behaviour of the other halogen acids HCl, HBr,
and HI, which are all strong electrolytes. This contrast agrees with the
observation that the solubilities of the alkaline halides all fall as we go
from lithium to caesium, except for the fluorides, where the change is in
the opposite direction, as it is with the alkaline salts of all weak acids
(see p. 95). This much greater relative stability of the covalent form in
hydrogen fluoride is presumably connected with the much greater heat of
formation of the Mnk ( H - F 132; H - C l 103; H - B r 87; H - I 71 k.cals.).
This weakness of HF as an acid is perhaps its most remarkable characteristic. But the ooourrenofc of [F9H]"", the anion of the dimerio aoid, is
" H. J, Brotnt and T. Dl Vriw, J.A.CS. 1047, 69, 1844.
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almost as remarkable, for two reasons. Firstly, it shows the very strong
tendency of the fluorine ion F " to take up HF, that it will do so in preference to water even in dilute aqueous solution.79 Thus, in the decinormal
solution above, where a third of the total ionized fluorine is thus combined,
the stoichiometric concentration of H2O is more than 600 times that of
HF. Secondly, while HF is found to be weak acid, weaker than monochloracetic, H[F 2 H] is as strong an acid as hydrochloric. Why the tendency of the link in H—F to ionize should be so much increased by the
combination of the fluorine with another HF molecule in H[F-H—F] we
do not know.
This peculiar method of ionization of hydrogen fluoride in water is of
special interest in relation to the very singular properties of liquid hydrogen
fluoride as a solvent, which are discussed in the next section. For the
boiling-point curves of the system HF—H2O see Fredenhagen.80

Liquid Hydrogen Fluoride
The condition of hydrogen fluoride in the liquid state is very difficult to
determine. It is undoubtedly polymerized or associated, as is shown, for
example, by the high boiling-point, more than 100° higher than that of
hydrogen chloride (—85°). This association (which is necessary in view of
the association of the vapour) is supported by many other properties: by
the hign molecular heat of fusion,39 by the small temperature coefficient
of the surface tension (Eotvos constant): by the low and inconstant value38
of the parachor, which is 34 at —80° and 36 at +20° (theory 42-8); the
parachor values for associated liquids are usually low, and, as we should
expect, rise with the temperature. Fredenhagen claims41 to have determined the association factor as 3'5 from the elevation of the boiling-point
by dissolved substances, but this of course gives the association not of the
liquid but of the vapour, for which it provides a useful confirmation of the
value (3-45) obtained (p. 1105) from the vapour density.

Liquid Hydrogen Fluoride as a Solvent
The behaviour of liquid hydrogen fluoride as a solvent is very remarkable
and instructive; we owe our knowledge of it mainly to the work of
Frodenhagen and his collaborators during the last twenty years. 81~2>84~6'91
'• For the theory of the formation of this ion see M. Davies, J. Ghent, Phys. 1947,
Ii 910739.
H. Fredenhagen and E. Kerck, Z. anorg. Ghem. 1944, 252, 280.
11
K. Fredenhagen and G. Cadenbaeh, ib. 1929, 178, 289.
11
Id,, Z. phyaihah Ghem, 1930, 146, 245.
11
P. A. Bond and V. M. Stowe, J.A.G.S. 1931, 53, 30.
14
K. Fredenhagen, Z. Elektrochem. 1931, 37, 684.
11
K. Fredenhagen, G. Cadenbaeh, and W. Klatt, Z, physihah Ohem. 1988,164,
17(1,
11
K. Fredenhagen and G. Oadenbach, ib. 201.
" W. Klatt, £. anorg, Oh$m. 1985, 222,00225.
•• Id., ib. 289.
••
Id.,
ib.
1937,
232,
393.
A.
Hantzsoh,
Bar,
1930,
63, 17S9.
11
M. Fredenhagen, £. morg* Ohm, 1939, 242, 38.
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If the solvent power and the ionizing power of a liquid depended on its
physical properties alone, we should expect to find a close parallel between
hydrogen fluoride and water, both associated, and with nearly the same
very high dielectric constant (83-6 and 87-9 at 0°). As a fact,85 although
liquid hydrogen fluoride surpasses even water in its ability to dissolve
organic and inorganic compounds, and to form highly conducting solutions,
its behaviour is in many ways quite different from that of water. This is a
conclusive proof, as Fredenhagen says, that the power of a liquid to bring
about both solution and ionization is not wholly determined by its
physical properties, but depends on its chemical behaviour as well, and
especially on its chemical reactions with the solute. The facts are as
follows.82'84-6'91
Of all those substances, both organic and inorganic, which will dissolve
in any solvents in the cold—of which the natural solubility is not too
small—a very great majority will dissolve in liquid hydrogen fluoride,
often to a large extent; in this respect it is a better solvent than water.
Nearly everything which dissolves to more than a minute extent gives a
solution of high and often very high conductivity, sometimes greater than
that of the potassium halides in water; this is true of neutral organic
substances such as alcohols and aldehydes as well as of salts, and also of
water.
The cations present in these conducting solutions may be of the most
diverse kinds, far more so than in water, including such ions as [CH3 • OH2]"*"
and [H2NOg]+, but, in striking contrast to the behaviour of aqueous
solutions, there is with very few exceptions only one kind of anion that
can exist in a solution in liquid HF, and this is the anion derived from the
solvent (as though the only anion in water was hydroxyl). This anion is
always assumed to be [F]", but it is important to notice that, in view of the
strong tendency of the fluoride ion to take up HF and form [F 2 H]", it
must be assumed to be this 'acid fluoride' anion [F2H]"*. For simplicity,
however, we may usually write it as [F]", as we write [H] + in water for
[H 8 O] + .
A very few substances, mainly organic, will dissolve in hydrogen fluoride
without ionization, but nearly all solutes conduct, and with these the
following types of reaction occur.
1. With inorganic fluorides there is simple ionization to give M + +F~.
2. Salts of other acids (and hydroxides) are converted into fluorides
with liberation of the acid (or of water):
MA + HF = M+ + F" + HA.
The HA so liberated may either (a) be insoluble in the liquid and so be
evolved (HCl, HON, etc.), or (b) if it is an oxy-acid it nearly always forms
an oxonium ion such as [H 2 NO 8 ] + : thus with KNO 3 4 ions are produced:
KNO8 + 2 HF « K+ + H8NO+ + 2 F".
3. With water or organic oxygen compounds similar oxonium fluorides
are formed, such as [H0O]1H-F ; alcohols, ketones, etc, as well as some
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organic compounds free from oxygen, behave in the same way; with
organic compounds the ionization is not always complete.
4. With a very few exceptionally strong oxy-acids and their salts (such
as perchlorates) the anions remain as such in the solution.
5. Some acids react further with the solvent; thus sulphuric acid gives
HSO 8 F and chromic CrO 2 F 2 .
These various cases may be considered further.
Solutes which form non-conducting solutions include 84,88 acyl fluorides,
some nitriles, trichloracetic acid (acetic acid ionizes), and some hydrocarbons such as benzene, as well as a few presumably covalent inorganic
compounds such as mercuric cyanide and azide, and silver azide.
1. Metallic fluorides.82™3 Those of monatomic metals dissolve easily
(KF 38 g. in 100 c.c. solution at 0°; LiF 5*3 g., 20 times as much as in
water); the order for the alkalies is Li < Na < K < Rb < Cs, the same
as in water. Fluorides of divalent metals dissolve slightly, and those of
trivalent not at all, except AlF 3 , which is very soluble. The MF salts
behave as strong electrolytes, reaching a maximum molecular conductivity of about 260 at about V = 40.
2. That other salts form fluorides with liberation of their acids is proved
by the precipitation of the fluoride if it is insoluble, by the facts t h a t the
cation cannot be precipitated by the salts of other acids, and that a metallic
fluoride will not neutralize the free acid as the hydroxide would in water:
HA + MF = M+ + A" + H F ;
further the conductivity of the salt is the exact sum of the conductivities
of equivalents of the acid and the fluoride.
As to the behaviour of the acids thus liberated, (a) those which are
insoluble and so expelled include HCl, HBr, H I , HCN, and HN 3 . With
HCl 0-1 g. KCl was dissolved 82 in 5 c.c. H F , with evolution of HCl. After
a few seconds water was added and then AgNO 3 : no turbidity was produced, though a concentration of 10 mg. to the litre would have caused i t ;
nt - 1 0 ° however, a supersaturated solution of HCl persists for a short
time. 9 1 HBr and H I are similar, 83 and so are HCN and HN 8 , though some
of their metallic derivatives dissolve without ionizing. 92 (6) The formation
of oxonium ions by many oxyacids is shown by the conductivities (see
beilow), which indicate that 4 ions are produced. With water it has been
shown by E.M.F. measurement t h a t its addition to H F increases the
oonuentration of fluoride ions; the elevation of the boiling-point shows 93
that [H 3 O]F has a dissociation constant of 0-06, so t h a t in a normal solution it is about 25 per cent, ionized. The nitronium cation [H 2 NO 8 ] 4 "*
WM «hown by Hantzsch to exist as nitrate in nitric acid, and to explain
thw high conductivity of the absolute (100 per cent.) acid.
• ThUi 1MM iino© been shown to be present largely in the unhydrated form [NOJ + ,
related to it a* [H] + is to [H1O]+ (see V. 690).
11
1,11

W, Kifttt, Z. phydhal Oh$m. 1989, 18S1 808.
K, md M, Frodonhagfn, Z, anorg, Qhem, 1939, 243, 39.
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3. For the behaviour of organic compounds in general see references
84-5,8?~9# Ai00J10I8 a n ( j phenols are only half-strong electrolytes, the former
some 60 per cent, dissociated at about V = 500, and the phenols much
less.93 Aldehydes, ketones, and alkyl ethers conduct well; carboxylic acids
partly give oxonium ions R • CO2H+ and partly acyl fluorides, which do
not ionize.88 In the chloracetic acids the ionization falls off, and by
trichloracetic has practically disappeared.
Of the oxygen-free compounds, amines react violently to give fully
dissociated fluorides. Thioalcohols and thioethers behave like the oxygen
compounds. Of the hydrocarbons94 the paraffins are insoluble, but benzene gives a colourless 2-2 per cent, non-conducting solution; anthracene
gives a 3 ' l per cent, green solution, whose conductivity indicates a 59 per
cent, ionized salt.
4. The salts of a few very strong acids (HClO4, HBF 4 , and perhaps
HIO4) can form their own anions in hydrogen fluoride, instead of going
to F~+HClO 4 , etc. The reluctance of the ClO4 ion to co-ordinate with
hydrogen, which is the cause of its great strength as an acid, is apparently
even greater than that of H F ; if HF could easily form H 2 F + the pure acid
would conduct owing to the presence of
[H2F]+[F2Hf (as of [H2NO3].[NO3] in HNO3).
But it seems that if a hydrogen ion, which cannot exist alone, has only the
choice between combining with ClO4 or HF 2 , it takes the latter. Hantzsch
has shown90 that anhydrous perchloric acid will absorb HF vapour in
the cold to give a colourless crystalline compound of the composition
HF, HClO4, m. pt. 56°, which must be [H FH] .[ClO4]; its high meltingpoint recalls that of the hydrate, m. pt. 50°, which is shown by X-ray
analysis to be [H3O] [ClO4]. The only alternative, [H2ClO4] + F~ is very
improbable, not only because HClO4 is so reluctant to assume the covalent
state, but also because such a salt would certainly be [H2ClO4] • [F 2 H]. In
the same way BF 3 combines with HF to give a salt of the composition
and presumably the structure [H-FH]-[BF 4 ], very like the perchlorate.
From the behaviour of periodates in H F it seems that HIO 4 is similar.
5. Several of the oxy-anions react further with HF, replacing OH by F ;
thus H2SO491 gives HSO3F, which dissolves without ionization; hence
K2SO4 is shown to give more than 4 (probably 5 or 6) ions:
K2SO4 + 4 HF = 2 K+ + HSO3F + H3O+ + 3 F".
In the same way chromates give CrO2F2. Chlorates and bromates,
unless they are kept very cold, decompose with evolution of oxygen and
chlorine dioxide or bromine.
The experimental evidence for these conclusions is largely based on the
conductivities (see especially the apparatus of Fredenhagen and Cadenbaoh82). The molecular conductivity usually reaches a limit at about
V = 40, and for a great many solutes (e.g. H8O, KF, AgF, EtOH, acetic
aoid) thii limit ii ©lose to 200. Thii muit mean that the mobility of the
" W. Klatt, £. Anorg, Ohm. 1037, 334» 189,
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constant ion F", or better P 2 H", like that of OH" in water, is much greater
than those of the cations, so that the differences of the latter can be
neglected. This enables us to tell how many ions are in the solution;
with KNO 3 for example, the limit is 520 (4 ions).
These values are on the whole in agreement with the results of the
elevation of the boiling-point84; the constant (for 1 mole/1,000 g. HF) was
found to be 1-91 as the mean of concordant results with benzoyl fluoride,
benzonitrile, and trichloracetic acid, which dissolve without ionization.
This value agrees well with the heat of evaporation of 6-15 k.cals. found38
for (HF) 345 at 19-5°.
To sum up. The behaviour of hydrogen fluoride as an ionizing solvent
is mainly due to two factors: (1) its great tendency to form the very stable
anion F 2 H", if the hydrogen ion of this acid H[F 2 H] can be found a place,
and (2) the great reluctance of hydrogen ions to form a covalent link with
a fluorine atom already attached to hydrogen, either in the neutral HF
(or its polymers) or in the [F2H] anion, this last being the reason why
H[F2H] is a strong acid. Hence there is a great tendency for any substance which can take up a hydrogen ion (such as an oxygen compound
that can go to the oxonium state), to take it up, even if (like a ketone) it is
one which ordinarily does not do so. It is only when there is present a
still stronger acid, i.e. one which is more reluctant than H[F2H] to
co-ordinate with its hydrogen ion, that the [H 2 F] + cation is formed.
The almost complete insolubility of the other halogen hydrides in hydrogen fluoride appears less unusual if it is remembered that they are unassociated substances of low boiling-point (HCl will only dissolve up to 1*50 g.
per litre in benzene at 25°95), while hydrogen fluoride is perhaps the most
highly associated substance known. The anomaly is in this difference, and
not in the solubility, which is merely the result of it. Hydrogen fluoride,
with its high boiling-point and its high internal pressure, is a bad solvent
for all non-associated substances that are not solvated by it; thus it is
immiscible with paraffins. In much the same way HCl is only slightly
Holuble in H2SO4. A substance which does not itself associate is likely to
be insoluble in so highly associated a liquid, and one which does associate
with itself is likely to be able to take up a hydrogen ion, so that we can see
why the acid liberated when a salt is dissolved in hydrogen fluoride nearly
always is either expelled from the solution or converted into an oxonium
cation.
There still remains the question why the ion

IM so stable, and [H—F—H] + so unstable. Here it can only be said that
this is in accordance with the general reluotanoe of fluorine to form a
•eoond oovalenoy; the H of H - F must form a hydrogen bond with the F
of another H - F in polymerized hydrogen fluoride, but we have no direct
•• J. H. Iimoiu, J.A.C.S. 108I1 S3, SS,
1114.1

.
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evidence of a definitely dicovalent fluorine atom either as A—F—A or
A—F—B. The fact that fluorine directs substitution in benzene to the
ortho-para positions like chlorine, does, however, suggest that it may have
a resonance form
™

like the 'back co-ordinated' form which certainly occurs with chlorine
Cl

in which it is dicovalent. The firmness with which fluorine is attached to
the benzene ring (p. 1131) points in the same direction.
INORGANIC FLUORIDES
THE simple derivatives of the four halogens are very similar to one
another, but the fluorides are sufficiently different from the rest to deserve
separate treatment. The main division of the halides is of course into
ionized and covalent compounds. With the former, the boiling-points
[and melting-points] are very high, and fall with increase of atomic weight
of the halogen, as the following values of the boiling-points [and meltingpoints] of the alkaline halides show:
B. pt. diff.
MF-MCl
4-288°
4-275°
4- 87°
4- 25°
- 70°

Li
Na
K
Rb
Cs

Fluoride
1,670°
1,705°
1,498°
1,408°
1,253°

Chloride

[840°] 1,382°
[992°] 1,430°
[846°] 1,411°
[775°] 1,383°
[684°] 1,303°

Bromide

[606°] 1,310°
[803°] 1,393°
[768°] 1,376°
[717°] 1,350°
[638°] 1,300°

Iodide

[535°] 1,189°
[740°] 1,300°
[748°] 1,330°
[681°] 1,304°
[681°] 1,280°

[450°]
[653°]
[693°]
[638°]
[621°]

This is obviously because the work required to separate the ions is less as
they get larger.
With covalent halides, on the other hand, in which the external field
of the molecule is much weaker, and the work of separation correspondingly
less, the melting- and boiling-points are low, and increase with a rise in
the atomic weight of the halogen, as is shown in the following table:
B. pt. diff,
XF11-XCl11
+ 104'5° H
- 204-4° C
~!58'5° Si
- l l S ' S * Q*

Boiling- and melting-points
F
+ 19'5°[~ 83-7°]
-128° [-185° ]
- 96° [ - 90«2°]
(•bl.)
- 85* C- IS' ]

Cl

I

Br

-85'0°[~~ 114-2°] -66-8° [-87-O0] -35-5° [ - 61°]
+ 76-4° [ - 22-9°]
..
[ + 171°]
.. [ + 93-7°]
H-S7'5°[- 70-4°] 154'6°[4- 5'2°] 290° [ 123-8°]
-hSS«S e [- 5M § ]

i§6«0° [4-20-r]

,.

[145° ]
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This is the normal behaviour of the halides. But they, and especially the
fluorides, often show abnormalities of various kinds. The fluoride ion
from its small size should be peculiarly able to resist the tendency to
assume the covalent state, and we find that the fluorides of some elements
such as tin and aluminium are more salt-like than the other halides. The
same tendency is shown, though in a less degree, by some other elements,
as may be seen from the following table, which gives the boiling-points and
[melting-points] as before. It is particularly interesting to see how with
tin and lead the alkyl- and aryl-halides follow the simple binary halides
in behaviour.
SnX4 .
ToI8SnX
AlX3 .
GaX3 .
InX 3
ZnX2
CdX2
HgX2

.
.
.
.

Hg2X2 .
HbX2 .
Aryl2PbX2 \
AIk7I8PbX2/
UX4 .
CrF2 .

Fluoride

Chloride

Bromide

704° [ . .
]
. . [ 306° ]
1,260° [1,260°+]
960° [ . . ]
(sbl.)
1,200° [1,170° ]
1,600° [ . . ]
1,748° [ . . ]
360° [ 646° ]
(sbl.)
.. [ 670° ]
1,285° [ 818° ]
.. [ca. 300° ]

1141 ' [ - 3 6 ° ]
[ 97-5°]
160° [ 192-5°]
3
201-3 [ 77-9°]

203-39 [+33° ]
[ 98-5°]
255° [ 97-5°]
279° [ 121-5°]

[ 586° ]
720° [ 313° ]
964° [ 568° ]
302° [ 277° ]

[ 436° ]
-- [210°
670° [ 390° ]
.. [446°
863° [ 585° ] ca. 710° [387°
320° [ 238° ]
350°[257°

383° [ 543° ]
946° [ 498° ]
[v, low ]

340°
916°

.. [ 1,000° ]
l,300+[ 1,100° ]

618° [ 567° ]
T

Iodide

[ 340°+]
[ 373° ]
[v. low ]

346° [146-2°]
.. [120-5°]
381° [191° ]
346°[212° ]
]
]
]
]

310°[290° ]
.. [412° ]
.. [v. low]

?

. . [793° ]

The boiling-points of the trihalides of the elements of Group V B show
that with the smaller elements the triple charge makes even the fluorides
covalent, but as the radius of the central atom increases the fluorine ion
becomes stable before the chlorine: the boiling-point of MP 3 suddenly
riies with arsenic, and the antimony and bismuth trifluorides are less volatile than the chlorides:
Boiling-points of Trihalides
I

MF 8 .
.
.
MOl8
.
.
I)IJT., M C l 8 - M F 3

N

J

-129°
+ 71°
+200°

P

— 95°
H- 76°
+171°

1

As
+ 63°
+130°
+ 67°

S

b

B

i

319° Over red heat (say 600°)
221°
447°
- 98°
- 1 5 0 ° say

Solubilities
The fluorides often show a marked difference from the other halides in
thnir solubility in water. Where their melting- and boiling-points are
abnormally high we should expect the solubilities to be correspondingly
ItIiMlI1 and this often is so, as in the salts of the alkalies, the alkaline earths,
U d divalent lead, Sometimes, however, the solubility of the fluoride is
abnormally high, as with AgF and TlF; in Group II B we get both
•ffiots, low solubilities for the lino and cadmium salts, and high for the
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mercuric and mercurous. The results are given in the following tables,
the solubilities being in g. anhydrous salt to 100 g. water at a temperature
near 20°.
Alkalies
Li
Na
K
Rb
Cs

F

MC1/MF

Cl

Br

I

016
3-94
96-6
Very big

639
9-1
0-36

80-8
36-9
34-4
91-2
186-8

163
88-7
66-0
108-3

166-6
177-7
144-6
166-4
ca. 70

,.
••

Alkaline Earths
MF 2
MCl2
Ratio Cl/F

Be

Mg

Ca

Sr

Ba

Ra

Very big
Very big

0013
641
4,160

0-004
81-6
20,400

0-074
66-6
760

0121
37-2
307

24-5

Heavy Metal Halides
Ratio Cl/F
157
265
25-4
Small
Very small
1/126,000
1/224

PbX 2
ZnX 2
CdX 2
HgX 2
Hg 2 X 2
AgX
TlX

Fluoride

Chloride

Bromide

Iodide

0-0069
1-59
4-35
Very big
Very big
181-5
359

1*079
420-7
110-6
7-31
0-47 X 10"*
143 X10~B
1-6

0-955
471*4
112*3
0*616
39 X 10~~e
26-3 X 10~6
5*7

0073
437-6
86-2
0006
2 X 10~8
0-54 x 10~*
0-56

In the same way bismuth trifluoride is practically insoluble in water and
scarcely affected by it, while the other halides of bismuth are of course
very soluble in water and largely hydrolysed.
The relatively high solubility of the fluoride which is found in the thallous salts is repeated in the dialkyl-thallium halides (III. 464) of which
the fluorides are excessively soluble in water and insoluble in benzene,
while the chlorides, bromides, and iodides are soluble in benzene and only
slightly in water. Here, however, it is clear that the fluorides are ionized
and the other halides covalent, whereas the thallous and argentous
halides are ionized in the crystal.
Acyl Fluorides
The fluorides of organic and inorganic acids, such as acetyl fluoride
CH8 • CO • F and nitrosyl fluoride NOF, and the monofluorides of dibasic
acids, such as H • SO8F, seem at first sight to be sometimes more and sometimes less reactive than the chlorides. They are usually at least as readily
hydrolysed as the chlorides and perhaps more so (the reactions are very
rapid and there are no quantitative data); this is so at any rate with those
of the oarboxylio aolds and of nitrous and nitric aoids.
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On the other hand, certain acid fluorides show a remarkable stability,
especially the mono- and difluorides of sulphuric acid, fluorosulphonic acid
HSO 3 F and its salts, and sulphury] fluoride SO2F2.* This last is not acted
on by water even if the two are heated together in a sealed tube at 150°,
and is only slowly absorbed even by potash. The acid HSO3F is stable to
heat up to 900°, and is only slowly and incompletely (reversibly) hydrolysed by water, with which chlorosulphonic acid reacts almost explosively.
Its salts are correspondingly stable; while the chlorosulphonates are
rapidly hydrolysed in solution, the fluorosulphonates are quite stable to
water and can be recrystallized from it. The alkyl and aryl sulphonyl
fluorides R • SO2 • F show a similar inactivity.
This remarkable inertness seems to be largely thermodynamical, i.e. due
to the strength of the S—F link. The fluoride and the fluoro-acid are
obviously covalent compounds like their chlorine analogues, as is indicated
by their boiling-points (S0 2 F 2 -52°; S0 2 Cl 2 +69-3°; HSO3F 162-6°;
HSO3Cl 151°). The reversible hydrolysis of the acid is evidence of the
thermodynamic stability of the S—F link, but the extreme inertness,
especially of sulphuryl fluoride, does seem to need some further explanation.! It is v e r y remarkable that the selenium compound SeO2F2 shows
no such inertness, but is just as reactive as its chlorine analogue.
Something of the same slowness to hydrolyse is shown by the fluorophosphoric acids H 2 PO 3 F and H-PO 2 F 2 , though not by POF 3 ; here probably the main cause is again thermodynamic, i.e. is the strength of the P—F
linkage. For this, however, we have no thermochemical data.

'Acid? Fluorides
The considerable class of 'acid' fluorides are the salts of the acids
H[F n H^ 1 ], with n usually 2. These polymerized forms of HF are all monobasic acids, so that the salts are not really acid salts, and the fluorine
atoms of the anion are obviously united through hydrogen bonds. The
ordinary acid fluorides or bifluorides MrF2H] may thus be written
* See Group VI, Sulphur, p. 933.
f Especially as the values of the heats of linkage scarcely seem to support it. The
hoat of formation from the atoms (Ha) of SF 6 gives for S—F 71-4 k.cals. To judge
by the values of P - C l in PCl 3 (77-1) and PCl 5 (62*0) we should expect a higher value
of S —F where the covalency was lower. The value for S—Cl can be got roughly in
|fwo ways. H a for S2Cl2 (these values of course are all for the gaseous state) is 196-1,
unci for S - S in S8 63-8: the difference, 132-3 for 2(S-Cl) gives us S - C l 66-2; again
the difference between Ha for SO2Cl2 (395-8) and SO2 (255-4), is 140-4, giving 70-2
for 8—Cl: we may perhaps take the mean value of 68 k.cals. as approximately true.
For S - B r we have Ha (S2Br2) 1 7 7 1 - 6 3 - 8 = 113-3, giving S - B r as 56-7. So we
have S - F 71*4; S - C l 66; S - B r 57. The difference is striking, and in accord with
thd usual behaviour of fluorine; but in the hydrolysis of the halide the heat of the
function depends on the difference between the heat values of H—hal and S—hal,
And this difference is in the wrong direction:
(H-F)-(S-F)
(H-Cl)-(B-Cl)

- 61'0
- 86-6

(H-Br)-(S-Br) « 8<M.
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M[F—H " F ] . The nature of the bond is discussed above under hydrogen
bonds (I. 26). Crystal structure measurements have given values of from
2-26 to 2-50 for the F - F distance in these salts; while the expected distance
for two F—H links, i.e. for a structure F—H—F should be
2 (0-64+0-30) = 1-88.
[See Pauling, Chemical Bond, pp. 277 sqq.] See further references 7^1*96.
Similar but more complex salts, MF, 2HF and MF, 3HF, or as they
should be written M[F3H2] and M[F4H3], are also known, such as AgF4H3.
Tananaev97 obtained from the system K F - H F - H 2 O at 0°, 20°, and
40°, the solid fluorides K F ; KF 2 H; KF 3 H 2 ; KF 4 H 3 ; KF 6 H 4 ; and
2 KF, 5 HF.
With rubidium the salts RbF, 2 H F ; RbF, 3 H F ; and RbF, 3-5 H F
were obtained.98
With caesium the melting-point curve of the system CsF—HF indicated
the salts CsF, HF (m. pt. 170-6°), CsF, 2HF (50-2°), CsF 3HF (32<6°),
and CsF, 6HF (-42-3°)."
ORGANIC COMPOUNDS OF FLUORINE 9 **
THE organic compounds of fluorine, though few in comparison with thos©>
of the other halogens, are fairly numerous, and they show in a high degree
the great differences between fluorine and the other members of the group.
Our knowledge of these compounds comes largely from the work which
Swarts carried on in Belgium for forty years from 1897, and that of Midgley
and his collaborators in Columbus, Ohio, who examined in particular the
fluorine and other halogen substitution products of methane, ethane, and
ethylene, partly with a view to their uses as refrigerants, and partly from
their intrinsic interest. Swarts has published two very useful summaries
of his work in 1901100 and in 1924.101
The peculiarities of the organic fluorine compounds are mainly due to
the exceptionally large energies of formation of the links of fluorine to
hydrogen (132-4) and to carbon (103-4 k.cals.). In consequence the heats
of reaction of fluorine compounds differ greatly from those of the other
halides; these are some examples (the corresponding chlorine values follow
in brackets):
_C-~H + F 2
= —C—F
+ HF + 103.7 k.cals. [Cl + 23-1]
_C—H +H—C— + F 2 = —C—C— + 2 H F +115-5
[Cl + 31-6]
_C—C— + F 2
= 2—C-F
+
91-9
[Cl + 16-6]
_ C ^ C — + F2
= —CF-CF- +
109-1
[Cl + 33-8]
_ C _ p + H2O
- —C—OH + H F 0-3
[Cl - 4-0]
9C
G.
Glockler
and
G.
E.
Evans,
J.
Chem.
Phys.
1942,
10,
607.
97
I. Tananaev, J. AppL Ghent. Buss. 1938, 11, 214.
98
K, R. Webb and E. B. R. Prideaux, J.C.S. 1939, HL
99
R. V. Windsor and G. H. Cady, J.A.0.8. 1948, 70, 1500.
Ma
For further details see F. Smith, Am. Bep. Chem. 8oc. 1947, 44, 86.
100
F. Swarts, Mem. Aoad, Boy, BeIg. 1901, 61 (94 pp.). It ia abstracted at some
length
in Ohmt 0§nfr. 1908, i. 11-14.
m
Id,, BuU, Soo, OMm. 1914, [4] U11488-08,
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Owing to the large heats of reaction of elementary fluorine, and its
tendency to remove hydrogen as HF, direct fluorination is very difficult,
and was long thought to be impossible. Solid methane (m. pt. —184°)
explodes violently on treatment with liquid fluorine,102 and other organic
compounds, even sodium acetate, behave in the same way103"4; even when
this can be avoided the products are usually mixtures of black tars with
hydrogen fluoride and sometimes carbon tetrafluoride. The use of unstable
fluorine compounds like lead tetrafluoride as source of fluorine was also
found10&~6 to give very small yields. This is the more important since
indirect methods of introducing fluorine atoms, which succeed with other
halogens, often fail with fhiorine. The action of hydrogen fluoride on
alcohols is very slow below 170°, and even at equilibrium there is less than
50 per cent, of the fluoride present. Attempts to add HF to the doublecarbon link for a long time failed, which is not surprising since the ease
of the reaction falls off in the order HI > HBr > HCl; hydrofluoric acid
readily reacts with ethylene oxide or epichlorhydrin, but normally only to
catalyse the hydrolysis of the cyclic ether, and no trace of fluoride is
formed. More recently, however, Grosse and Linn107 have shown that
under pressures up to 25 atm. the addition is easy; it is promoted by the
presence of lead dioxide (i.e. PbF 4 ) 108 and of boron trifluoride.109 See
further reference110. The phosphorus fluorides react with alcohols mainly
to form phosphorus esters.
More recently also, the reaction of direct fluorination has been brought
under control, One of the first to do this was Ruff, who showed111 that
fluorine acts on fluoroform CHF 3 to give CF4 and C2F6. The main work on
direct fluorination was due to Bigelow et al. (J.A.C.S. 1934-41)112"21; they
have shown under what conditions this reaction can be made to give
definite products. The best way seems to be to pass the vapour of the
organic substance mixed with fluorine and if necessary diluted with
>oa H. Moissan and G. Chavanne, CR. 1905, 140, 407.
IW
B. Humiston, J. Phys. Chem. 1919, 2 3 , 573.
104
F . Fichter and K. Humpert, HeIv. CHm. Acta, 1926, 9, 694.
106
O. Dimroth and W. Bockeimiller, Ber. 1931, 64, 516.
106
W. Bockemuller, ib. 522.
l0?
A. V. Grosse and C. B. Linn, J. Org. Chem. 1938, 3, 26.
l0i
A. L, Henne and T. P . Waalkes, J.A.C.S. 1945, 67, 1639.
,0i
A. L. Henne and R. C. Arnold, ib. 1948, 70, 758.
110
B . Y. Thompson, P . Tarrant, and L. A. Bigelow, ib. 1946, 68, 2187.
111
O. Ruff, Ber. 1936, 69, 299.
111
L. A. Bigelow and J . H. Pearson, J.A.C.S. 1934, 56, 2773.
111
W. D. Miller, J. D. Calfee, and L. A. Bigelow, ib. 1937, 59, 198.
IW
J. D. Calfee and L. A. Bigelow, ib. 2072.
111
N, Fukuhara and L* A. Bigelow, ib. 1938, 60, 427.
»• J. D. Calfee, N. Fukuhara, and L. A. Bigelow, ib. 1939, 6 1 , 3552.
«* J. D. Calfee, N. Fukuhara, D. S. Young, and L. A. Bigelow, ib. 1040, 62, 267.
» • M. H. Hadloy and L. A. Bigelow, ib. 3802.
111
D, S. Young, N. Fukuhara, and L. A. Bigslow, ib. 1171.

" • N. Fukuhara and L. A. Bigelow, ib. 1041, 63, 7IS.
*« L, A. Bigolow, Ohm. Rov, 1947, 4O1 51.
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nitrogen over copper gauze; the copper acts as a catalyst, but is only
slightly attacked. In this way they have succeeded in fluorinating
numerous aliphatic and aromatic substances, such as methane, 118
ethane,114'116'119 ethyl chloride,117 hexachloroethane,113 acetone,120 benzene115 hexachlorobenzene,112 silver cyanide,149*150 etc. The fluorine replaces
hydrogen and chlorine, adds on to double links, and can also cause both
the breakdown and the building up of carbon chains (see further Miller,
1940 m ).
The indirect methods normally used for the preparation of the organic
fluorine compounds are different according as these are aliphatic or
aromatic.
With the paraffin derivatives the methods consist in substituting a
fluorine atom for one of another halogen by treating the organic halide
with a metallic fluoride, and by preference that of a less electro-positive
metal. Moissan used anhydrous silver fluoride. Swarts showed that mercurous fluoride, made from mercurous carbonate and HP, was more
effective than silver fluoride, especially in presence of a trace of iodine (see
further reference 158 ). Another effective reagent much used both by himself and by others, is antimony trifluoride. In the absence of a catalyst
this is usually inert, though it can sometimes react, as with benzal chloride
and benzotri chloride, and with trichloromethyl ether141; it becomes far
more active in presence of a trace of bromine, or of a small quantity of
antimony pentachloride.124'142 The active molecule is probably the pentahalide, the reactions being, with bromine:
SbF3
+ Br2
= SbF3Br2
SbF3Br2 + 3 R-Br = 3 R F + Br2 + SbBr3
122 w . T. Miller, J.A.C.S. 1940, 62, 341.
F . Swarts, Bull. Soc. CHm. Beige, 1927, 36, 323.
124
T. Midgley and A. L. Henne, J. Ind. Eng. Chem. 1930, 22, 542.
125
O. Ruff and R. Keim, Z. anorg. Chem. 1930, 192, 249.
128
B . M. Buffington and W. K. Gilkey, J. Ind. Eng. Chem. 1931, 2 3 , 254.
127
W. K. Gilkey, F . W. Gerard, and M. E. Bixler, ib. 364.
128
F . R. Biehowsky and W. K. Gilkey, ib. 366.
129
R. M. Buffington and J . Fleischner, ib. 1290.
130
R. M. Buffington and W. K. Gilkey, ib. 1292.
*31 O. Ruff and R. Keim, Z. anorg. Chem. 1931, 2 0 1 , 245.
132
H. S. Booth, W. L. Mong, and P . E. Burchfield, J. Ind. Eng. Chem. 1932,24,328.
133
H. S. Booth and E. M. Bixby, ib. 637.
134
W. Cawood and H. S. Patterson, J.CS. 1932, 2180.
*8B H. S. Booth, P . E. Burchfield, E. M. Bixby, and J . B. McKelvey, J.A.C.S.
1933, 55, 2231.
180
F . Hovorka and F . E. Geiger, J.A.C.S. 1933, 55, 4759.
M W. Menzel and F . Mohry, Z. anorg. Chem. 1933, 210, 257.
188
O. Ruff and O. Bretschneider, ib. 173.
w
N. V. Thornton, A. B. Burg, and H. I. Sohlesinger, J.A.C.S. 1933, 55, 3177.
140
R, G, Look©, W. R, Brode, and A. L, Henna, ib. 1934, 56, 1720.
i " H, H, Booth, P. U. BurohHcld, and H. M. Htoy, ib. 198a, 57, 2069.
123

14tt

W, B, Whftllty, J, «oo, Ohm*. Ind, 1047, 66, 4S7, 430.
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and the pentachloride behaving in a similar way. Booth gets better
yields under pressure; thus in making the di- and trifluoro-derivatives of
hexachloro-ethane 2-6 kg. of antimony trifluoride, 80 g. of the pentachloride, and 1-7 kg. of C2Cl6 are heated in an autoclave for 7 hours at
320° and 60 atm. Henne140 finds that the ready formed SbF3Cl2 is better
than a mixture of the trifluoride and pentachloride.
A new and more powerful fluorinating agent is mercuric fluoride,146
made (in a 75 per cent, yield) by the action offluorineon powdered mercuric
chloride. This reagent has little action on chlorides, but it reacts readily
with bromides, and with iodides even violently, unless they are in solution.
In some cases this reagent will carry the. fluorination farther than the
antimony halides. Thus Henne155 made fluoroform CHF 3 from bromoform by first converting this into CHF2Br with bromine and excess of
SbF 3 at 4 atm. pressure (this is as far as that reagent will take it) and then
treating the product with mercuric fluoride.
Other methods have sometimes been found useful. Iodine pentafluoride will fluorinate carbon tetrachloride,131 but not benzene. Methyl
fluoride can be made by the simple process of heating tetramethyl
ammonium fluoride (Collie, 1889).159>134
Hydrogen fluoride will add on to a triple C=C link (though not to a
double C=C), the addition following MarkownikofFs rule.160"1

Rules of Substitution
As we have seen, the preparation of the aliphatic fluorine compounds
almost always begins with the replacement of other halogens by treatment
with a metallic or semi-metallic fluoride. The particular inorganic fluoride
used for this purpose sometimes determines the extent to which the
replacement will go, and the relative ease with which different halogens
are replaced (thus mercuric fluoride is far more efficient with a bromide
or an iodide than with a chloride, and with these will carry the reaction
further than antimony trifluoride, which, however, acts as well with a
ah bride as with the other halides); but it does not seem to affect the
relation between the position of the halogen atom and its ease of replacement.
un

A. L. Henne and E. C. Ladd, J.A.C.S. 1936, 58, 402.
A. L. Henne and D. M. Hubbard, ib. 404.
148
•« A. L. Henne and T. Midgley, ib. 882.
Id., ib. 884.
148
w A. L. Henne and M. W. Renoll, ib. 887.
Id., ib. 889.
180
>«• O. Ruff and M. Giese, Ber. 1936, 69, 598.
Id., ib. 604.
m
O. Ruff, O. Bretschneider, W. Luchsinger, and G. Miltschitzky, ib. 299.
**» K. L. Ramaswamy, Proc. Ind. Acad. ScL 1935, 2, 364.
*»» L. O. Brockway, J . Phys. Chem. 1937, 4 1 , 185.
186
*»* Id., ib. 747.
A. L. Henne, J.A.C.S. 1937, 59, 1200.
167
»• Id., ib. 1400.
J . H. Simons and L. P. Block, ib. 1407.
»•• A. L. Honne and M. W. Renoll, ib. 1938, 60, 1060.
«• J. N. Colli©, J.0.8. 1889, 55, 110.
*•• A. L. Emm ami B. P< Phieddoman, J.A,Q>3, 1948, 65, 5S7.
*« A. V. OKMM md 0. B. Linn, lb, 1942, 64, 2280.
144
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Swarts points out that antimony trifluoride never causes the replacement of a halogen except in compounds which have two halogens attached
to one carbon.* Thus CH2Br-CH2Br is not affected, but CHBr2.CH2Br
readily loses one, and even more readily two of the bromine atoms of
the -CHBr 2 group to give CHF 2 CH2Br, so that it would seem that the
bromine is more readily replaced in — CHFBr than in - C H B r 2 ; in the
meantime the Br of the -CH 2 Br is unaffected. In the same way14^ mercuric fluoride reacts with ethylidene bromide to give a little CH 3 -CHFBr
and much CH 3 CHF2. Further, as is shown below, -CCl 3 reacts more
readily than -CHCl 2 . When, however, there are two F atoms and one
Cl or Br on a carbon, the latter cannot be replaced, except with benzotrichloride, which is readily converted not only into C6H5-CF2Cl, but also
into the trifluoride by SbF 3 , even in the absence of a catalyst; this must be
the effect of the proximity of the benzene ring. If the chlorine is directly
attached to the benzene nucleus it is of course in the absence of ortho- or
para-nitro groups unaffected by any of these reagents, even by HgF2.146
A more detailed account of the course of these substitutions is given by
Henne and Midgley.145 Their discussion of the stability relations of the
products will be dealt with later. The effect of structure on the ease of
substitution is shown by the behaviour of hexachloroethane C2Cl6 on treatment with antimony trifluoride and pentachloride. The successive products are (1) CCl2F - CCl3; (2) CCl2F - CCl2F; (3) CClF2 • CCl2F; (4) CClF2-CClF2;
after which at the ordinary temperature the fluorination stops; no isomers
are formed in the course of this reaction. This shows, (a) that the CCl3
group can be fluorinated, and (6) that the successive fluorine atoms go by
preference to the carbon atoms which have least fluorine. That the
presence of fluorine discourages fluorination is shown by the fact that
the reaction of SbF 3 on C2Cl6 goes by itself without aVatalyst as far as the
trifluoride (3 above), but to get the tetrachloride one must use SbF3Cl2
at 140-150°; nothing will introduce a fifth or sixth fluorine atom.
Although CF2Br is less easily fluorinated than CHFBr, CCl3 goes more
easily than CHCl2. Hence, CHCl2-CCl3 gives first CHCl2 CCl2F and then
CHCl2 CClF2 easily. At this point the further replacement on the first
carbon is difficult owing to the presence of the hydrogen, and on the second
because of the protective effect of the two fluorine atoms; but it is possible
with difficulty to get CHClF-CClF2 and then CHF2-CClF2. So too,
CHCl2-CHCl2 gives CHClF-CHCl2, and then CHF2-CHCl2, and then the
action stops; further treatment with SbF 3 either has no effect or it converts the last product into CF 3 CH2Cl. In the same way CH2Cl CCl3
gives CH2Cl-CCl2F, and then CH2Cl CClF2 and stops; CH2Cl CHCl2 gives
CH2Cl.CHClF, and CH2Cl-CHF2, and there the reaction stops.
Mercuric fluoride, although it follows the same general lines, is more
effioient; thus -CH 2 Cl oannot be fluorinated by SbF 8 , but it can by
HgF 8 . This effect is, however, to some extent hindered by the presenoe of
* Mtpowfa fluorids QUI, howsvw, do this with the halogeni in -OH8Br md
-OH 1 I, though not In —0H,01,"«
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other halogen atoms on the next carbon. Thus mercuric fluoride fluorinates
ethyl chloride easily, but OH2Cl CHClF very little, and CH2Cl-CHF2 not
at all; so too it fluorinates ethyl bromide easily, but CH2Br • CHF2 not at
all; it reacts with ethyl iodide violently, but with CH 2 I-CHF 2 it needs
a long time at 160°, and then only gives a 60 per cent, yield of CH2F • CHF2.
In general, mercuric fluoride gives the same products as antimony trifluoride. The fluorination of methyl chloroform CH 3 CCl3 can be carried
right through to CH 3 CF3.
These remarkable relations can be reduced to the following rules.
1. The replacement by fluorine of another halogen is very difficult when
there are not at least two halogen atoms on the carbon in question; it is
in that case impossible with SbF 3 , although it can be done with HgF 2 if
there is no more easily replaceable halogen in the molecule.
2. Fluorination is easier with the C(hal)3 group than with CH(hal)2,
provided the halogens in question are not fluorine. But the presence of a
fluorine atom on a carbon makes other halogen atoms on that carbon less
easy to replace, and the presence of two fluorines makes the replacement
impossible with antimony trifluoride, though it can be done with mercuric
fluoride. This effect of a CF2 group in hindering substitution sometimes
extends to the next carbon atom. For further work on the preparation
and chlorination of fluoro-paraffins and fluoro-alkylenes see Henne et a?.16a~7
Organo-fluorine Compounds: Physical Properties
Numerous values of the heat properties (including the boiling- and
melting-points) of paraffins with the hydrogen wholly or partially replaced
by fluorine and chlorine are given in the following papers (see p. 1118).
n

126-30,137,168-72,184

n 135-6,143-4,147-8,168- /5,185,190
U2.
n
123,176-80,186-9

Monofluorides of alkyls C1-C4.180
1,1 and 2,2 difluorides OfC1-C7.181
Perfluorides CxFy.157'182~3
The values for the C1 and C2 compounds, for the alkyl fluorides (12) and
the perfluorides (14) follow on the next page.
1flB
A. L. Henne, T. Alderson, and M. S. Newman, J.A.C.S. 1945, 67, 918.
(Preparation of perfluorinated carboxylic acids.)
188
A. L. Henne and J. B. Hinkamp, ib. 1194. (Chlorination of dinuoropropane.)
1,4
Id., ib. 1197. (The same for a, a, a trifluorobutane.)
11,1
A. L. Henne and W. J. Zimmerschied, ib. 1235. (Fluoro-derivatives of cyclo|j«iitena and -pentene.)
1,1
A, L. Henne, J. B. Hinkamp, and W. J. Zimmerschied, ib. 1906. (Chlorination
of Aliphatic fluorides.)
Ilf
A. L. Hann© and T. P. Waalkes, ib. 1946, 68, 496. (Fluorinated propanes and
proponoB.)
191
A. Binning and B. 0. MaoHamess, Ind. Eng. Ohem* 1939, 3I 9 91S.
" • Id., ib. 1940, 32, 497,
" • Id., ib. 698,
»« Id., ib. §14.
»• Id., Ib. 976.
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C1 Cpde.

CHClF 2

B. pt.
Crit. temp. a
M. pt.

-40-8°
96-8°

CHCl 2 F

a

+8-9°
178-5°

CF 4

CCl8F

\

a

a

\-|-23-8°
198-0°
-110-5° c

-128°*
-18406

II
CH8CF2Cl

C2
B. pt.
M. pt.

9-21°

CCl2F-CCl2F

d

a

47-6°
24-7°*

CCl 2 Br-CBrF 2
B. pt.
M. pt.

18ft

Monofluorides :

180

, 6=

Me-F
B. pt.
M. pt.

CCl8 CClF2

CClBrF-CClBrF

45-9°*
14-2°e

91-5°«
40-6°e

139-9°«
32-8 oe

C2F6

CCl8-CCl2F

CCl 2 F-CClF 2

06

47.70/

138-9°*
45-5°*
a =

CCl 8 -CF 8

-78-2
-100-6° b

-36-6°'
181

EtF

,c=

184

,d =

186

m

,6=

-f99-90flr

, / = «*, g =

173

.

1—Pr-F 2—Pr-F Sec-Bu-F I s o — B u F TertBu-F^

9-4°
- 78-5° - 37-7° 2-5° -141-8° -143-2° - 1 5 9 °
-133-4°

-f 25-1°
-121-4°

+ 12-1°
-77°

+44-8°
-121°

Perfluorides1**.From paraffins:
B. pt.
M. pt.

CF 4

C2F6

C8F8

n-C 4 F 10

^SO-C4F10

rc~C7F16

-128°
-184°

- 78-2°
-100-6°

- 38°
-183°

-.4-7°

-3-0°

4-82°

73

n-C 16 F 84
240°

I 115°

J . Bernstein and W. T. Miller, J.A.G.S. 1940, 62, 948.
A. L. Henne and E. G. Wiest, ib. 2051.
75
L. Riedel, Z. Ges. Kdlte-Ind. 1938, 45, 221.
76
A. L. Henne and M. W. Renoll, J.A.G.S. 1937, 59, 2434.
77
A. L. Henne and E. C. Ladd, ib. 1938, 60, 2491.
78
A. L. Henne and M. W. Renoll, ib. 1939, 6 1 , 2489.
79
A. L. Henne and J . V. Flanagan, ib. 1943, 65, 2362.
80
A. V. Grosse, R. C. Wackher, and C. B. Linn, J. Phys. Ghem. 1940, 44, 275.
81
A. L. Henne, M. W. Renoll, and H. M. Leicester, J.A.C.S. 1939, 6 1 , 938.
82
J . H. Simons and L. P . Block, ib. 2962.
83
A. V. Grosse and G. H. Cady, Ind. Eng. Ghem. 1947, 39, 367.
84
D. W. Osborne, C. S. Garner, R. M. Doescher, and D. M. Yost, J.A.G.S. 1941,
63 3496.
85
L. Riedel, Z. Ges. Kdlte-Ind. 1941, 48, 105.
88
A. L. Henne and F. W. Haeckl, J.A.G.S. 1941, 63, 3476.
87
A. L. Henne, A. M. Whaley, and J. K. Stevenson, ib. 3478.
88
A. L. Henne and A. M. Whaley, ib. 1942, 64, 1157.
89
E. T. McBee, H. B. Hass, R. M. Thomas, W. G. Toland, and A. Truchan,
ib, 1947, 69, 944.
74

••• M. T. Rogero, ib. 457.
•°
A. L. Emm and E. P. Ruh, ib, 1948, 70, 1025.
90
« N. J. Leonard and L. E. Sutton, ib. 1504.
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Ethylene

Benzene

Toluene

C 6 F 10

C 6 F 12

C2F4

C6F6

C7F8

22°
-12°

62°
+50°

- 76-3°
-142-5°

82°
-12°

103-5°
-70°

Dipole Moments
The dipole moments of various organic fluorides, along with those of
the other halides, have been determined or collected (for references see
original) by Rogers189**; they were all measured in benzene solution at 25°:
R
Methyl
Ethyl
n-Amyl
tert. Amyl .
Benzyl

See further reference

190a

R.F

R.Cl

R.Br

1-60
1-70
1-85
1-95
1-77

1-65

1-45
1-85
1-95
2-25
1-85

2-14
1-85

.

Refractive Power and Volatility
The replacement of hydrogen by fluorine has relatively little effect on
either of these properties. For example, the change in refractive power
caused by replacing a hydrogen atom by a group X is on the average as
follows:101*152
X

=

Paraffins .
Aromatics

CHg

NO 2

Br

Cl

F

+4-61
4-4-84

+5-41
+6-44

+7-79
+7-79

+4-97
+4-94

-0-09
-0174

In the same way the boiling-points are often little affected by the same
replacement when there is only one halogen on the carbon. Thus we have
the series C6H6 80-2°; C6H5F 86-5°; C6H4F2 88-9°; CH3-C6H6 110°;
(JH3-C6H4F ortho 113-9°, para 102°; C6H5OH 183°; F C 6 H 4 O H ortho
151°; para 185-6°. But when this replacement gives rise to CF2 or still
more to CF 3 groups—i.e. to what are, as we shall see the characteristically
stable groups, the boiling-points are lowered. Examples of this are:
Compound
CHXF 2 .
CXF 3
CHFXCl .
CHXFBr .
CHXFI .
CX 8 . COOH
CX 8 -CO-NH 2
CX 8 . COF
CX 1 -CN .
CX 1 -CO-CH 1

X = F

X = H

- 82-2°
-1280°
- 40-7°
- 14-5°
+ 21-6°
72-4°
122-8°
- 69°
- 01-5°
22°

+
+

51-6°
82-2°
0-9°
19°
534°
117-1°
182-5°
+ 20-5°
+ 81-0*
50*

Diff.
- 30-6°
- 45-8°
- 39-8°
- 33-5°
- 31-8°
- 44-7°
- 80-7°
- 70-5°
-144*
- 84 §
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The perfluorides are less volatile than the hydrocarbons up to C3, but
more so above this; the differences are, for CF 4 +36°, for C 8 H 8 +7°, for
C 4 F 10 ±0°, but for C 7 H 16 -16°. 183
Reactivity of the Aliphatic Fluorine Compounds
This is largely determined by the great affinity of fluorine for hydrogen
and for carbon; the latter makes it much more difficult to remove fluorine
from carbon than any other halogen; in fact in the reactions of the organic
fluorides it is exceptional for the fluorine to react. The affinity for hydrogen
makes many of the fluorides lose hydrogen fluoride readily within the molecule. Thus 101 the fluorides of secondary alkyl groups are converted into
the alkylene and HF on distillation (and sometimes at the ordinary
temperature), which the corresponding chlorides and bromides are not.
So too cyclohexyl fluoride is too unstable to isolate: it breaks up into
hydrogen fluoride and cyclohexene.
The evidence is that when a carbon atom carries only one fluorine atom
and no other negative group, its reactivity is not very different from that
of chlorine; but that if there is also on the carbon a negative group such
as carboxyl, or still more another halogen, or most of all another fluorine,
the reactivity is greatly reduced.189*161 In general, fluorine shows an *
inactivity not wholly explained by the heats of linkage: thus in the reaction between alkyl halides and sodium vapour at 200° Polyani191 found
these values for the relative lives of the various halides under the same
conditions (the heats of formation of the C—X links are added for comparison) :
Alk—F
Relative lives .
Heat of C - X .

fl

10
107

Alk—Ci

Alk—Br

Alk—I

104
66-5

50
54

1
45*5 k.eals.

Again, though the heat of reduction by hydrogen varies little
(C_x + H2 = C - H + HX: for F 244, for Cl 194 k.eals.),
the aliphatic fluorides are not as a rule reduced by nascent hydrogen, or
by hydrogen gas and platinum black, as the other alkyl halides are.
The reactivity of the fluorides is closely related to the ease or otherwise
of their formation by the replacement of other halogens on treatment with
inorganic fluorides (p. 1120). An important preparative reaction is the
removal of a molecule of halogen from the fully halogenated ethanes on
treatment with zinc in alcoholic solution, forming a tetra-substituted
ethylene. Midgley and Henne145 show that this goes easily and quantitatively with the following halides, a chlorine atom being in each case
removed from each carbon atom: CCl2P. CCl3, CCl2F. CCl2F, CHCl2 • CCl2F,
CH8Cl.CHClF, CHCl2-CHClF, CH2CLCCl2F. With all these, one at least
of the chlorine atoms removed is in a position where it is easily replaceable by fluorine on treatment with SbF 8 . On the other hand, with the
following halides it ii quit© difficult to oarry out this reaction with zino
*•* K1 v. Hartil, N, Mwr, and M, Polyani, «. phytikal, Ohm. 193S9 B 19, 180.
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and only small yields are got (one halogen atom always comes from each
carbon, and this is chlorine if possible, but in the second and third examples
one of the halogen atoms is a fluorine): CCl2F-CClF2, CH2Cl-CHF2,
CHCl2 • CHF2, CH2Cl • CClF2. The difficulty of reaction here arises from the
fact that in each case a halogen has to be removed from a carbon carrying
two fluorines, which as we have seen is the most strongly stabilizing group.
In the same way it was found to be impossible to get any yield of tetrafluorethylene CF 2 =CF 2 from CClF2-CClF2 under ordinary conditions, and
even at 70 atm. only a 30-35 per cent, yield was obtained.
In general, when the carbon atom has one fluorine atom attached to it
and no other halogen, the reactivity is not very different from that of a
chloride. The alkyl fluorides CnHn+1 • F are quite easily hydrolysed (more
easily by acids than by alkalies: the tertiary fluorides most and the primary least); from C5 upwards they readily lose HF on heating and form
an olefine. The monofluorides also have not the complete physiological
inertness of the other fluorides (see further p. 1129). When the molecule
has two monofluoride groups it becomes still less stable; CH 2 F-CH 2 F
loses hydrogen fluoride spontaneously at 0°, and is completely converted
into glycol by passing through water; 1,2-difluoro-cyclohexane behaves in
the same way.
The presence of other negative groups on the same or even the next
carbon atom stabilizes the link to fluorine in a remarkable degree. The
alcohol and carboxyl groups CHOH and COOH have this effect: fluorethyl
alcohol CH2F • CH2OH and fluoroacetic acid CH2F • COOH are quite stable.
But the strongest effect is produced by the halogens themselves, and
among them especially by fluorine. Among the methane derivatives156
the difluorides are much more stable than the mono, and have very little
physiological action (see later). Methyl fluoride is no more stable than
methyl chloride, but methylene chlorofluoride CH2ClF is more stable than
methylene chloride, and the fluorine atoms in methylene fluoride CH2F2
are scarcely affected by anything. So too while ethylene difluoride
CH2F CH2IF, as we have seen, hydrolyses and decomposes with the
greatest ease, ethylidene difluoride CH 3 -CHF 2 resists hydrolysis, and is so
stable that animals can breathe a 50 per cent, mixture with air without
hurt. In CCl2F2 not only are the two fluorine atoms themselves very firmly
bound, but they fix the chlorine atoms too, and the molecule is far more
ntable than CH2Cl2 or CCl2Br2.126 This stabilizing influence extends to the
neixt carbon atom or even to the next but one.145 Thus CH2Br-CH2F is
WiiNily converted into glycol, but in CH 2 Br-CHF 2 the bromine is so firmly
held that it is only hydrolysed by mercuric oxide and water at 150°: the
fluorine atoms only begin to hydrolyse with this reagent at 200°. In the
name way the fluorine of the CH2F group is much more stable in CH2F • CHF2
than it is in CH2F • CH2F. So too magnesium has no action on CHF8 • CHBr2.
It is thus dear that the CF8 group102 not only has the links to the
161
For ths phyiioal proportion of oompoundi with the OF1 group, 199 A. L. Iiermc
§nd 1. Q. DtWitt, J.A.CS, IUi9 70, 1048.
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fluorine exceptionally strong, but also holds a third halogen on the same
carbon atom much more firmly, and even strengthens a C—F link on a
neighbouring carbon atom.
Many other examples could be given of the stability of the CF2 and CF 3
groups, which often causes the compounds to behave as if the hydrogen
had never been replaced by fluorine. Thus di-fluoro-ethyl alcohol
CHF2 CH2OH is almost identical in properties with ethyl alcohol.101'193
While the chloro- and bromo-alkylamines are so unstable that they can
only be obtained as salts, CHF 2 -CH 2 -NH 2 is quite a stable compound,
and can be kept unchanged for years. This stability makes some unusual
reactions possible. Thus Swarts was able to make trifluoroacetic acid
CF 3 • COOH by oxidizing F3C • C6H4 • NH 2 with chromium trioxide.
Again, CF2Cl2124 is not affected by heating in the dry state to 175° for a
month, and is markedly non-inflammable. If it is forced to react with metals
by heating, it is the chlorine which is removed, and not the fluorine.
The considerable reactivity of the alkyl chlorides and bromides, though
it is much diminished by the presence of the fluorine, still leaves the mixed
halides some possibilities of reaction. Thus CHFBr-COOH is hydrolysed
even by water, and its salts are very unstable, the acid being converted
into glyoxylic acid CHO-COOH. The most remarkable inertness is foun&
in molecules which have no halogens except fluorine. Such are the two
gases hexafluorethane C2F6, (b. pt. —78-1°) and tetrafluorethylene C2F4,
(b. pt.—76-3°).138 Neither of these is affected by water, sodium hydroxide,
or concentrated sulphuric acid; metals like sodium attack them only at a
red heat. C2F4 adds on Br2 and also is absorbed by oleum. C2F6, being
saturated, is still more inert. Water, molybdenum, molybdic and tungstic
acids, and potassium iodide do not react with it below 500°; lead oxide
PbO does not do so below 1,000°.
When we come to the —CF 3 group the stability is still further increased.151
A remarkable example is fluoroform CHF 3 , which can be made from bromoform or iodoform by treatment with mercurous fluoride151 or antimony
trifluoride.156 This undergoes no change on heating even with potassium
iodide to 1,150°. Oxidizing agents have little effect on it; nitric acid,
either alone, or with concentrated sulphuric acid, or oxides of nitrogen or
silver nitrate, has no action in 15 days at 150°; Mn2O7 has no action on it
at 25°; when it is oxidized it is converted into COF2 and HF. Its extraordinary physiological inertness is described below.
The —CF 3 group is so stable that it is easy to convert one of its compounds into another without disturbing the CF 3 . Thus Gilman and
Jones194 convert CF 3 -CO-OEt into the amide, the nitrile, the amine
CF 3 -CH 2 -NH 2 , and the diazo-compound CF 3 -CHN 2 ; and Simons198 into
in
For the preparation and physical properties of the fluoroalkyl ethers see
J. D. Park, D. K. Vail, K. E. Lea, and J. R. Laoher, J.A.C.S. 1048, 70, 1550.
**« H, Gilmanand B. G. Jonei, ib. 1948, 65,1458.
»•» Id., ib. 1948, 70,1281.
l
»• Id., tb>4948, 61, 2087.
" A. L. Henna, ib. 1988, 6O1 2275.
»• J. H. Simon* and 1. 0. Ramlnr, ib. 194S1 6I1 389.
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the acyl halides, trifluoroacetophenone, and many of its substitution products. The main points to be noticed in the chemistry of these compounds
are as follows.199
CF 3 -CH 2 -NH 2 is a very weak base 194 ; its conversion by nitrous acid
into the diazo-compound CF 3 -CHN 2 is a most unusual reaction.194
CF3-CH2I reacts with magnesium but gives no Grignard compound,
forming MgIF and CH 2 =CF 2 . 196 (In the same way CHF 2 -CH 2 I with
magnesium gives vinyl fluoride CH 2 =CHF). 197 Simons and Ramler198
found that CF 3 • COCl reacts with benzene in presence of AlCl3 to give
trifluoroacetophenone CF 3 • CO • C6H5; this is a sign of the great stability
of the CF 3 group, since in general AlCl3 reacts with organic fluorides to
give chlorides and AlF 3 . Russell et ah200 determined the heat capacity of
trifluoroethane CF 3 -CH 3 from 12° K. to 220° K.; their results showed a
barrier of 3*45 k.cals. to rotation of the CH3. They also found the heats
of fusion and evaporation to be 1*48 and 4*582 k.cals., giving a Trouton
constant of 20*29. See further 2,2,2-trifluoroethanol.196
This great stability of the CF2 and CF 3 groups is remarkable in view of
the electron diffraction measurements of Brockway,163"4 who found that
the halogen derivatives of methane fell into two classes, in one of which
the C - F distance was (within experimental error) 1*41, and in the other
1-36 A (theory 1*41); moreover, all the compounds of the first class had
only one fluorine atom on the carbon, while all those of the second had
two. The values are:
CH 3 F
CH2FCl
CHFCl 2
CFCl3

.
.
.
.

. l-42±0-02
,1-40
3
. 1-41
3
.1-40
4

CH 2 F 2 .
CHF 2 Cl.
CF4
CF2Cl2 .

.
.
.
.

1-36 ±0-02
1-36
3
136
3
1-35
3

Though the increased stability of the linkage extends to the chlorine,
no evidence was obtained that the C—Cl link is shortened in these
compounds.
The reason suggested by Brockway for the shortening of the C—F link
in these compounds is this. We know that the M—Cl distance is shortened
in SiCl4, GeCl4, etc., owing to resonance with a doubly linked M±zCl structure, but that there is no shortening in CCl4 because this structure is impossible here, since the carbon already has its maximum number of valency
electrons. For the same reason the shortening of the C—F link in these
substituted methanes cannot be due to the structure
F
F=>C—F

i

Brookway therefore suggests that with fluorine, since the C—F bond
"» A, L. Harm© and M. 8, Newman, ib. 193S1 6O9 1097.
»<» H, EuIIiIl9 D. B. V. Qolding, and D, M. Yoit, ib. 1944, 66, 16.
1114,8
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probably has in any case a considerable degree of ionic character,* we may
have to reckon with a form in which one fluorine is completely ionized,
giving rise to a shortened double link of carbon to fluorine.
F
F ^ C + [F]F
Benzotrifluoride C6H6 • CF 8 (b. pt. 102-30)201 shows a similar inactivity of
the CF 3 group. But the presence of electron-donor groups in the ortho or
para positions makes it much more reactive; the o- or #>-phenol loses HF
readily to alkali, and the amine, ^-aminobenzotrifluoride, loses it even on
distillation, and to some extent in the reduction of the nitro-group.202
C2F6 (b. pt. —78-2°, Trouton 22-2, barrier to rotation of CF 3 4-35
k.cals.)203 does not react with silica below 600°, and the homogeneous
decomposition of the vapour begins above 800°.203
Finally carbon tetrafluoride is as inert as SF6 itself.125 Prolonged sparking, either alone or in presence of hydrogen, has no effect, though the
reaction C—X+H 2 = C—H-fHX is more highly exothermic with fluq,rine than with any other halogen. According to v. Wartenberg204 the heat
of formation of carbon tetrafluoride from graphite and elementary
fluorine is 231 k.cals., which gives for C—F the unusually high value of
117 k.cals. (usual value 103*4). At the ordinary temperature none of the
liquids examined, which included concentrated sulphuric acid and concentrated sodium hydroxide, had any action on it. The gas was heated
with an enormous number of solids, including silver, bismuth, copper,
lead, arsenic, sulphur, iron, lime, boron trioxide, P2O5, CrO3, KOH,
potassium iodide, up to the softening point of glass without any reaction
occurring.
In its influence on other groups in an organic molecule fluorine has an
even stronger acidifying effect than the other halogens, as may be seen by
comparing the dissociation constants of the substituted acetic acids
CH2X-COOH.101
X=

IOOK (Classical) for CH 2 X-COOH at 25°
H
F
Cl
Br
I
0*0018
0-218
0-156
0-158
0-076

So too CHFBr • COOH is an acid strong enough to expel HCl from NaCl
on heating. On the other hand the fluorine-substituted compounds seem
to be more stable than their chlorine analogues. This is especially marked
in the fluoroalcohols, which are quite stable compounds, while the chloroalcohols are relatively unstable, easily hydroly^fed and easily oxidized.
* According to Pauling (Chemical Bond, p. 74) the C—F link is 44 per cent, ionic,
*«
F. H, Field and J. H. Saylor, J.A.C.8. 1946, 68, 2049.
101
B. G. Jonei, lb. 1947, 69, 2340.
"°» E. L. Pao* and J. G. Alton, ib, 1048, 70, 000.
»•* H. v. Wart*nb«rg, Nachr. OM, Wi**. QM. 1940, 37,
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Trifluoroisopropyl alcohol CP 3 CHOH CH 3 (made by the reduction of
the corresponding acetone) is quite stable in presence either of acids or of
alkalies, so t h a t we can observe the effect on the properties of the
alcoholic hydroxyl group of the accumulation of negative atoms on the
next carbon. This trifluoroethyl alcohol is definitely acidic, in the same
sense as, but more so than, a phenol, having a dissociation constant of
2 XlO-"7 (phenol 1(T10, 2,4-dichlorophenol 1-3 Xl(T 8 ), and forms a stable
potassium salt with potassium carbonate in water. I t also resembles the
phenols in reacting with phosphorus tribromide to give primarily not the
alkyl bromide but the phosphorous ester
)CH.O.PBr 2 ;
CH3/
which, however, can be made on treatment with more bromine to give the
expected bromide CF 3 • CHBr • CH 3 .

Toxicity
The toxicity of many of the fluorine derivatives of methane and ethane
has been measured, in view of their possible use as refrigerants. Considering how chemically inert many of them are, we might have expected their
toxicity to be small, but we could scarcely have expected it to be as small
an it is, particularly as many of the chlorine analogues, such as chloroform,
oarbon tetrachloride, and trichloroethane C 2 H 3 Cl 3 have a strong physiological action, and fluoride ion is a violent poison.
The simplest way of expressing the physiological activity of an organic
oompound is to give the maximum percentage concentration by volume
of the vapour that animals (mostly guinea-pigs) can stand for long periods
without damage. For CO2 the maximum tolerated concentration is
Il -3 per cent.; for ammonia and for chlorine about 0-01 per cent.; for the
chlorinated methanes, ethanes, and ethylenes it ranges from about 0-1 per
mnt. for ethylene dichloride and 0-8 per cent, for ethylidene chloride
(IH 8 -CHCl 2 207 to about 1 per cent, for methylene chloride. 206 For methyl
chloride CH 3 Cl it is 0-1 per cent., showing that this has considerable toxic
power. The replacement of hydrogen in methyl chloride by fluorine
ooiwiderably diminishes the toxicity but does not destroy it; many monofluorides with no other halogen are highly toxic, especially the fluoroiontates. 2 0 8 The effect increases rapidly with the number of fluorine
itomw introduced. If there is only one of these, then, like the chemical
ftttotivity, the toxicity is not enormously reduced: the compounds
OHFCIg and CH 2 FCl have a maximum tolerated concentration of about
4 p§r oent. 188 With the difluorides CHClF 2 and CH 2 F 2 the inertness is
Inowftied, and the maximum is 20 per cent. 119 If the hydrogen is all
101
101
Wf
101

F. SwartB, Bull, Soc, QMm, Beige, 1929, 38, 00.
Toxicity of Industrial Solvents, Medical Research Counoil, London, 1037.
F. Flury and F. Zornik, SohMioh* Qm%% Borlin,
H. MoOombi© and B. 0. Saundtn, Nature, 1046, 111, 8Sl.
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replaced by halogens, the toxicity is less (this happens to some extent in
the absence of fluorine, too: compare CHCl3 0*37 and CCl4 0-70): CF2Cl2
can be breathed in 40 per cent, concentration for hours without danger.
The extreme case is fluoroform CHF 3 which is particularly striking
owing to the great toxicity of its analogue chloroform. It was shown155
that a guinea-pig put into a 50 per cent, air-fluoroform mixture (by weight
over 70 per cent. CHF3) did not know that the gas was there, and another
in a mixture of 80 vols. CHF 3 and 20 vols. O2 (93 per cent. CHF 3 by weight,
63 per cent, fluorine) gave no sign of discomfort. The same is true for a
mixture of 80 vols. CH3 • CF2 • CH 3 and 20 vols, oxygen.176 This is a physiological inactivity only paralleled by nitrogen and the inert gases. Even
saturated hydrocarbons have a very considerable toxic effect, approaching that of the chloromethanes; thus with cyclohexane the maximum
tolerable concentration is about 1-3 per cent. (Toxicity of Industrial
Solvents, p. 120); with chloroform CHCl3 it is 0*37 per cent.
Aromatic Fluorine Compounds
In the aromatic compounds fluorine as we should expect behaves very
differently according as it is attached to the nucleus or a side chain. The
side-chain derivatives show that the presence of the aromatic ring has an
effect on the behaviour of the substituents in this chain,* and in general,
increases their activity. The fluorination of the methyl group is easier
in toluene than in a paraffin.
The Ar—C—F group is unusually unstable (this is overcome by the
stability of the CF 3 group in Ar-CF 8 ); (J-CH2F loses HF very readily to
form a polymer —[CH<D]W—20fl; O3CF is hydrolysed with exceptional
ease.210 d> • CHF2211 is more stable, but is readily hydrolysed212; Ar2CFBr101
is very readily hydrolysed to the ketone; O2CF2212 is much more stable
than O • CH2F, but much less so than <D • CF3. This last is reduced by
hydrogen only in the ring, giving C6H1I • CF 3 ; it cannot be hydrolysed, and
can be heated at 150° with 10 per cent, HCl for 3 days without change.
Compounds with Fluorine attached to the Ming
These are the aromatic fluorine compounds in the stricter sense. The
methods of preparation used in the aliphatic series are not as a rule available here; the aromatic halides necessarily only have one halogen atom
attached to a carbon, which makes replacement difficult, and also of course
they have the halogen very firmly fixed; in presence of ortho- and paranitro-groups, however, the chlorine can be replaced by fluorine213 (though
* For a general discussion of the effect of fluorine on the reactivity of aromatic
compounds see p. 1132 and Ingold.88"6
ao

» C. K. and E. H. Ingold, J.C.S. 1928, 2249.
F. F. Blioke, J.A.O.S. 1924, 46, 1515,
T, vm Hov©, Bull, Aoad, Boy. Belga, 1918, 1074,
"• A, L, Henno md H. M. Lelotitttr, J.A.C.S, 1938, 60, 864.
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the yield is not good) by treatment with potassium fluoride at 200°. But
as a rule the aromatic fluorine compounds must be made through the
diazo-compounds. This can be done by coupling the diazo-compound
with a secondary amine such as piperidine and decomposing the diazoamino-compound with concentrated hydrofluoric acid :214~15
2 HF + Ar-N=N-NHC5H10 - Ar-F + N2 + C5H10NH-HF.
But the yields are not good. The best method is to convert the diazocompound into the borofluoride, and decompose this by heat (BaIz and
Schiemann216). The necessary fluoroboric acid HBF 4 is easily made by
dissolving boric acid in concentrated hydrofluoric acid solution. The
reaction
Ar-N2-BF4 = Ar-F + N2 + BF3
goes quite smoothly and quietly, and there are no by-reactions. These
diazonium borofluorides can even be analysed quantitatively by decomposing them with strong sulphuric acid and measuring the nitrogen
evolved.217 The borofluorides are easy to handle; they are only slightly
soluble in water, and can even be recrystallized from it. They are not
explosive and so can be handled in quantity; the yields are good, and
often quantitative. By means of this reaction a long series of aromatic
fluorine compounds (phenyl, biphenyl, and naphthyl) have been made
and investigated217"29 mainly by Schiemann and his collaborators.
The quietness and smoothness of the reaction is probably due to the
fact that the heat which is absorbed in breaking up the very stable BF 4
complex compensates for that which is evolved in the decomposition of
the diazo-group.217
The fluoro-aromatic compounds in general have the properties we
whould expect. They show how firmly the fluorine is attached to the ring.
Bee further references 221~2. On the whole the evidence is that fluorine is
more firmly attached to the benzene ring than any other halogen. It can,
•M O. Wallach, Ann. 1886, 235, 233; O. Wallach and Fr. Heusler, ib. 1888,
243, 219.
115
F. Swarts et al, Rec. Trav. 1908, 27, 120.
«• G, BaIz and G. Schiemann, Ber. 1927, 60, 1186.
117
G. Schiemann and R. Pillarsky,- ib. 1929, 62, 3035.
111
G. Schiemann and E. Bolstad, ib. 1928, 61, 1403.
111
G. Schiemann, ib. 1929, 62, 1794.
110
G. Schiemann and W. Roselius, ib. 1805.
111
Id., ib. 1931, 64, 1332.
1,1
G, Schiemann and R. Pillarsky, ib. 1340.
118
G. Schiemann, W. Gueffroy, and W. Winkelmiiller, Ann. 1931, 487, 270.
111
G. Schiemann and W. Roselius, Bar. 1932, 65, 737.
111
G. Sohiemann and W. Winkelmiiller, ib. 1933, 66, 727.
111
G. Sohiemann and T. B. Miau, ib. 1179.
111
G. Sohiemann, R. Pillarsky, W. Winkelmiiller, T. B. Miau, and H. G. BaumAFttn, J. pr. Chem. 1934, [ii] 140, 97. This paper contains a full bibliography and a
lioussion of the technique of the borofluoride method of making the aromatic
fluorides.
i'« G. Sohiomann, W. Winkelmuller, E, Booster, and E, Ley, ib. 108S1 [ii] 143,18.
••• G. 0. Fiugsr and F. H. Hood, J.A.O.&. 1844,66, 1978.
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however, be removed quantitatively from fluorobenzene by heating with
sodium in a sealed tube.230 Gilman and Heck have shown231 that magnesium does not act on fluorobenzene under ordinary conditions at all;
after 6 months no Grignard reagent was found to have been formed, and
after 18 months very little. (Chlorine shows a somewhat similar reluctance
to form Grignard compounds.) The alkyl fluorides form Grignard compounds with magnesium, though not always very readily. Para-fluorobromo-benzene222 is readily converted into the compound F C6H4Mg* Br,
and the usual products of the reactions of this compound, without the
fluorine atom being disturbed.
On the other hand with alkalies, and even with alcoholic potash, the
fluorine can react. The conversion of a fluoride into a methyl ether by
treatment with potassium hydroxide in methyl alcohol can be made to go
even with fluorobenzene itself232; the reaction becomes quite easy when
the ring has a nitro-group in the ortho219 or para233 position to the
fluorine.
In aromatic compounds fluorine, like the other halogens, directs further
substitution to the ortho and para positions; the ratio para/ortho is larger
for fluorine than for chlorine, this quantity diminishing in the ordey
F > Cl > B r > 1.206,234

B. Jones235 finds that on the rate of chlorination of the anilides fluorine
and chlorine in the para positions have about the same effect; with the
ethers the relative rates for F, Cl, Br are ortho 43, 37, 44; and para
19, 10, 10.
Hydrogen Fluoride as an Organic Catalyst
It has recently been shown, largely by J. H. Simons (J.A.C.S. 193843236-49,255-6,258-64) ^ ^ hydrogen fluoride is a valuable catalyst in a number
of organic reactions. It will usually240 catalyse the same reactions as
aluminium chloride, sulphuric aoid, or boron trifluoride; but it will bring
230

J . Piccard and C. Buffat, HeIv. CUm, Acta, 1923, 6, 1047.
H. Gilman and L. L. Heck, J.A.C.S. 1931, 53, 377, 378.
232
B. Tronow and E, Kruger, J. Ems. phys. chem. Ges. 1926, 58, 1270.
238
H. Rouche, Bull. Acad. Boy. Beige, 1922, [5] 7, 534.
234
C. K. Ingold and C. C. N. Vass, ib. 2262.
235
B. Jones, J.CS. 1938, 1414.
236
J. H. Simons, GL H. Fleming, F . C. Whitmore, and W. E. Bissinger, J.A.G.8.
1938, 60, 2267.
237
23
J. H . Simons and S. Archer, ib. 2952.
S Id., ib. 2953.
239
J. H. Simons, S. Archer, and E. Adams, ib. 2955.
240
J. H. Simons, S. Archer, and H . J . Passino, ib. 2956.
241
J . H. Simons and S. Archer, ib. 1939, 6 1 , 1521,
242
J. H . Simons, D. I. Randall, and S. Archer, ib. 1795.
243
J . H. Simons, S. Archer, and D. I. Randall, ib. 1821.
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J. H. Simons and S. Archer, ib. 1940, 62, 451.
J. H. Simons, 8. Archer, and D. I. Randall, ib. 485.
J. H, Simoni and S. Aroher, ib. 1628.
•" J. H. Simoni and H. J. Pa** I no, ib. 1624.
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about some reactions that they will not, such as the addition of an aliphatic halide to an olefine. It has the advantage over aluminium chloride
that it does not form tars, and over sulphuric acid that it does not substitute. It is also very easily removed after the reaction by distillation and
in other ways.
For a general account of this see Simons,248 from which much of the
following is taken.
Anhydrous hydrogen fluoride is now (1940) made commercially in the
U.S.A. by the controlled action of sulphuric acid on calcium fluoride, and
is purified by distillation; it then contains from Ol to 0*5 per cent, of
water, and from 0-01 to Ol per cent, of silicon tetrachloride, and sells at
1 dollar per lb. for a few lbs., and 20 cents a pound in quantity. It is made,
purified, and stored in steel vessels, which are not seriously attacked,
although owing to the catalytic effect of iron, the organic reactions should
as a rule be carried out in copper vessels. No chemical reagent will dry
hydrogen fluoride; calcium chloride, sulphuric acid, and phosphorus
pentoxide all react with it, and it can only be dried by electrolysis. For
many organic reactions, however, traces of water do not matter.
The organic reactions which hydrogen fluoride catalyses may be divided
into polymerizations, alkylations, acylations, and certain special reactions.
Polymerizations*** These occur even with rubber: tubes and stoppers
are converted in contact with HF into a hard brittle mass. AU kinds of
unsaturated compounds from ethylene to linseed or Soya-bean oil are
polymerized by it; so too are many aldehydes, but not aromatic hydrocarbons.260
Alkylations, Alkyl groups can be introduced, especially into aromatic
hydrocarbons, with olefines,237>241'249>252 alkyl halides,238'251"2'258 esters,262
or alcohols.241'246'249*252 The reactions can be done in steel vessels, mostly
at 0°-20°5 using 25-50 per cent, of anhydrous HF. It is to be noticed that
benzene condenses with propylene to give isopropyl benzene,237 but with
cyclopropane to give normal propyl benzene.239 In the condensation with
alcohols there are two curious points,246 (1) with HF alcohols react better
219

J. H. Simons and G. C. Bassler, J.A.C.S. 1941, 63, 880,
A. V. Grosse and C. B. Linn, J . Org. Chem. 1938, 3, 26.
251
W. S. Calcott, J. M. Tinker, and V. Weinmayr, J.A.C.S. 1939, 6 1 , 949.
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Id., ib. 1010.
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L. F . Fieser and E. B. Hershberg, ib. 1940, 62, 49.
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Id., ib. 1939, 6 1 , 1272.
aB5
J . H. Simons and A. C. Meunier, ib. 1943, 65, 1269.
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J. H. Simons and E. O. Ramler, ib. 1390.
967
V. N. Ipatiev, H. Pines, and B . E. Schaad, ib. 1944, 66, 816.
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J. W. Sprauer and J . H. Simons, ib. 1942, 64, 648.
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» J. H. Simons and A. C. Werner, ib. 1356,
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than halides, but with aluminium chloride the reverse holds; (2) secondary
and tertiary alcohols react at the ordinary temperature, but primary only
do so with difficulty at temperatures below 100°. Further,247 while ethyl
and the higher alkyls can be introduced into benzene in this way, methyl
alcohol, methyl acetate, and methyl iodide will not react, though with
aluminium chloride methyl chloride readily reacts, and even methyl
alcohol will do so. The alkylation by alcohols and olefines cannot be due
to the intermediate formation of alkyl fluoride, as the reaction goes more
slowly with the alkyl fluoride itself than with the doubly linked C=C
group.249
The production of new rings goes especially well with hydrogen
fluoride; thus 251 perylene (see figure) is formed from phenanthrene,
acrolein, and HF.
Acylation^*-* This can be done242 with acids, anhydrides,
»
esters,243 or acyl halides, usually in a bomb at 80-100°. Unlike
aluminium chloride HF gives as good a yield with the free
\ / \ / carboxylic aoid as with the acyl halide or ester, and sometimes
a better one. Thus toluene+acetic acid gives p~methyl acetophenone.
Carhoxylation. ^-Propyl alcohol reacts with 90 per cent, formic acid in
presence of hydrogen fluoride at 100° to give ^-butyric acid; the same
product is obtained in presence of hydrogen fluoride from primary propyl
chloride and nickel carbonyl.250
Special Reactions. A curious shortening of the carbon chain by splitting
off* a carbon atom can occur. Thus286 tertiary amyl chloride with HF at 0°
gives 10-17 per cent, of tertiary butyl chloride, along with more complicated products (hexyl, heptyl, undecyl chlorides, etc.); the production on
alkylation with AlCl3 of tertiary butyl groups from higher (amyl, hexyl,
octadecyl) halides was noticed by Gilman. In the same way244 di- and triisobutylene split up when treated with HF and phenol, and give p4ert.
butyl phenol.
Similarly hydrogen fluoride can bring about various inter^ and intramolecular rearrangements: thus245 tert. butyl benzene+phenol gives tert.
butyl phenol+benzene: benzophenone oxime gives benzanilide (Beckmann reaction): phenyl acetate gives jp-acetyl phenol248:
</

^Q-CQ-CH

3

— > CH3-CO—<(

)>-~OK

The number of additions that can be made to C=C in presence of HF
is especially large. Hydrocarbons, phenols, alcohols, acids, and alkyl
halides255 can be added on in this way; benzene reacts with butadiene in
HF to give cx~, j8-diphenyl butane CH3 - CH2 • CHO. CH2<D.25« Condensations
are also frequently produced by it, as when acetophenone gives dypnone
CH3V

>O-CH.C0.O. 257

Bm further roferenoes Wl"4.
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O X I D E S OF F L U O R I N E
IT was long believed that fluorine was incapable of combining with oxygen,
to give either an oxide or an oxy-acid. We now know that it can certainly
form two oxides, F2O and F2O2 (a third, FO, has been described, but in
error); whether it can also form an oxyacid is very doubtful.
Fluorine monoxide F2O was first obtained by Lebeau265""6, best by passing fluorine gas slowly through 2 per cent. NaOH solution; the gas so produced contains about 70 per cent, of F2O. This is the method which is now
always used for its preparation. The reaction is not understood: in pure
water -DnIy a small quantity of F2O is produced,274 while in concentrated
sodium hydroxide the whole of the F2O is decomposed.
A more complete investigation of its properties was made by Ruff and
his collaborators.267"9 The fullest and most accurate account is in the last
of these. The gas was carefully purified by fractional distillation, and was
shown by analysis to contain 99*8 per cent. F2O.
Fluorine monoxide F2O is a colourless gas, condensing to a yellow-brown
liquid. B. pt. -144-8° C. (128-3° K.), m. pt. -223-8° C. (49-3° K.); this
is the lowest melting-point recorded for any compound (unless we include
HD, m. pt. 13-95° K.). Critical temp. - 8 1 ° C. The heat of evaporation
is 2-65 k.cals., and hence the Trouton constant 20*65.269 The density at the
melting-point is found by extrapolation to be 1-90.
/F
The infra-red spectrum indicates an OC molecule with an angle of
!00°.275
Fluorine monoxide has a peculiar smell, rather like that of elementary
fluorine. It is even more poisonous than fluorine itself269; it penetrates
more deeply into the lungs, and its full effect is only felt after a time.
The results can be mitigated by inhaling 1 per cent, solutions of calcium
chloride and magnesium sulphate.
F2O is an endothermic compound, its heat of formation from gaseous
fluorine and oxygen being —4-6^2 k.cals.267 Hence its heat of formation
from its atoms is
F 2 + £0 2 = F2O - 4-6
33-3 591
87-8
806
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87-8 k.cals., showing that the heat of formation of the F—O link is 43-9
k.cals. According to Pauling's theory, the very small heat effect of the
formation of the oxide from the gaseous elements is a sign that the links
in F2O are almost purely covalent.
Fluorine monoxide does not attack glass in the cold, and although it is
slightly endothermic has never been found to explode at temperatures
below its boiling-point. Mercury pumps cannot be used with it, as it
corrodes the mercury; cooled charcoal must be used, and with care, since
if the gas is at too high a pressure when it is brought into contact with the
charcoal, violent explosions may occur.
Fluorine monoxide breaks up into its elements on heating. Koblitz
and Schumacher273 measured the decomposition by means of the change
of pressure. The reaction
2 F2O = 2 F 2 + O2
involves a 50 per cent, increase in pressure. At 260° C. the change takes
up to 5 hours or so; the pressures used varied from 80-760 mm.
The reaction was carried out with the pure gas, and also in presence of
varying amounts of other gases, such as nitrogen, helium, argon, oxygep.,
and silicon tetrafluoride. The rate of decomposition is given approximately
by the equation

J = K-[F2OMF2O]+ [X]+ [Y]...)
where [X], [Y], etc., are the concentrations of the added gases. This indicates that the reaction is really monomolecular, but that the life of a molecule activated by collision (either with another F2O or with a molecule of
an added gas) is very short (less than ICT12 sec), so that it always breaks
up before it is deactivated, as happens at very low pressures in other
monomolecular reactions.
In general269 fluorine monoxide is less active than fluorine, and often
(e.g. with many metals) will not react below a rather high temperature,
where the real reagent may be the liberated fluorine. In dry systems it
usually fluorinates; in presence of water (see further below) it is an oxidizing
agent. But it was shown by L. M. Dennis that the traces of free oxygen
in the crude gas can be completely removed by exposure to yellow
phosphorus.
Its reaction with water is of interest. This is so highly exothermic:
F2O + H2Ogas = O2 + 2 HF + 74-8 k.cals.
that we should expect it to occur very readily. As a fact, however, it does
not. The gas can be kept over water unchanged for four weeks.269 In the
absence of liquid water the reaction is still slower; no change was found to
ooour in the moist gas in a year.*70"8 The solubility of the gas in water at
0° is 68 o.c. per litre869 (at 0° a litre of water dissolves hydrogen 22 o.o.,
nitrogen 23, oxygen 48, argon 83) s the solution obeys Henry's law.870
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I n the presence of alkali on the other hand, especially if it is concentrated, the decomposition is rapid and complete. The gas is quickly
absorbed with liberation of oxygen, and the production of an oxidizing
solution 276-7 ; what this may contain is not certain, but it was shown 277
that it is not potassium ozonate, as had been suggested. 278
Fluorine monoxide has an inertness, especially to water, similar to, but
rather less than, that of nitrogen fluoride and to be explained in the same
way. The complex
F\
X)--H—0—H
;

can be formed just as

CK
)0* *H—O—H
CV

can with Cl2O, but the further stage of the eHmination of H O F (as Cl2O
gives HOCl) is impossible because H O F does not exist.
RufF269 failed to find any higher fluoride (e.g. OF 4 ) in the residue from
the distillation of F 2 O. This is natural, since oxygen cannot have more
than a valency octet.
Fluorine Dioxide, F 2 O 2
The second oxide of fluorine F 2 O 2 was discovered by RufF and Menzel
in 1933. 279 I t is formed when a mixture of fluorine and oxygen, cooled
with liquid air, is exposed to the electric discharge. I t is a brown gas,
condensing to a cherry-red liquid and an orange solid. 279 I t begins to
decompose at about —100° into what was thought to be another oxide
KO, but is now known to be a mixture of F 2 and O 2 (see below). At
— 100° and below, the gas has the vapour density and composition corresponding to F 2 O 2 . I t can be purified by distillation at —115° under a
pressure of a few mm., the decomposition products F 2 and O 2 being continuously pumped off. Its physical properties are 2 8 0 : v.p. (measured with
quartz spiral) 10 mm. at —119*5°; 50 mm. at —101°; at about —95°
(v.p. ca. 80 mm.) decomposition begins. Extrapolation gives the b. pt.
-57° C.; heat of evaporation 4-57 k.cals., Trouton constant 21-2. M. pt.
-163-5° C. (109-6° K.). Density: solid at m. pt. 1-912, liquid at b. pt. extrapolated 1*44. For the infra-red absorption spectrum see reference 286 .
276
277
278
279
280
281
282
883
984
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On warming, the gas decomposes, and in so doing doubles its volume.
This is compatible with either of the two reactions:
F2O2 = 2 FO or = F 2 + O2.
The product was at first supposed to be a new oxide FO, because it was
found that on vigorous shaking it was completely absorbed by 30 per cent,
hydriodic acid; this seemed to exclude the possibility that it contained
free oxygen. Frisch and Schumacher,281 however, showed that the decomposition product gave an absorption spectrum identical with that of a
mixture of F 2 and O 2 ; they further found that 30 per cent, hydriodic acid
is able to absorb oxygen under the conditions of Ruff's analysis. Ruff283
agrees that there is no reason to think that FO exists.
As the dioxide is only stable below —95°, there is little to say about its
chemical properties except with respect to its decomposition into its
elements. This reaction is conveniently measured between —28° and
(JQO 282,284-s J^ j s a homogeneous reaction of the first order, with a heat of
activation of 17*0 k.cals.
As to the structure of F2O2 we have no evidence whatever; it may be
F\
either F—0—0—F or X)-^O. The readiness with which it breaks xflp
into its elements makes the examination of its structure very difficult.

Fluorine Perchlorate, F-ClO 4

This remarkable substance is made287 by passing fluorine over cold
72 per cent, aqueous perchloric acid. It is a colourless gas melting at
—167-5° and boiling at —15-9°. It is explosive even down to its freezingpoint. It is obviously analogous to the nitrate F-NO 3 described above
(V. 703). As will be shown later (VII. 1242), there is reason to think that
the iodide I • ClO4 is formed by the action of iodine on silver perchlorate,
although only its decomposition products can be isolated.
*87 G. H. Rohrback and G. H. Cady, J.A.0.8. 1947, 69, 677.
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C H L O R I N E , BROMINE, AND I O D I N E
MANY of the physical properties of these elements are given in the table
on p. 1098.
Elementary Chlorine
Chlorine is the most abundant of the halogens, especially in sea water,
a ton of which contains in grammes chlorine 15,000, bromine 97, iodine 0-17
(ratio 106:6,000:1). Its preparation depends on the discharge of its ion,
either directly (i.e. electrolytically) or by oxidation. The older methods of
oxidation (by manganese dioxide or by air in presence of certain catalysts)
have now been replaced fc^r technical purposes by the electrolysis of
sodium chloride, which is primarily for the production of caustic soda, the
chlorine being a by-product; the chloroparaffins which are now so much
used as solvents were developed to utilize this chlorine.
Chlorine has two isotopes of masses 34*979 and 36*978288 in the proportions 75-4, 24*6.289 They have been separated almost completely by
thermal diffusion in a 20-m. tube (Clusius and Dickel290"1); their electrolytic separation factor is 1-006 on platinum electrodes, or 1*007 on
graphite.292 The boiling- and melting-points data (p. 1098) are given by
Giauque.293 For the high purification of chlorine by distillation and
freezing see reference 294. The dipole moment of chlorine is zero.295
Chemically chlorine is extremely reactive, though less so than fluorine.
Water absorbs about twice its volume of the gas at 25°. It is present in
the solution partly as such, and partly as what may be called the hydrolytic products HCl and HOCl. In an N/40 solution of chlorine in water
about one-half is present as the two acids. On standing, and more rapidly
in sunlight, this 'chlorine water* evolves oxygen through the conversion
of HOCl into HCl.
Chlorine can also form with water at low temperatures a crystalline
hydrate, which has a dissociation tension of Cl2 of 760 mm. at 9*60.296
Faraday gave this hydrate the formula Cl2, 10 H2O. Recent work indicates
that it is Cl2,6 H2O,297 or 8 H 2 O. 298

Atomic Chlorine
This highly active monatomic form of chlorine, analogous to those
of hydrogen, oxygen, and nitrogen, was discovered simultaneously by
288
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•"• A. O. Nier and E. E. Hanson, ib. 1936, 50, 722.
190
K. Clusius and G. Dickel, Naturwiss. 1939, 27, 148.
101
Id., ib. 487.
109
H. L. Johnston and D. A. Hutchison, J. Chem. Phys. 1942, 10, 469.
198
W. F. Giauque and T. M. Powell, J.A.C.S. 1939, 61, 1970.
1,4
P. M. Fye and J. J. Beaver, ib. 1941, 63, 1268.
188
E. Kanda, Bull Soo, Chem. Japan, 1937, 12, 473.
111
G. Tammann and J. G. R. Krige, Z. cmorg. Ohem. 1925,146, 192.
••» A, Bouaat and L. AiinMrw, CB. 1928, 177, 1444; S. Aawar-UUfth, J.0£.
1982,1172,
••• I. Harrii, Nature, 1948, 111, 800.
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Rodebush and by Schwab. ^ It is formed by the action of the electric
discharge on chlorine gas at low temperatures. The metal of the electrode
is liable to catalyse the recombination of the atoms. Hence Rodebush used
external electrodes, while Schwab found that internal water-cooled electrodes of iron were more effective. Below 1 mm. the gas can be atomized
up to some 20 per cent. The atoms recombine rapidly; the rate—or rather
the amount of uncombined atoms left—may be measured by the heat
evolved on a thermo-junction inserted in the gas at varying distances
from the source, in a tube along which the gas is passing at a known rate.
At about 0-1 mm. pressure the mean life in a glass tube was found to be
6x 10~3 second.300 The combination301"3 occurs only on the walls of the
tube. It is promoted by magnesium and by copper, and still more by
silver, but platinum has no more effect than the glass. Methane 6MlIs*
the catalytic power of the glass, presumably by occupying the surface.
Carbon monoxide promotes it.
Atomic chlorine is highly reactive, combining slowly with sulphur and
red phosphorus, rapidly with copper and chromium sesquioxide. It also
can be shown to start the long chains in a mixture of hydrogen and
chlorine.
#
Elementary Bromine
Bromine has two natural isotopes 79 and 81, present in nearly equal
amounts (50*6 and 49*4: Blewett304). It is remarkable for giving at least
five artificial isotopes, two of which are isobaric.306"11 Their masses and
life periods are306""6:
Mass numbers.
Half-life .
.

. 7 8
. 6-4'

80 a
18-5'

80 b
4-54 hr.

82
33-9 hr.

83
2-54 hr.

For work on isotopic exchange see p. 1098.
For boiling-points, etc. (p. 1098) see reference 313. The dielectric constant
is 3-33 at 0°.314 Bromine is the only element except mercury that is liquid
at the ordinary temperature.
Bromine is practically always made from a solution of a natural
halide containing it (commonly 'bitterns', the mother liquor from the
2»9 W. H. Rodebush and W. C. Klingelhoefer, J.A.C.S. 1933, 55, 130.
G. M. Schwab and H. Friess, Naturwiss. 1933, 2 1 , 222.
301
Id., Z. fflektrochem. 1933, 39, 586.
302
E. J . B. Wiiley and S. G. Foord, Proc. Roy. Soc. 1934, 147, 309.
303
G. M. Schwab and H. Friess, Z. physikal. Chem. 1936, 178, 123.
304
J . P . Blewett, Phys. Rev. 1936, 49, 900.
305
A. H. Snell, ib. 1937, 52, 1007.
306
R. Fleischmann, Z. Phys. 1937, 107, 205.
307
E. Friedmann, A. K. Soloman, and N. T. Werthessen, Nature, 1939, 143, 472.
3
°* C. S. Lu and S. Sugden, J.C.S. 1939, 1273.
809
810
J. E. Willard, J.A.C.S. 1940, 62, 256.
Id., ib. 3161.
811
A. Berthelot, Ann. Physique 1944 [xi] 19, 117, 219.
818
P. M. Doty and J. E. Mayer, J . OUm. Phys. 1944, 12, 323.
"« F. B, C. Sohtffw and M. Voogd, Jfte, Tmv, 1026, 45, 217.
• " D. Doboriynaki, Z. Phys. 1030, 66, 057,
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manufacture of common salt), by treatment with chlorine followed by
distillation or extraction with air or a hydrocarbon solvent such as
benzene. I t has been calculated t h a t there are in Germany 6 X 10 10 tons
of carnallite (KCl, MgCl2, 6 H 2 O) containing 0-2 per cent., t h a t is 120
million tons, of bromine.
The use of lead tetraethyl as an anti-knock in petrol enormously
increased the demand for bromine, as ethylene dibromide had to be
added (along with the dichloride) to the petrol to remove a deposit of lead
from the cylinders. About 600 g. of bromine are needed per ton of petrol;
this meant in Britain in 1938 500 tons, and in the U.S.A. in 1936 12,000
tons—three times the total previous annual consumption. New sources of
bromine were found, partly in salt lakes and salt deposits with a considerable bromine content, but especially in the sea water, which contains
97 g. per ton. This is extracted commercially at Wilmington, N. Carolina.
The large volume of extracted water must be returned to the sea in such
a way that it does not dilute the intake. On this coast there is a steady
southward current, and the works is on a tongue of land between the sea
and the estuary of a river flowing southwards, so t h a t the water is taken
in from the sea, and the debrominated exhaust sent into the river, from
which the current carries it away to the south. The sea water is slightly
acidified with H 2 SO 4 , and treated with the exact amount of chlorine
required, the acidity and the free halogen content being closely controlled
by means of a hydrogen electrode and a (redox' electrode. The liquid
then falls through a counter current of air, which removes 90 per cent, of
the free bromine. The air is stripped of its bromine by concentrated
sodium carbonate solution, and when this is acidified the bromine separates as a liquid layer, and is at once combined with ethylene to give
ethylene dibromide.
Solid bromine is isomorphous with iodine; it has a molecular structure,
with a separation of 2*27±0-10 A.U. between the atoms 315 (theory 2-28);
this result agrees with the value 2-26 obtained 316 from the band spectrum
of the gas, and t h a t of 2-27 got by electron diffraction of the vapour. 317
I t retains an intense orange colour even in liquid hydrogen at — 252°. 318
Liquid bromine is of course deeply coloured, but its colour (like t h a t of
chlorine but unlike t h a t of iodine) is little affected by the solvent, the
absorption bands having much the same position in the vapour, in water,
in chloroform, and in carbon tetrachloride. 319
Chemically elementary bromine is of course very reactive, its behaviour
being like t h a t of chlorine, but less violent. Thus in the cold it attacks
gold but not platinum.
Liquid bromine is a fairly good solvent, especially for hahdes; sometimes,
316

B. Vonnegut and B. E. Warren, J.A.C.&. 1936, 58, 2450.
M. C. Neuberger, Gitterkomtante, 1931.
817
R. Wierl, Phya, Z. 1930, 31, 360, 1028.
•» K. Ohuiui, Z. Naturforsoh. 1947, 3b f 244.
« 9 §§@ Omslin, Bromt p. HU.
810

1142

Group VIL

Chlorine, Bromine,

Iodine

as with ammonium halides, and also certain organic solutes such as benzamide320 and the ethers,321 the solutes are more or less ionized. Its conductivity is extraordinarily minute, less than that of pure water, being about
0-16 X 10~8 mhos at 180,322 that of the purest water being 4XlO""8, so
that the pure liquid can scarcely be ionized at all.
Atomic Bromine
Bromine vapour can be dissociated by sparks323 and recombines on
standing. It is also dissociated by heat312 and by light; in the last event the
product is a normal and an excited atom, as is usual with covalent molecules (Pranck and Sponer); the heat of thermal dissociation has been
found to be 48»1 k.cals. (theory 53-8).
It can be dissociated by the electric discharge in exactly the same way
as chlorine, with the use of water-cooled iron electrodes in the vapour at
a pressure of 0-1 mm.324 The degree of atomization, as with chlorine, is
from 10 to 40 per cent. Recombination of the atoms is much more rapid
than with chlorine (though the heat evolved is less), occurring whenever
an atom hits the wall (with chlorine only about 1 in 12 of such collisions
is effective); unlike chlorine this is only slightly slowed down by adding
methane. Hence it is very difficult to observe the reactions of atomic
bromine. Recombination of the atoms in the gas itself is much slower,
because a triple collision is necessary to get rid of the energy of combination ; of the double Br+Br collisions only about 1 in 109 is fruitful.326
In the presence of a considerable amount of a foreign gas the homogeneous
reaction is quicker; it can then be measured326 by adding hydrogen, and
observing the rate of formation of hydrogen bromide, which is a measure
of the concentration of bromine atoms; in this way the power of different
gases to cause the recombination can be determined. Further measurements of the same kind have been made by using the intensity of the
absorption as a measure of the concentration of the bromine molecules.827

Bromine and Water
Bromine is miscible with the ordinary organic solvents, but its solubility
in water is limited, and that of water in bromine still more so. At 22°
bromine will dissolve only 0-046 per cent, of water 328 ; water dissolves
3*5 per cent, of bromine, the amount being nearly constant from 6°, the
melting-point of the hydrate, to 55°, where the saturated solution, or the
320 w . Finkelstein, J. Rttss. Phys. Ghem. Soc. 1926, 58, 565.
B. P. Brans, Z. anorg. Ghem. 1927, 163, 120.
822
M. Rabinovitsch, Z. physikal Ghem. 1926, 119, 8 1 ; W. Finkelstein, ib.
121, 47.
823 J. J . Thomson, Proc. Boy. Soc. 1887, 42, 345.
321

a
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886

G. M. Schwab, Z. physikal Ghem. 1934, B 27, 452.
V. Kondratjev and A. Leipunaky, Z. Phya. 1929, 56, 353.
"*
K. HUferding and W. Steiner, Z. physikal Ghem. 1935, B 3O1 399.
Ilf
1, Babinovitioh and H. L. Lihm&im, Tram, Fm, Soc. 1935, M, 689.
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two-liquid system, boils under atmospheric pressure.
There is a solid
hydrate of bromine which is stable in contact with the solution from the
cryohydric point of —0-3° up to about +6*2°, where it melts to give two
liquid layers. Its composition probably330-3 is Br2, 8 H2O.
Bromine reacts with water like the other halogens, giving hydrobromic
and hypobromous acids, but the reaction is more complicated than with
chlorine since polybromides, Br^", and some BrJ, and perhaps even higher
compounds, are formed. It has been found334 that the proportions of the
various products in a saturated solution of bromine in water at 25° are,
in millimoles per litre:
Br 2
20-68

HOBr
1-7

H+
1-71

Br""
0-37

BrJ
1-21

&r~
013

Elementary Iodine
Iodine is the rarest of the halogens. One ton of average rock contains
0-3 g., and 1 ton of sea water 17 mg.335 It has long been obtained from
kelp, the ashes of certain species of seaweed, which contain from 0*1 to
3 per cent, of iodine, but it is more readily got from Chile saltpetre
(NaNO3) which contains up to 1 per cent, of iodine as iodate. The world
production in 1929 was 1,650 tons of which 80 per cent, came from Chile.
Solid iodine has a molecular lattice of I 2 molecules, isomorphous with
solid bromine. Its molecular weight in neutral (non-ionized) solution is
always that of I 2 .
Liquid iodine has a perceptible conductivity of 5*22 x 10~5 at 117°, just
above its melting-point.336 It is remarkable that this, like the conductivity
of a metal, diminishes with rise of temperature, being only 3*95 x 10~5 at
155°. The rise in conductivity with atomic weight in the halogens is
remarkable; the following are the values for the liquids near their boilingpoints.
Cl
Br/CI
Br
I/Br
I
Less than 10~16

5,500,000

5-5 X 10~10

95,000

5-22 X 10~6

Iodine may here be showing something of a metallic character.
Gaseous iodine dissociates on heating more readily than any of the
other halogens; its heat of dissociation is 36*1 k.cals./I2337; for the rate of
829

H. W. Bakhuis Boozeboom, Bee. Trav. 1884, 3, 73; 1885, 4, 7 1 ; 1886, 5, 380,
393; Z. physihal. Chem. 1888, 2, 452, 477; F. H. Rhodes and C. H. Bascom, Ind.
Eng. Chem. 1927, 19, 480.
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recombination of the atoms see reference . Under 1 atm. pressure the
dissociation begins to be perceptible at 600°, is 36 per cent, afc 800°, 80 per
cent, at 900°, and practically complete at 1,000°.
Iodine is black or grey in the solid state, practically black in the liquid,
and a fine violet (whence the name) in the vapour. The colour of its solution varies in a very curious way with the nature of the solvent. This
phenomenon has been the subject of numerous investigations.839 The
fundamental fact is that iodine in solution is sometimes violet and sometimes brown, and less often has an intermediate red colour. Iodine
chloride, bromide, and cyanide behave in the same way (see later, pp. 1153,
1155). Violet solutions, of much the same colour as the vapour, are
formed in such solvents as the paraffins and many of their halogensubstitution products, red in the aromatic hydrocarbons (and also in
concentrated hydrochloric and nitric acids) and brown in water and the
alcohols.840 The colours of the solutions are often affected by temperature,
low temperatures usually favouring brown, and high temperatures violet.
Thus the brown solution in ethyl stearate or oleate becomes violet if
heated to 80°.
The absorption spectra341 are practically identical in their general foript
in the visible. There is one main absorption band, of which the maximum
is with the violet solutions at about 5,400 A, with the red about 5,200 A,
and with the brown about 4,700 A. The extinction coefficient (for th6
range 4,300-6,800 A) is almost constant for the violet solutions at 0*42;
for the brown solutions it is less, and varies from 0*23 to 0»30 (except for
the brown solution in nitrobenzene, where it is again 0-42). The violet
solutions obey Beer's law, but the brown do not, although the precise
character of their departure from it has not been investigated.
When the difference of colour was first discovered it was supposed to
be due to a difference in molecular weight of the dissolved iodine. This,
however, has been definitely disproved, mainly through the work of
Beckmann. He showed342 that the results which appeared to support the
difference in molecular weight were usually vitiated in the boiling-point
experiments by the volatility of the iodine, and in the cryoscopic work by
the formation of solid solutions. When allowance was made for these
complications, the molecular weight of the solute was always found to be
that of I 2 .
338

O. K. Rice, ib. 258.
For the earlier work, especially on the molecular weight of the dissolved
iodine, see Abegg, Iod (1913), pp. 378-91. The whole literature of the subject up to
1931 is discussed in Gmelin, Iod, pp. 111-29.
340
For a full list of solvents of these three kinds see Gmelin, pp. 111-14. A.
Lachman (J\A .0.S, 1903, 25, 50) after trying 60 solvents could only distinguish two
colours, violet in saturated solvents. The work of Getman 841 favours this view to some
extent, but indicates that the aromatic hydrocarbons have an intermediate colour.
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If the change of colour is not due to a difference in the molecular weight
it must be caused by solvation. This conclusion is supported by the whole
behaviour of these solutions. The vapour shows that the colour of the
pure I 2 molecule is violet. This colour persists in those solvents which are
of a saturated character, and so are least likely to combine with the iodine.
The resemblance in colour between the vapour and the violet solutions
does not depend merely on visual observation. The extinction of coefficients have'been measured for the vapour and for the solution in CCl4 by
E. Rabinovitsch and W. C. Wood,343 who find that the wave-length for
maximum extinction is the same for both (5,200 A) and that even the
absolute magnitudes of the coefficient are nearly the same. This violet
colour is also favoured by a rise of temperature, which would tend to break
up a solvate. The brown colour is found with solvents of a more unsaturated
or associated kind, and is favoured by low temperatures, which might be
expected to promote solvation. This view, that the violet solutions contain unsolvated, and the brown solvated I 2 molecules, is supported by a
variety of other considerations. The violet solutions have the same
extinction coefficients whatever the solvent, and obey Beer's law; this is
because the coloured substance is the I 2 molecule, which is not affected
either by the solvent or by concentration. On the other hand, the brown
solutions have different extinction coefficients, and also do not obey Beer's
law; this again is to be expected since the brown molecules contain solvent,
and as the solvents are usually associated, the colour may well not obey
Beer's law. Again it was found by Lachman340 that the colour of a violet
solution is changed by the addition of even a small amount of a solvent
of the unsaturated or associated type; the violet solution in chloroform
is turned red by 0*4 per cent, of alcohol; while a brown solution must be
largely diluted with a non-associated solvent before a violet colour appears.
With the red solution in benzene we have definite evidence of solvation.
For this Williams344 found an iodine moment of 1*2 D. This was confirmed
by Miiller and Sack,346 who further showed that in hexane and in cyclohexane the moment of iodine is zero. Hence the iodine molecule itself is
non-polar, and the moment in benzene is due to some kind of combination
with the solvent. This shows not only that in the red solution in benzene
the iodine is solvated, but also, as we should expect, that the solvation is
very imperfect. The moment of a co-ordination compound, such as those
of the aluminium halides investigated by Ulich and Nespital346 (see under
Al, III. 433) is somewhere about 4 D, so that we should conclude from
the moments that in benzene about 25 per cent, of the I 2 is solvated.
(See also ref. 347.)
348
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Iodine has a small solubility in water, rising rapidly with the temperature. In g. per litre this amounts to 0-16 at 0°, 0-34 at 25°, and 3-3 at 100°.
It reacts with water in a rather complicated way, giving iodide and hypoiodite, of which the former takes up more iodine to form polyiodide ions
such as I3, while the latter, in presence of alkalies, is converted into
iodide and iodate. These reactions, and the general question of the hydrolysis of the halogens, are discussed below under the oxyacids of the halogens. The well-known deep blue colour which free iodine gives with starch
paste must be due to the formation of some addition compound. See
references 348~9.
I N T E R - H A L O G E N COMPOUNDS
THE halogens form a surprisingly large number of compounds with one
another, all of which are well defined, covalent, and practically nonassociated substances; they are usually formed slowly from their elements.
This peculiarity of the halogens is obviously due to their being the only
series of electronegative elements which can form acyclic molecules without
double links, and hence such combination is not restricted to the lightest
members of the group. There are no less than 11 inter-halogen compounds
known, in addition to the 4 halogens themselves, so that we can draw some
general conclusions as to the conditions of their existence.
These compounds are all of the type AB n , where n = 1, 3, 5, or 7. None
of them contains more than two different halogens, or more than one
atom of the heavier of these. When n is greater than 1, B is always either
fluorine or chlorine; when it is greater than 3, B is always fluorine. It is
evident that all the B atoms are directly joined to the single A. It is also
clear that the heavier A is, the more B's it can carry, and the lighter B, the
more B's can combine with a single A. These obvious steric effects are,
however, not the only factors of stability in these compounds. For
example, among the AB compounds it would se,em that they are less stable,
the greater the difference in atomic number (or size) between A and B ;
thus BrF is very much less stable than ClF, and IF has never been
obtained.
These relations can only be explained by reference to the heats of
linkage concerned. These, so far as they are known, are given in the table
on p. 1147; they are all derived from molecules of the A2 or AB type; how
the values differ in the compounds of higher valency, such as AB 3 , in most
cases we do not know, but we have evidence that as the covalency increases
the heats of linkage diminish somewhat, but not much, except when the
steric relations interfere, and the B atoms are too many or too large for
the space.
It will be seen that with the single exception of the high Cl—F link* (the
* This indicates tho tendency of all links to F to have large heats except that of
F to F, which alon® is purely oovalent.
141
B, S. ittin and B. B. Bundle, J> Ohm, Phy*. 1948,16, 105.
•*• Q, A, Qilbtrt and J, V. B, Marriott, Trm§, Far* £00, 1948, 44, 84,
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only known value for a link of fluorine to another halogen), they are all
of the same order of magnitude, as is shown by the heats of formation
from the diatomic gaseous elements, which are: ClF+25*7; BrCl+0-7;
ICl+3-5;IBr+l-2 k.cals.

F
Cl
Br
I

F

Cl

Br

I

33-3
71-3
,,

71-3
57-8
52-7
51-0

.,
52«7
53-8
42-9

.,
51-0
42-9
512

But when in the formation of one of these compounds an atom assumes
a higher valency, the total number of links is increased, so that heat is
evolved. Thus in the reaction A 2 +3 B 2 = 2 AB 3 the number increases
from 4 to 6, involving, if we take the value of these links to be on the
average about 50 k.cals., the production of 100 k.cals. of heat. So generally,
in the reaction A 2 +?tB 2 = 2 AB^ the number of links increases from
n+1 to 2n. Hence there will always be a tendency to form the compounds
with the highest valency, unless for some other reason (such as the considerations of space) these are unstable. This is what actually happens.
For example, the instability of BrF is not due to the weakness of the
Br—F link; if it were, the molecule would break down into Br 2 +F 2 . It
does not do this, but goes over into Br2 together with BrF 3 and BrF 5 ,
thus increasing the number of links present:
3 BrF «
Br2 + BrF3
3
1
3 = 4
5 BrF = 2 Br2 + BrF5
5
2 + 5 = 7
It is therefore evident that there will be a tendency for the heavier atom
to accumulate as many B atoms on itself as it has room for; the compound of higher valency will be unstable if the B atoms are getting too
crowded, and those of lower valency if there is room for more.
This perhaps explains why it is that though we get inter-halogen compounds with 4, 6, and even 8 halogen atoms in the molecule, we never
find a pure halogen molecule with more than 2, such as Br-Br 3 = Br4 or
Cl-Cl5 = Cl6; presumably the central atom is not large enough to carry
three or more atoms of its own size.
The valency groups of the central atom in these types of molecule are:
Type .
.
VaL gp. ofA

.

.
.

AB
.6,2

AB 3
(2)2,6

AB 6
(2)10

AB ?
14

It follows that AB 8 and AB5 molecules can only be formed when A can
have an inert pair of eleotrons, so that the formation of suoh oompounds
is evidence of the inertness: and that AB7 is only possible when A Ii Iodine,
sinoe chlorine and bromine are limited to ft oovalenoy of 8,
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These compounds are obviously of the same type as the halogens themselves. Of the six possible compounds all are known except IF. The
following table gives the values of the boiling-points, [m. pts.] and
(Trouton constants) for these substances, the pure halogens being added
for completeness.
AB Compounds
Boiling-points, [M. pts.] cmd (Trouton constants)
!

'

-

J

F

Cl

(

-188°
[-219°]
(18-8)

(

-100-8°
[-156°]
(13-2)

- 33*7°
[-102-3°]
(18-4)

+ 20°
[ - 33°]
(20-5)

[ - 66°]

Br

•(

!

Br

••

!

i
*•

••

+ 5°

+ 97-4°
[a: 27-2°]
[b: 13-9°]
(27-5)

••
+ 58-8°
[ - 7-2°]
(23-1)

••

116°

185°

[36°]

[114°]
(32-6)

Chlorine Fluoride, ClF
B.pt. ~-10O8°352; m.pt. ~~~156°355; critical temperature ~14° 3 5 2 ;
density of the liquid at its boiling-point l-62°.354 Heat of evaporation
2-27 k.cals.; Trouton constant 13-2 [ ?].*M
This substance is formed350 by the action of slightly moist chlorine on
fluorine at the ordinary temperature; if the gases are dry they do not
react below 250°. The reaction is exothermic (like practically all the reactions of elementary fluorine), evolving 25-7 k.cals.353 per ClF. Fredenhagen356 found that if a mixture of fluorine and chlorine is sparked, a
yellow flame goes through the tube, followed by an explosion. This is no
doubt due to the formation of chlorine fluoride. If the gases are dried,
nothing happens on sparking. It will be noticed that the energy produced
by the combination of chlorine with fluorine is more than 16 per cent.
350
O. Buff, J . Fischer, F . Luft, B. Ascher, F . Laass, and H. Volkmer, Z. angcw.
Chem. 1928, 4 1 , 1289.
wl
O. Ruff and E. Ascher, Z. anorg. Chem. 1928, 176, 258.
8
»* O. Ruff and F . Laass, ib. 1929, 183, 214.

m

G, Ruff and W. Menzol, ib. 1931, 198, 375,
M* O, Buff, F. Ebort, and W. Mencal, lb. 1032, 207, 40.
••» O. Buff Mid A, BmUA1 lb. 19SS1 214, 82.
IH K,tfrodoulwgQnand 0. T. Kroift, Z, phyuikai, Ohmn. 1020,141, 221.
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greater than that produced by the same volume of chlorine on combination with hydrogen (25*7 in place of 22*1 k.cals.).
Chlorine fluoride is an almost colourless gas, forming a yellow liquid
and a colourless solid. It has a characteristic odour; it reacts just like
fluorine, but even more readily.351

Bromine Fluoride, BrP
Gaseous bromine and fluorine react357 very slowly at 0°; at +50° the
reaction is quicker, but the BrF which is presumably the primary product
reacts further, forming the trifluoride and the pentafluoride, together with
free bromine. This goes on so readily that the monofluoride has never
been got pure, and so its physical properties are only approximately known.
By allowing the components to react at about + 1 O 0 , and fractionating
the product at 150 mm. a yield of nearly 50 per cent, can be obtained.
Bromine monofluoride is a pale-brown gas, condensing to a dark-red
liquid, which freezes to crystalline leaflets of the shape of boric acid and
the colour of potassium dichromate. By extrapolation the boiling-point is
found to be +20°, and the melting-point —33°. The Trouton constant is
20-5. It is remarkable that while the three bromine fluorides BrF, BrF 3 ,
and BrF 5 are all miscible with one another, none of them has more than a
very slight natural solubility with bromine.
Chemically bromine monofluoride behaves like the* other fluorides of
bromine, but it is more reactive. It is continuously changing into a
mixture OfBr2, BrF 3 , and BrF 5 , and if it is warmed to 50° this conversion
is complete.
[Iodine monofluoride IF is unknown, presumably going at once to IF 5
and IF 7 : I F 3 is also unknown.]

Bromine Chloride
Bromine monochloride has a curious history. Balard, who discovered
bromine in 1826, noticed in that year that when bromine is mixed with
chlorine the colour diminishes,358 but this observation, though it was also
made by C. Lowig in 1829 (Diss., Heidelberg) and by Schonbein in 1863359
was disregarded for a century. Then in 1928 G. M. B. Dobson noticed
the same thing when he was using the mixture as a light filter for observing the ozone bands in the atmosphere, and he further noticed that this
loss of colour takes time (of the order of a minute); this was confirmed by
Barratt and Stein366 with the spectrophotometer. Meanwhile in 1906
887
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Lebeau had measured the freezing-point curves for the system Cl 2 -Br 2 ,
and Karsten in 1907361 had worked out the complete phase-rule diagrams
both for the boiling-points and for the melting-points of this system; they
agreed on the facts, and both concluded from the results that no compound
was formed. Butler and Mcintosh362 confirmed these measurements for
the freezing-points, and drew the same conclusion. These facts, which are
not in dispute, show what care must be exercised in interpreting this kind
of phase-rule diagram. All the 4 curves obtained (vapour and liquid for
the boiling-points and liquid and solid for the melting-points) are continuous, and without break, or maximum, or minimum. These are certainly the general forms which would occur if the two elements formed no
compound, but were completely miscible in the solid and liquid states.
They are, however, equally compatible with the existence of a compound,
if this is partly dissociated, and also forms in the solid state a continuous
series of solid solutions with both of its components, which in view of the
identity of molecular type of the three substances Br2, BrCl, and Cl2 is not
improbable. The melting-points and boiling-points of the system I2—Br2
(described below) are very similar, though they do give indications of the
presence of the compound IBr.
The existence of the compound ClBr has been established in several
ways, of which the most important quantitatively is by spectrophotometry measurements. Earlier results,866"8'371 based on the assumption
that at the wave-length of 5,690 A (maximum of the bromine band) BrCl
has no absorption, did not give very concordant values. It was pointed
out by Vesper and Rollefson375 that this assumption is quite unsupported,
and greatly affects the calculations. For example, on this assumption
Gray and Styles's results368 give values of the constant
K - [Br2]^[Cl2]
~ [BrCl]2
at different pressures of 0-162 and 0-125: but if the absorption of BrCl is
1-24 per cent, of that of Br2, the K values from both experiments are
0-111. Using the light of the green lines of the helium discharge (round
5,020 A), and assuming here the ratio of the absorption of BrCl to that of
Br2 to be 0-11, they get concordant values of 0-107±0-002.
This agrees with the value of 0-12-0-14 got by Yost374 in CCl4 solution
from the partial pressures of the halogens in this solvent, and the calculation of the thermodynamical constants. Vesper and Rollefson further find
that in the dark the reaction between the elements takes from 16 to 60
367
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minutes to reach equilibrium; in the light they used this is reached in
2 minutes.
In water a very different value of 0-00032 was obtained by Forbes and
Fuoss,363 by the determination of the E.M.F. of solutions of chlorine in
HCl solutions containing a bromide.
The existence of BrCl is also supported by the behaviour of a mixture
of bromine and chlorine with unsaturated organic compounds. Hanson
and James364"5 found that such a mixture adds on to unsaturated acids and
esters much more rapidly than either element separately, and gives a
mixture of the <x-chloro-/J-bromo~ and a-bromo-jS-chloro-compounds.
Taylor and Forscey370 found the same for the reaction with diazo-acetic
ester in carbon tetrachloride, which gave mainly the chloro-bromo-acetate;
this reaction has the advantage that it is practically instantaneous, and
may be supposed to give a true measure of the proportion of BrCl present;
on this hypothesis they find it to be (by molecules) 80 per cent., giving in
this solvent K = 0-015.
As a result of measurements of the equilibrium between mixtures of
Cl2 and Br2 and their solid salts (KCl and KBr) Schutza377 calculates the
constant K = 0*140/800° C. See also reference 376. From spectroscopic
measurements of the rate of change, which is of the order of 15" for half
change at the ordinary temperature, and of the equilibrium, at different
temperatures, W. Jost 371-2 finds the heat of reaction in the gaseous state
to be 0*95 k.cals., and the heat of activation 14-0 k.cals.
The physical properties of BrCl are little known, since at the ordinary
temperature the pure substance is changing into its components (the trichloride BrCl3 has not been found to exist, so there is no question of its
undergoing disproportionation like BrF); but Lux369 claims to have
obtained BrCl by the slow distillation of a mixture of bromine and
chlorine, as a yellow solid melting at —54°.
According to Anwar Ullah373 if chlorine is passed into bromine under
water at temperatures below 18° the solid hydrate BrCl, 4 H2O separates,
which is more stable than the hydrate of chlorine or bromine.
Iodine Chloride
Iodine monochloride was discovered by Davy and by Gay-Lussac in
1814. It is formed by the direct combination of the elements, or by the
oxidation of an iodide in hydrochloric acid. It is best made in quantity
by adding a weighed amount of solid iodine to excess of liquid chlorine;
the excess is then driven off by warming, and the residue weighed. It
always contains more chlorine than corresponds to ICl, and enough iodine
i« added to bring the proportions back to that point; the product is then
kept above its melting-point—say at 35°—for 24 hours to ensure complete
combination.880
"» H. G. Vi'spor and G. K, EollefBon, ib. 1084, 56, 020.
aT8
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Iodine monochloride is a remarkable example of dimorphism; the stable
form a melts at 27«2°,380 and the unstable j8 at 13-9°; there is no reason to
think that the difference is anything more than in the arrangement of
identical molecules. The phase-rule diagram for the system I2—Cl2* was
worked out in detail by Stortenbeker in 1888.378"9 The boiling-point of
ICl is 100^3°, with slight dissociation into iodine and ICl3. This dissociation begins at low temperatures; it is 042 per cent, at 25° and 1*58
per cent, at 100°.389 The Trouton constant is 27-5,389 and cannot be seriously affected by the slight dissociation. The cause of this high value is
not explained; it is very nearly the mean for those of iodine (32*6) and
chlorine (18-4): (18-4+32-6)/2 = 25-5: obs. 27-5. The dipole moment of
ICl is 0-5 D. 393
The specific conductivity of ICl has been found to be 4-6 X 10~8 mhos at
35°, but further purification would no doubt lower it still further. The
liquid is an ionizing solvent in which KCl has a molecular conductivity of
28-8 at V = 2, 30-4 at V = 16, and apparently about 31-3 at infinity.389
The absorption spectrum of ICl has a series of bands381"3'386""7'390,392
in which the effect of the two chlorine isotopes can be detected.
The heat of formation of the ICl molecule has been determined in^a
variety of ways. Thomsen's thermochemical results give
P2ga« + |CI2gas = IClgas + 3-53 k.cals.
McMorris and Yost391 have determined the equilibrium
I 2 + Cl2 = 2 ICl
at various temperatures, (1) by adding to the system solid barium
chloroplatinate which gives at every temperature a known vapour
pressure of chlorine, and (2) from the reaction
2N0C1 + I 2 = 2 N O + 2ICL
In this way they find Hf to be 3-46 k.cals., in close agreement with Thomsen. The corresponding value of J&a, the heat of formation from the atoms,
is 49-6 k.cals. From the spectrum Wilson382 found Ha to be 49-65, and
Cordes390 47-13. Darbyshire's value of 65-68 k.cals.392 presumably refers
to excited atoms.
* See Findlay, Phase Rule, ed. 7, p. 194 (1931).
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Iodine monochloride when once melted can remain liquid below its
melting-point for weeks. At ordinary temperatures it is the stable a-form
which crystallizes out; the /J-form slowly separates if the liquid is suddenly
chilled to —5°. This metastable /?~form can be kept below 0° for days, but
on addition of a crystal of the a~form it at once goes over.
The a- (stable) form of ICl consists of red transparent crystals: the
crystals of the j8 are brown. The liquid is brownish-red; the vapour has
the colour of bromine, and a very similar absorption spectrum. Iodine
monochloride is a very active substance. It has a choking smell like a
mixture of I 2 and Cl2; it strongly attacks the nose and eyes, and causes
bad burns on the skin. It also attacks cork and rubber violently. It is
used commercially as an iodinating agent, usually in solution either in
concentrated aqueous hydrochloric acid, or in some organic solvent with
which it does not react, such as ether or CCl4.395
The colour of iodine chloride in solution shows differences exactly like
those of iodine.385 In all solvents in which iodine is violet (such as CCl4)
ICl is brown, the absorption spectrum having in the visible one band with
a maximum at 4,600 A or close to it. In all solvents in which iodine is
brown (e.g. in chloroform containing a trace of alcohol, in acetic acid, in
ethyl acetate, in ether, and in water) ICl is yellow. In these last solvents
the absorption in the visible is again a single band, but the maximum is
shifted to 3,600--3,500 A (in aqueous HCl rather further, to 3,430 A). The
colour of the vapour exactly corresponds: just as I 2 vapour is violet, like
its solution in CCl4, so ICl vapour is brown, like its solution in the same
solvent. It is obvious that with both substances the change of colour is
due to solvation.
In pure water ICl is hydrolysed to HC1+HOI, and the latter then
changes to iodic acid with separation of iodine. If the water contains not
less than fifth normal HCl the hydrolysis is completely stopped. The ICl
then forms a stable yellow solution, with the absorption band in nearly
the same position as in ethyl acetate and other solvents of the second kind
(maximum 3,430 A), but with an extinction coefficient about twice as
great; an increase of the HCl concentration from this 0-2 normal up to
10 times normal does not change the position or the intensity of the
absorption.385 Further, an alkaline chloride such as NaCl has the same
power of preventing hydrolysis as HCl, and the same effect on the colour,
the absorption maximum being at 3,420 A.385 The two most important
facts about these solutions are:
1. That NaCl can replace HCl, and
2. That it is impossible to extract the ICl from its solution in aqueous
HOl with solvents like CCl4, benzene, or nitrobenzene.384*894 The suggestion that the ICl is dissociated into I + and CF is sufficiently disproved by
888
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the fact that the addition of 0*14~normal ICl to n HCl does not increase
the conductivity, but diminishes it by about 0-7 per cent.; moreover, on
electrolysis none of the iodine goes to the cathode.888 The suggestion
(Philbrick394) that the real reaction in the aqueous HCl is the formation of
ICl^* ions seems to fit all the facts. The formation of undissociated HICl2
(Gillam and Morton385) is improbable because (1) the addition of ICl to
HCl should cause a proportional fall in the conductivity instead of a very
small one; (2) an undissociated HICl2 might be able to be extracted by
benzene or CCl4; (3) if a solution of ICl in CCl4 is saturated with HCl gas,
the colour and the position of the absorption band do not change386;
(4) a corresponding undissociated sodium compound NaICl2, in the sodium
chloride solutions is impossible. If we suppose that ICl has a strong
tendency to attach itself to CF ions, and that [H]ICl2 is a strong acid, all
these phenomena can be explained. The absence of reaction between ICl
and HCl in CCl4 is due to there being nothing to solvate the hydrogen ions
(compare HP+SiF 4 ). The equilibrium in the reaction
ICl + CF -= ICl2
must be very far to the right-hand side, for as we have seen the absorptiop
of a solution of ICl in 0*2w HCl is not changed when the HCl concentration
is raised to 10 times normal, so that the formation of the complex ion
must be sensibly complete in fifth normal acid.
Iodine Monobromide, I B r
Iodine monobromide was discovered by Balard, and is formed like the
other compounds by the direct combination of the elements. In the
system I2—Br2396 the S—L curves indicate a continuous series of solid
solutions from I 2 to Br2, but at 50 molecules per cent, the solidus and
liquidus curves touch. The V—L boiling-point curves approach at this
concentration, but do not actually touch, showing that there is considerable dissociation in the vapour at this temperature (116°). These curves,
especially those for the freezing-points (given in Gmelin, Iod, p. 630),
though they give clear evidence of the existence of the compound, are not
unlike those for the system Br 2 -Cl 2 (above, p. 1154).
Iodine monobromide forms crystals of the colour of iodine, which melt
at 42° 403 to a nearly black liquid which boils at 116° to give a red, partially
dissociated, vapour. The degree of dissociation at 25° was found to be
8 per cent, in the vapour and 9-5 per cent, in CCl4 solution402; at 300° it
396
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398

is about 20 per cent.
The chemical properties of IBr are intermediate
between those of its component elements. The heat of dissociation into
atoms (in the gas) was found from the spectrum by Badger899 to be 41*5
k.cals. (confirmed by Cordes390), which makes the heat of formation in the
gaseous state from I 2 +Br 2 2-30 k.cals. McMorris and Yost400 by thermochemical methods find the latter value at 25° to be 1-27. The value in
CCl4 solution is much the same as in the vapour.
Liquid iodine monobromide appears to be partly ionized. The measurements by Plotnikow and Rokotjan397 of the conductivity of solutions of
iodine in bromine are very difficult to explain, but they indicate that the
maximum ionization does not exceed one part in 10,000.
In its solutions iodine bromide shows the same changes of colour as I 2
and ICl.401*403 The relations are precisely similar to those with I 2 or ICl.
We find two classes of solvents, each with its own characteristic colour.
Thus:
I 2 violet, ICl red-brown,
IBr red
Vapour: solutions in CCl4,
CHCl8, hexane, benzene, toluene, CS2

I 2 brown, ICl yellow,
IBr yellow-orange
Solutions in MeOH, EtOH,
lower esters, ethers, formic and acetic acids, acetone

As examples of the wave-lengths, we may take the positions of the bands
in CCl4 and in alcohol:
Compound
CCl4
Alcohol
Diff.

.

I2
5,200 A
4,470 A
-73OA

IBr

ICl

4,940 A
3,900 A
-1,04OA

4,600 A
3,550 A
~-l,050A

As with iodine a small amount of a solvent of the second kind has a
great'effect on the colour in one of the first kind; the addition of 1 per cent,
of ethyl alcohol to a solution of IBr in CCl4 has a visible effect. The effect
is obviously in all these cases due to solvation. Cyanogen iodide I • CN403
shows something of the same kind of colour change, but the effect is much
smaller.
COMPOUNDS OF T H E T Y P E A B 3

In these compounds the central atom has the valency group (2), 2, 6,
and so the central atom must be able to have an inert pair of electrons.
The known compounds of this type, with their boiling- and melting-points
are:
ClF8
B, pt. .
[M. pt.]

[~88'0e]

BrF 1

+ 127°

ICl1
(deop.)
[101° undw pr®iiur«]
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The small number of compounds of this type is evidently due to their
existence being limited on both sides; the B atoms must not be too large;
only fluorine can act as B unless A is iodine, when chlorine can also act as
B ; on the other hand, the B atoms must not be too small, or the compounds
of higher valency will become the more stable, as in IF 5 .
Chlorine Trifluoride, ClF 3
This compound is of special interest since it is almost the only isolable
compound in which chlorine definitely shows that two of its valency
electrons can become inert, and chlorine is the only element of the second
short (subtypical) period which can be shown to have this property. The
pair must also be inert in the ion Cl^, but this has not been isolated in the
form of salts (with one or two exceptions) though there is evidence for its
existence in solution.
Chlorine trifluoride was discovered by Ruff and Krug in 1930,404
originally as an impurity in the monofluoride. It is made by passing a
mixture of chlorine or chlorine monofluoride with excess of fluorine
through a tube heated to 250°, condensing with liquid air, and purifying
by distillation. The reaction ClF+F 2 = ClF 3 is reversible, and at equilibrium at 250° the amount of ClF is greater than that of ClF3.
Chlorine trifluoride406 is a colourless gas, which condenses to a pale
green liquid, and then forms a white solid. It boils at +12*1° and melts
at -82-6°.
This compound is remarkable for the extraordinary vigour with which
it reacts, which is even greater perhaps than that of fluorine itself. It
destroys glass and quartz glass except at low temperatures; glass wool
catches fire in the vapour immediately. Organic substances (including the
picenes or high vacuum oils), if they can be fluorinated at all, react at once
with inflammation; one drop of the liquid sets fire to paper, cloth, or wood.
Most elements are attacked explosively, and if not they can be lighted by
a fragment of charcoal; many oxides behave in the same way. Liquid
ClF3 reacts with water with a noise like the crack of a whip; if water is
allowed to enter the flask which contains the gas some of it is thrown out
by the violence of the reaction.
Bromine Trifluoride, B r F 3
Moissan observed that fluorine combines with bromine, but the trifluoride
was first isolated by Lebeau,406 and was further examined by Prideaux.407
A more detailed investigation of it was made by Ruff and Braida.408-9 It
is made from its elements, and purified by distillation. It is a pale yellow404
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green liquid at the ordinary temperature, and solidifies to long prisms. It
melts at 8-8°, and boils at 127°.409 From the change of vapour pressure
with temperature the heat of evaporation at the boiling-point is 10 k.cals.,
and hence the Trouton constant 25-3.409 At the melting-point the density
of the solid is 3-23, and that of the liquid 2-843.408
Bromine trifluoride is formed, as we have seen, by the decomposition of
BrF. It fumes strongly in air, and attacks quartz at 30°, giving bromine,
oxygen, and silicon tetrafluoride.
[Iodine trifluoride: Ruff and Braida410 made a special search for a lower
fluoride of iodine than IF 5 , but in vain.]
Iodine Trichloride, ICl 3
This compound, which was discovered by Gay-Lussac in 1814, is formed
(but slowly) by the direct combination of the elements. It is best prepared
either411 by condensing chlorine in excess on iodine at —80°, leaving it
some hours in the freezing mixture, and evaporating off excess of chlorine,412
or by passing chlorine over iodine until this is converted into ICl, and then
raising the temperature to 100° and increasing the stream of chlorine, when
the trichloride distils over and can be condensed.
ICl3 forms lemon-yellow needles, which melt at 101° under their own
(dissociation) vapour pressure of 16 atm., to a reddish-brown liquid. The
solid is very volatile, and loses weight in a stream of dry air even at
-—12°.413 j ^ s vapour pressure reaches 1 atm. at 64°. The vapour density
shows414 th^it the compound dissociates completely into ICl+Cl 2 at 77°.
In solution the dissociation seems to be complete even at the ordinary
temperature. The absorption spectrum of ICJ3 in CCl4 is identical with the
sum of those of ICl and Cl2.415 Stortenbeker's L—V curves give no sign
of the presence of ICl3 in the liquid (and incidentally no indication of a
pentachloride at all).
From the vapour pressures and the equilibria in the reaction
ICl + Cl2 ;===- ICl3
416

Nies and Yost find the heat evolved, with ICl and Cl2 gaseous, but ICl3
solid, to be 25-3 k.cals. From the heat of formation of ICl it follows that
the heat of the reaction
1p-2gas + 3/2Cl2 gag = ICl380Ud
is 36-9k.cals. Assuming for ICl 3 a heat of fusion of 4k.cals., and of evaporation of 9-5 k.cals. (for a boiling-point of about 380° K. and a Trouton
constant of 25) we get for the Hf of ICl 3 (all gaseous) 23-4 and for its Ha
410
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(from the atoms) 128-2, with an error of perhaps ±2*5 k.cals. The heat of
formation of the I—Cl link in ICl 3 is one third of this, or 42-7;±:0'8, rather
less than for the link in I—Cl, which is 51*0: this fall in the heat value
with a rise in covalency is usually found, for example, in the P—Cl link
in PCl3 and PCl6. But in spite of it the gaseous reaction
ICl + Cl2 = ICl3
(with an increase from two covalencies to three) evolves some 20 k.cals.
COMPOUNDS OF THE TYPE A B 6
This type is only possible when the ratio of the radii A/B is large enough,
and in fact only occurs in the fluorides of bromine and iodine.

Bromine Pentafluoride, BrF 5
This was first made by Ruff and Menzel in 1931,417 by passing fluorine
through bromine trifluoride at 90-100°, and heating the issuing gas to 200°,
most conveniently in a copper vessel. The reaction
BrF3 + P 2 = BrF5
appears to go at this temperature to completion.
BrF 5 is a colourless liquid, which fumes strongly in air. Its vapour
density is normal. The melting-point is —61-3°, and the boiling-point
+40-5°; the heat of evaporation from the v.p./l 1 curves is 7*44 k.cals., and
hence the Trouton constant 23*7,
It is remarkably stable to heat; if it is passed through a copper tube at
460° C. no trace of free fluorine can be detected in the issuing gas, even by
the smell. It reacts readily with metals, sometimes in the cold, and always
on heating; it reacts in the cold with charcoal, arsenic, sulphur, selenium,
iodine, and alkaline chlorides, bromides, and iodides, the reaction always
being violent, and the substance usually catching fire.
If a few drops of the liquid are allowed to fall into water, Br2 vapours
are evolved, and there is an explosion. If moist nitrogen is passed through
the liquid, all the oxygen of the water is evolved as such, while HF, HBr,
and probably BrF 3 are formed.
Iodine Pentafluoride, I F 5
This was first obtained by Gore,418 by the reaction
5 AgF + 3 I2 - 5 AgI + IP 5 .
Later it was got by Moissan419 by the direct combination of the elements;
see also Prideaux.420 It can also be made by the action of fluorine on
417

O. Ruff and W. Menzel, Z, anorg. Ohem. 1931, 202, 49.
«• a. Gore, PMl Mag. 1871» [4] 41, 809.
*" H, Moiuan, Q.R, 190S1 138, 568.
*" I . B. R. Pridaaux, J,C,8, 1900, 89, 016.
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heated I2O5.
A more detailed examination of its properties is due to
Ruff and his co-workers.421""2 They made it by passing fluorine over iodine.
If the fluorine is kept cool by dilution with 3 times its volume of nitrogen
a quartz vessel can be used. In presence of oxygen some oxyfluoride 1OF3
crystallizes out. Any of the more volatile heptafluoride IF 7 can be removed
by distillation: this is best done under 10 mm. pressure, when it comes over
at about —10°.
Iodine pentafluoride is422 a colourless liquid melting at +9-6°. Boilingpoint extrapolated 98± 1*5°. It dissolves iodine (giving a brown solution)
and bromine. It is stable to heat up to over 400° C. It fumes strongly in the
air, and reacts at once with water to form HF and iodine pentoxide; with
glass it reacts slowly in the cold, and quickly at 100°, to give SiF 4 +I 2 0 6 .
Most metals (e.g. silver, copper, mercury, iron) react with it only
slowly, but sulphur, red phosphorus, silicon, bismuth, tungsten, and
arsenic react at once, usually with incandescence. Organic compounds
react violently421 usually carbonizing, and often catching fire.
With carbon tetrachloride iodine pentafluoride reacts slowly, to give
mainly CCl3F, with a residue of ICl and ICl3.
COMPOUNDS OF THE TYPE AB 7
Of this type the molecule IF 7 is the only representative, not only among
the inter-halogen compounds, but in chemistry generally.
Iodine Heptafluoride, I F 7
Fluorine has no action on IF 5 in the cold, but on heating the heptafluoride is formed reversibly,423 Fluorine is passed through liquid IF 5
at 90°, and the vapours are then led through a platinum tube heated to
270°; the yield seems to be better the higher the temperature, but at 300°
the tube is attacked. The issuing gases are condensed, and the IF 7 purified
by distillation. A yield of over 80 per cent, can be obtained.
Iodine heptafluoride is a colourless gas, which condenses on cooling
either to a colourless liquid boiling (slightly supercooled) at +4-5° C.
(boiling-point of IF 5 extrapolated 98°), or to a snow-white solid, melting
at +5-6°. The heat of evaporation is 7*33 k.cals., and the Trouton
constant 26-4.
IF 7 behaves in general like ClF3, but is less violent: it usually loses 2F
to give the more stable IF 5 . It seems to be curiously stable to water (it has
no 'lone pair' of electrons): Ruff says 'water dissolves the gas without
violence: the gas can even be blown through the liquid water with the
formation of clouds, but with only partial decomposition. The solution
can be shown to contain periodate and fluoride ions.'
481

O, Ruff and B. Keim, £, anorg. QUm. 10Sl, 201, 245.
*" O, Ruff and A, Bralda, ib. 1084, 220, 48.
*" O. Ruff and R. Kiim, ib. 103O1 193, 170.
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HYDROGEN HALIDES
THE hydrides of chlorine, bromine, and iodine are very similar to one
another, and are all sharply distinguished from hydrogen fluoride in being
non-associated.
HYDROGEN CHLORIDE, HCl
Hydrogen and chlorine in the gaseous state combine with the evolution
of 22-06 k.cals.424 heat (theory 21*9) under the influence of light, or heat,
or other agents. This change as brought about by light is the classical
example of a photochemical reaction, and has been more thoroughly
examined than any other, ever since the days of Bunsen. The kinetics of
the reaction are too complicated to allow of any full discussion here, but
some of the main points may be mentioned.425
The reaction is brought about by light which is absorbed by the chlorine.
The quantum yield is enormous; in complete absence of oxygen one quantum of light will cause the formation of 7-6 million molecules of HCl.426 To
account for these facts Nernst427 proposed a mechanism which, though
not complete, may probably be taken to represent the main lines of the
reaction. He assumes the following series of reactions:
1. Cl2 + hv = 2 Cl
2. Cl + H2 = HCl + H
3. H + Cl2 « HCl + Cl.
We thus have a chain reaction, which can proceed indefinitely far through
(2) and (3) without any fresh absorption of light. The chain can be
broken by any of the reactions
2 Cl = Cl2
2H = H2
H + Cl = HCl.
It has been found that the presence of small quantities of various substances interferes with the reaction, no doubt by breaking the chains.
These substances are of two kinds, (a) those that permanently slow down
the reaction, and (6) those that merely cause a delay ('induction period')
before the reaction begins.428 This difference is clearly due to the fact that
substances of the second kind, such as ammonia, are destroyed by the
chlorine in the presence of light, so that they disappear in time from the
424 w . F. Giauque and R. Overstreet, J.A.C.S, 1932, 54, 1731. (From spectroscopic data.)
425
For a full discussion see Hinshelwood, Chem. Reactions in Gaseous Systems,
ed. 3, 1933, pp. 100-6; Kinetics of Chemical Change (1940), pp. 100-13. See also
N. Semenoff, Chemical Kinetics and Chain Reactions, 1933, pp. 89-122. Also N. S.
Bayliss, Trans. Far. Soc. 1937, 33, 1339.
488
J. E. Cremer, Z. physikal. Chem. 1927, 128, 285.
487
W. Nernst, Z. Elektrochem. 1918, 24, 335.
411
See for example C. H, Burgew and D. L. Chapman, J.CS. 1900, 89, 1399?
D, L, Chapmwi and L, K. Undtrhlll, ib. 1918,103, 498 \ D. L. Chapman and J. B, H.
Whiiton, 1019, 111, 1804.
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system, while the others such as oxygen " are not removed, and their
influence therefore persists*
The thermal synthesis is a chain reaction depending on the walls. At
200° the chain length is about 104, as compared with 106 for the photoreaction : hence it is less inhibited by oxygen.431
Hydrochloric acid was formerly made by the action of sulphuric acid
on sodium chloride; this reaction, like that in which nitric acid is made,
goes in two stages, the second of which, the action of sodium hydrogen
sulphate on sodium chloride, occurs only at a red heat. It is now made on
the large scale almost entirely from the combination of the hydrogen and
the chlorine liberated when sodium chloride solution is electrolysed for the
manufacture of caustic soda.
Properties of Hydrogen Chloride
Hydrogen chloride is a colourless gas, melting at — 114-2 0 C, and
boiling at — 85*0°; the heat of evaporation is 3-86 k.cals., and, accordingly,
the Trouton constant 20-5.
The solid has a molecular lattice. As happens with many molecular
crystals there is a temperature above which the molecules rotate, while
below it they only oscillate. The change from one state to the other may
or may not be accompanied by a change of phase (true dimorphism), but
it can in any case be detected by the measurement of the specific heats.
In hydrogen chloride this change leads to a definite dimorphism, with a
transition temperature of 98° K. (—175° C.); hydrogen bromide is similarly
dimorphic; in hydrogen iodide there is a transition point marked by the
specific heats, but no true dimorphism.432 In hydrogen fluoride, owing to
the association, the molecules never rotate. 433
As would be expected from the large heat of formation, hydrogen
chloride is very stable to heat. Nernst434 has calculated the percentage
dissociation into H 2 +C1 2 as follows:
Temp. abs. .
Per cent. diss.

. 500° K. 8 1,0000K.
. 1-92.10~ 0*00134

2,000° K.
0-41

3,000° K.
1*30

It can also be dissociated by ultraviolet light; the light of a quartz lamp
that would cause a 35 per cent, dissociation of SO3 into SO2 and oxygen
only causes 0-25 per cent, dissociation of HCl.435
The dielectric constant of hydrogen chloride at the critical point
( + 51°) is 2-83.436 The specific conductivity of the liquid near its boiling*»•
M. Bodenstein, Z. phyaikal. Chem. 1941, B 48, 239.
*w80 M. Bodenstein and H. F. Launer, ib. 268.
* J. C. Morris and R. N. Pease, J.A.C.S. 1939, 61, 391, 396.
«• Th. Neugebauer, Z. physikal Chem. 1937, B 35, 136.
"•M K. Clusius, K, Hiller, and J. V. Vaughen, ib. 1930, B 8, 427.
«111 W. Nernst, Z. EUhtrooUm. 1909, 15, 691.
A. Coehn and A, Wasailjeva, Ber. 1909, 43, 8133; of. A. Coohn and K. Stuokurdt, JE, phydkal. Ch*m, 1916, 91, 733.
*« W, B m , lb. 19U110S1 209.
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point is 0-1 XlO" mhos.
Most chlorides (K, Li, NH 4 , Cu', Cu", Au,
Pb, etc.) are insoluble in it; stannic chloride dissolves, giving anonconducting solution.
The dipole moment of hydrogen chloride is definitely lower in the gas
than in non-polar solvents. In the gas it is 1'03439 or 1-06438; by the beam
method it was found440 to be 0*91 D. In solution the moment is about
1*3, being according to Fairbrother441~2 1-26 in cyclohexane (dielectric
constant at 25° 2*01) and 1-32 in benzene (2*27) and in carbon tetrachloride
(2-23).

Chemical Properties
Hydrogen chloride gas, like the bromide and iodide, has a curious power
of forming solid compounds of definite composition with certain anhydrous
salts of oxy-acids, especially the sulphates, phosphates, and phosphites of
di- and trivalent (mainly transitional and B) metals.443 Many of these are
formed at the ordinary temperature, and do not decompose below 200°,
where the HCl compounds lose their HCl, but those of HBr and HI usually
have the anion of the oxy-acid reduced, with liberation of the halogen.
These compounds have as many molecules of halogen hydride to one
metal atom as the latter has valencies: thus salts M"T0 4 have 3 molecules, but M"S04, M"HP0 4 , and M"(HP02)2 only 2 molecules of the
halide to 1 M.
Hydrogen chloride, which, like the bromide and iodide, is covalent in
the pure state, remains covalent and unsolvated in non-ionizing solvents
such as the hydrocarbons and, accordingly, has the minute solubility to be
expected of a gas of so low a boiling-point. "For example, the solubilities
in g. per litre at 25° are hexane 6*20, benzene 13-7, o-nitro-toluene
18-0,444-5>447 chloroform at 0° 10. In such solutions Henry's law is obeyed.446
Prom the vapour pressures the heat of solution of the acid can be calculated447"8; it is in benzene 4*3, in chloroform 3-0, in ethylene dibromide
3*2 k.cals./mole.
On the other hand, the solubility in water is enormously greater (770 g.
per litre of solution at 20° and 1 atm.), while the vapour pressure rises
much more rapidly than the concentration. Roscoe and Dittmar's results
(1859) for water and HCl at 20° give these values of p, the pressure of the
437

E. H. Archibald, J.A.C.S. 1907, 29, 1418.
H. Braune and T. Ascher, Z. physikal. Chem. 1931, B 14, 18.
439
C. T. Zahn, Phys. Rev. 1926, 27, 455.
440
H. Scheffers, Phys, Z. 1940, 41, 89.
441
F. Fairbrother, J.C.S. 1932, 43.
448
Id., Trans. Far. Soc. 1934, 30, 862.
448
F. Ephraim, Ber. 1925, 58, 2262; 1926, 59, 790; F. Ephraim and A. Scharer,
ib. 1928, 61, 2161.
444
8. J, O'Brien, C. L. Kenny, and B. A. Zuercher, J.A.C.S. 1939, 61, 2504.
4
« S. J. O'Brien and C. L. Kenny, ib. 1940, 62, 1189.
140
8. J. O'Brien and J. B. Byrne, ib. 2068.
«« S. J. O'Brien, ib, 1941, 63, 2709.
«» J, J, F-fowland, D, R. Millar, and J, B, VViIlard, ib, 2307.
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gas in mm., and c, the concentration of the liquid in g./litre, with those of
c]p, which would be constant if Henry's law held:
p
c
c/p

.
.

.
.

.
.

60
613
10-3

500
782
1-56

1,300 mm. Hg
895g./L
0-68

In the same way Wrewsky449 shows that to raise the solubility from 8 to
16 mols. per cent, at 25° the pressure must be increased more than 100
times. See further Wynne-Jones.450
Ether, in which the solubility is 220 g./l. at 20°, is intermediate between
the other two classes of solvents, owing to the formation of the oxonium
compound.
In water at ordinary concentrations the hydrogen chloride is practically
all present as the hydrated ions. The infra-red absorption bands characteristic of HCl, and shown by the liquid hydride and its solutions in nonionizing solvents, do not appear in the aqueous solutions.451 In dilute
solutions the conductivities agree with the Debye-Huckel-Onsager formula.
But the large vapour pressures of the very concentrated solutions show
that they contain a considerable amount of undissociated hydrogen
chloride, and that in the general equation for ionization
(where according to Debye the middle term M[A] represents only a limiting case) with hydrogen chloride the covalent H—01 though negligible at
low concentrations becomes quite considerable at high. This behaviour
must be contrasted, on the one side, with that of weak acids like acetic,
where the unionized form always predominates except at extreme dilutions, and, on the other, with salts like the alkaline halides, where this first
(unionized or covalent) term must be entirely absent, since the salt can
be shown to be ionized in all states, solid, liquid, and gaseous.
On the other hand, the halogen acids HCl5 HBr, and HI, though they
appear in dilute aqueous solution to be among the strongest acids, and to
be as highly dissociated as any, go over into the covalent form more easily
than such acids as perchloric if the conditions become less favourable to
ionization, either through the increase of concentration or when the water
m replaced by a less powerfully ionizing solvent. Of the familiar strong
acids the first to 'shut u p ' in this way is nitric, the next the halogen
hydrides (other than HF, which is quite peculiar), and the last perchloric
aoid. These facts were first pointed out by Hantzsch452 and have been
entirely confirmed by later work. Thus Hartley finds453 that E.M.F.
measurements of solutions of HCl even in methyl alcohol show the ionization to be less complete than in water.
449 M. Wrewsky, Z. phyaihah Chem. 1924, 112, 113,
«o W. F. K. Wynne-Jones, J,0.8. 1030, 1064.
451 w. Wnsfc and B. T. Edwards, J. Ohem, Phys* 198?, S, 14.
<•• Bm a«p©olal!y ^. MUhtrooh$m. 1988, 2% pp. 281~4i,
«'* Sir H. Hortloy and J. W. Wooloook, JPMI, Mag, 198S1 vil, I 1 1138,
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Hydrogen chloride is often used in non-aqueous solvents as a condensing
agent. It can be used in some reactions in the place of hydrogen fluoride.
Simons454 has carried out a series of alkylations of aromatic hydrocarbons
using initial pressures of hydrogen chloride of 7-27 atm., and working at
75-235°. As with hydrogen fluoride the products are always paracompounds. Thus tert. butyl chloride reacts with toluene giving with
either hydrogen chloride or fluoride only the para-di-derivative, whilst
with aluminium chloride only 30-35 per cent, of para is formed, along
with 65-70 per cent, of meta.
HYDROGEN BROMIDE
The heat of formation of gaseous HBr from H 2 and gaseous Br2 is
4-82 k.cals., so that the compound is exothermic, but only slightly so.
The dynamics of the formation of hydrogen bromide from its elements has
been studied by a variety of people.455 The reaction is complicated, but
the main process, as was shown by Christiansen,456 Polanyi,457 and Herzfeld,458 consists essentially of four reactions:
L Br2
=
2Br
2. Br + H2 = HBr + H
3. H + Br2 = HBr + Br
4. H + HBr = H2 + B r
The first three exactly correspond to the 'Nernst chain' for the formation
of hydrogen chloride from its elements. The first stage, the dissociation
of the bromine, can be brought about by the action of heat or of light.
With heat we have the thermal reaction of hydrogen and bromine; this is
much slower than with chlorine, and unless the gases are heated to a rather
high temperature (about 500° C.459) a reaction initiated at one point in
the mixture, e.g. by local heating, is not able to spread owing to the
small evolution of heat. The thermal reaction does not go with a measurable velocity below 200° C.; between 200° and 300° it has been examined
in detail by Bodenstein and Lind.460
The essential difference between the reaction of bromine with hydrogen
and that of chlorine is that reaction (2) above
X + H2 = HX + H
which with chlorine is exothermic, with bromine absorbs about 16 k.cals.
Hence the probability that a bromine atom will react with a hydrogen
molecule on collision is e~16>000^T, which at 177° C. is 1-75 xl0~ 8 . Thus
**4 J. H. Simons and H. Hart, J.A.G.S. 1944, 66, 1309.
4W

For a full account see Hinshelwood, 1933, p. 107; Semenoff, Cham Reactions,
p. 140; Gmelin, Brom, 1)831, pp. 168-80.
«• J. A. Christiansen, Dansk. Vid. Math. Phys. Medd. 1919, 1, 14.
*8' M. Folimyi, Z, BhkProohem. 1920, 26, 49.
«•• K. F. Herzfeld, ib. 1919, 25, 801,
*•• A. B. Sagulin, Z. phyeihal. Ohmn, 1928, B 1, 282.
«• M. Bodonitoin, ib. 1904, 49, 61; M. Bodonttoin and 0. S. Lind, ib. 1907, 57,
1(58.
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on the average such a bromine atom will only react after 10 collisions or
0*01 second after it has been produced. This length of life gives it more
than one chance of combining with another bromine atom. Hence the
reaction chains are very short, and many bromine atoms must disappear
before they have started a chain at all.
The photochemical reaction differs from the thermal only in the way in
which the bromine atoms are formed; the subsequent changes are the same
in both. JFor the reasons given above, the rate of combination is here
also much slower than with chlorine, and the quantum yield, instead of
amounting to many thousands or even millions, is often less than unity.
On heating, hydrogen bromide dissociates to some extent into hydrogen
and bromine, and does so more readily than hydrogen chloride; the percentage dissociation461 is 0-5 at 1,024° C, 0-73 at 1,108°, and 1-08 at 1,222°.
Owing to the small heat of formation of hydrogen bromide it is scarcely
practical462 to produce it by the direct combination of the elements, and
its formation is therefore usually supported by some other form of
chemical energy, as by combining the bromine with phosphorus or aluminium and treating the product with water: by the action of bromine on
an organic substance, such as benzene or naphthalene, when, of course, half
the bromine goes to brominate the hydrocarbon: or by treating a salt of
HBr with a strong acid (best with phosphoric, as this does not oxidize the
HBr produced).
Hydrogen bromide reacts to some extent with P2O5 and with H2SO4,
forming free bromine and other volatile products; it can be dried by
anhydrous CaBr2468 or by dried (but not ignited) alumina.464
Hydrogen bromide boils at — 66»7° and melts at —81-6°; its critical
temperature is 89*8°. The solid is trimorphic.466 The heat of evaporation
is 4*21 k.cals.,465 giving a Trouton constant of 20-4. The vapour density is
normal, and the liquid shows no signs whatever of association.467
The dipole moment in the gaseous state is 0-78 D 468 ; it is markedly
larger than this in non-ionizing solvents; thus Fairbrother469 found (at
20°) 0-96 in CCl4 and 1*01 in benzene. The dielectric constant of the liquid
is 6-29 at - 8 0 ° , and 3-82 at +24-7°. 470 The electric conductivity at - 8 0 °
Ii 0-8 XlO- 8 . 471
481
K. Vogel v. Falckenstein, ib. 1909, 68, 278; cf. A. Eucken and F. Fried,
E, Pkys. 1924, 29, 49.
491
See, however, Inorganic Syntheses, vol. i, p. 154.
468
G. P. Baxter and R. D. Warren, J.A.C.S. 1911, 33, 340.
494
F. M. G. Johnson, ib. 1912, 34, 911.
m
W. F. Giauque and R. Wiebe, ib. 1928, 50, 2198.
"• K. Clusius, Z. Naturf. 1946, 1, 142.
4,1
For an enumeration of all the physical properties which support this conclu•ion, (with references) see Gmelin, Brom, 1931, p. 194«
*•• 0. T. Zahn, Phya. Em 1928, 27, 455.
411
7, Fairbrother, Tram. Fm. Soo. 1984, 30, 362.
if0
O. 0. Sohaefer and H. Sohlundt, J. Phys. Oh$m> 1909, IS, 671.
4fl
D. Molntoih, Trans, Am$r. EUctroch$m, £00, IdIS1 31, ISl.
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Bromine vapour undergoes complete radioactive exchange with gaseous
HBr at room temperature in 2 minutes. 472 This may be due to the formation of HBr 3 . 4 7 3
Hydrogen bromide resembles the chloride very closely in its general
behaviour, the only marked difference being the ease with which it is
oxidized. Like the chloride and the iodide it behaves as a covalent compound when it is by itself or in non-ionizing solvents, and hence, owing to
its volatility, dissolves in these solvents only to a small extent 4 7 4 ; in ionizing solvents, especially water, it dissolves very readily, and mainly—
almost entirely except at high concentrations—in the ionized form.
I n organic solvents containing oxygen (alcohols, acids, esters, ethers,
ketones) HBr usually dissolves readily, with a considerable evolution of
heat; the solution of 1 mole in 24 moles of ethyl alcohol (giving a 6-8 per
cent, solution) evolves 23-1 k.cals. 475 ; this is due to the formation of the
solvated ions of the oxonium bromide [Et-OH 2 ] (Br); very little alkyl
bromide is formed.
In solvents free from oxygen the solubility of HBr at the ordinary
temperature is very small and usually unknown. In benzene 476 it obeys
Henry's law, the pressure of H B r in atmospheres divided by the molarity
of the solution being 16-1/30° and 24-35/50° (extrapolated 14-0/25°). The
heat of solution in benzene is 4-20 k.cals. per mole. At lower temperatures
the solubility increases, and benzene at —4° will dissolve 14 per cent. 477
A saturated solution in CCl4 at the ordinary temperature contains about
0-8 g. in 100 c.c. At lower temperatures solid phases are formed which
have the composition of addition compounds of HBr and the solvent 4 7 7 ;
such areHBr,2C 6 H 5 .CH 3 (m.pt. -86-5°),HBr 5 C 6 H 5 -C 2 H 6 (m.pt. -105-5°)
and HBr,2 C 6 H 5 C 2 H 5 (m. pt. —103-8°); these are presumably merely
crystal aggregates or van der Waals compounds.
There can be no doubt that in these solvents HBr is present essentially
in the covalent form. But it is remarkable t h a t Topley and Weiss 478
showed t h a t if a well-dried solution of hydrogen bromide in carbon tetrachloride was treated with radioactive bromine, there was a complete
exchange of activity in a few minutes at room-temperature. This cannot
have been due to the dissociation of the bromine into atoms, as this at so
low a temperature would have been too minute, 4 7 9 nor does it seem likely
t h a t enough water would have been left after 5 days over P 2 O 5 to cause
ionization. Hence, they suggest that undissociated H B r 3 may be formed
in sufficient quantities to cause the exchange, although no evidence of its
formation in the system HBr—Br 2 , solid, liquid, or gaseous, has been
472
L. C. Liberatore and E. O. Wiig, J. Ghem. Phys. 1940, 8, 165.
4™ W. F. Libby, ib. 348.
*™ S. J. O'Brien and E. G. Bobalek, J.A.C.S. 1940, 62, 3227.
*™ M, Berthelot, Ann. OHm. Phys. 1876, [5] 9f 347.
*™ A, F. Kapmtinnld and V. A. Maltzev, J. Phya.-Ohem. Buss. 1940, 14, 105.
<" O. Mnaii and J, Russell, J.A.O.S. 1918» 40, 1584.
4" II, Toptey and iT. Wtin, J.0.£f. 1986, 912.
4" A. 14. Gordon and C. Burru% J, ChonK Phyt* 1903, I9 692.
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480

obtained by phase rule methods.
As we saw above (p. 1166) a similar
exchange was found later to occur in the gaseous state, and was similarly
explained.
Hydrogen bromide is of course very soluble in water of which a litre
dissolves under 1 atm. pressure 2,212 g. at 0° and 1,930 g. at 25°, the latter
solution being about 16-normal. It forms hydrates with HBr to 4 H2O
(m. pt. -56-8°), 3 H2O (-48°), 2 ( — 11-2°), and 1 (incongruent).481 The
partial pressure of the HBr changes in the same way as with HCl, being
minute at low concentrations, but rising rapidly when the concentration
much exceeds 10 ^.482"3
Radioactive exchange between the halogen hydride or its salts and the
free halogen occurs completely and rapidly in aqueous solution with
bromine,484 chlorine,485 and iodine.486 This is no doubt due to the formation of the polyhalide ions X^.
HYDKOGEN IODIDE, H I
Hydrogen iodide differs from the bromide mainly in being much more
readily oxidized. The reaction
H2 + I 2 = 2 HI.
if H 2 and HI are gaseous and I 2 solid, involves the absorption of 12-2 k.cals.:
if the iodine also is gaseous it is just exothermic, but only gives out
1-4 k.cals. As a result hydrogen iodide acts in many cases as a reducing
agent, and a concentrated aqueous solution is often used for this purpose
in organic chemistry. Owing to this relatively feeble affinity of hydrogen
for iodine reaction chains cannot occur in the formation of HI. The
dynamics of the formation have been studied in great detail especially by
Bodenstein,487 by sealing up known quantities of hydrogen and iodine
in glass bulbs, which were then heated for a known time to a fixed temperature, chilled, broken under oxygen-free water, and the contents analysed.
The reaction is homogeneous and of the second order; the heat of activation calculated from the temperature co-efficient of the velocity is 40 k.cals.
The absolute rate of reaction calculated from this value of the activation
480

E. H. Buhner and P. J. Karsten, Akad. Amst. n Versl. 1909, 17, 502; Proc.
Acad. Amst. 1909, 11, 506. See also E. Beckmann and P. Waentig, Z. anorg. Ghem.
J 910, 67, 48.
481
S. U. Pickering, Phil. Mag. 1893, [5] 36, 119; H. W. Bakhuis Roozeboom,
liec. Trav. 1885, 4, 111, 334; 1886, 5, 332, 374; Z.physiJcal. Ghent. 1888, 2, 454, 457.
482
S. J. Bates and H. D. Kirschman, J.A.C.S. 1919, 41, 1998.
488
M. Wrewsky, N. Sawariski, and L. Scharlow, J . Buss. Chem. Soc. 1924, 54, 367 ;
Z. physikal Chem. 1924, 112, 103.
484
A. v. Grosse and M. S. Agruss, J.A.C.S. 1935, 57, 591.
485
F. A. Long and A. R. Olson, ib. 1936, 58, 2214.
«« D. E. Hull, C. H. Shiflet, and C. S. Lind, ib. 585.
487
M. Bodenstein, Bw, 1893, 26, 2610; Z. physikal Oh$m. IBU9 13, 56, 110;

1897, 22, 1; 1809, 2% 295, See Hinihelwood, KtoeUo* of Chemical Chmg$ (IUQ),
p, 47, ©to.
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energy is at 700° 0-14 (per sec. per mole per litre) while the observed rate
is 0-064.488
This reaction is also interesting in relation to the theory of Eyring and
Polyani489 that the essential use of the heat of activation is to bring the
atoms into the positions required for forming the new molecules. While
the quantitative calculation of this effect depends on factors which are
not fully known, it is possible in this way to show that the reaction of
hydrogen with iodine must go more easily through the molecules, and those
with chlorine and bromine through the atoms.490
The photosynthesis of hydrogen iodide depends on a different mechanism,
the dissociation of the I 2 molecules into atoms, as with bromine and
chlorine. With iodine as with bromine the difficulty arises in the second
stage of the reaction.
I -f H2 = IH + H - 320 k.cals.
Owing to the highly endothermic character of this reaction, the iodine
atom will only be able to react if it has a high kinetic energy, and so light
waves can only bring about the reaction if they are very short491. Coehn
and Stuckardt492 found that a mixture of hydrogen and iodine reaches
equilibrium in light of a wave-length shorter than 2,20OA, but that if the
wave-length was longer than this there was no sign of the formation of
hydrogen iodide.
On heating, hydrogen iodide dissociates largely into its constituent
elements. The equilibrium in the reaction
H 2 + I 2 = 2HI
lies almost wholly on the right-hand side, but since the formation of HI
in the gaseous state evolves heat, the dissociation is favoured by a rise of
temperature. At any temperature near the ordinary the reaction is very
slow; equilibrium is not reached at 100° in 3 months. The proportions at
equilibrium have been found49*"4 to be:
At
Per cent. diss.

.

600 0 K.
19-1

700 0 K.
22-2

800° K.
24-9

1,490 0 K.
35-6

At the highest temperatures the equilibrium is to some extent affected
by the dissociation of the iodine molecules into atoms.495
488

W. C. M. Lewis, J.G.S. 1918, 113, 471.
H. Eyring and M. Polanyi, Z. physikal Ghem. 1931, B 12, 279; H Eyring,
J.A.G.S. 1931,53,2537.
490
A. Wheeler, B. Topley, and H. Eyring, J. Ghem. Phys. 1936, 4, 178, have
calculated by the methods of statistical mechanics the absolute rates of reaction of
iodine, bromine, and chlorine with H 2 , HD, and D 2 , and have shown that the results
are in accordance with observation.
491
See E. J . Bowen, J.G.S. 1924, 125, 1237, where the whole question of the
photochemistry of the combination of the halogens with hydrogen is discussed.
489

488

A. Coehn and K. Stuckardt, Z. physikal Ghem. 1916, 91, 722.
^ M. Bodenstein, ib. 1899, 29, 296.
«* K. Vogel v. Falokenstein, ib. 1900, 68, 279; 72, 118.
198
S©i tefchar A, H. Taylor m& R, H, Oriit, J.A.O.S. 1041, 63, 1877? thay
m«Mur« aquilibrlum And rstti for I1H-H1, and for I|H-Dft.
4
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The photodissociation of HI has been shown to give a normal neutral
hydrogen atom and an excited neutral iodine atom, as would be expected
from a covalent H—I molecule.496
Hydrogen iodide boils at —35-4 and melts at — 50-80.497 Its critical
temperature is 150-8°. The heat of evaporation at the boiling-point is
4-724 k.cals., giving a Trouton constant of 19-9. The heat of fusion at the
melting-point is 0-686 k.cals./mole.497
Solutions of HI, as of HBr and HCl, are divided into those in which the
molecule remains covalent, as in hydrocarbons, and those in which it is
ionized, as in water. The non-ionized solutions have been very little
investigated, but they resemble those of HCl and HBr in the same solvents ; the solubility is always very small. In organic solvents containing
oxygen, hydrogen iodide is readily soluble owing to the formation of
oxonium iodides.
In water hydrogen iodide is very soluble: the three halogen hydrides
have almost the same molar solubility in water, a litre of which, at 10°
and under a gas pressure of 1 atm., will dissolve 14 moles of HCl, 15 of
HBr, and 12 of HI. 498 SoHd hydrates with
4 H2O [m. pt. -36-5°], 3 H2O [-48°], and 2 H2O [a*. -43°]
are known; a monohydrate has not been isolated.499
In water hydrogen iodide is of course a strong acid. Attempts have
been made to determine the relative strength of the three halogen acids
in water; but the results500 are inconclusive.
Aqueous solutions of hydriodic acid decompose very readily, as we
should expect from the heat relations. In complete absence of oxygen
they can be kept indefinitely, even in the light, but in presence of oxygen
the reaction
O2 + 4 HI = 2 H2O + 21 2 + H2-2 k.cals.
goes on spontaneously, and is hastened by light.
The chemical reactions of the solution are in general those of a strong
acid, and those of a reducing agent. A great many—in fact most—organic
substances of the most varied types, aliphatic and aromatic alike, if they
are heated at 250-300° with saturated aqueous hydriodic acid, are reduced
to saturated hydrocarbons. The strength of the reducing agent can be
maintained by adding elementary phosphorus, which reacts with the
liberated iodine in the presence of the water to regenerate HI. With this
reagent CS2 can be reduced to methane and hydrogen sulphide.
All ordinary oxidizing agents will liberate iodine from hydriodic acid—
ozone, oxygen, nitric acid, arsenates, antimonates, vanadates (reduced to
the quadrivalent state), chromates, permanganates, chlorine, bromine,
ferrio salts, e t c
*" J. Franok and H, Kuhn, Z. Phy&, 1927, 43,164 {BXUL. 1027, A, 711).
«" W. F. Giauque and R. Wiebe, J.A.O.S. 1020» Sl1 1440.
*•• E. Abegg and G. Bodl&nder, Z. morg. Ohem. 1309, 20, 461.
«•• S. U, Pickering, B$r, 1808, 26» 2800.
••• A. HAiItMOh and A. Wttabtrgwr, Z, phyiihaL Ohm. 1027» 131, 250.
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B I N A R Y C H L O R I D E S , B R O M I D E S , AND I O D I D E S

Much of the properties of these compounds have already been discussed
along with the inorganic fluorides (Fluorine, p. 1112). Something more may
be said about properties of the halides which bear on the question of
ionization or covalency. The covalent have low boiling-points, which
rise with the atomic weight of the halogen; the salts have high boilingpoints, falling in this order. The electric conductivities of the fused substances are high with salts, and low or very low with covalent halides.
The conductivities of the fused halides have been determined mainly
by Biltz and Klemm,501 who in particular have measured nearly all the
known chlorides. They cannot all be measured at the same temperature,
and this has therefore usually been done just above the melting-points.
Since the melting-points of ionized compounds are higher than those of
covalent, and the conductivities all increase with temperature, this exaggerates the differences in conductivity between the two classes of compounds, but the conductivities vary over so wide a range (in the ratio of
108 to 1) that the temperature effect is only of secondary importance. Out
of 60 chlorides of 53 elements examined by Biltz and Klemm, 31 were
found to have conductivities (in reciprocal ohms near the melting-point)
lying between 10 and 0-1, and are obviously ionized, while for 26 the value
was less than 2 x 10~6, showing that these are covalent. Only 3 (BeCl2,
ZnCl2, HgCl2) gave intermediate values (32, 24, and 0-82 x 10~4).
A further distinction between halides is their behaviour with water.
This can be of four kinds. (1) Ionization; (2) hydrolysis to HX and the
hydroxide of the other element; (3) no action at all; (4) hydrolysis to the
hydride of the second element and hypohalous acid HOX.
As we have seen, which of these occurs depends on the nature of the
atom A. (1) Ionization is favoured by low valency, a large cation, especially
when this has an inert gas structure, and a small anion. When these
conditions are not fulfilled, ionization does not occur, but one of the
alternatives (2), (3), or (4). (2) is then the normal behaviour if A has a
valency group of less than the maximum size for that atom (BCl3, SiCl4, etc.);
(3) inactivity is found where A has its maximum valency group and this
is fully shared (CCl4, SF6, SeF6); (4) hydrolysis to the hypohalous acid
occurs when the valency group of A is of the maximum size but is not fully
shared: among the binary halides this normally happens only with those
of nitrogen and oxygen, and the elementary halogens themselves.*
COMPLEX H A L I D E S ( I N C L U D I N G F L U O R I D E S ) 5 0 2

There are more known types of complex halides than of any other kind
of complex salt, and almost as many as for the rest put together. The
existence of four halogens, and the absence of complications due to other
* For its occurrence among organic halides (with C-hal) see below, p. 1189.
801
See ©specially W. Biltz, E. anory. Chew. 1024, 133, 312; W. Biltz and W
Klemm, ib. 1926, 152, 207.
•M Bm N. V. Sldgwiok, J.O.S. 1941, 441.
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atoms attached to the donor, make the relations comparatively easy to
detect.
Complexes have been described with every number of halogen atoms
from 2 to 8 on the central atom (those with more than one central atom are
not discussed here, as their structures are often uncertain). Usually the
only evidence we have for their constitutions is the composition of the
solid, but it is only when the crystal structure is known that we can be
sure we are dealing with a single salt and not a crystal aggregate. This
danger is not imaginary. For example, X-ray analysis has shown that the
salt K2CuCl4,2 H2O is really an aggregate of planar molecules of CuCl2,2 H2O
with K + and CF ions (I. 163): that CsAuCl3 (with apparently divalent
gold) is Cs2Au1Au111Cl6, and is made up of Cs+ with 2 kinds of anions,
linear Au1Cl^ and planar AU111CI4 (I. 190); and that Cs3CoCl5 is made up
of Cs+, CF, and C0CI4"" (VIII. 1389). With most complex salts we have
better evidence (for example from the solubilities) that they contain
complexes, than what these complexes exactly are; but it is to be presumed
that usually they are not aggregates of this kind, and the composition may
be taken at its face value.
The influence of the halogen on the formation and stability of the complexes is marked. In simple compounds, as we have seen, the heats of
formation of the links are always in the order
A - P > A-Cl > A - B r > A - I ,
the mean relative values with some 20 observed A atoms being 147, 1,
0*84, 0-69. The increased covalencies of the A atom in the complex will
diminish these, but not much, as is shown by these relative values:
Al-CImAlCl3
Al-CImAl2Cl6
Sb-CImSbCl3
Sb-CImSbCl6

1
0-80
1
0-82

P-CImPCl3
P - C l in PCl 5
I—Cl in ICl
I—Cl in ICl 3

1
0-85
1
0-82

so that, as all the values will be diminished in the complexes similarly, the
order of the heats of formation of the A—hal links is not likely to be
changed. Experimentally so far as is known the order of stability of
the complex halides is usually Cl > Br > I. But while the fluoride is
sometimes more stable than the chloride (as we should expect it to be), it
is sometimes less so. Possible causes of its being less are (1) that the
simple fluoride does not exist, (2) that it is very insoluble, and (3) that it is
highly hydrolysed by water. The data show that there are some 22 central
atoms whose complex fluorides are more stable than the chlorides, and
M where the fluoride is less stable or is unknown. The following table
gives the number of each kind which come under the headings (1), (2), and
(3): * normal9 are those to which none of these causes apply.
Binary fluoride

1. Non-e.xi$l,

Btftbility of)F > Cl (Sg)
complex JF < 01 (34)

%
17

2. InsoL
1
4

3, Eydrol

4, Normal

S
0

17
4
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No satisfactory generalizations can be made about the effect of the
nature of the central atom on the size and stability of the complex; b u t
the following list may be useful. The symbols X 6, Cl 4, etc., are written
for the complex ions AX 6 , ACl4, etc. X = F , Cl, Br, I. 608
Group I

p.
p.
p.
p.

(VII. 1105) Hydrogen. H [ F - H - - F ] , with a hydrogen bond. No
chloride.
Alkali Metals. None (too strongly ionized),
147. Cu', Ag', Au': X 2, X 3, rarely X 4. Only fluoride M2[AgF3]. Stability Cl > Br > I: Cu' > Ag' > Au'.
161. Cu". F > Cl, Br > I : X 3, 4, rarely 5, no more,
176. [Ag". None, as cation oxidizes anion.]
190. Au'". No F : Cl, Br, I, always X 4.

Group II
p. 217. Be. F 4 very stable. Cl 4 doubtful,
p. 242. Mg. F 3 and 4. Ca, Sr, Ba none.
pp. 284, 331. Zn, Cd, Hg. All give stable complexes: F < C 1 > Br > I :
with F, Zn > Cd > Hg. AU give X 3 and 4: Cd also X 6.
Group III
p. 409. Boron. F 4 very stable: no others.
p. 435. Al. F 4, ? 5, 6. No others except X 4 in Al2Cl6 and Al2Br6.
p. 441. Sc and rare earth metals. Very few, if any, except Sc: F 4 and F 6,
p. 476. Ga. F 4, 5, 6: no Cl, Br, or I.
p. 476. In. No F : Cl and Br, 4 and 5.
p. 476. Tl. No F : Cl 4 and 5.
Group IV
p.
p.
p.
p.
p.
p.
p.

614.
615.
616.
616.
618.
622.
626.

[Carbon none.]
SiK F 6: no Cl, Br, I.
Ge*. The same.
Sn*. X 6 and X 8 stable: F = Cl > Br > I.
Pb*. Cl, Br, I all 6.
Ge". Cl 3.
Sn*. Cl 3 and 4; ? I 4.
Pb". Cl, Br, I : 4-6.

Group IV, A
p. 644. Ti*. F > Cl, Br, I : aU 6: stability in the order Si > Ti > Zr.
p. 645. Zr*. Similar but less stable; F 5, to 8.
p. 646. Th*. F 5, 6: Cl 5.
p. 651. Ti'". F 5, 6: Cl 5.
Group V
p. 756. P v . F 6 stable.
p. 799. Asv, F 0.
508
Gmdto, FIuQf9 1028, pp. 59-72 ghrei a complete list to date of the double
fluoride* with rifoetnow. In Qhkr, 1027, p. 223 ? Brom, 1081, p. 285? Iod, 1038,
p. 4Sl9 a#§ given liito only of the oomplex add*,

Complex Halides
p. 799. Sb^. F j Cl5 Br all 6; stability of F 6 P > As > Sb
[Biv no complexes.]
[P111 none: no inert pair.]
p. 798. As 1 ". Cl 4: Br 4, 5. Not very stable,
p. 798. Sb***. X 4, 5, 6; ? F 7.
p. 799. Bi***. X 4, 5, (6): F only 4.
p. 817. Vv. Only oxy-halides, as M[VOF4].
p. 839. Nb v . F 6, 7, and oxy. Cl only oxy, unstable,
p. 848. Ta v . F 6, 7, 8: no oxy.
p. 822. V*v. F 4, 5, 6.
Group VI
p. 989. Se. Only Se*v: Cl, Br 6: no F or I : rather unstable,
p. 993. Te*v. Similar: no F, Cl, Br, I 5 and 6: unstable,
p. 1008. Crv. Oxy, as M2[CrOCl6] and M[CrOCl4].
p. 1050. Mov. Similar. F < Cl > Br.
[Wv. None.]
p. 1055. [No Cr*v or Mo*v] W i v only type M2[W(OH)Cl5].
p. 1021. Cr***. Very stable with F, Cl, Br: no I. X 5, and 6.
p. 1059. Mo***. F 4: Cl 4. (No Br or I).
p. 1060. [W***. None except M3[W8Cl9].]
[Cr**. None.]
p. 1064. [Mo**. Only derivs. of Moehal12.]
[W**. None.]
p. 1078. Uv*. AU are uranyl, UO 2 : F 3, 5, 6; Cl 4.
p. 1084. U*v. Very like Th: F 5, Cl 6, Br 6.
Group VII
p. 1190. Halogens: perhalides as M[X3], M[X6] etc.: practically no F.
For central atom Cl < Br < I.
p. 1198. M[ICl4], planar,
p. 1274. Mn*v. F 6, Cl 6: fairly stable,
p. 1282. Mn***. F 5, Cl 5: hydrolysed by water,
p. 1287. Mn**. X 3, 4, 6. F < Cl > Br. Not very stable,
p. 1305. Re v . Oxyhalides as M2[ReOCl6]: unstable,
p. 1308. Re*v. F, Cl, Br, I : aU 6. Very stable,
p. 1313. Re***. Cl 4, Br 4.
Group VIII.
p.
p.
p.
p.
p.
p.
p.
p,
p,

1366.
1367.
1348.
1413,
1389.
1448.
1477.
1473.
1802.

Fe***. F < Cl > Br: no I. F 4-6, Cl 4-7.
Br 4 and 5.
Fe**. Few, only F and Cl 3 and 4.
Co*1*. No pure complex halides, only ammine-halides.
Co**. F < Cl > Br > L X 3-6, especially 4.
Ni**. F > Cl > Br > I. F 4, Cl 3, and ? 4,
Ru**. Cl, Br, no F or I. AU X 6 or X 6 OH,
Ru***. 01 > Br: no F or I. X 4-7.
0i v i . Nona pur«, only oxy- with 01 and Br1 ai Ki[OiO1Oy.
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1497. Os V. x 6. F, Cl > Br > I.
1493. Os*11. Cl 6, very unstable.
1510. Os11. None pure, only M2[Os(NO)X5]; X = Cl, Br 5 1; Cl very stable.
1525. Rh111. No F: Cl > Br > I. X 5-7. Stable.
1545. Ir1V. x 6. F > Cl > Br. No T.
1540. Ir111. X 6. Cl > Br. No F or I.
1576. Pd1V. Cl, Br 6; no F or I. Rather stable.
1561. Pd111. Cl 5, very unstable.
1568. Pd11. Cl, Br, I, all 4. Fairly stable.
1622. Pt lv . All 4 halogens X 6: F little known. Very stable.
1609. Pt111. Cl 5, very unstable.
1605. Pt1V. No F, the rest all X 4; Cl, Br > I.

ORGANIC C H L O R I D E S , BROMIDES, AND I O D I D E S
organic derivatives are far better known than those of fluorine,
and only a few of their more important properties can be discussed.
The methods of preparation are by addition to the double link or by
substitution; the conditions may be summarized thus.
A. Addition to double and triple links, the addendum being either
(a) halogen, or (6) halogen hydride. (The addition of HO+Cl is discussed under HOCl, p. 1213).
B. Replacement of other atoms or groups by halogen.
The other group may be
(a) Hydrogen. This is direct halogenation, the reagent being either the
halogen itself or some compound which yields it, such as an iodide
chloride Ar-ICl2.
(6) Hydroxyl: this is done by
1. Hydrogen halide.
2. Phosphorus tri- or pentahalide.
(c) NH 2 : this is confined to the aromatic amines, which react through the
diazo-compounds.
These are the most important methods, though there are others that
are sometimes used. These methods may be taken in order.

THESE

A. Addition Reactions
(a) Addition of Halogens to Multiple Links
Addition can take place to double or to triple links, but much more is
known about the former. The addition of chlorine or bromine (not of
iodine, save in exceptional cases like that of cyclopropane504) occurs readily
in presence of catalysts such as salt-like surfaces, and of light; the photochemical reaotion, like that of hydrogen with the halogens, is homogeneous
and inhibited by oxygen; it gives a quantum yield of 106 with chlorine and
105 with bromine.606 When ethylene and bromine are brought together in
IM
m

SSL

B. A, Ogg and W. J, Priiit, J. Oh$m. Phys* 1089, 7, 736.
H, Sohmiti, H. J. SohumMher, unci A. JAgtr, Z. physihal OUm, 1942, B Sl1
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the gas, the reaction takes place almost entirely on the glass walls. 506
Norrish 507 found that the rate of combination is much greater when the
walls are 'polar' (as with glass); if they are covered with solid paraffin the
combination is almost stopped, whereas with stearic acid it is quicker than
with glass alone. The relative amounts of combination in 4 minutes with
various substances on the walls are :
Paraffin
3-8

Cetyl AU.
133

Glass
190

Stearic acid
21-9

The addition in carbon tetrachloride solution is accelerated by light. 508
I t goes several times as quick when the liquid is moist as when it is carefully dried. I t also goes, curiously, much quicker at 0° than at 25°, and
this temperature effect is increased as much as 100 times when the system
is dried.
The effect of substituents (especially methyl groups) in the ethylene
both on the heat and on the rate of reaction have been measured. The heat
of reaction of C = O with Br 2 was measured in the vapour at 80°, being
catalysed by dry calcium bromide, both for the substituted ethylenes 509 ' 10
and for the unsaturated cycloparaffins 511 ; the results may be compared
with the heats of hydrogenation 512 " 13 :
Hydrocarbon
H2C=CH2
.
.
.
CH 8 -CH=CH 2
.
CH 3 . CH 2 . C H = C H 2
CH 3 • C H = C H C H 3 trans
CH3-CH=CHCH3C^ .
(CHa) 2 C=CHCH 8 .
Cyclopentene
Cyclohexene
Cycloheptene
Cyclooctene
.
.
.
Normal heptene .

.

.

C=C+Br2

C=C+H2

29-1
29-4
29-6
29-1
30-2
30-4
28-6
33-6
30-4
293
30-2

32-6 k.cals.
301
30-3
„
27-6
„
28-6
„
26-9
„
28-6
26-5
23-5

„
„
„

These results with the ethylenes give a thermodynamic basis for MarkownikofFs rule (below, p. 1177), and also show why in substitution the bromine
replaces by preference the hydrogen on the most highly substituted carbon.
The whole of this evidence makes it probable t h a t these small differences
depend on the hindrance to free rotation, and t h a t this hindrance is due
to atomic (or link) repulsion, so t h a t the energy content is greater in the
eclipse position.
506 1J1

D. Stewart and K. ft. Edlund, J.A.C.S. 1923, 45, 1014.
R. G. W. Norrish, J.C.S. 1923, 123, 3006.
608 J J S. Davis, J.A.C.S. 1928, 50, 2769.
500 J - B. Conn, G. B. Kistiakowsky, and E. A. Smith, ib. 1938, 60, 2764.
810
« l M. W. Liiter, ib. 1941, 63, 148.
Id, , ib. 1939, 6I 1 1868,
818
G. B. Kiitiakowiky, J. R. Ruhoff, H. A. Smith, m& W. E. Vaughwi, ib. 1936,
58, 137.
616
Id,, ib. 193S1 57, 876.
ilti.i
607
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The replacement of the hydrogen atoms in ethylene by methyl groups
is found508 to increase the rate of addition of halogen; thus with the dried
system in the dark ethylene needs some days for fairly complete combination, methyl ethylene some hours, and trimethyl ethylene only a few
minutes. On the other hand, negative groups (such as halogen atoms or
carboxyl groups) diminish the rate: the relative rates of addition of
bromine in methylene chloride at —35° were found by Ingold514 to be:
CH81=CH8
.
(CH8J2C=CH2
(CH8)aC=C(CH8)8

.

.
.
.

10
5*5
14

CH 2 =CH- COOH .
CH2=CHBr .

.
.

0-03
0-04

In the same way tetraphenyl ethylene will not react with bromine at
all,615"16 and though it does add on chlorine, it easily loses it again.517"18
An interesting question610 is how far addition to the double link takes
place in the cis and how far in the trans position. Earlier workers, including van 't Hoff and Wislicenus, made the natural assumption that the
addition must be in the cis position. It is, however, well established now
that both kinds of addition occur, and it is indeed probable that the trans
addition predominates. Thus it has been shown that acetylene on addition of bromine gives a mixture of cis and trans dibromo-ethylene520;
fumaric acid takes up chlorine to give about 80 per cent, meso (trans) and
20 per cent, racemic dichlorosuccinic acid,521 and maleic anhydride with
chlorine gives 80 per cent, racemic and 20 per cent, meso-acid,522 in both
cases the trans addition predominating.
When the unsaturated molecule contains two double links in the conjugate position, there is the possibility that the halogen will not add either
to one or to the other of the double links, but to the 1 and 4 positions,
giving a new double link:
Br

Br

It was to account for such reactions as this that Thiele put forward his
theory of conjugate double links.523 Later work has shown that with such
a system 1,4-addition often occurs, but by no means always. With the
halogens it would seem that the addition is normally to the 1 and 2
positions524; but in the particular case of butadiene the quantum mechanism
514

C. K. and E. H. Ingold, J.G.S. 1931, 2354; see also S. V. Anantakrishnan and
C. K. Ingold, ib. 1935, 984, 1396.
515
51
A. Behr, Ber. 1870, 3, 751.
« H. Bauer, ib. 1904, 37, 3317.
617
H. Finkelstein, ib. 1910, 43, 1533.
518
J, F. Norris, R. Thomas, and B. M. Brown, ib. 2940.
619
See W. Htickel, Theor. GrundL d. org. Chemie, 1931, Bd. i, 290.
880
G. Chavanne, OM. 1912, 154, 776.
111
R. Kiihn and T. Wagner-Jauregg, Ber. 1928, 61, 519.
888
B. Holmberg, J. pr. OUm. 1911, 34, 145,
•"» J, ThMe, Ann. 1899, 306, §7.
IM
Cf. W, HMwI 1 THiQt1 GrundL d, wg< Ch*mi*> IQBl9 Bd. i, p. 807.
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of the addition has been studied by Eyring, " who concluded that
1,4-addition should occur, and that the reaction should be catalysed by the
walls; an experimental investigation by Heisig and Wilson527 fully confirmed these conclusions.
Bartlett and Tarbell528 show that in general the addition of halogen
occurs in two stages, the first being the formation of a complex cation
[O=C* -X] + , which Robinson529 writes

|R/\
\

NR

this has been attacked on the ground that cis and trans olefines would then
give the same products. But it has been pointed out530 that there should
be co-ordination (at least in a resonance form) to the cyclic structure

^Y
which overcomes this difficulty. See further reference

531

.

A. (b) Addition of Hydrogen Halides
This is in general less easy than the addition of the halogens, but takes
place more readily the heavier the halogen. The heats evolved in these
reactions in the gaseous state are:
C=C + HCl = CH-CCl +
Q.
414 102-7
87-3 66-5+ 9-7 kc.
+ HBr = CH + CBr
414
87-3
87-3 54-0 + 12-6 kc.
+ HI = CH-CI
414
714
87-3 45-5 + 20-0 kc.
When the double link is unsymmetrically placed in the organic molecule,
a new question arises as to which way the hydrogen halide attaches itself
/TR 2 CH-CB4hal
R2C=CR^ + H-hal(
>R2Chal—CRpi
532
MarkownikofF in 1870 stated his well-known rule that the halogen
838
888
8
^
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819
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H. Eyring, Science, 1933, 77, 158.
H. Eyring, A. Sherman, and G. E. Kimball, J. Chem. Phys. 1933, I1 680.
G. B. Heisig and J. L. Wilson, J.A.C.&. 1935, 57, 859.
P. D. Bartlett and D. S. Tarbell, ib. 1937, 59, 407.
E. Robinson, 'Eleotronic Theory of Organic Reaotions', ImU of QKm. 1982,
L Robert! and G. E. Kimball, JJL.OJ3. 1987, 59, 947,
" K. Nozaki and E. A. Ogg, ib. 1942, 64, 704, 709.
"• W. B, MarkownlkoiT, Ann. 1S70P 153, 256.
^
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attaches itself to the carbon which has the least number of hydrogen atoms
(this is the basis of Michael's ' positive-negative' rule533) to which he added
a second rule, that in the addition to vinyl chloride CH2=CHOl, or to
a-chloro-propylene CH 3 -CH=CHCl, the halogen of hydrogen chloride or
iodide goes to the carbon which already carries a chlorine atom.534
These rules are substantially true, but in 1933 a new and so far unexplained influence on these reactions was discovered by Kharasch.535 He
showed that in some of these cases the orientation of the product was
determined, considerably if not wholly, by the presence or absence during
the reaction of oxygen or certain peroxides. Thus allyl bromide which has
been exposed to the air, and can be shown to contain peroxidic impurities,
rapidly takes up HBr and forms mainly 1,3-dibromopropane:
CH2Br-CH=CH2 + HBr —> CH2Br-CH2-CH2Br.
But if the peroxides are removed and the reaction carried out in the
absence of air, the addition is slow, and 80 per cent, of the product is the
1,2-dibromide CH2Br • CHBr • CH3. If oxygen is passed through a peroxidefree specimen for 10 minutes, 70 per cent, of the 1,3-product is again
obtained. In presence of 'antioxidants', substances which remove oxygen
or peroxides (such as diphenylamine or quinol), only the 1,2-dibromide is
formed.
This discovery led to much further work, and the results up to date have
been summarized by J. C. Smith.536"7 A most remarkable result is that
while this 'Kharasch effect? is undoubtedly true, it is strictly limited, and
is confined (1) almost to terminal double links, and (2) quite to the addition of HBr. For a further discussion and a suggested explanation of these
phenomena see reference 538. It has been shown that the addition of a
hydrogen halide to a molecule CH 2 =CH • R takes place as follows :
Hydrogen Chloride adds slowly (oxygen or no oxygen), always giving
CH 3 -CHCl• R (Markownikoff 's first rule). See further references 539-40,546.
Hydrogen Bromide: in the absence of oxygen or a peroxide the HBr adds
on slowly, giving again the 2-halide CH3—CHBr-R, as with HCl: this is
533

A. Michael, J. pralct. Chem. 1899, 60, 341; Ber. 1906, 39, 2138.
For a discussion of the causes of these reactions see H. B. Watson, Modem
Theories of Org. Chemistry, ed. 2, 1941, p. 145.
535
M. S. Kharasch and F . R. Mayo, J.A.C.S. 1933, 55, 2468.
536
J . C. Smith, Chem. and Ind. 1937, 833; 1938, 461.
637
Id., Ann. Rep. Chem. Soc. for 1939, 36, 219.
638
F. R. Mayo and € . Walling, Chem. Rev. 1940, 27, 375, and W. A. Waters,
Chemistry of Free Radicals, 1946, p. 180.
639
M. S. Kharasch, S. C. Kleiger, and F . R. Mayo, J. Org. Chem. 1939, 4, 428.
540
M. S, Kharasch, C. Walling, and F . R. Mayo, J.A.C.S. 1939, 6 1 , 1559.
641
M. S. Kharasch, H. Engelmann, and F. R. Mayo, J. Org. Chem. 1937,2, 288,400.
848
M. S. Kharasch, J. A. Norton, and F . R. Mayo, ib. 1938, 3, 48.
643
M. 8. Kharasch, M. Z. Fkteman, and F . R. Mayo, J.A.G.S. 1939, 6 1 , 2139,
844
M. S. Kharaioh, W. R. Haefeb, and F. R. Mayo, ib. 1940, 62 f 2047.
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W, R. Vaughiin, F. F, Ruit, and T. W. HvAni, J, Org. Oh&m. 1942, 7, 477.
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the 'normal' reaction. In presence of oxygen or a peroxide the addition takes
place rapidly, with the formation of the other product CH2Br—CH2 • R:
this is the 'abnormal' reaction. See further references 541~2.
Hydrogen Iodide always adds on rapidly, and always, oxygen or no
oxygen, gives the normal product CH3—CHI-R.
The rate of addition both of HBr and of Br2 to cyclopropane is greatly
increased by the presence of oxygen or peroxides.543 The bromination of
toluene is greatly accelerated by peroxides, both the thermochemical
reaction in solution giving benzyl bromide, and the photochemical in the
vapour, when the bromine goes into the nucleus.647 Some other reactions
are affected in the same way, such as the Cannizzaro reaction (formation of
acid+alcohol) with benzaldehyde,537 which is stopped by the addition of
an antioxidant. Other catalysts, such as powdered iron544 or nickel, and
even ultra-violet light545 have the same influence on the addition of hydrogen bromide. Ferric chloride hastens the addition of hydrogen chloride
or bromide to a terminal C=C group, but does not affect its direction.539
The real active agent is probably elementary oxygen, and peroxides
(benzoyl peroxide, perbenzoic acid, etc.) are only active so far as they give
off oxygen. From the rapidity of the catalysed 'abnormal' reaction, it is
evidently a chain reaction, and presumably it involves bromine atoms;
but beyond this its mechanism is still obscure (see refs. 537~8).
The addition of hydrogen bromide to the triple link in acetylene is very
slow in the absence of a catalyst, and hydrogen chloride will not go on at
all. But in presence of mercuric salts (which seem to be specific for a triple
link) HCl forms monochlorethylene CH 2 =CHCl, and with mercuric
bromide HBr forms both monobromethylene CH 2 =CHBr and ethylidene
dibromide CH3—CHBr2.

B. Replacement Reactions
(a) Replacement of Hydrogen: Direct Halogenation
This is commonly effected by means of the halogens themselves. The
heat of the reaction Q will be different according as there is or is not water
present to absorb the hydrogen halide (ht. of soln.: HCl 17-7, HBr 20-0,
HI 19-3 k.cals.). The following table gives the values of Q dry and Q wet—
i.e. with or without water to absorb the HX produced.
Q dry Q wet
C - H + Cl2 = C - C l + H - C l
87-3 57-8
66-5
102-7 +24-1 + 41-8
C - H + ^r2 = C - B r + H - B r
87-3 46-2
54-0
87-3 + 7-8 -\ 27-8
C-H
87'3

I2 « C - I
37-6
45-5

H-I
71*4 -- 8«0 + 11-8

The reaotion often takes place under very different conditions according
m the hydrogen replaoed is aliphatio or aromatic. It doei not ooour with
»« M. S. Khffcnwoij, 1\ C. Whitu, mid F, R, Mayo, lb. 3, Bi.
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iodine at all, unless the hydrogen iodide produced is removed, for example
by adding iodic acid HIO 3 (which forms I 2 +H 2 0) or mercuric oxide. With
chlorine or bromine it is very slow at the ordinary temperature if it is
unassisted, but it can be much hastened by the addition of a suitable
catalyst, by exposure to light, or by a rise of temperature. Kharasch
finds549 that in the cold cyclohexane and isobutane are brominated by
bromine in the absence of light and oxygen only about 1 per cent, per
month; with O2 in the dark, or with light and no O2, about 10 per cent.;
with both together far more than 20 per cent. Peroxides have no effect.
Much the same occurs with C(CH3)4,550 where, however, peroxides are
active at 50°.
With the paraffins it has been shown548 that the photochemical reaction
(which occurs with toluene and even benzene as well as with the paraffins)
is essentially of the same kind as that between chlorine and hydrogen,
with the production of long chains, not quite so long as with hydrogen,
but of 104 to 103 links. In the methane series the length of the chain (the
quantum yield) falls from 104 to 103 as the amount of chlorine in the molecule increases, and we go from OH4 to CHCl3. The photochemical reaction,
both with paraffins and with aromatic hydrocarbons, is often, especially
with chlorine (see Kharasch, refs. 549~50 above) much delayed by the
presence of oxygen, just as is the reaction with hydrogen. The thermal
reaction seems to be in many ways similar to the photochemical.
The chlorination of the natural paraffins has recently assumed great
technical importance, as these hydrocarbons, obtained from natural gas
and separated from one another by fractional distillation, are the sources
of a large number of commercial products. The conditions of their
chlorination and the nature of the products have recently been examined
in great detail by Hass and his colleagues.581""2 They studied the photochemical and the thermal reactions, both in the liquid and in the gaseous
phase; the general conclusions are much the same whichever method of
reaction is used. The process is liable to be complicated by the occurrence
of a second reaction, known as pyrolysis, which is promoted by high
temperatures and long exposures, in which an olefine is formed (usually by
the splitting off of a halogen hydride from a halogenated product, but as
the temperature approaches that of cracking other groups, even hydrocarbon groups, may be broken off), and this then adds on a molecule of the
halogen:
CH-C-hal
> O=C + H.hal
> C-hal—C-hal.
Assuming that the temperatures are such that pyrolysis is excluded,
the results may be summed up as follows.
No rearrangements of the carbon skeleton take place during either
548

See N, Semenoff, Chem. Kinetics and Chain Beactiom, 1935, p. 122.
M. S. Kharaeoh, W. Hered, and F. R. Mayo, J. Org. Chem. 1941, 6, 818.
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M. S. Kharaaoh and M. Z. Fin©man, J.A.O.&. 1941, 63, 2776.
881
H. B. H m 1 E. T. B. MoB®o, mid P. Weber, J, Ind Wng> GUm, 1985,27,1190,
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thermal or photochemical chlorination, and every possible monochloride
is formed. So far as is known, the same is true of the polychlorides as well.
The rate of replacement of hydrogen atoms is greatest when they are
tertiary and least when they are primary; for chlorination in the vapour
at 300° the ratio is lry:2ry:3ry: = 1-00:3-25:4-43. As the temperature
rises this ratio approaches unity both in the liquid and in the vapour.
Chlorination in the liquid gives the same order, but the ratio is much
nearer to unity. The effect of drying, or of adding coke as a catalyst, or
of exposure to light, is to increase the absolute rates of reaction, but to
leave the relative values unchanged. For the mechanism of chlorination
and bromination see further references 55s~4.
The dichloro-compounds are formed in two ways, by loss of HCl
followed by addition of chlorine, and by progressive chlorination. Slow
chlorination in the vapour, with its long exposures, tends to promote the
first kind (pyrolytic), and rapid chlorination in the liquid the second.
When the chlorination is carried out in the vapour, the presence of a
chlorine atom on a carbon tends to prevent the replacement of another
hydrogen on the same carbon, and to some extent555 on the next carbon; on
the other hand, when CH 3 - CF2 • CH3556 or CH 3 . CCl2 • CH3557 is chlorinated,
one CH 3 is converted into CH2Cl, CHCl2, and CCl3 before the other is
attacked. See further references 558~9.
A variety of catalysts can be used to promote halogenation.560 These
consist mainly of elements (or the halides of elements) which form more
than one type of halide. The most important are iron and its halides, the
pentachlorides of antimony, molybdenum, and phosphorus, iodine monochloride, and aluminium and its halides. The same catalysts are used for
chlorination and for bromination. Iron and its halides promote the
halogenation both of aliphatic and of aromatic hydrocarbons; according
to Victor Meyer (1891-2) every normal paraffin can be made by treatment
with bromine and iron wire to take up one bromine atom on each carbon.
The effect of various catalysts is not the same on paraffins as on aromatic
hydrocarbons. Iron seems to be effective with both, but aluminium and
its halides have more effect on the paraffins (or on hydrogen atoms in a
ilde chain). The familiar statement that the replacement of hydrogen is
©asier with an aromatic than with an aliphatic hydrocarbon (which is
generally taken to be an important element in the aromatic character) is
probably true of halogenation, but the position is not quite simple. In the
oold, and in the absence of light and catalysts, substitution is very slow
with hydrocarbons of either kind. The influence of light is greater with
888
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661 2

aliphatic, " and that of catalysts on the whole with aromatic hydrocarbons; in the thermal reaction, which is common to both, no direct
comparisons seem to have been made.
The bromination of benzene in light has been studied by W. Meidinger563
(see also ref. 559 ), who finds that two simultaneous reactions occur, the
normal substitution of hydrogen, and an addition of bromine Br2 to
form presumably C6H6Br2, which, however, immediately combines with
more bromine to give the hexabromide C6H6Br6. This tendency of benzene
to pass into a cyclohexane derivative by taking up three halogen molecules seems to be exhibited under two sets of conditions, (1) under the
influence of light, where in the vapour phase it is the main reaction, and
(2) in the presence of a hypohalous acid, HOCl or HOBr564; the halogen
is added to a caustic soda solution on the top of which a layer of benzene
is floating; as soon as excess of halogen has been added to the alkali,
reaction takes place with the benzene, and the hexahalide is formed in
good yield. The further discussion of this belongs, however, rather to
benzene than to the halogens.
In direct halogenation it is possible to use in place of the elementary
halogen some compound which evolves it, such as an aryl iodide chloride
Ar-ICl2 (see later p. 1247). Complex plumbichlorides such as
(NHa)2[PbCl6]
can also be used.565
In the halogenation of aliphatic ketones and acids a peculiar mechanism
has been found. Acetone in aqueous solution is converted by halogens at a
measurable rate into the monohalide, such as bromacetone
CH3-CO-CH2Br.
Lapworth566 showed that this reaction is catalysed by hydrogen ion; but
in presence of a constant excess of acid the rate is proportional to the
concentration of the acetone, and independent of that of the halogen.
Moreover, the velocity constant at fixed concentrations is the same for
chlorine and also for iodine567 as for bromine.
Hence the reaction whose velocity is being measured is one in which the
halogen plays no part. The halogenation of the acetone must take place
in two stages, first, a slow reaction in which the halogen is not concerned,
and then a rapid reaction of the product with the halogen to give the
halogeno-acetone.
The first (slow) stage must be the conversion of the ketone into the enol
661
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CH3-C(OH)=OH2, which being unsaturated should readily (as other enols
are known to do) add on the halogen: enolization is often catalysed by
hydrogen ion. The product will then add a molecule of the halogen to the
double C=C link, and the resulting dihalide of the enol will lose hydrogen
halide to give the halogeno-ketone, these last two reactions being rapid:
CH3-Cf
XM 3
/OH
CH3-CC
+Br2
X)H2

> CH3- < \
(slow)
X)H2
(I)
/OH
/O
^CH 3 -Cf-Br
^CH 3 -Cf
+ HBr (quick)
\CHaBr
\CH2Br
(H)

Thus the halogenation of acetone is not the direct substitution that it
seems to be, but involves the addition of the halogen molecule to a double
link.
A somewhat similar mechanism will explain the peculiar phenomena
observed in the bromination of a fatty acid like acetic.568"70
B. (b) Replacement of Hydroxyl

Together with the replacement of hydrogen, this is the most important
method of making the halides in the aliphatic series. It is effected by the
action either of the hydrogen halide, or of a halide of phosphorus, or of
thionyl chloride. The behaviour of these reagents is different according
as the hydroxyl to be replaced is alcoholic or acidic. The hydrogen halides
can only be used for the alcohols; their reaction even with them is rather
unexpectedly slow as compared with the rate of esterification by oxy-acids
(see further IV. 527, and ref. 571), and involves heating the reagents
together (usually under pressure) for a considerable time; the formation is
also incomplete, since the reaction is reversible, unless the products are
removed. Phosphorus halides, on the other hand, (chloride, bromide,
iodide) react with alcohols immediately and completely. They do the same
also with acids, giving the acyl halides, such as acetyl chloride CH 3 • CO • Cl,
which cannot be prepared by the use of hydrogen halides, since the equilibrium is too far over on the side of the acid.
Phenolic hydroxyl cannot be satisfactorily replaced by the use of phosphorus halides, because the reaction gives mainly the phosphorous or phosphoric esters, the halogen attaching itself rather to the hydrogen than to
the aryl radical; a better yield of the aryl halide is got from the nitrophenols. Aromatic halides are therefore usually made either by direct
halogenation in presence of a catalyst, or through the diazo-reaction.
6fl8

J. Volhard, Ann. 1887, 242, 141.
H. B. Watson, .7.(7,$. 1925,127, 2067 j Ohem, Eev. 1080, 7,1731 Mod. Theories,
p. 119.
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The oxygen atom of a ketone can of course be replaced by two halogen
atoms by treatment with the phosphorus pentahalide. This reaction is,
however, liable572 to a variety of complications, due partly to the tendency
of many ketones to react in the enolic form, and partly to the breaking up
of the pentahalide into the trihalide and free halogen, each of which has its
own specific reactions.
B. (c) Replacement 0 / M 2
This is confined to compounds in which the NH 2 is attached to an
aromatic ring, and always goes through the diazo-compound. It proceeds
with all four halogens. With iodine it goes directly without the use of a
catalyst; potassium iodide is added to the diazo-solution, and the diazonium iodide which is formed decomposes either spontaneously or on
warming to give the aryl iodide:
Ar-NH2

• Ar-N2[I]

> Ar-I + N2.

With the other halogens a catalyst must be used; for fluorination, as we
have seen, the diazopiperidide ArN2-NHC5H10 can be made and broken
up by concentrated HF, or still better the borofluoride can be decomposed
by heat:
Ar^N2[BF4] =
Ar-F + N2 + BF3.
With chlorine or bromine the reaction can be carried out by Sandmeyer's
method with cuprous halide or by the similar Gattermann method, using
(in presence of the hydrogen halide) copper powder.

Physical Properties of the Organic Chlorides, Bromides,
and Iodides
These halides, like the fluorides, are typical covalent non-associated
compounds. Their boiling-points (see Table of boiling- and melting-points
on next page) rise with the atomic weight of the halogen; according to
Klemm578 the average differences between the boiling-points are:
RH-RF
ca. 0°

RF-RCl
-50°

RCl-RBr
-20°

RBr-RI
ca.—30°

Among the dihalides the relative positions of the two halogen atoms has a
considerable influence on the boiling-point; thus the ethylidene dihalides
always have lower boiling-points than their ethylene isomers, the differences
being (see table) - F 2 34-7°, - C l 2 26-4°, - B r 2 22-5°.
From the examination of the freezing-point curves of the binary systems,
Klemm concludes that their mutual solubility is in the order
R.H > R.F > R.Cl > R-Br > R-I
but that the gap between R • F and R • Cl is much greater than that between
R • Cl and R • Br1 or R • Br and R • I 1 and is about as large as that between
"• W. Taylor, J.OJS. 1987, 804.
Ifl

L. Klsmm, W, KItImIi1 And Gf. Sohlmnfinn, Z, physihal Cham, 1938, 165, 370.
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574

the fluoride and the parent hydrocarbon.
The percentage mutual
solubilities of ethylene dibromide and water have been found to be 5 7 5
C 2 H 4 Br 2 in water 0-25/0°, 0-78/75°; water in C 2 H 4 Br 2 0-35/0°, 1-86/75°.
Boiling- [and melting-] points of Organic Halides
X

=

CH 8 X

F
-

78-5°
141-8°]
- 37-7°
[-143-2°]
2-5°
[-159° ]
86-5°
[ - 41° ]
- 51-6°

[
C2H6X
n-C 3 H 7 X
C6H6X
CH 2 X 2
CHg • CHX 2

-

CH 2 X • CH 2 X

+ 10-0

CHX 8

-

CX 4

24-7°

82-2°

-128°
[-184° ]

- 24-2°
[ - 97-7°]
+ 131°
[-138-7°]
46°
[-122-8°]
132-0°
[ - 45° ]
+ 41-6°
[ - 96-7°]
+ 57-3°
[ - 96-7°]
83-7°
[ - 35-5°]
+ 61-3°
[ - 63-5°]
76-6°
[ - 23° ]

I

Br

Cl

38-4°
119° ]
70-5°
[-199-9°]
156-2°
[ - 30-6°]
+ 98°

42-5°
[ - 66-5°]
72-3°
[-110-9°]
101-9°
[-101-4°]
188-6°
[ - 31° ]
169°

109°

178°

+

4-5°

[

131-5°
[ + 10-0°]
147°
[ + 7-5°]
190°
[ + 93-7°]

[
81-2°]
(extrap. 218°)
[ 121° ]
[

171° ]

Electron diffraction measurements show 576 that in chloro- and 1,1-dichloro-cyclopropane the C—Cl link forms an angle of 5 6 ± 2 ° with the
plane of the ring; the distances are normal.
The well-known effect of the halogens in raising the dissociation constants of organic acids is shown by the following figures577; the first two
sets are the classical (Ostwald) values; the last (benzoic acids) are the
thermodynamic, which, however, are only a few per cent, smaller than the
classical.
Values of K (class.) X 105
X = H
F
Cl
Br
X. CH2. COOH 1-82
217
155
138

I
75

Effect of distance along the chain: 10 5 Z (class.) for CL(CH 2 )^COOH:
n = 1
108E: 155
874

2
8-5

3
ca. 3-0

4
ca. 2-0

[No CL]
[1-8]

Muoh the same is true of the halogen ions. H. G. Grimm has shown (see
Geiger-Soheel, Handbuch, Bd. xxiv (1927), p, 58) that among the salt halides the
chloride and bromide always give a continuous series of solid solutions, the bromide
and iodide nearly alway§, but the fluoride and the chloride very ieldom.
878
M. E. Sohostakovald and I. Q. DruihinLn, J. Qm, Oh$m. Muss, 1942, 12, 42.
878
J. M. O'Gorman and V, Sohomakor, J.A.C.8. 1948, 68, 1181.
*" Quotod from Watson, Modem Th$orin, pp. 80,107.
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Substituted benzoic abids: K x 10s thermodyn.
Ortho
Meta
Para

.

H

F

Cl

Br

I

6-27
6-27
627

541
13-65
7-22

1140
.14-8
10-5

140-0
15-4
10-7

1371
141

Dipole Moments
The dipole moments of the C—hal links have an obvious bearing on such
questions as back co-ordination and reactivity. If we confine ourselves to
the monohalogen derivatives of the hydrocarbons we can be sure that the
moment of the molecule is very nearly that of the C—hal link it contains.
The following are some values.
*
Dipole Moments (values in D = 10~18 JE.S.U.)
CH 8
.
C2H5
n—C 8 H 7
W-C 4 H 9
C6H5
.
(X-C10H7 .
/J-Ci 0 H 7 •

.

F

Cl

Br

I

182
,.
••

1-87
2-05
2-10
211

1-80
201
2-13
2-15

1-64
l-§7
201
2-08

1-57
1-42
149

1-56
1-50
1-57

1-52
1-48
1-69

1-34
1-43
1-56

1,2,3-trichlorobenzene 2*31: pentaehlorobenzene'0'87.578

Radioactive Exchange in Organic Halides
The conditions of exchange of halogen atoms with free halogens, with
halogen ions, and with inorganic halides have been examined by the use
of radioactive isotopes. The reaction between alkyl bromides and free
bromine,579"80 or alkyl iodides and iodide ion,681 is bimolecular, with a heat
of activation of about 20 k.cals. The rate is much greater in anhydrous
than in aqueous acetone,579 and increases with the size of the alkyl.581
See further references 582~5.
With aluminium bromide the exchanges are much quicker, the heat of
activation being about 11 k.cals.,586"7 and alkyl bromides react much more
rapidly than aryl; SnBr4 and SbBr3 (which have complete octets) exchange
much more slowly than aluminium bromide.
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J". A. A. Ketelaar, Bee. Trav. 1940, 59, 757.
L. J. L© Roux and S. Sugden, J.C.S. 1939, 1279.
G. A. Elliott and S. Sugden, ib. 1836.
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H. A. McKay, J.A.C.S. 1943, 65, 702.
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W. Koskoski, H. Thomas, and R. D. Fowler, ib. 1941, 63, 2451.
688
L. C. Bateman and E. D. Hughes, J.C.S. 1937, 1187.
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* F. Juliusburger, B. Topley, and J. Weiss, J. Chem. Phys. 1935, 3, 437.
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D. E, Hull, C. H. Shiflett, and S. C. Lind, J.A.O.S. 1936, 58, 535, 1822.
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N. Bre»hn©va, S. Roginski, and A. Sohilinski, J. Phy$.-Ohem» Ems. 1987, 9,
m\ 10,807.
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Chemical Properties
In their general chemical activity the organic halides may be divided
into three classes, which, in the order of increasing reactivity, are;
1. Aryl halides, and vinyl compounds, with the group C=C—hal.
2. Alkyl halides.
3. Acyl halides.
1. The simple aryl halides can scarcely be made to lose their halogen
to anything less active than sodium. The presence, however, of negative
groups like a halogen atom or NO2 in the ortho or para (but not meta)
position makes the halogen more mobile, until finally with three nitrogroups in the ortho and para positions we get picryl chloride, which
behaves like an acyl chloride, and loses its chlorine to water, giving picric
acid, and to ammonia, giving picramide.

O9N-TV-NO

The very similar stability of compounds like the vinyl halides
CH2=CH. hal,
in which the halogen is again joined to a doubly linked carbon, is clearly
due to the same cause as the stability of the aryl halides. This strengthening of the link of halogen to carbon must be a result of resonance between
the ordinary structure and one with a double link from the halogen to the
carbon C±zhal. For this view, as we have seen, there is evidence of very
various kinds, such as the interatomic distances in the halides of the fourthgroup elements (IV. 606), the dipole moments or the aryl halides quoted
above, and the force constants of such compounds as tetrachloroethylene.
2. Alkyl Halides. Here the removal of the halogen is much easier. It
can lead to (a) the formation of free alkyls, usually dimerizing to R-Il;
(b) the loss of HX (giving C=C); (c) the replacement by other halogens
(as in R-C1+KI->R-I); or (d) combination with amines to R 4 NX; or
replacement by hydrolysis, usually (e) to give R • OH+HX, but sometimes
(/)R.H+H0X.
The removal of halogen (a, 6) can be effected thermally, photochemically,
or by the action of alkali metals (as in the Wurtz-Fittig synthesis). The
thermal reaction goes, for example, with ethyl bromide at 395.589 It is of
the first order and probably begins with simple dissociation into alkyl+
halogen atoms; the ultimate product is mainly ethylene and hydrogen
bromide, with some butane. Photochemioally the alkyl iodides are broken
"• F. Filffbrother, J.C.S. 1041, 203.
"• P, PugMiiftndF, DmMi1 J.-A,0.£. 10Sl1 iO, 771.
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up by radiation of wave-length from 2,500 to 2,000 A,590 in the same way
as by heat (to alkyls and halogens), as the spectrum shows; the ultimate
products are paraffins and olefines.
The action of alkali metals was investigated by Polyani et aZ.,591 who
allowed a very dilute stream of sodium vapour to diffuse into the vapour
of the halide, and measured the rate at which the sodium disappeared
by means of its absorption spectrum; they could thus determine the
number of collisions needed to decompose one organic molecule; this was
for the various halides:
10«
CHgF

10*

50

1

CH8Cl
C2HBC1
C6H6Cl

CH3Br
C2H6Br
C6H6Br

CH3I
C2H5I
C.H.I

The results show the expected difference between the different halogens,
but none between the alkyl and the aryl halides (contrast this with the
action of AlBr8).588 This is in accordance with the view given above
(p. 1187) that the stability of the aryl halides in general is due to back
co-ordination (to ^>C±rX); the positive charge on the carbon will thus be
less than in the alkyls, as the dipole moments (alkyl halide ca. 2-0, aryl
halide ca. 1-5) indicate. This change will make the saponification, i.e. the
attack by a negative hydroxyl ions, more difficult, but not the attack by a
neutral sodium atom in Polanyi's experiments.
The relative rates of exchange of halogens when potassium iodide acts
on the chlorides <S> • C=^C(CH2)^C1 in acetone solution has been found592
to be:
n = 0
Rate
0

1
782

2
0-48

3
1-9

and also (on a different unit of rate) for
€>. CH=CH • CH2Cl
1370

CH2=CH - CH2Cl
78

CH3. CH2. CH2. CH2Cl
1

Reactions with amines. Menschutkin593 determined the influence of solvents on the rate of the reaction
EtI + NEt3 = [NEt4]I
He found the slowest rate (4-92 moles./sec./litre at 100°) in hexane, and the
fastest (6*93 X 103 in the same units: 1,400 times as fast) in benzyl alcohol.
More recently Tronov594 has shown that in their reactions with pyridine
and piperidine, the rates of the halides are in the order Cl > Br > I.
590 W , W e s t &ad L i Sohlessmger, J.A.O.S. 1938» 60, 961.
501
See M. Polyani, Atomic Beactiom, 1932, p. 54.
"• M. J. Murray, JJL.OJ9. 1988, 60, 2002.
111
B. Menflchutkin, Z.phymkal Oh$m* 1890, 6, 41.
814
B. V, Tronov, J . Bun, Ohm,, Phy§* Soo. 19320, SS, 1278.
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A phenyl group or a double link, if it is next to the halogen, greatly slows
down the rate, but if it is farther off it increases it. Negative groups such
as carboxyl and still more nitro-groups increase the rate.
Hydrolysis by Alkalies to Alcohols: R-X+MOH = R O H + M X . The
halogens stand in the same order for this reaction too, but there is a
marked distinction between their behaviour with a hydroxyl ion and with
an organic base.595~7 With the hydroxyl ion the rate is very nearly that
calculated from the heat of activation and the collision frequency—the
'temperature-independent factor' is nearly 1—while with bases it is much
smaller.
With any given type of alkyl halide the change from methyl to ethyl,
and from ethyl to propyl and beyond increases the rate of hydrolysis598;
there is a much greater increase as we pass from a primary to a secondary,
and still more to a tertiary halide; thus tertiary butyl halides are extremely
reactive,599 and triphenyl-methyl chloride is hydrolysed even by alcohol.
The rate of hydrolysis with some of these compounds is independent of
the concentration of the alkali: this is so with benzyl chloride and
benzotrichloride,600 with O2CHCl,601 with isopropyl and tertiary butyl
chloride in 60 per cent, aqueous acetone,602"4 and in formic acid.604 This
indicates that the slow reaction which is measured is one in which the
alkali plays no part, and it might be either a slow ionization of the halide
(R-Ci-»R + +CT) or a slow reaction of the halide with the solvent.
Ingold and Hughes602-*4 adopt the first view, to which, however, it may be
objected that we have no direct evidence that ionization (apart from
tautomeric change) can ever be slow. Taylor599*605 takes the second view,
and he has shown605 that in the hydrolysis of tertiary butyl chloride in
formic acid the reaction that is measured is actually the formation of
tertiary butyl formate, which he has isolated. He assumes that a similar
slow reaction occurs with water.
Hydrolysis to Hydride and Hypohalous Acid, R • X = R • H+HOX. This
alternative form of hydrolysis, which occurs as we have seen with nitrogen
halides and other compounds with halogen attached to trivalent nitrogen,606-7 such as CH3.CO NOCl and <&• SO2NHCl, and with chlorine
monoxide Cl2O, is also found with halogens attached to carbon atoms when
these latter also carry certain other negative groups. Carbon tetrachloride
596

A. E. Moelwyn-Hughes, Proc. Boy. J$oc. 1938, 164, 295.
G. H. Grant and C. N. Hinshelwood, J.C.S. 1933, 258, 1351.
6 7
» C. N. Hinshelwood and A. R. Legard, ib. 1935, 587.
508
59t
J. A. Mitchell, ib. 1937, 1792.
» W. Taylor, ib. 1938, 840.
«°° S. C. J. Olivier and A. P. Weber, Bee. Trav. 1934, 53, 869.
•°i A. M. Ward, J.O.S. 1927, 2285.
e
°a E. D. Hughes and C. K. Ingold, ib. 1935, 244.
008
E. D. Hughes, Trans. Far. Soc. 1937, 34, 175.
604
L. 0. Bateman and E. D. Hughes, J.C.S. 1987,1187; see also Hughes et al, ib.
1177, 1188.
iOB W i Taylor, lb. 1S52.
• " P. D, Ohatfcaway, lb. 1908, 87, ISIL
• " 1. Sohmidt, W, v, Knilling, and A. Asohtrl, B*r. 191I119, 1179,
806
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will not give this reaction, perhaps because the atoms are less crowded,
but the tetrabromide is converted into bromoform by alkalies, and the
tetraiodide into iodoform even by water.609
More effective groups (see ref. 608) are those containing double links,
especially (in order of increasing efficiency) C=C, —CO • OAIk, C=O, and
NO2, as in the compounds tribromophenol bromide (I), dibromomalonic
ester (II), dibromodiketohydrinone (III), and bromonitroform (IV):
BrH
P A

/CO •OEt

O=

^C=C/
BrH
(I)

O

yCBr2

OEt
(H)

Br\

/NO 2
\ / '

-cxK

N O / \NO2
(III)
(IV)
An important condition is that the hydrogen which replaces the halogen
should be acidic and capable of tautomeric (e.g. keto-enolic) change.
Many of these halides will react directly with unsaturated compounds
in water, alcohols, or acids, to add to C=C the groups K-O and halogen,
where R = hydrogen, alkyl, or acyl. See later, pp. 1221 sqq.
Other acidic groups are capable of a similar hydrolysis if they replace
the halogens in these compounds; thus tetranitromethane when treated
with alkali gives nitroform H • C(NO2)3 and a nitrate, and cyano-trinitromethane (N02)3-C-CN gives nitroform H-C(NOa)3 together with cyanic
acid or its derivatives.
/O
3. Acyl Halides R—(X
These hydrolyse to the free acid+halogen
\hal.
hydride with the greatest ease, the aliphatic more easily than the aromatic,
probably because they are more soluble in water. For their thermal
decomposition (mostly at 100-400°) see references 6 1 °- n .
PERHALIDES
THE perhalides or polyhalides, of which CsI3 is an example, are really
complex halides with a halogen as the central atom of the anion. They have
long been known; crystalline salts of organic bases of this type have been
made up to the ennea-iodide M[I9]. In aqueous solutibn we have definite
08
«00
E. Schmidt, W. v, Knilling, and A. Asoherl, Ber. 1926, 59, 1876.

« J. U, Nef, Ann. 1809, 308, 320.
010
J. H. Bimom, T. K. gloat, and A. C, Mourner, JA.C.S. 1039, 61, 435.
•" J, L. Joiiw, ib. 3284.
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612

evidence of a series of ions of the type [hal3]~, and probably [hal5]~;
there are indications of still more complex ions such as [I7]~~ and [I 9 ]". 613
The compounds may be divided into (1) salts of HX 3 , the largest and
best-known class; (2) similar compounds MX5, MX7, and MX 9 ; (3) certain
mixed types, like CsI4, which is dimeric and presumably Cs2[I3 • I 5 ]; (4) a
peculiar group of salts M[ICl4], whose properties indicate a different kind
of structure from (1) and (2); to this group the salts M[ICl3F] probably
belong.
1. With the M[X3] salts Werner pointed out614 that the stability of the
complex depends essentially on the heaviest halogen atom it contains;
thus, compounds containing at least one iodine atom are much more stable
than those without it, and while there are many salts MICl2, and quite a
number MBrCl2, there are scarcely any MCl3. This, as he said, is to be
expected if the ion has the structure [B—A—C]", in which A is performing
a different function from B and C, and if for some reason the power of
performing it increases with the atomic weight.
Modern work fully confirms this. X-ray examination shows that the
B—A—C anion is linear, with the heaviest halogen atom in the middle
(e.g. Cs[Cl—I—Cl]), and clearly the two outside atoms (B, C) are in the
l-covalent state which is usual for a halogen, with the valency group 6, 2;
while the central atom A, on the other hand, has a valency group of
10 (7+2+1) electrons, of which 4 are shared, giving 2,4,4, i.e. it has an
inert pair. Hence, while any halogen atom might occupy a B or C position
(the behaviour of fluorine is discussed later) only those halogens can act as
central atoms which can have two of their electrons inert. This is not
possible with fluorine at all, so far as we know; it is very rare with^
chlorine, though it does occur as in ClF3; it is more stable with bromine and
much more stable with iodine. Hence the heaviest atom, since it assumes
the inert pair state most readily, will always be the central atom. Isomerism should thus be impossible in these trihalide anions, and this agrees
with experiment: supposed cases of isomerism616 have been proved
erroneous.616
X-ray evidence that the ion is linear, with the heaviest atom in the
middle, and the inter-halogen distances those to be expected for ordinary
»lngle links, has been obtained for CsI3, KI 3 , CsIBr2, and CsICl2617; in
more detail for CsICl2 by Wyckoff618 and by Hassel619; for NH4[I3],620"1
NH 4 [CM-Br], 622 Cs[CM-Br], 623 NMe4[I3],621 and NMe4[ICl2].624
Wl
B. W. Dodson and R. D. Fowler (J.A.C.S. 1939, 61, 1215), using radioactive
hftiogen®, have shown that Br" ions +Br 2 , and also I"" ions + I 2 , exchange in water
»t room temperature.
111
H. M. Dawson, J.C.S. 1908, 93, 1308.
m
Neuere Amohauungen, ed. 3, 1913, p. 110.
118
F. Ephraim, Ber. 1917, 50, 1082.
811
H, W. Oremer and D. R. Dunoan, J-Q.S. 1981, 1857 ? ib. 1988, 1811 see also
0. L. Jaokion and I. M. Derby, Amer. Oh$m. J. 1900, 24, 30.
• " a, L, Glwk n d W. Dunns, Proo, Nat Acad, Wwifa 1923, % 117? F%#. M$v.
1188, Ii. 31» 880.
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F 3 ions are impossible, since fluorine cannot expand its octet and act as
a central atom. But though there is no apparent reason why fluorine
should not act as one of the outer atoms, it very seldom does so. CsIBrF
has been described,625 made by the action of IBr on dry CsF; it does not
appear to have been analysed, but its properties, and the concentration
of IBr which it gives to carbon tetrachloride, seem probable. Otherwise
the only fluorine trihalides known are a series of salts of H[ICl3F], but
these probably have structures analogous to that of M[ICl4], and are
described along with the latter (p. 1198).
The other trihalide ions are of the types [ClB2], [BrB2], and [IB2], where
B is a halogen atom not heavier than the central atom.
Thefirst,therefore, can only be [Cl3]. Of this two salts have been described
(made by treating the simple chlorides with chlorine), the trimethyl sulphonium salt Me3S[Cl3], which, however, seems doubtful,626 and the tetramethyl ammonium salt Me4N[Cl3],627 which loses chlorine rapidly in air.
Solids of this type are evidently very unstable. The existence of the
[Cl3] ion in solution has, however, been established628 from the effect of
hydrogen chloride on the solubility of chlorine in water, the effect of the
hydrogen ion being eliminated by experiments with sulphuric acid. The
value found for the dissociation constant
K Pal
- [CF]-[Cl2]
was 0-01 at 25°. For an estimate of the rate of formation of [Cl3] ions
( > 4 x 105 in litres, moles, minutes) see reference 629.
All the trihalide ions that can be formed by chlorine, bromine, and
iodine have been shown to be formed, not only in the solid state but also
in solution: the evidence is based on the freezing-points, conductivity,
solubility of the halogen, partition with non-ionizing liquids, etc. The
free acids must exist in solution, and are shown to be strong electrolytes,
though they have never been isolated.630 It was shown631 that halogens
will never combine with hydrogen halide in the gaseous state to give the
«18 R. W. G. Wyckoff, J.A.C.8. 1920, 42, 1100.
A

619

O. Hassel, Tidskr. K§mi Bergvesen, 1931, 11, 92.
R. C. L. Mooney, Z. Krist. 1935, 90, 143.
621
622
Id. Phys. Rev. 1938, ii. 53, 851.
Id., ib. 1935, ii. 47, 807.
628
624
R. C. L. Mooney, Z. Krist, 1938, 98, 324.
Id., ib. 1939, 100, 519.
626
H. W. Cremer and D. R. Duncan, J.C.S. 1931, 2249.
626
L. Dobbin and O. Masson, J'.CS. 1885, 47, 67.
627
F. D. Chattaway and G. Hoyle, ib. 1923, 123, 654.
688
M. S. Sherrill and E. F. Izard, J.A.C.S. 1931, 53, 1667.
••• R. S. Halford, J.A.C.S. 1940, 62, 3233.
•80 H. W. Cremer and D. R. Duncan (J.O.S. 1931, 1857) obtained from IBr+conoentrated HBr a dark-red viscous liquid of composition HIRr2,1-02 HaO (6 per cent.
water)? and from ICl+concentrated HCl a dark-brown liquid of composition
HICl1, 2-78 HgO i neither wouldfreea©in ioe and salt.
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perhalide acid, any more than SiF4 will with HF, owing to there being no
water to hydrate the hydrogen ion.
By various methods (see refs. 630~9 above) the stability of most of these
ions (all except Br-Cl2) in water has been measured. The values of

r-

[AB ]

*

~ [Al-[B 2 ]
at or near 25° are given in the table: for convenience the linking atom of
the complex is given first.
Ion

K

Bef.

Ion

K

Eef.

Cl-Cl2
Br-Br 2
Br-BrCl
1I2
I IBr

001
17-8
1-39
725
11-9

628
635, 639
636
633-4
637

LICl
I Br 2
I-BrCl
1-Cl2

210
370
43-5
167

637
632
632
632

From these figures the great importance of the central atom is obvious.
The geometrical means of the constants for the ions of which the heaviest
atom is chlorine, bromine, and iodine are 0-01, 4*97, and 60-7. For the
three pure trihalides the differences of the relative values are even greater :
the ratios for GlJ" .-BrJ": IjT are 1:1,780:72,500.
In each class the stability seems to be greater (1) the nearer the terminal
atoms are in mass to the central atom, and (2) the nearer they are to one
another. Thus we have:
(1) 1-I1 725; 1-Br2 370; ICl 2 167.
A
(2)
K =

l(

/I

»

/1

NE

l(
NBr

I<
XSL

725

11.9

2-1

/Br

/Br

/Br

X)I

Br(
\Br

Br(
XJl

17-8

1-39

l(
43-5

688
J . H. Faull, J.A.G.S. 1934, 56, 522. A variety of methods were used, mainly
partition with CCl4.
688
Grinnell Jones and B. B. Kaplan, ib. 1928, 50, 1854. Mainly by E.M.F., and
by partition with pure water through air (Grinnell Jones's 'equilibrator'); they find
715 at 25° and 1,390 a t 0°. Gmelin, Iod, p . 426, quotes 7 values of K for I^ at 25°,
of which the mean gives K = 725, which is accepted in the table.
884
J . S. Carter, J,CS. 1928, 2227.
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G. Jones and M. L. Hartmann, Trans. Amer. Electrochem. Soc. 1917, 30, 323.
Bimilar methods; they find 19-6. P . Job (G.R. 1926, 182, 633; Ann. GUm. 1928, [10]
9, 146), from measurements of the absorption of light, got 28-6.
M0
Mean of the fairly concordant results of A. Jakowkin, Z.physihal. Ghent. 1896,
20, 80; E. A, Dancaster, J.G.8. 1924, 125, 2039; P. Ray and P . V. Sarkar, ib. 1922,
121, 1453.
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A. v. KiM and A. Urmanezy, Z. anorg. Ghem. 1931, 202, 189.
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189

Valu© got at 20° by C. Winther, Z. physihal. Ghem. 1029, B 3, 803,
B. O. Griffith, A. MoKeown, and A. G. Winn, Tram, Jar, SQQ. 1082, 28, 101.
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The stability of the solid salts, and their ease of separation, are largely
influenced by the nature, and especially the size, as they are fully
ionized,640 of the cation.
The anions being linear with the B"«B distance from 1-98(CIg) to 2-66(Ig)
and hence the length (about 1 atomic diameter more) from 3-8 to 4*8 A.U.,
the lattice is naturally more stable with large (e.g. organic) cations than
with the alkalies, whose ionic diameters are from 1-2 to 2*6 A.U. The
perhalides of organic bases are especially numerous. The first perhalide
discovered (1819) was strychnine tri-iodide.641 Others are known of quinoline and isoquinoline642; of secondary, tertiary, and quaternary ammonium
bases627; and of the diazonium bases.643 In addition to the nitrogenous
bases phosphonium, arsonium, stibonium, sulphonium, and even iodonium644 hydroxides form perhalides, the order of stability being
N > P > As > Sb > S.
As we saw, one of the two known trichlorides is that of dimethyl sulphonium, and the other that of tetraethyl ammonium.
The inorganic perhalides are relatively few, and are almost, though not
quite, confined to the alkali metals (the largest monatomic cations), and
to the heaviest and largest among these. Those without iodine (i.e. with a
central atom of bromine) are confined to rubidium and caesium, of which
the salts MBr3, MBr2Cl, and MBrCI2 are known.
The tri-iodides, though they are more stable, are scarcely formed by
anything but the largest alkaline ions. Lithium forms no tri-iodide,665
nor does sodium, though NaI 4 , 2 H2O is known645 (see later). KI 3 , usually
regarded as the typical trihalide, is formed at 15°,646 but at 25° only the
hydrated forms (KI 3 , H2O, and 2 H2O a and /J),647-8* which break up at
70° into KI+I 2 . 6 4 9 (For the hydration of KIBr 2 see ref. 650 ) On the
other hand, rubidium,651""2 caesium,653 and ammonium654 readily form
anhydrous tri-iodides.
* The water no doubt makes the cation up to the necessary size.
640

A. A. Jakowkin, Z. physikal. Chem. 1896, 20, 34; H. M. Dawson, J.C.S. 1901,
79, 238; M. Le Blanc and A. A. Noyes, Z. physikal. Chem. 1890, 6, 401.
641
B. Pelletier and J. B. Caventou, Ann. GHm. Phys. 1819, [2] 10, 164.
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K. Gleu and W. Jagemann, J. pralct. Chem. 1936, [2] 145, 257.
«43 A. Hantzsch, Ber. 1895, 28, 2754.
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M. O. F o s t e r and J. H. Schaeppi, J.C.S. 1912, 101, 382.
646
G. H. Cheeseman, D. R. Duncan, and I. W. H. Harris, J.C.S. 1940, 837.
646
M. Aumeras and A. Ricci, Bull. Soc. CUm. 1939, [5] 6, 849.
647
T. R. Briggs, K. D. G. Clack, K. H. Ballard, and W. A. Sassaman, J. Phys.
Chem. 1940, 44, 350.
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N. S. Grace, J.C.S. 1931, 594.
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T. R. Briggs and W. F. Geigle, J. Phys. Chem. 1930, 34, 2250.
«60 G. H. Cheeseman and J. H. Martin, J.C.S. 1932, 586.
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T. R. Briggs, G. C. Conrad, C. C. Gregg, and W. H. Reed, J. Phys. Chem. 1941,
45, 614.
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The relative stability of the solid perhalides has been determined from
their dissociation pressures, and from the concentration of the halogen
(pure or mixed) dissolved out from the solid salt by such a solvent as
carbon tetrachloride. The stability must depend on the formation constant K of the perhalide ion, the lattice energy of the crystal, and the
volatility of the halogen that is split off.
In the decomposition the halogen atom which remains as an ion
attached to the cation is always without exception the lightest in the molecule (and hence never, except with the pure perhalides, that which was
the central atom). This must, therefore, be the reaction which absorbs the
least energy. Now the heats of formation of the pure and mixed halogens
(see above, p. 1147) do not differ much, but the lattice energy of the simple
halide which remains will obviously be greater (since it depends on the
electrostatic attraction) the smaller the halogen ion, as the boiling-points
of the simple alkaline halides show.
The dissociation pressures were measured by Ephraim,656 who found the
temperatures at which those of the various rubidium and caesium salts
reached 1 atm. He showed that if this temperature on the absolute scale
is divided by the square root of the atomic volume of the alkali metal,*
the result (Tj^v)9 or (which follows from this) TcJTnh, is practically the
same for the Rb and Cs salts of any particular trihalide ion.
In the following table tno is the temperature in 0 C, and T the absolute
temperature at which the dissociation pressure is 1 atm.
Temperatures of 1 atm. dissociation of Perhalides
Salt

^760

T/V-y.

Halogen
lost

CsI 3
250° C.
62-5
I2
RbI 3
192°
62-2
I2
CsBr8
147-5°
50*2
Br 2
RbBr 3
105-5°
50-6
Br 2
CsI 2 Br
201-5°
56-7
IBr
CsIBr 2
242-5°
61-8
IBr
186-5°
61-5
RbIBr 2
IBr
209°
CsICl2
57-6
ICl
151°
RbICl 2
56-8
ICl
[MI2Cl: neither of these salts can be made.]
124°
47-4
Br 2
CsBr2Cl
47-7
81°
Br 2
RbBr 2 Cl
49-1
138°
BrCl
CsBrCl2
49-0
93°
BrCl
RbBrCl 2

The relative stabilities of the different perhalide ions are given by the
* The value he uses for caesium is 70*7.
055
B. Abegg and A, Hamburger, Z. morg. Ohem* 100O1 SO, 414, [No LlI1 seems
to have been found sinoo,]
**' F. IpImIm1 fisr, 1017» SO1 1019.
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ratios of their T temperatures. The rubidium and caesium salts give very
similar results; the mean values are:
Salt

Eel. stability
^salt/ ^MIi

Salt

MI 8
MIBr 2
MICl2
MI 2 Br

[1]
0-99
0-92
0-90

MBr 8
MBr2Cl
MBrCl3
••

Eel. stability
^salt/^MI.
0-81
0-76
0-79

Though the relative differences are so much smaller, the results agree
closely with those already given (p. 1193) for the stability of the ions in
water.
Cremer and Duncan657 measured the concentration of halogen produced
in CCl4 on leaving it in contact with the solid salt; equilibrium is established
in about a day, but actually they were left together for about a week. The
following table gives the normality of the CCl4 solution at 25°.
Cation
K
Rb
Cs
NH4
NH 3 CH 8
NH 2 (CH 3 ) a
NH(CH 3 ) 3
N(CH 3 ) 4

MBr 8

MI,

MI 2 Br

..
0-0438
..

.,
0-0059
0-00075
0-0120

,,
..
00155
..

••

••

• •

MIBr 2

MIBrF

MIBrCl

MICl2

0-0473
0-0010
0-00014
0-00842
0-00134
0-00004
00029
0-00004

..
..
0-01
..

0-61
0-0108
000035
0122

0029
0-00035
0-00006
0-0057

••

••

••

The relative stability of the perhalide anions is much the same as we
got before. That of the unique fluoride CsIBrF is interesting, and comes
between those of MI • BrCl and MI • IBr. The order of stability of the cations
is Na < K < NH 4 < Rb < Cs, being that of the sizes; with the methylamines it is NMe45NH2Me2 > NH3Me > NHMe3 > NH 4 , increasing on
the whole with the size of the ion, while symmetry seems to have as great
an effect with the cation as we found it to have with the anion.
Inorganic perhalides other than those of the alkalies have very rarely
been isolated in the solid state. Even from the alkaline earths they have
not been obtained, presumably owing to their high solubility; Eivett 658
has examined the system BaI2—12—H2O at —15-8° and +90°, and found
over this range the solids BaI2, 7 | H2O, 2 H2O and 1 H2O, but no solid
periodides, although the solution obviously contains the ions of one, since
when it is saturated with BaI 2 and I 2 at 90° it contains to 1 kg. water,
8-6 moles (8*36 kg.) OfBaI2, and 43 moles (10-9 kg.) of iodine, corresponding
to Ba[Ie]2. Another possible periodide is the compound TlI 8 ; this does not
behave like a thallio compound, and has the oolour and instability to
••'
H. W, Citmair and D. B. Dunoan, J.O£. 1081, 2248.
fl
« A. C. D, Rlv@tt md J, Pn,okw% ib. 1927, 1842.
161
H. L. Willi uid B. L. FtI)Md, Am, «/. Sd, 1864,47,488 (B#r. 1894,37» E 494),
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be expected of the thallous salt Tl[I-I 2 ].
Biltz has tried to prepare
perhalides by the addition of iodine or other halogens to stannic iodide,
and to the tri-iodides of arsenic, antimony, and bismuth, but in vain.
A remarkable characteristic of the perhalides is their strong tendency to
solvation; the effect of hydration in stabilizing the perhalides of the lighter
alkali metals has been pointed out (p. 1194).
More peculiar are the solvates formed with some organic molecules,
especially benzonitrile, nitrobenzene, and benzene itself; oxidizable
addenda like alcohols cannot be used, as they reduce the perhalides.
If a mixture of the simple iodide and iodine is recrystallized661 from
benzonitrile (not, however, from acetonitrile or benzyl cyanide), solid
solvation products may be obtained of the tri-iodides of Na, K, Li, and
even hydrogen, with the compositions (and melting-points) which follow
(N = C6H5-CN): Hl3,4N(970);LiI3j4N(92-50);NaI3,2N(670);Kl3,2N(53o).
Dawson and his colleagues662"5 find that in nitrobenzene, while potassium iodide is quite insoluble, and iodine only dissolves (at 20°) up to
0-2 moles per litre, each shows a considerable solubility in presence of the
other, that of the potassium iodide rising to l*5-normal, while the iodine
can rise to 4 molecules of I 2 to every K I ; the results suggest that the lowest
iodide that can exist in nitrobenzene solution is KI 3 , and the highest KI 7 ,
both of them no doubt solvated. These nitrobenzene solutions have
a considerable electrical conductivity,662 about one-fifth of that of an
aqueous solution of potassium iodide of the same normality, although the
viscosity of nitrobenzene is almost exactly twice that of water (at 20°,
nitrobenzene 0*0198, water 0-0101). The only salt which was isolated was,
curiously, the sodium salt, NaI 5 , 2 C6H5-NO2, green deliquescent crystals,
decomposed by organic solvents such as benzene.
Other alkali metals, and ammonium and substituted ammoniums, can
replace the potassium,655 and nitroaryls and nitroalkyls the nitrobenzene.654
2. Higher halides MI5, MI7, and MI9 are known; they are less stable
than the trihalides, and nearly all are iodides, though one or two bromides
are known. (The types MICl4 and MICl3F are treated separately later.)
They are formed by the alkalies from potassium onwards, and especially
(up to - I 9 ) by the tetra-alkyl ammonium salts.627*679 In solution we have
evidence of [I7]~ and [I 9 ]", 599 as well as [Br5]""658; the dissociation of the
ions [Br 5 ] -635 and [I5]*"666 has been measured by the methods described
above (p. 1193); the values got for

060
661
m
m
m
Ml

111

W. Biltz and K. Jeep, Z. anorg. Ghent. 1927, 162, 46.
J. H. Martin, J.O.S. 1932, 2040.
H. M. Dawson and R. Gawier, ib. 1902, 81, 524.
H. M. Dawson, ib. 1904, 85, 467.
H. M. Dawson and 1. E, Goodsonf ib. 706.
H. M. DdWSOIi1 ib. 1901, 93, 130S.

J, N, Ftifot and W. O. Evenole, J, f%§, Ohm* 1014, 31,145.
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at 25° are 40-7 for this pentabromide, and 1-85 X 105 (4,550 times as great)
for the corresponding pentaiodide constant. From the form of the equation
these values are not directly comparable with those for the trihalides
(p. 1193), but they are with one another, and they show the much greater
stability of the iodide.
These higher halides are even more readily solvated than the trihalides.
Thus we have KI73H2O647 and a variety of solid addition compounds with
benzene ( = B): KI 6 , 2 B, 668 KI 7 , 2 B, 648 KI 9 , 3 B 667 : RbI 7 , 2 B«*7 and
4 B, 669 RbI 9 , 2 B 667 : CsI9, 3 B 667 ; and KI 7 in nitrobenzene solution is
shown (p. 1197) to combine with the solvent.
The structures of these higher halide ions must be built up on the type

1

L

x

\iJ

and in similar ways, the starred atoms having a covalency of 3 (2, 2, 6) as
they have in C6H5 • ICl2; this unusual and so presumably unstable structure
explains why these ions nearly always contain iodine.
3. Some of the higher halides have the unexpected composition MX4
(practically all MI4): thus we have NaI 4 , 2 H2O,645 KI 4 ,0 and 2 H2O,646
and CsI4,653*67*-1 with a similar ammonium salt NH 4 I 4 ,HI,H 2 0. 654 CsI4
decomposes at 136° to CsI3 and iodine, and this at 211° gives CsI and
more iodine.672
It is obvious that the formulae of these salts must be doubled, and that
CsI4 is Cs2I8, probably a crystal aggregate of CsI3 and CsI5; this is put
beyond doubt by the fact that it is diamagnetic,673 which is impossible for
an 'odd' ion [I4]~.
4. The salts derived from HICl4 have many peculiarities, which distinguish them from the other pentahalides like M[I5].
Unlike any of the other types, this gives a free acid HICl4, 4 H2O,
separating in crystals when chlorine is passed into a suspension of iodine
in concentrated hydrochloric acid at 0°; it is very unstable even at 0°, but
has the same absorption spectrum as the solution of an alkaline salt
MICl4.674
Again, while the ordinary perhalides are formed only by the heavier
•«7 N. S. Grace, J. Phys. Ghent. 1933, 37, 347.
J. A. Fialkov and A. B. Polischtschuk, Ber. Inst. Ghent. Akad. Wiss. Ukraine,
1940, 7, 95.
869
H. W. Foote and M. Fleischer, J. Phys. Ghent. 1940, 44, 633.
•70 N. Rae, J.G.S. 1931, 1579.
«71 T. B. Briggs, J. A. Greonawald, and J. W. Leonard, J. Phys. Ghent. 1930, 34,
1951.
" • T. R. Briggi, ib, 2260.
«78 S, S. Hubard, ib. 1942, 46, 227.
"* V. Goglioti, AUi E. Um, 1928, [6] % 588.
"» FHhoi, J, Phmrm, 188I1 3S9 481, 508.
668
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alkali metals, these salts are formed by all of them: CsICl4, RbICl4,676-7
KICl4,675 NaICl4, 0 and 2 H2O,677'682 LiICl4, 4 H2O.677 But as with the
trihalides the salts with the smallest cations (here Li and Na), are much less
stable in air than the others.
The trihalides, as we have seen, rarely have cations of a valency greater
than 1. But a whole series678 of divalent metallic cations form tetra
chloroiodides, though trivalent metals, such as Al, Fe"', Cr"', and Bi will
not do so. The divalent salts are all of the type M"[IC14]23 8 H2O; many of
them are fairly stable.682"3 They are formed by Co", M", Mn" (the stablest
of the series), Zn, Be (very hygroscopic and extremely unstable), Mg, Ca,
Sr; the last three are all fairly stable; they are all to some extent dissociated into their components in solution, and as ICl3 is hydrolysed by pure
water to iodic acid, the solution must be acidified with HCl when the
iodate of the metal in question is insoluble, or this will be precipitated.
The instability of the Be salt shows that in these compounds also the
stability is affected by the size of the cation.
This is also indicated by the large number of salts of this type which are
formed by organic bases679"81; they are easily made by adding iodine to a
solution of the base in concentrated hydrochloric acid, and passing in
chlorine. The golden-yellow salts are all fairly soluble in water and stable
in presence of a solution of ICl3 in HCl. They melt sharply with decomposition ; they are stable when dry. They are formed by a very great variety
of bases: mono- to tetra-alkyl ammonium, guanidine (m. pt. 163°: very
stable), pyridine (235°), quinoline (195°), and numerous methyl-, chloro-,
and nitro-derivatives of pyridine and quinoline, caffeine, piperidine
(C6H10NH, HICl4, H2O, dimorphic, m. pt. 102°), and many others.
The diazonium salts681 are remarkably stable, the cations as well as the
anions. They melt sharply (e.g. benzene-diazonium 88°, ^-toluene 95°,
tribromobenzene 135°) with decomposition, but only occasionally with
explosion; they can be kept indefinitely in sealed tubes or in an atmosphere
of chlorine. They give the usual diazo-reactions, and concentrated aqueous
ammonia converts them into the azide and nitrogen iodide.
The existence of a free acid in the crystalline state: of salts of the lightest
alkali metals: of a stable series of salts of divalent metals: all distinguish
the tetrachloroiodides sharply from the other perhalides. It is further
remarkable that no tetrabromoiodides have been made. Chattaway and
Hoyle679 made a series of perhalides of bases, with any odd number of
halogen atoms in the anion up to 9; these included the tetrachloroiodides
676

H. L. Wells and S. L. Penfield, Am. J. ScL 1892, [3] 43, 17; Z. anorg. Chem.
J 892, 1, 85,
«77 H. L. Wells, H. L. Wheeler, and S. L. Penfield, ib. [3] 44, 42; ib. 1893, 2, 255.
• " K. F. Weinland and Fr. Schlegelmilch, ib. 1902, 30, 134 (C. 02. i. 845).
679
F. D. Chattaway and G. Hoyle, J.O.S. 1923, 123, 654.
" • F. D. Chattaway and F. L. Garton, ib. 1924, 125, 188.
081
F, D. Chattaway, F. L. Garton, and G. D. Park©g, ib. 1980.
SMB
M, G, de Colii and E, Molts, Anal FU, Quitn, 1982, SO, 340.
••• M. G. de Gelii, lb. 1980, 33, 80S.
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and three other pentahalides, MI5, MI4Br, and MI4Cl; but no MIBr4 or
mixed halogens of the I(hal)4 kind. If these salts had the branched-chain
structure suggested above for the ordinary pentahalides, as
•/CL

•

M
the replacement of the 3-covalent chlorine by a bromine atom must cause
an increase in stability.
This question has now been settled by the determination684 of the
crystal structure of KICl4. The anion has a planar structure, with the
four chlorine atoms at the points of a square, the I—Cl distance being
2-34±0-03 A. (normal distance 1-33+0-99 = 2-32). It is to be noticed
(1) that this is the only known case of an atom with a valency group of 12
electrons having 4 of them unshared, and (2) that the planar structure
agrees with the general principle that the stereochemical type is fixed by
the total number of valency electrons, the positions determined by the
unshared pairs being vacant (here an octahedron with 2 trans positions
unoccupied).
Cl 1
Ci-: :—ci
Cl
To the same type probably belong the salts M[ICl3F] made by Booth:
Rb[ICl3F], melting-point 172°, and Cs[ICl3F] (194°) are made685 by the
action of chlorine on CsF and I 2 , in the presence or absence of water. They
are orange-yellow, and are stable enough to be recrystailized from water;
they both begin to decompose at about 300°. A potassium salt also seems
to exist.
A similar series of salts MICl3F were prepared686 from organic amines by
the action of ICl3 on the fluorides. The bases from which they were made,
and the approximate decomposition points of the salts, are: CH3NH2 (35°);
Et 2 NH (85°); Me3N (c. 120°); Me4NICl3F (m. pt. 270°, decomposition pt.
310°); pyridine (m. pt. 190° without decomposition). Of these, as will be
seen, the tetramethyl ammonium salt is the most, the pyridine the next,
and the methylammonium the least stable; the first two are more stable
than the alkaline salts.
The extreme rarity of polyhalides containing fluorine, and exceptional
stability of these compounds, strongly suggest that they belong to the
M[ICl4] type.
*** B. 0. L. Mooney, Z. KHBU 1938, 98, 377.
fl8B

H. S. Booth, C. F. Swinehart, and W. C. Morris, J.A.C.S. 1932, 54, 2561.
•ifl H. S, Booth, W, 0. Momi, and G. D. Swartzsel, ib. 1988, 55, 4468.

OXIDES OF CHLORINE, BROMINE, AND IODINE
WITH the oxides there is much more difference between chlorine, bromine,
and iodine*—especially between iodine and the other two elements—than
we have hitherto met, and it is therefore more convenient to take the
three halogens separately.
O X I D E S OF C H L O R I N E

At least eight oxides of chlorine have been described, of which one,
Cl2O3, certainly does not exist; another, ClO, has never been isolated, but
its existence seems to be required by the kinetics of the decompositions of
Cl2O and ClO2; two more, ClO3 and Cl2O6, form a monomeric and dimeric
pair (like NO2 and N2O4); and another, ClO4, is very doubtful. The more
important properties of the oxides are:
Heat offormation k.cals?
Colour
Cl2O
Brown
[ClO
ClO2
Yellow-green
ClO3 v^ Cl2O6
Brown
Cl2O,
ClO 4 ?

Colourless
Colourless

M. pt.a

B. pt.a

Trouton

-11-6°

+2°

22-5

-59°
+ 3-5°

+ 11°
213°
calc.
80°

230
21-0

-91-5°

a = «87, b =

888

, c =

23-4

from
Cl 2 +O 2

from
atoms

per
Cl-O

-18-3
-31
-23-5
(ClO/)

98-6
57-0
123-6
167*0

49-3
57-0]
61-8
55-6

4020

50-3

889

These oxides are all, so far as is known, endothermic, and nearly if not
quite all of them when present in any serious concentration are highly
explosive.
/Cl
Chlorine Monoxide, OC
\C1
This is the anhydride of hypochlorous acid both in composition and in
behaviour. It can be made from the acid by loss of water, as by treatment
with anhydrous calcium nitrate or P2O5. It is also formed by the action
of chlorine on a solution of potassium hypochlorite:
KClO+ Cl2 = KCl+ Cl2O:
or by the action of chlorine on mercuric oxide; this last reaction means
that the reversible hydrolysis of the chlorine to hydrogen chloride and
hypochlorite is carried to completion when the chloride ion is removed by
forming the insoluble and non-ionized mercuric compound (hg = | Hg):
HgO + Cl8 » hgCl + hgCIO
hgCIO + Cl8 - hgOl + Cl1O.
» f St® O, F. Ooodevs and F, D. Riohs^dion, J.O.S. 1987» 294.
••• From Blohowikl and ROMW, Thvmmhm, 1980.
" ' O. F, Ooodtvt and A. B. L. Maroh, J.CS, IMO1 1888.
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It is commonly prepared by passing chlorine gas over dry mercuric
oxide, which is often mixed with sand to moderate the reaction. The gas
is condensed in a freezing mixture not below —20°, so that the excess of
chlorine passes on.600-1 Cork and rubber must be avoided, as they cause
explosive decomposition.
Chlorine monoxide is a brownish gas, looking like nitrogen peroxide;
the liquid is dark brown. It melts at — 116° and boils at + 2°; the Trouton
constant is 22*5.692 For the results of electron diffraction see p. 1205. The
vapour density of the gas is normal. It attacks the eyes and the mucous
membrane. It is highly explosive; the gas explodes on heating, and sometimes at the ordinary temperature; the liquid is liable to explode on pouring from one vessel to another, or when it is allowed to boil. It is a violent
oxidizing agent, converting most metals into a mixture of their oxides
and chlorides. It reacts with water693"4 to give HOCl, or in presence of
HCl chlorine and water.
The decomposition of Cl2O, both photochemical and thermal, has been
the subject of much investigation. The thermal decomposition691*695-"8 can
be examined at 100-140°. There is an induction period followed by an
essentially second-order reaction; Hinshelwood698 concludes that the very
complex reaction must include at least two consecutive reactions with
about the same heat of activation (about 21 k.cals.). It is remarkable that
the reaction has the same velocity, with the same temperature coefficient
and apparently the same mechanism, in CCl4 as in the gas.697
The photochemical decomposition of Cl2O has been examined by
Bowen,699 Bodenstein,700 and Schumacher.701""2 Bowen showed that the
effective light was that absorbed by chlorine (of which some is practically
always present as an impurity) and that for every quantum absorbed 2
molecules of the Cl2O are decomposed. His results were confirmed by
Bodenstein. Schumacher pointed out that the results can be explained by
a series of reactions
1. Cl2 + hi/ = 2 Cl
2. Cl + Cl2O = Cl2 + ClO
3. 2 ClO
= Cl2 + O2
The intermediate compound ClO has never been isolated, but the assump690

M. Bodenstein and G. Kistiakowski, Z. physihal. Chem. 1925, 116, 373.
C. N. Hinshelwood and C. R. Pritchard, J.C.S. 1923, 123, 2730.
692
C. F. Goodeve, ib. 1930, 2733.
«»8 C. H. Seeoy and G. H. Cady, J.A.C.S. 1940, 62, 1036.
••« W. A. Roth, Z. phyaikal. Chem. 1942, 191, 248.
•« 0. N. Hinshelwood and J. Hughes, J.C.S. 1924, 125, 1841.
«• J. J. Beaver and G. Stieger, ib. 1931, B 12, 93.
«97 E. A. Moelwyn-Hughes and C. K Hinshelwood, Proc. Boy. Soc. 1931,131, 177.
•S8 C. N. Hinshelwood, Om Beaotiom, ed. 3, p. 87.
••• B, J. Bowen, J.0J3. 1923, 123, 2828.
700
M. Bodonetoin and G, Kiitiakoweki, Z. physihal, Ohem. 1925,116, 371.
m
H. J. Sohumaohor and 0, Wagner, ib, 1929, B 5, 199.
" • W. Ffnkolnburg, H, J, Bahunifthtr, and G, Stieger, ib, 193I1 B IS1 127.
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tion of its existence enables us to explain not only this reaction, and the
chlorine sensitized photodecomposition of ozone, but also that of ClO2; the
question is further discussed below under that compound.
[Chlorine Sesquioxide, Cl 2 O 3
This anhydride of chlorous acid does not really exist; the substance that
was taken for it, which is formed by the reduction of potassium chlorate
in presence of acid, or by the action of chlorine on silver chlorate, was
shown708-4 to be a mixture of ClO2 and oxygen.]
Chlorine Dioxide^ ClO 2
This was first obtained by Chenevix in 1802, by the action OfH2SO4 on
KClO 3 ; when so made it contains both free chlorine and free oxygen. It
is highly endothermic (—23-5 k.cals.) and can only be made by the reduction of chlorine in a higher state of oxidation, commonly the chlorate.
Chloric acid when treated with concentrated H2SO4 breaks up mainly
according to the equation
3 HClO3 H*S°*> 2 ClO2 + HClO4 + H2O
It is also formed (along with CO2) when chloric acid is reduced with oxalic.
It is usually prepared by the action of concentrated H2SO4 on KClO 3 ;
the two are gently warmed, and the evolved gas is condensed in such
a way that the Cl2 and O2 can pass on. For details of its preparation see
reference 705.
Chlorine dioxide is an orange-yellow gas which liquefies at +11° to a
reddish-orange liquid, and freezes at —59° to crystals looking like potassium dichromate. As would be expected of an 'odd molecule' it is
paramagnetic.706
The vapour density of the gas is normal, and there are no signs of its
associating to form 'even' molecules in the liquid state or in solution. The
surface tension of the liquid has the temperature coefficient required on the
Ramsay-Shields theory for a non-associated liquid*707 The freezingpoint of the aqueous solution indicates that the solute is not associated,
and the partition between water and CCl4 is practically independent of the
concentration (Cccl4/CHa0 is 1*2 at 0°, and 1-64 at 25°) which shows that
it is monomeric in CCl4 as well.708
Chlorine dioxide either as a gas or as a liquid explodes violently on the
smallest provocation. In the dark its solution in carbon tetrachloride
usually decomposes slowly, but if it is quite free from Cl2O (traces of which
can be removed by treatment with baryta) it remains unchanged for a
703
F. E. King and J. R. Partington, J.CS, 1926, 926.
704
C. F. Goodeve and F. D. Richardson, GM, 1937, 205, 416.
705
E.
Schmidt et ah, Ber. 1921, 54, 1861; 1923, 56, 25.
706
N. W. Taylor and G. N. Lewis, Proe. Nat. Acad. Wash. 1925, 11, 456; N. W.
Taylor, J.A,0,S. 1928, 48, 855.
w
G. H. Chmmmm, J.C.S. 1980, 85.
701
W. Bray, Z. phyeikal Ohm, 1906, 54, 5SS.
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long time.
It is acted on by light, giving not only chlorine and oxygen,
but also Cl2O6 and apparently Cl2O7. Its absorption spectrum710 shows
that it is first broken up into ClO and oxygen; the positions of the bands
make it possible to calculate the energy of the linkage, and lead to the
unusual result that more energy is required to remove the first oxygen
than the second, the stages being
ClO2 — - — r > ClO ———-> Cl + O.
2

66-6k.oals.

57-Ok.cals.

^

See further p. 1205.
The further course of the photodecomposition depends on the nature of
the medium. In the gas, and in CCl4,711 the ClO reacts with itself and with
the ClO2, the products in CCl4 being mainly Cl 2 +0 2 , and in the gas Cl2O6
and perhaps Cl2O7 as well.712 In water713 the ClO does not react with the
excess of ClO2, presumably because it is attacked by the water; we may
suppose it combines with it to form an (unknown) acid H2ClO2, which then
reacts further, giving:
ClO + H2O = H2ClO2
H2ClO2 + ClO = HCl + HClO8,
which would give a quantitatively accurate explanation of the observed
reaction products.
Chlorine dioxide is very soluble in water; it forms a yellow crystalline
hydrate, probably C102,8 H2O, which is stable up to 18°,708 The aqueous
solution is stable in the dark, and the gas can be expelled from it again.
In light it is slowly converted, as we have seen, mainly into HC1+HC103.
With alkalies it forms (but only slowly) a chlorite and a chlorate.
ClO2 is extremely reactive; it is very easily reduced708 to chlorous acid
HClO2, which itself very easily passes into HC1+HC103. It reacts with
most substances, often explosively. KMnO4 oxidizes it only up to the
chlorate stage.
ClO2 is an 'odd' molecule, and so cannot be given a normal formula.
We may write it with two single bonds, as in
Cl< 8 ;
X)
in this the chlorine has a valency group of only seven electrons; this defect
will be shared with the oxygens, so that the molecule will be a resonance
hybrid of the forms
7
3/0*
7 *0*
8 X>
Cl(
ClQ
Cl<
\08
X)8
M)7
709
K. Luther and R. Hoffmann, Z. physikal. Chem. Bodenstein Festschrift, 1931,
755.
no
W. Fmkelnburg and H. J. Schumaoher, ib. 704.
'719
" E. J. Bowen, J.O.S. 1928» 123, 1199,
Soe 13. A. Moolwyn-Hughoe, E$aoHom w% Solutions, Ed. i (1933), p. 66.
' » E. J. Bowsn and W, M. Choung, J.CS, 1982, 1200.
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When one oxygen is split off, the remaining ClO will have its resonance
7

8

7

diminished, since now only two forms are possible, C1—M38 and Cl—O,
and presumably it is this loss of resonance energy which makes the
absorption of heat in the change ClO2 -> C10+0 (66-6 k.cals.) greater than
in C10->Cl+0 (57.0 k.cals.).
But from electron diffraction measurements Brockway and Sutton714"15
find that the Cl—0 distance in ClO2 is only 1*53 A, while in Cl2O it is 1*68
(theory 1*65 A). This shortening would suggest that there is some resonance
with a doubly linked form
9/0«

cif

,

since the Cl is not limited to an octet; also the value found for the valency
angle in ClO2 was rather large, though it could not be measured very
accurately (137°±15°:C120 115°). Some double-link character in ClO
seems needed to explain why its heat of formation is 57*0 k.cals., while
that of the C l - O link in Cl2O is only 49-3.
A singular derivative of ClO2 is ClO2F, made by the direct union of
ClO2 with F 2 diluted with N2 at 0°; it boils at about -—6° and melts at
about -115 0 . 7 1 6

Chlorine Trioxide, ClO3^Cl2O6
The formation of a brown liquid when ClO2 is exposed to light had been
observed by many people,717 but the isolation from it of a new oxide of
chlorine was the work of Bodenstein and his colleagues. 718~20 It is formed718
as a brown viscous layer on the walls of the vessel when sunlight or other
bright light acts on chlorine and ozonized oxygen (some Cl2O7 being produced at the same time).721 It is best made720 by allowing ClO2 to act on
ozone, and freezing out the product with ice; this reaction has a very small
heat of activation of about 1 or 2 k.cals., which means that about one
collision in every 1,000 is fruitful. In this way brown drops are formed,
which are a solution of ClO2 in Cl2O6; the ClO2 can then be distilled off,
and the Cl2O6 which remains purified by distillation at a very low pressure.
Cl2O6 is a dark-red liquid, which solidifies at +3-5° to a solid looking
like potassium dichromate.722 It is the least volatile of the oxides of
chlorine; its vapour pressure is 0*31 mm. at 0° C. The boiling-point extrapolated from the vapour-pressure curve is 203°,723 but even at 0° the
714

L. O. Brockway, Proc. Nat. Acad. Sd. 1933, 19, 868 (ClO2).
L. E. Sutton and L. O. Brockway, J.A.G.S. 1935, 57, 473.
716
H. Schmitz and H. J . Schumacher, Z. anorg. Chem. 1942, 249, 238.
717
e.g. by E. Millon, Ann. 1843, 46, 312, and E. J . Bowen, J.G.S. 1923, 123, 2330.
718
M. Bodenstein, P . Harteck, and E. Padelt, Z. anorg. Chem. 1925, 147, 233.
719
M. Bodenstein and H. J. Schumacher, Z. physikal. Chem. 1929, B 5, 233.
780
H. J . Sohumaoher and G, Stieger, Z. anorg. Chem. 1929, 184, 272.
781
A. C. Byms and G. K. Eollefeon, J.A.O.S. 1934, 56, 2245.
799
J. Farquhanon, C. F . Goodev©, and F . D, Biohardson, Trans. Far, SQQ> 1036,
32 70Ot
715

"• U F. Good.vo and F. D. Riohardaon, J.CS. 1087, 804.

1206

Group VII.

Halogen Oxides

vapour begins to decompose into Cl 2 +O 2 (the heat of activation of this is
11-5 k.cals.720).
The molecular weight in the gaseous state is that of ClO3, since when it
is decomposed by heat into Cl2 and O2 its volume is found to be doubled
(observed increase 2-03, 1-97, 2-04, l-95722~3);
2 ClO3 - Cl2 f 3 O2.
On the other hand, in the liquid state it is practically entirely polymerized to Cl2O6. This is suggested by the very low vapour pressure, and
proved by the fact that the molecular weight has been found cryoscopically
in CCl4 to be*only 10 per cent, less than that required for the double
molecules (found 153, 156; calc. for Cl2O6 167).719>724 Further, the liquid
has been shown to be diamagnetic, though less than Pascal's theory
requires, which may be due to its containing a small admixture of the
paramagnetic ClO3.722
The substance fumes in air, and soon decomposes, being converted
successively into Cl2O7, Cl2O, ClO2, and ultimately Cl 2 +0 2 . If it is added
to liquid water it explodes (it is always liable to do this), but if the gas
is mixed with water vapour and cooled, crystals of the monohydrate of
perchloric acid HClO4, H2O, separate out, the main reaction being
Cl2O6 + H2O = HClO3 + HClO4.
We have no direct evidence as to the structure of these molecules
ClO3 and Cl2O6. It seems most probable that ClO3 is ClO2 with an extra
co-ordinated oxygen, and should be written
/0
CM9

\o
with a septet of electrons on one atom, no doubt shared by resonance
between the four; in the bimolecular form it is very likely that the union
is between the chlorine atoms, giving
OK
/O

0«~C1—CM,

o/

\o

the symmetry of which has been supposed (though it is not easy to say
why) to explain why this is the least volatile oxide of chlorine. This
structure is also analogous to that of N2O4, which shows considerable
resemblance to Cl2O6 in many ways, especially in its ready interconversion
with the monomeric odd-molecule form.
Chlorine Heptoxide, Cl 2 O 7
This is the anhydride of perchloric acid, and as such can be made by
dehydrating the acid; it is also formed, along with Cl2O6, when blue light
aots on a mixture of ohlorine and ozonized oxygen.721 It is usually prepared by leaving anhydrous or highly oonoentrated aqueous perohlorio
' " M. H, Kalitm and J. W. T. Bpmki, Oanad. J. Hos. 1938,16, B 881.
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acid in contact with P2O5 for a day at —10° or below, and then distilling
carefully in vacuo; after one such fractionation it can be redistilled at the
ordinary pressure.725-6
It is a colourless volatile oil (Cl2O7 and the doubtful ClO4 are the only
oxides of chlorine which are not coloured); m. pt. — 91'5°, b. pt. (extrapolated) + 80J 1 I 0 ; Trouton constant 23*4.726 It explodes violently under
a blow, or in contact with flame or iodine, but on the whole it is the
stablest oxide of chlorine, as we should expect from the behaviour of the
perchlorates. It has no action in the cold on sulphur or phosphorus, or on
wood or paper. With water it is slowly converted into HClO4. It is
endothermic (—63*4 k.cals.).727 Its dipole moment in CCl4 at 20° is
0-72±0-02 D. 728 The Raman spectrum indicates that it has two ClO3
groups joined by an oxygen bridge, with the O angle 128°.728

Chlorine Tetroxide, (C104)n
The existence of this oxide is not certain. Its preparation was claimed
by Gomberg729"-30 by the action of iodine on a solution of silver perchlorate
in an organic solvent. If the solvent is an aromatic compound such as
chloro- or nitro-benzene, the ultimate reaction is of the type
C8H6X + I 2 + AgClO4 - C6H4XI + HClO4 + AgI.
This reaction was further examined by Birckenbach,731 who ascribes it to
the intermediate formation of I • ClO4. But in anhydrous ether little of the
solvent is attacked by the iodine, and Gomberg considers the main reaction
to be
I2 + 2 AgClO4 = 2 AgI + 2 ClO4.
The molecular weight of this compound is unknown, and it has never
been isolated, so that the only evidence we have for its existence is the
properties of the ethereal solution prepared in the way just described.
These, except the oxidation of metals without evolution of hydrogen, and
the oxidation of hydrogen iodide (which is denied by Birckenbach) could
all be due to perchloric acid.
Until we have more evidence of it, the existence of this oxide must be
regarded as very doubtful. If it does exist, its colourlessness seems to
make it certain that it cannot be the odd molecule ClO4, but must be
Cl2O8.
OXIDES OF BROMINE

Apart from a few false alarms, no oxides of bromine were known until
1928. We now have good evidence of three, a gaseous Br2O, analogous to
™* A. Michael and W. T. Conn, Am Chem. J. 1900, 23, 445; 1901, 25, 92.
™«7 C. F. Goodeve and J. Powney, J.C.S. 1932, 2078.
™
C, F. Goodeve and A. E. L. Marsh, ib. 1937, 1161.
728
R. Fonteyne, Natuurwet, Tyds. 1938, 20, 275,
'•• M. Gomberg, J.A.O.S. 1923, 45, 398.
780
M, Gomberg and H. B. Gamrath, Tram. Far. Soa> 1934, 30, 24,
m
L. Birokenbaoh mid J, Goub*au, B$r, 1932, 65, 395.
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Cl2O, a solid of the composition Br3O8, but of unknown molecular weight,
and a recently discovered BrO2. There is no reason at present to suppose
that any other oxide of bromine exists.

Bromine Monoxide, Br2O
Zintl and Bienacker732 showed that if bromine vapour is led over mercuric oxide (which should be precipitated at 50° and dried at 110°) it
reacts at temperatures from 50° to 100°, and the product contains up to
4 per cent, of Br2O, reckoned on the total bromine. The vapours were
frozen out, and the product analysed by determining (a) the oxidizing
power of its solution in alkali, and (6) the total bromine present after
reduction with SO2 to the bromide ion.
In 1935 it was found73a~4 that if a solution of bromine in CCl4 is shaken
with mercuric oxide the resulting solution may contain up to 40 per cent,
of its bromine in the form of Br2O.
Bromine monoxide was isolated by Schwarz and Wiele,785 who made it
by warming the dioxide BrO2 in vacuo; it is brown, and melts at —17*5°
to a liquid which slowly decomposes even at —16° with evolution of
oxygen. In CCl4 it gives a green solution which is stable below 0°, and
the freezing-point of which indicates that it is monomeric, with perhaps
slight association. It oxidizes iodine to the pentoxide.
Br\
The structure
yO is probable from the analogy of the chlorine
compound.

Bromine Dioxide, BrO2
736

This is made by the action of the electric discharge on a mixture of
bromine vapour and oxygen, in a vessel cooled with liquid air; it deposits
as a yellow mass on the sides. A yield of 80 per cent, can readily be got.
Any ozone formed is removed by reducing the pressure, and then the
deposit is warmed to —30° and the excess of bromine sublimed away.
This shows that BrO2 like Br2O is less volatile than bromine.
Bromine dioxide is an egg-yellow solid; it does not melt, but at about
0° decomposes spontaneously and vigorously to bromine and oxygen; it
was analysed in this way (found B r : 0 = 1:1-97, 1-98).
Later work shows735 that BrO2 is stable below —40°, but slowly decomposes above it. Warm sodium hydroxide gives NaBrO3, NaBrO2, NaBrO,
and NaBr. If it is warmed in vacuo it gives the brown Br2O, along with
a colourless solid which may be Br2O7, but could not be isolated or further
examined.
788
E. Zintl and G. Rien&cker, Ber, 1930, 63, 1098.
7»a w . Brenschede and H. J. Schumaoher, Z. physihal Qhem. 1935, B 29, 356.
784
Id., Z. cmorg. Ohein. 1936, 226, 870.
'•• B. Sohwora Mid H. Wi©l©, J. prahL OUm. 1989, [ii] 152, 157.
m
E. SohwATi and M. Sohmoiwor, Bar, 1937, 70, 1168.
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Tribromine Octoxide, Br 3 O 8
This oxide was discovered by Lewis and Schumacher, who found737
that the kinetics of the decomposition of ozone by bromine required the
assumption of an intermediate oxide of bromine, and by evaporating the
mixture at low temperatures obtained a solid which apparently was this
oxide. Later738"9 it was examined in more detail. It is formed by the
action of ozone on bromine at temperatures from —5° to +10°; at +10°
the reaction takes 5 to 10 minutes; but unless special precautions are
observed the product decomposes, often explosively. The material must
be carefully freed from (especially oxidizable) impurities; the ozone must
be in the proportion of about 5 O 3 to 1 Br2, because in the formation of
the compound much of it is converted into oxygen. Above —80° the
oxide is only stable in presence of ozone. If the pressure of this is lowered,
the deposit vanishes in 2 or 3 minutes, but it can be re-formed by adding
more ozone although the reaction is not properly speaking reversible;
when the oxide breaks up it does not give ozone but oxygen, and so if the
oxide is kept in contact with ozone, this is being continuously decomposed.
Br3O8 (no name seems to have been given to it as yet) is dimorphic, with
a transition point at —-35° ± 3 ° ; near this point the change is very slow.
The oxide was analysed by decomposing it by heat, and measuring the
ratio Br 2 :0 2 in the product.
In water the oxide gives a colourless solution which contains no bromine
ions, but is acidic and oxidizes potassium iodide. Titration with baryta
shows that the ratio of hydrogen ions to bromine atoms is 1*34:1. That of
bromine to active oxygen is 1:2*48. An acid H4Br3O10 would give very
nearly these results (Br:H + = 1:1-33; Br:active O = 1:2*5). Lqwis and
Schumacher739 suggest the following series of reactions:
Br 3 O 8 + 2 H2O -

H4Br3O10

H4Br3O10
2 H2BrO4

2

=
HBrO3 + H2BrO4
= HBr + HBrO3 + H2O + 2 O2

which would agree with the observations.
The structure of Br3O8 is quite unknown, and as we have no evidence
of its molecular weight it should properly be written (Br3Og)n, though we
have no reason to expect n to be large.
O X I D E S OF I O D I N E

In its oxides, as in many of its compounds, iodine differs more from
bromine than bromine does from chlorine, and no oxide of iodine analogous
to any oxide of any other halogen has been shown to exist. The oxides of
Iodine so far as they are known are all solid and practically non-volatile,
787
m

B. Lewis and H. J. Schumacher, Z, physikal Ohem* 1928» 138, 462.
Id,, Z, Etehtroohem. 1929, 3S1 651.
' " Id., Z, cmorg, Ohm, 1929, 182, 188,
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and though some eight have been described, there are only three for which
there is satisfactory evidence, I 2 O 4 ,1 4 O 9 , and I2O5.
Derivatives of I2O are known, such as [py • I]N0 3 and [py • I]2O (seep .1241).
So too, there are derivatives of I 2 O 3 such as the acetate 1(OCO CH3^3.
But neither of these oxides has been isolated. The oxides Ii0OX9 of
Millon740 and I6O13 of Kammerer741 have been shown743 to be impure I2O4.
Finally the evidence for I2O7, which is given below, is very unsatisfactory.

Iodine Tetroxide, I2O4
742 4

This can be made " by the oxidation of iodine with HNO 3 , or H2SO4742;
on long heating with H2SO4 a solid crust is formed which is probably a
sulphate, and which after washing with water, alcohol, and ether leaves
behind the tetroxide in 30 per cent, yield.
This substance forms lemon-yellow crystals which do not melt, but
decompose above 130° into their elements; it is practically insoluble in all
solvents except slowly and with decomposition, and in this respect is in
marked contrast to the very hygroscopic I4O9. It dissolves slowly in
alkali to give a mixture of iodide and iodate:
3 I2O4 + 6 KOH = KI + 5 KIO3 + 3 H2O.
When heated with SO 3 or oleum it is partly oxidized to the pentoxide
I2O5, and partly converted into a sulphate, probably I2O4, 3 SO3, a paleyellow hygroscopic substance, stable below 130°.
As this oxide is neither volatile nor soluble, its molecular weight is
unknown, and it should strictly be written (I0 2 ) n . The non-volatility
shows that n must be greater than 1, especially since ClO2 and BrO2 are
both gases. It is commonly written I2O4, partly because this makes it
possible to formulate it as a basic iodate of trivalent iodine (1O)IO3.
This may be correct, but it does not explain the insolubility; I4O9, which
is fairly certainly the neutral iodate of trivalent iodine, I(I0 3 ) 3 , is very
hygroscopic and at once decomposed by water.
I 4 O 9 : ? Iodine Tri-iodate
This was first made by Ogier in 1878, and examined later by Fichter.745
It is formed by the action of ozone at the ordinary temperature on iodine,
or better on its solution in chloroform. A better method746"7 is to warm
powdered iodic acid with dehydrated ortho-phosphoric acid H 3 PO 4 ; on
standing I4O9 separates, and oxygen is evolved.
It is a yellow-white solid which begins to evolve iodine at 75°. It is
740

E. Millon, Ann. Chim. Phys. 1S44, [iii] 12, 333.
J.prakt. Ghem. 1861, 83, 65.
742
M. M. P. Muir, J.C.S. 1909, 95, 656.
74» H. Kappeler, Ber. 1911, 44, 3496.
744
R. K. Bahl and J. R. Partington, J.C.S. 1935, 1258.
748
F. Fiohter and F, Rohner, Bw. 1909, 42, 4093.
741
F. Fiohter and H. Kappeler, £. anorg, OUm, 1915, 91, 142.
747
F. FIohtar and S. Stern, Hdv. OMm, Acta, 192S1 H 9 1250.
711
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very hygroscopic; in presence of moisture it deliquesces, turns red or
brown, and is ultimately converted into iodine and iodic acid HIO 3 . This
oxide is almost certainly the iodate of trivalent iodine I(I0 3 ) 3 ; in its strong
attraction for water, and in the way that it is decomposed by it with
separation of iodine, it closely resembles the triacetate X(OCO-CHg)3 of
Schutzenberger748 which in the same way liberates acetic acid. The reactions that occur when the oxide is treated with water are presumably:
1(1O3) + 3 H2O = 1(0H)3 + 3 HIO3
3 1(OH)3
= HI + 2 HIO3 + 3 H2O
HIO3 + 5 HI = 3 I 2 + 3 H2O,
It seems to be generally assumed that the iodate must be ionized, but
there is no particular evidence of this. The whole behaviour of the compound is very like that of boron triacetate B(OCO • CH3)3, which is similarly hydrolysed by water, though of course the boric acid is stable. An
ion I + + + would have the unusual structure (core) (18) (4) with two inert
pairs, which may occur in M[ICl4] but is not found elsewhere. See later
under the compounds of trivalent iodine.

Iodine Pentoxide, I2O5
This is the anhydride of iodic acid and behaves as such, being formed
from it by dehydration and reconverted into it by water. Unlike most of
the oxides of the halogens (and all the oxides of chlorine) iodine pentoxide
is exothermic (+48 k.cals. for I2O5). In spite of this, all attempts to make
iodine combine with oxygen in presence of any catalysts, at any temperature from 100° to 500°, have failed; though it is probable that the pentoxide is formed by the electric discharge in ozonized oxygen in presence
of potassium iodide (Ogier, 1878).
Iodine pentoxide is formed by dehydrating iodic acid at 195°. It can
also be made by oxidizing iodine with nitric acid or nitrogen pentoxide;
it is formed directly from iodine and N2O5 on warming749 and the reaction
goes very rapidly even at 0° in chloroform solution.750 According to
Moles751 the best method of preparation is to heat iodine with fuming
nitric acid at 70-80° under reflux until the mixture goes yellow.
Iodine pentoxide752"8 is a colourless, odourless, crystalline substance of
748

P . Schutzenberger, J. prakt. Ghem. 1863, 88, 1.
M. Guichard, G.R. 1909, 148, 925; Ann. GHm. Phys. 1917, [9] 7, 28.
750
H. Eyring and F . Daniels, J.A.G.S. 1930, 52, 1489.
761
E. Moles and A. P . Vitoria, Z. physikal. Ghem. 1931, Bodenstein Festschrift, 583.
762
M. S. Shah and T. M. Oza, J.G.S. 1931, 32.
783
E. Moles and A. P . Vitoria, An. Fis. Quim. 1932, 30, 99.
754
E. Moles and A. Parts, ib. 1933, 3 1 , 618.
785
E, Moles and P . Villan, ib. 1936, 34, 787.
?B
« G, P . Baxter and G. S. Tilley, J.A.G.S. 1809, 3 1 , 205, 207; E, anorg. Ghem.
1D09, 6 I 1 299.
749
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" L. Clark© and E, K, Bolton, JA.0.S. 19H1 36, 1902.
'•• A. Gautior, 0,JR. 1898, 136, 79S1 931 j 1890,138, 487 j Am, OMm. Phys. 190I1
[73 33,20.
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756

high density (5-28) which is non-volatile; it can neither be melted nor
sublimed without decomposition766-7; in the absence of light it does not
begin to decompose below 275°.751 It is soluble only when it reacts with
the solvent. Water converts it into iodic acid, evolving 2*1 k.cals. per
HIO 3 753 ; it dissolves in nitric acid (see further under iodic acid),751 from
which it crystallizes out as I2O6 if the solvent contains more than 50 per
cent. HNO3.754 It is a strong oxidizing agent, and with oxidizable substances sometimes detonates (H. Davy, 1815).
Iodine pentoxide oxidizes carbon monoxide to the dioxide, being itself
reduced to iodine. This reaction goes at the ordinary temperature
extremely slowly, but practically to completion; at 65° and above it is
rapid.758 This is known as Ditte's reaction (A. Ditte, 1870). It is used
(commonly in presence of H2SO4) both for the quantitative estimation of
carbon monoxide, and also in respirators for its removal from air.759
Mtric oxide also reduces iodine pentoxide slowly at 80° and quickly at
120°, giving iodine and the higher oxides of nitrogen.752

Iodine Heptoxide, I2O7
This compound would be the anhydride of periodic acid. It has been
said to occur,760"1 but it has never been properly characterized, and no
recent workers have been able to prepare it, so that the balance of probability is against it.
OXY-ACIDS OF THE HALOGENS
THESE are of four types (X = Cl, Br, I).
1. HXO = H—O—X: Hypohalous acid, hypohalites (Cl, Br, I).
2. HXO 2 = H—0—X—O: Halous acid, halites. (Cl, ? Br, no I).
3. HXO 3 = H—0—X(

: Halic acid, halates. (Cl, Br, I).

O

t
4. HXO 4 = H—O—X->0: Perhalic acid, perhalates. (Cl, I, no Br).
Y

O
The structures assigned to the acids above must be combined with
doubly linked structures as resonance forms. In addition to these acids
there are certain derivative forms, produced from them by hydration
(e.g. H5IO6) or by condensation (e.g. M4I2O9).

Hypohalous Acids, H—O—X
These acids, which in the undissociated form obviously have the structure H—O—X, occur with all three halogens, and are formed by the action
"• For full references see Gmelin, Iod, 1983, p. 440.
™ J. Oil©*, 0,M. 1878, 88, 12%.
'" A, Miohuul and W , T. Conn, Am, Ohm. J. 100O1 33, 446.
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of water on the elementary halogen, which leads (at any rate primarily)
to a reversible hydrolysis of the type
X2 + H2O ; F = * HX + HOX.
The three acids show a marked gradation in properties, which is especially
clear with the most important of these, the completeness of the hydrolytic reaction by which they are formed, their strength as acids, and the
tendency, which is common in varying degrees to all of them, to change
over into the halide and the halate. The approximate values of the
constants of these three reactions are given below, the temperature being
25° O. unless otherwise stated.
Chlorine

Bromine

Iodine

+

[ H ] . [ X - ] . [HOX]

ca. 3 x 10~4

5'8XlO-*

3 x l(T l a

Classical
dissociation constant

3-2 X ICT8

2 x MT9

3 Xl0~n

Kz for reaction
3HOX->2HX +HXO8
(relative)

1

Kl=

K2,

ixZi

100

30,000

Hypochlorous AcId9 H—O—Cl
This acid, known only in aqueous solution, is formed by the action of
water on chlorine, a reaction which is rapid but not instantaneous, equilibrium being reached at 0° only after some hours; the velocity has been
measured by the streaming method of Hartridge and Roughton.76a~3 The
rate-determining reaction
Cl2 + OH" = HOCl + CF
has a velocity constant of 5 X1014 (litre, second) both at 1-2° and at 17*6°,
showing that there is practically no heat of activation. This rate is approximately that of collision. The hydrolysis is reversible; the equilibrium
constant,
[H + HCrHHOCi]
[CU
was found by Jakowkin,764 from the conductivity, and the partition
coefficient with CCl4 to be 1-56 x ICT4 at 0°, and 10-0 X 10~4 at 70° (about
3 X 10~4 at 25°). The effect of a change in the concentration of the free
chlorine, or of the hydrogen or chlorine ion, was in accordance with the
law of mass action. Water saturated with chlorine at 25° under 1 atm.
pressure is about O06 molar in total chlorine, and about half of this is
present as HC1+HOC1, the rest being free Cl8.
m

B. A. SMlov and S. M. Solodushenkov, OM, Acad. Sm. UJIAB. 1986, 3, 15,
» J. C&rreli Monk, JJLXJM. 1940, 6S1 1692.
"« A. A, Jakowkin, I . p^<hal Ohm. 1899, 39, 61S.
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When hypochlorous acid is made in this way, the attainable concentration is sharply limited by the small solubility of chlorine in water; but the
yield can be increased if the hydrochloric acid is removed, since this sends
the reaction to completion and more chlorine dissolves. This is usually
done by adding the insoluble oxide or carbonate of an element which forms
a sparingly soluble or sparingly ionized chloride, the commonest being
mercuric oxide. Another method is to complete the hydrolysis by adding
alkali (i.e. to absorb the chlorine in soda solution or milk of lime), and then
acidify and distil; the hypochlorous acid is stable enough to come over
mostly unchanged. Thus the mixture of KCl and KOCl may be treated
with H2SO4 and distilled; or bleaching powder Ca(Cl)OCl may be distilled
either in a stream of CO2765 (carbonic acid is about 100 times as strong an
acid as hypochlorous) or after treatment with boric acid.766
The acid can also be made by the action of water on chlorine monoxide
Cl2O, which is accompanied by the evolution of 4 k.cals. of heat per mole
HOCl formed.767 It is also produced by the hydrolysis of compounds with
chlorine attached to nitrogen such as NCl3; this is an example of the effect
of co-ordination on the reactivity (see p. 1170).
Hypochlorous acid is a very weak acid, far weaker than acetic. On
account partly of this weakness, and partly of its instability and chemical
reactivity, the value of the dissociation constant is not certain; but the
more recent results are fairly consistent: for the classical dissociation
constant multiplied by 108 they give 3-5 at 18°,768 3-7 at 18-20°,769 3-2 at
15°,770 and 3-16 at 20° 771 ; these are supported by the value 3-7 at 17°
found earlier by Sand772; hence a probable value is 3X 10~8, about 1/600
of the strength of acetic acid, and 25 times that of hydrocyanic; this
implies that in a decinormal solution of the acid the dissociation is about
1/170 of 1 per cent.
Hypochlorous acid is not measurably associated in water; this is shown
by the freezing-points764: by the facts773~4 that the ratio of the concentrations of HOCl in the liquid and the vapour is independent of the total
concentration, and 775 that the aqueous solution of HOCl gives the same
absorption spectrum as a solution of ethyl hypochlorite in ligroin, but
quite different from that of the alkaline solution. Hence the acid must
have the simple HOCl structure, since the ester is known to be monomeric.
If a highly concentrated (25 per cent.) aqueous solution of HOCl is
766

J. W. Mellor, J.C.S. 1902, 8 1 , 1291.
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evaporated at very low pressure, pure chlorine monoxide Cl2O comes off,
so that the hydration of the monoxide is to some extent reversible:
2 HClO ;==* Cl2O + H2O.
For the equilibrium constant of this equation:
~~ [HC10]2"
St. Goldschmidt776 found the value 9-6 x 10~4 at 0°, which shows that in a
normal (about 5 per cent.) solution of HOCl the concentration of Cl2O is
only millinormal.
Hypochlorous acid is obviously thermodynamically unstable, though it
usually reacts rather slowly, as is shown by its distilling without much
decomposition. But it can decompose in two ways:
(1) 2 HOCl = 2 HCl + 0%

(2) 3 HOCl - 2 HCl + HCIO8.
These reactions occur both with the free acid and with its ions, though
the latter appear to be the more stable. Both reactions are greatly
accelerated by light, which, however,777 affects only the ions and not the
undissociated acid. For further details on the rate of decomposition of
hypochlorous acid in water see Pierron.778
The first of these reactions makes hypochlorous acid a strong oxidizing
agent, and it is to this that chlorine water owes its bleaching power.
Hypochlorous acid will oxidize phosphorus, arsenic, antimony, sulphur,
selenium, and their hydrides to the corresponding acids, and hydrogen
chloride to chlorine, as in the reversal of the hydrolysis of the latter. The
reduction of chlorine to hydrogen chloride by hydrogen peroxide is essentially a reaction of hypochlorous acid; for its kinetics see Connick.779
Innumerable other examples, both inorganic and organic, might be given.
The hypochlorite ion, or a solution of a soluble hypochlorite, is much
slower to decompose at the ordinary temperature than the free acid; an
aqueous solution of NaOCl is half decomposed in the cold in about 3 years.
Nevertheless the equilibrium in the reaction
2 ClO"" = 2 OT + O2
is so far over to the right-hand side that an immeasurably large pressure
of oxygen would be required to shift it perceptibly towards the left.
Accordingly this reaction, both with the acid and with its ion, can be
greatly accelerated by a variety of catalysts. As with the decomposition
of hydrogen peroxide, the evolution of oxygen gas is greatly hastened by
the addition of angular fragments such as powdered glass; platinized
(but not bright) platinum has the same effect, both on this reaction
m

Ber. 1019, 52, 753.
" 7 A. J. Allmand, P. W. CunUffe, and R. E. W. Maddison, J\0.S. 1925,127, 822;
1927» 655.
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and also on the formation of chlorate.780 The separation of oxygen is also
much accelerated by the addition of metallic oxides, such as those of
cobalt781 and nickel782; these oxides are actually present as higher oxides,
into which they are at once converted by the hypochlorite. Sodium
hypochlorite can be used for some organic oxidations in place of permanganate.783
The formation of chlorate is essentially due to interaction between the
ion and the undissociated acid784
ClO"" + 2 HOOl = ClOJ + 2 H* + 2 CF
with the possible intermediate formation of the chlorite ion ClOJ. The
velocity being proportional to the square of the concentration of the
undissociated acid, in order to prevent it from occurring (which would
diminish the bleaching power of the solution), the concentration of HOCl
must be as far as possible reduced, by adding a small excess of alkali; thus
in a normal solution of NaOCl the concentration of HOCl, due to hydrolysis, is 5*2 x 10~4: if a 0*01 normal excess of NaOH is added, this concentration of HOCl is reduced to 1/20, and therefore the rate of formation
of chlorate to 1/400 of their previous values. The velocity shows the normal
increase of 2*5 for 10°; that is why when the chlorate is being made the
Cl2 is passed into a hot alkaline solution.
Hypochlorous acid and its ion have two characteristic reactions with
organic substances, in addition, of course, to that of oxidation; the first,
which occurs with saturated compounds, is direct chlorination, and the
second is the addition of HO+Cl to the double C=C link to form a
chlorhydrin.
The chlorination of phenols by HOCl785 takes place essentially between
the phenoxide ion Ar—0~ and undissociated HOCl; hence phenol ethers
cannot be chlorinated by HOCl, though they can, readily, by chlorine. The
rate of chlorination by HOCl is greater, the greater the ionization of
the free phenol.
With unsaturated compounds, especially ethylenic derivatives, the
ohlorhydrins are formed:
C-C-Cl
C=C + H0—C1 =
OH
In accordance with 'Markownikoff's rule' (1875) the hydroxyl attaches
itself to the carbon that has least hydrogen786; thus propylene gives
780
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/}~ahloro~isopropyl alcohol CH3-CHOH-CH2Cl; this reaction has been
much used in the terpene series.787 The hypochlorous acid need not be
made beforehand; the hydrocarbon and the chlorine can be passed into
water at the same time. This method is now used on a large scale for
making ethylene glycol from ethylene.788 The direct addition of chlorine
may occur at the same time, but this can be diminished by adding 0-1
to 1 per cent, of certain catalysts, such as cupric or ferric chloride.789 For
the kinetics of the addition of hypochlorous acid see references 790~1.

Salts of Hypochlorous Acid
The only solid salts of this acid which have been isolated are those of
some of the alkali metals (Na, K) and alkaline earths (Ca, Sr, Ba); only
those of sodium and calcium have been accurately characterized. Sodium
hypochlorite792 forms a hepta- and a pentahydrate, m. pts. 19° and 45°.
The calcium salt is of special interest in relation to bleaching powder
(chloride of lime, Chlorkalk), the most technically important derivative of
hypochlorous acid. The structure of bleaching powder, which is of course
made by the action of chlorine on slaked lime, has long been disputed.
Its composition approaches that of CaCl2+Ca(OCl)2, but it always contains a certain amount (up to 20 per cent.) of free calcium hydroxide. The
original idea that it is a mixture of calcium chloride and hypochlorite was
attacked by Odling (1861), who pointed out that it is not hygroscopic, as
it should be if it contained CaCl2; it was also shown later that though
CaCl2 is soluble in alcohol, it is not extracted by alcohol from bleaching
powder. Odling therefore proposed the formula of a double salt Ca(Cl)OCl,
which has been widely accepted. More recently the question has been
investigated in great detail,793 both by phase-rule investigations and also
by X-ray examination of the solid phases. The authors do not find Odling's
salt in any form; the only solid phases (between 25° and 40°) are:
(1) Ca(OCl)2 3 aq.; (2) 3 Ca(OCl)2,2 Ca(OH) 2 ,2H 2 O; (3) Ca(OCl)2,2Ca(OH)2;
(4) CaCl2, 6 H 2 O; (5) CaCl2, Ca(OH)2, H 2 O; (6) CaCl2, Ca(OH)2, 12 H2O.
In bleaching powder the chloride seems to be present as the nonhygroscopic salt (5), and the hypochlorite probably mainly as a double salt
(such as (2) or (3)) with the hydroxide.

Esters of Hypochlorous Acid
These esters are formed very readily, best by the action of chlorine on
a cooled solution of the alcohol in about 10 per cent, aqueous sodium
787

See for example, G. G. Henderson etal, J.G.8.1921,119, 1492; 1923,123,1155;
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795 6

hydroxide. " They can also be prepared by the action of alcohol on a
concentrated aqueous solution of HOCl,794 or by passing Cl2O into the
alcohol and then precipitating the liquid ester with water.794
They are yellow volatile liquids with a very irritating vapour. Boilingpoints: CH3-OCl 12°/726 mm. 796 ; ethyl 3C°/752 mm.; tertiary butyl
79-67750 mm.796 This last is monomeric both in the vapour and by the
freezing-point in benzene solution.
The alkyl hypochlorites are unstable, and explode when brought in
contact with a flame or exposed to a bright light; in the absence of flame
or light they all, except the tertiary compounds (which are much more
stable), decompose fairly easily on standing (e.g. EtOCl undergoes 25 per
cent, decomposition in ligroin at -—15° in 14 hours), mainly to give the
aldehyde +HCl. They are less unstable in the complete absence of hydrogen
chloride.800 The first product of the action of chlorine on ethyl alcohol797
(the ultimate product being of course chloral) is ethyl hypochlorite, which
then decomposes further to acetaldehyde. Secondary esters decompose in
the same way to give ketones:
R-CH2-OCl = R - C H = O + HCl
RR1CH-OCl = RR1C=O + HCl.
The tertiary esters, as has been said, are much more stable,796 no doubt
because they cannot undergo a similar decomposition without breaking the
carbon chain; if they are heated this change actually occurs, with the
production of an alkyl chloride:
RR1R2C-OCl = RR 1 C=O+ R2-Cl.
They will react with olefines, alcohols, and phenols to give chlorhydrin
esters and ethers. 801
In general the esters, like the free acid, are strong oxidizing and chlorinating agents. They explode in contact with copper powder, but do not
attack carbon in the cold. It was shown by St. Goldschmidt798 that with
unsaturated (ethylene) derivatives they usually behave like the acid,
forming the chlorhydrin

—<>~<Lc-ci,

A1

the hydrogen being presumably derived from casual moisture. Phenyl
acetylene reacts remarkably with the ethyl ester in carbon tetrachloride
to give dichloroacetophenone798-9:
C6H5-C=C-H —> C6H6-C-CHCl2
m
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apparently by addition of 2 HOCl followed by loss of water. See further
for the reactions of ethyl hypochlorite Mousseron.802

Hypobromous AcId9 H—O—Br
This acid is similar in formation, decomposition, and behaviour to hypochlorous acid, but the quantitative differences are of special interest.
Like HOCl, HOBr can be got only in solution, and as it is less stable
than its chlorine analogue the solution can never be obtained free from the
decomposition products bromic acid and elementary bromine. HOBr is
formed by the hydrolysis of bromine, and so is present in bromine water.
The composition of this solution is complicated by the presence of the
perhalide ions Br^" and Br^. The amount of HOBr at equilibrium is far
less than that of HOCl. The equilibrium was examined803"5 by the determination of the electrical conductivity, and of the partition of the free
bromine between the solution and another solvent (in one case805 pure
water, separated from the solution by a layer of air). The results are reasonably concordant, and give for the various constants the following values
at 25°.
For the hydrolysis proper
[H^]-[BrI-[HOBrI
(This constant has a high temperature coefficient): its value XlO9 is
0-7 at 0°, and 11-3 at 35°.804 For the perhalide iolis Brg and Br^" we have
at 25° the equilibria
[Br

806
^
16«0:
p T 5 ^ & i _ « 40-0.
[Br 2 ].[Brl
'^
[BrJ-[BrI
Hence a saturated solution of bromine in water at 25° (0*2141 molar
in total bromine content) must contain the following concentrations, in
millimoles per litre, of the various molecular species:

Br2
HOBr
HBr
Br~
Br^
211-8
1-92
1-92
0*26 0-0021
Hypobromous acid can be made in the same way as hypochlorous, but
owing to the much less favourable position of the hydrolytic equilibrium,
and the much more rapid decomposition, the maximum attainable concentration is very low. According to Pollak806 the strongest solution that
can be made by the action of mercuric oxide on bromine and water is
0*1 normal, largely on account of the solubility of the mercuric bromide;
800
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though this is only about 1/15 as soluble as mercuric chloride, it produces
more effect, because of the much smaller hydrolytic constant. To prepare
a stronger solution a substance with a less soluble bromide must be used,
such as silver nitrate; on distillation at 20-25° under 11-12 mm. pressure
very little of the nitric acid comes over, and a 0-3 normal hypobromite
solution is obtained. This still contains elementary bromine and as a
decomposition product bromic acid, of which the former can be blown
away by a stream of nitrogen, but the latter cannot be removed.
Hypobromous acid is a much weaker acid than hypochlorous, though
it is much stronger than hypoiodous; K at 20° is about 2 x 10~9 807"8 (less
than a tenth of that of HOCl). It undergoes the same two decomposition
reactions as HOCl:
(1) 5 HOBr = HBrO8 + 2 H2O + 2 Br2
(2) 4 HOBr = O2 + 2 H2O + 2 Br2.
In comparing this with the behaviour of hypochlorous acid, which in both
of these reactions gives, along with the chlorate or the oxygen, not
elementary chlorine but HCl, it must be remembered that with bromine
the hydrolytic equilibrium is so far over on the side of the free element that
the reaction
HOX + HX = H2O + X2
is far more important.
These two decompositions both occur much more readily than with
chlorine.805 Reaction (1) is the most important in the dark; it probably
goes through bromous acid HBrO 2 :
(la) 3 HOBr
= HBrO2 + H2O + Br2
(16) HBrO2 + 2 HOBr = HBrO3 + H2O + Br2
but the bromous acid never attains a measurable concentration.
In a weakly alkaline solution the rate of formation of bromate is 100
times as fast as that of chlorate, but 30,000 times slower than that of
iodate. 809 As with the chlorate the change is due to the interaction of the
ion with the undissociated hypohalous acid:
BrO" + 2 HOBr = BrO3" + 2 H + + 2 Br"",
and in the same way it is greatly accelerated by a rise of temperature,
which not only raises the velocity constant but also much increases the
concentration of the undissociated acid, which in the alkaline solution is
due to hydrolysis.
The reactions of hypobromous acid and its ions, like those of hypochlorous, consist largely of oxidations and brominations. Copper salts,
which catalyse the decomposition of hypobromites to bromide and
807

M. Kiese and A. B. Hastings, J.A.O.S. 1930, 61, 1291.
•»
E. A, Schilov, ib. 1988, 60, 400.
109
H. Krotziohmar, Z, EMlroohim. 1904, 10, 708.

Hypobromous

Esters

1221

810

oxygen, also cause the oxidation of manganous ions to proceed to the
permanganate, instead of stopping at MnO2.811 The acid, like HOCl hut
apparently even more so, can add on to C = C ; thus 812 if the halogen is
added to a suspension of finely divided cinnamic acid in water, a mixture
of the dihalide and the hydroxy-halide or halohydrin is formed,
<6. CHX. CHX. COOH + <D. CH(OH). CHX. COOH,
of which the latter is always in excess. With chlorine it is 91 per cent, of
the whole, and with bromine 98 per cent.
No solid hypobromite seems to have been isolated, but a bromine
analogue of bleaching powder is known, which is remarkable for having a
reddish-orange colour; this is said to be due to the adsorption of bromine
on the surface of the powder.

Hypobromous Esters
Unlike their chlorine analogues these esters have not been isolated, but
there is abundant evidence that they are formed as intermediate products
in certain reactions in methyl alcohol solution, in which free bromine, or a
molecule with a reactive ' positive' bromine atom (replaceable by hydrogen)
(see p. 1189), in contact with an unsaturated organic compound, adds on
B r + O C H 3 to the double link.
Dimroth pointed out that certain brominations go especially well in
methyl or ethyl alcohol solution,818 including K. H. Meyer's brominetitration of enols,819 and he suggested that in these reactions the real
reagent is the alkyl hypobromite: thus with enols
—C—OH
I

—C—

/OH
—C(

/AIk
+

o (

—•

\Br

IN)-AIk--•

—C—Br

-C=O
I

—C—Br

Many unsaturated compounds react with bromine in methyl alcohol to
give methoxy-bromides,81&*16 as in water they give hydroxy-bromides.812
Further, many organic compounds containing 'positive' bromine can
replace the bromine in this reaction.814*817^8 Thus with bromotrinitromethane
— C H - CHBrBr • C(NO2J3 + - C H = C H - — >
1
+ CH(N02)a:
O. CH3
810
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K. M. Filimonovitsch, Amer. Chem. Ahstr. 1931, 25, 5640.
812
J. Read and A. C. P. Andrews, J.CS. 1921, 119, 1774.
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a reaction like that of tetranitromethane 823
-CH-CH(NO 2 )-C(N02)4 + - C H = C H
> I
+ CH(N02)8.
O.AIk
The result can be shown820-1 not to be due to the subsequent replacement
of a bromine in the dibromide by the alkoxy-group.
Many other compounds with bromine atoms that are replaceable by
hydrogen behave in the same way, for example the other bromonitromethanes Br2C(N02)2 and Br3CNO2818 (CBr4 is inactive, though it gives
CHBr3 with alkah). The nitro-groups can be replaced by carbonyls, and
N02\
even by carboxy-alkyls, as in
X)(CO-OEt)2 and (rather weakly)
Br2C(CO • OEt) 2 ; if they are part of a ring they are more effective, as in
di-methyl-dibromo-dihydro-resorcin, with the grouping CO—CBr2—CO,
and even tribromophenol bromide with C=CH—CBr2—CH=C—, where
double links serve the same purpose. The N—Br compounds ai*e of course
especially active in this way, such as acetobromamide CH3 • CO • NHBr. 817
The kinetics of the reaction of bromine on a methyl alcohol solution of
stilbene C 6 H 5 -CH=CH-C 8 H 5 were studied by Bartlett and Tarbell.822
They showed that the results could be explained by supposing (on the
general lines of Robinson's theory) that the primary reaction is the addition of one bromine atom to the >C==C< double Hnk, giving Br"" and a
complex organic cation, which attracts the Br"" anion present and also
reacts with the methyl alcohol, so that there is a competition between these
two: thus getting the scheme
<I>-CH=CH.O + Br2 —> 0>.CHBr-CH $ + Br"
.CH3OH
O-CH*
0>.CHBr-CHBr-O)
0"CHBr-€H.$ + H*.
If so, the reactive bromine compound must be able to form a positive
monobromo-cation, and so leave behind a negative complex
R-Br + \}=43\
Vj=CC

R"" + ^XJ-C
)C-C-Br+
= R-

which could then take up hydrogen, i.e. it must contain 'positive' bromine,
as it is in fact found to do.
Hypoiodous Acid, H O I
This acid and its salts are undoubtedly the first products of the action
of water or alkalies on iodine; they are also formed by the oxidation of the
•» K. H. Meyer, Ann, 1911» 380, 212.
8
«o K. Meinel, ib. 1084, 510, 120.
« Id., ib. 103S, 516, 237.
»« P, D, Bartlett and D. S. Tarbell, J,A*0£. 1036, 58, 406.
it* E, Schmidt, E, Sohumaohor, W. BAjtn, and A. Wagner, B$r, 1022, 55, 1751.
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iodine ion, and by the reduction of iodates and periodates; so far the acid
is the analogue of hypobromous and hypochlorous acids, but it differs
from them very markedly, especially in three ways: it is a much weaker
acid, it is much more readily converted into the halate (iodate), and also
it is present to a much smaller extent in the hydrolysis of the elementary
halogen by water. In all these respects (p. 1213) it acts as the last member
of the series HOCl—HOBr—HOI; but in some its position is so extreme
that the accurate determination of the constants is very difficult.
The equilibrium constant for the hydrolysis
[HOI]-[H+J-[F]

[I2I
13 824 5

is about 3 X IO"
~ ; it is thus 1/5,000 of that for bromine, and 0-7 x 10~9
of that for chlorine.
The dissociation constant of hypoiodous acid is very small, and its
value is very difficult to determine, especially as in any solution containing iodine ions there must be I^ and I^ ions as well. The most probable
value826 of the dissociation constant at 25° is
[ H + H I O l __4 4.5^0-xa
[HOI] - 5 X 1 U >
which would make it about 1/70,000 of that of HOCl. The acid is a very
weak acid, and a very weak base in the sense that it forms compounds
with groups which are able to act as the anions of acids, though whether
they are actually ionized in their iodine compounds is doubtful (see later,
under monovalent iodine derivatives, p. 1242). It can also act as a definite
base, with Kh = 3*2 X 10~10.826 Hypoiodous acid is so unstable that it is
usually only a transient intermediate product, rapidly changing, even in
the cold, into the iodate. The free acid is even more unstable than its
alkaline solution,827 and neither it nor its salts can be isolated. It is more
stable in dilute solution, but even then most of it is changed into iodate
in 15 minutes. The alkaline solution, though it is more stable than this,
is far less so than that of a hypobromite or hypochlorite: it was found828
that of a solution of potassium hypoiodite more than 30 per cent, had
decomposed in an hour in the cold (NaOCl is only 50 per cent, decomposed
after 3 years in solution in the cold). It also has a tendency to be reduced
to the iodide, which is much weaker than the tendency to go over into the
iodate but yet is sufficient to make it an even stronger bleaching agent
than the hypobromite or hypochlorite ions. For the kinetics of the
hypoiodite decomposition see reference 827.
884
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Halmis Acids, HXO2 and Halites

Acids of this type are the least stable of the oxy-acids of the halogens.
With chlorine there is no doubt of the existence of the salts M[ClO2], a
whole series of which have been prepared, and it is at least probable that
the acid can exist in solution. With bromine neither the acid nor its salts
have been isolated, but it is quite possible that the salts can occur in
solution. With iodine there seems to be no reason for assuming the
occurrence of iodites either as acid or as salts.

Chlorous Acid, HClO2
This acid has not been isolated, though numerous salts are known. It is
presumed880 to be an intermediate product in the action of water on
chlorine dioxide:
2 ClO2 + H2O = HClO2 + HClO8,
but it is rapidly decomposed. Its ions are certainly formed in the analogous action of alkali on the dioxide
2 ClO2 + 2 OH"" = H2O + ClO2" + ClO3".
It can also be made, free from chlorate, by treating chlorine dioxide with
sodium peroxide or an alkaline solution of H2O2831:
2 ClO2 + Na2O2 = 2 NaClO2 + O2.
The acid can be got in solution by adding a strong acid to a solution
of a chlorite; if H2SO4 is added to the barium salt a colourless solution is
obtained, which, however, begins in 1 minute at 15° or 10 minutes at 0°,
to turn yellow from the formation of chlorine dioxide832:
4 HClO2 = 3 ClO2 + \ Cl2 + 2 H2O.
The solution does not give the yellow colour of ClO2 for more than an
hour if it is completely freed from chloride and hypochlorite ions.
The acid itself in aqueous solution is colourless, and is shown by the
minute conductivity to be very weak; but it is much more stable as a salt
than as an acid, and as it shows this greater stability in sodium bicarbonate solution, it must at least be a stronger acid than carbonic.830 It
has a strong and rapid oxidizing action, converting, for example, iodide
into iodate; but the ion [ClO2]" only reacts relatively slowly.
A large number of salts of chlorous acid have been prepared,833 for
example those of the alkalies, alkaline earths, amines, Cu'', Ag, Zn, Cd, Hg,
Pb", Co", Ni. The solid salts practically all explode when struck or heated,
but otherwise they are stable in the dark for weeks; our knowledge of them
880

W. C. Bray, Z. physikal. Chem. 1906, 54, 463, 669; Z, anorg. CUm. 1906, 48,
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A. Beyohler, BuIh Soo, 1901, 25, 059.
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is largely due to G. R. Levi et al.%M The salts are mostly very soluble, often
in alcohol as well as in water, especially those of the alkalies and alkaline
earths. Almost the only exceptions are the salts of lead and silver; the
solubilities in water in g. per 100 g. solution at 0° are: Ba(CI0 2 ) 2 30-5;
Pb(C10 2 ) 2 0-035; AgClO 2 0-17.
On heating, the salts are converted into a mixture of chloride and
chlorate; the solution when treated with chlorine is converted into the
chloride with evolution of ClO 2 . 835

Bromous AcId9 HBrO2
I t is doubtful whether this acid or its salts exist at all. The acid was
supposed to be an intermediate product in the conversion of HOBr into
HBrO 3 , but Pollak and Doktor have shown 836 t h a t though it may be
formed it never attains a measurable concentration. There is rather more
evidence for the existence of the bromite ion BrO2", though no salts have
been isolated. The decomposition of the hypobromite ion to BrO3" seems
to be bimolecular, and perhaps the first stage is
2 BrO"" = BrO- + Br~.
837

Further,
if in the partly decomposed solution the hypobromite ion is
removed by ammonium salts or urea, it can oxidize an arsenite in the cold
in presence of alkali, which [BrO 3 ]~ cannot.
Iodous Acid HIO2 and the iodites do not appear to exist at all.

Halic Acids, HXO3 and the Halates, M[XO3]
These are comparatively stable, 888 and are known with all three halogens. On the whole their resemblance is close. They are all strong acids
(unlike the H O X and H X O 2 acids) and are strong oxidizing agents. Their
stability is generally in the order HClO 3 < HBrO 3 < HIO 3 , the opposite to
the order of the hydracids; thus HClO 3 will oxidize H I to the iodate. The
free acids are extremely soluble in water; they lose water on heating, so
much so t h a t the first two cannot be obtained in the anhydrous state;
H I O 3 is known, as a hygroscopic solid. Iodic acid differs considerably
from the other two (as periodic does from perchloric) especially in its
tendency to polymerize; there is evidence that in water it is mainly the
dibasic acid H 2 I 2 O 6 : there are even signs that the 1O 3 ion can itself
polymerize.
The structure of all three X O 3 ions has been determined by X-ray
884

See for example, G. Bruni and G. R. Levi, Qaz. 1915, 45, ii. 169; G. R. Levi,
AtH R. Lino. 1922, [v] 31, i. 52» 212; 1923, 32, i. 38, 165, 623; 1930, [vi] 11, 1005;
1932, 16, 632; Gaz. 1922, 52, L 207, 417; 1923, 53, 40, 105, 200, 245, 522.
m
G. R. Levi and M. Tabet, ib. 1935, 65, 1138.
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F. Pollak and B. Doktor, Z, morg. Oh$m. 1931, 1%, 89.
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J. Clarene, CR. 1913, 156, 1999.
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examination of the crystals. It is found that the ion is pyramidical, with
the X atom above the plane of the three oxygens. 83&~43
This is supported for ClO3 by the Raman spectra of aqueous solutions
of the Ca, Sr, Zn, and Cd, salts, and for BrO 3 by those of Mg and Zn.844
It is found by X-ray analysis of the a-form of HIO 3 846 ; some of the
metallic iodates seem to have a more complicated structure. For example,
KIO 3 has each iodine surrounded octahedrally by 6 oxygens (perowskite
structure).846

Chloric Acid, HClO3 and the Chlorates
Chloric acid cannot be obtained in the pure state, since the aqueous
solution, if it is concentrated beyond 40 per cent. HClO3 (== HClO3,7 H2O),
begins to decompose with evolution of chlorine and oxygen, and formation
of perchloric acid. The acid is usually made by treating a solution of the
barium salt with sulphuric acid, filtering, and evaporating.
This concentrated aqueous solution is a colourless, oily liquid, which is a
strong oxidizing agent, reacting violently with organic materials.
The dilute aqueous solution of HClO3 is quite reasonably stable, and can
be heated to its boiling-point without decomposition; in the cold it slowly
decomposes, being mainly converted into the perchlorate.
Chloric acid is a strong acid, and a strong oxidizing agent, converting
concentrated hydrogen chloride into chlorine, and iodine into the iodate;
it is quantitatively reduced by aluminium to the chloride.
Its salts, the chlorates, are made either by the action of chlorine on hot
alkali or by the electrolytic oxidation of the chloride ion.847 In the formation from chlorine and alkali at any temperature the hypochlorite is
always the first product, and as long as the solution remains alkaline very
little chlorate is produced; but as soon as it becomes acid, i.e. as soon as
undissociated HOCl is present, the chlorate formation becomes rapid.848

Salts of Chloric Acid
A large number of chlorates are known 849 ; they are mostly very soluble
in water, the potassium salt being less so than most, especially in the cold:
the solubilities in g. per 100 g. water are: NaClO3 101/20°; KClO3 3-3/0°,
7*3/20°, 56-0/100°. They are usually prepared from the calcium salt, made,
by passing chlorine into hot milk of lime, by double decomposition.
839

R. G. Dickinson and E. A. Godhue, J.A.C.S. 1921, 43, 2045.
N. H. Kolkmeier, J. M. Bidvoet, and A. Karssen, Z. Phys. 1923,14, 291; 20,82.
841
A. Karssen, Rec. Trav. 1923, 42, 904.
842
W. H. Zachariasen, Z. Krist. 1929, 71, 517.
848
S. v. Naray-Szab6 and J. Pocza, ib. 1942, 104, 28.
*u M. Rolla, Gaz. 1939, 69, 779.
84S
M. T. Rogers and L. Helmholz, J.A.C.S. 1941, 63, 278.
•*• Wells, S.I.C., p, 273.
U1
For details of the eleotrolytio methods see Gmelin, Ohlor, pp. 214-18.
118
F. Foerster and F. Jorre, «7, prakt. OUm. 1809, [2] 59, 58; F. Foerster, ib. 1901,
63, 141.
119
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All alkaline chlorates are decomposed on heating into chloride and
perchlorate:
4 KClO8 == 3 KClO4 + KCl,
and at the same time to some extent into chloride and oxygen:
2 KClO3 « 2 KCl + 3 O2.
With potassium chlorate the first reaction takes place at 395°, along with
a little of the second. As is well known, the second of these reactions is
greatly hastened by certain catalysts, especially manganese dioxide, which
makes it go just above 200°.

Bromic Acid', HBrO3 and the JBromates
In general, bromic acid resembles chloric acid very closely. It can be
made by the electrolytic oxidation of bromide solutions, or by the action
of bromine on water in the presence of bases. In the latter reaction,
as with chlorine, the first stage is the formation of the hypohalous acid
HOBr. In the conversion of this into the bromate only a few per cent,
of oxygen are lost 850 ; the reaction is on the same general lines as the
formation of chlorate or iodate, but ceteris paribus the rate with bromine
is 100 times as fast as with chlorine, and 1/30,000 times as fast as with
iodine.851 In the electrolytic preparation E. Miiller has found852 that if a
small quantity of potassium chromate is added to the liquid, a nearly
quantitative yield is got.
Free bromic acid, like free chloric acid, cannot be obtained in the
anhydrous state, as its aqueous solution begins to decompose at a certain
limiting strength, which is nearly the same as for chloric acid, being about
50 per cent., corresponding to the formula HBrO3, 7 H2O (as with HClO3).
Bromic acid is a strong acid, as the electrical conductivity shows.853 It is
a strong oxidizing agent; it is rather slow to act, but the ion has nearly the
same oxidation potential as the chlorate ion.
The salts of bromic acid are well known854; they are easily made, colourless, usually hydrated when the valency of the cation is more than 1; the
salts of univalent ions except lithium are anhydrous, Na, K, TF, Ag, Hg';
those of divalent cations are hydrated up to 6 H 2 O; those of the rareearth metals all have 9 H2O. They are usually easily soluble, the potassium
salt, however, being an exception. On heating they decompose to oxygen
and the bromide (or with less positive metals to the oxide and free
bromine); some, such as the NH 4 and Pb'' salts, are explosive. The rareearth salts are mostly well defined, and have been found useful in separating these elements.855 Some of the solubilities, ing. anhydrous salt in 100 g.
solution (for references see Gmelin, p. 324) at temperatures of 18-25° are:
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A. Skrabal, Sitzb. Wien. Akad. 1907, 116, 215; 1911, 120f 27.
8W
H. Kretsohmar, JZf. Elektrochem, 1904, 10, 879.
Ib. 1899, 5, 469.
888
W. Ostwald, J. prakt, Ohem. 1885, [2] 32, 311.
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tee Gmelin, Brom9 pp. 328-4,
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Li, H2O 60-5; Na, 27-7; K, 6-45; Tl, 0-345; Ag, 0192; Mg", 6 H2O 42; Ca,
H2O 63; Sr, H2O 30; Ba, H2O 0652; Zn, 6H2O 59; Pb", H2O 1-32.
The ion has the same shape as ClO3.856
Iodic Acid and the Iodates
Iodic acid can be made by the action of water on iodine pentoxide; by
the oxidation of iodine with nitric acid, or with chlorine if the HCl formed
is removed with silver oxide; by the action of a strong acid on an iodate;
or by the action of a chlorate on iodine.
I t is a colourless, dimorphic solid; there is also a so-called 'anhydroacid* HI 3 O 8 . HIO 3 is extremely soluble in water, the saturated solution
containing 76-3 per cent, of acid at 25°, and 86 per cent, at 110°, where the
solid HIO 3 changes with partial melting into HI 3 O 8 ; at 195° this latter
goes over into I2O5 and water.
Iodic acid is a strong acid, but in many ways it behaves as if it were
polymerized. Though the evidence on this question is to some extent
conflicting (see, for example, Gmelin, Iod, p. 490) the most probable
conclusion is that the anion of the ordinary iodates is the simple 1O3":
that iodic acid in dilute solution has the simple formula H[IO3] and is a
.strong electrolyte; but that at higher concentrations the free acid polymerizes to a considerable extent, and is at least a dibasic acid H2I2O6.
The iodates MIO3 behave in solution in most ways like chlorates and
bromates.857 But there is a series of acid salts, such as (NH4)HI2O6 and
KH 2 I 3 O 9 , which suggest polymerization,* and also the free acid*behaves
in a curious way. The freezing-points of the aqueous solution of the acid
indicate a van't Hoff V differing but little from 1 over a large range of
concentrations from high values down to 3 per cent, which for a highly
ionized acid is not compatible with a formula HIO 3 (for which i should be
nearly 2), but it is compatible with a highly ionized dibasic acid H2I2O6,
for which i would be one-half of 2 t o 3—i.e. from 1 to 1*5.858 So too the
molecular conductivity at V = 2 is only half that of chloric acid.857 But
in dilute solution869 the ionization is as complete, or almost as complete,
as that of HCl.
Weitz and Stamm860 claim to have shown that in other ways also iodic
acid behaves like a dibasic acid. Their evidence, however, refers not to the
free acid but to the ions of its salts, which seem unlikely to polymerize;
and it has been shown861 that some of their effects are confined to very
concentrated solutions.
* These peculiarities of the iodates are also shown in their crystal structure:
see references 8<t4~7.
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» W. H. Zachariaaen, Phys. Rev. 1931, [2] 37, 105.
A. Rosenheim and O. Liebknecht, Ann. 1899, 308, 40.
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E. Orosohuff, Z. anorg. Ohem. 1905, 47, 331.
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A curious difference between the ions of iodic and those of chloric or
broniic acids has been stated by Hevesy 8 6 2 ; the diffusion coefficients of
ions are roughly proportional to the reciprocal of the electrovalency, presumably owing to the increase with the charge of the size of the solvated
ion. The only exceptions among monobasic anions seem to be F~ and
10^. The values for the ionic mobilities at 18°, which for univalent ions
are proportional to the diffusion coefficients, are given below: the difference for the iodate, though not large, is quite perceptible; the values for
the simple halide ions show the small effect of the atomic number of the
halogen in that series:
Ionic Mobilities at 18°
ClOi*
BrO^
10";
550
48-2
33-8

ir

or

Bf

r

46-6

65-5

67-7

66-5

This effect, unlike those of Weitz and Stamm, seems to show that the ion
behaves not like a divalent ion I 2 OQ, but rather like an ion 1O 3 with a
charge greater than 1. If the differences in mobility are significant, the
TO3 ion must be exceptionally large in its hydrated form. This may well
be so: the behaviour of periodic as compared with perchloric acid shows
that iodine compounds tend to assume a high covalency (and so presumably a greater degree of solvation) than their bromine and chlorine
analogues.
A further indication of this power of combination in the 1O 3 ion is given
by the existence of acid iodates of the general types MIO 3 +W(HIO 3 ),
or W(I2O5),863 and of compounds of the 1O 3 ion with other acidic oxides
such as SeO 3 and MoO 3 .
The iodates are much more stable than the chlorates and bromates,
but they will explode if mixed with carbon or organic material and heated;
they are also far less soluble in water. Sodium iodate occurs in nature in
Chile saltpetre, which is the chief source of iodine.
The iodate ion oxidizes hydrogen iodide to iodine and water
1O3"* + 5 F + 6 H + = 3 H2O + 3 I 2 .
This reaction needs the presence of free hydrogen ion, and so can be used
to estimate this, especially when the solution must not become alkaline
during the titration, as with some keto-enolic tautomers.
A large number of complex salts are known which contain iodic acid
or its anion; examples are KHSO 4 , K I O 3 ; 2 KIO 3 , 2 SeO 3 , H 2 O ; and
others. For the crystal structures of iodates see further references 864~8.
868
G. v. Hevesy, £. physikal Chetn. 1930, 149, 474.
B
«a U. Oroatto and G. Bryk, Gaz. 1941, 71, 590.
864
W. H. Zaohariasen, Skr. Ahad. Oslo, 1928, 4, 99.
805 -wt H, Zaohariasen, and F. A. Barta, Phys. Bw. 1981, 37, 1028 (LiIO1).
"o M. T, Bogeri and L. Helmhok, J.A.O.S. 1940, 62, 1587.
807
0, H. MaoGilkvry and 0. L. Panthaloon van Eok, Bto. Trav, 1948, 62, 729,
141
L N4my-Si*bd and J. Nougdbauer, J.A.0,8. IUl, 69, 1S80,
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Fluoroiodic Acid, HIO 2 P 2
Salts of this acid can be made by dissolving iodates (as KIO3) in concentrated hydrofluoric acid, when they crystallize out. The iodine atom
has the valency decet 2, 8 if we write it F 2 I ^ O ) 2 . Helmholz and
Rogers866 have examined the crystal structure of KIO 2 F 2 . They find that
the anion has the distances I—O 1-93; I—F 2-00 (theory I—O 1-99;
I—F 1-97). The shape is that of an octahedron with two cis-places vacant,
the F—I—F angle being 180°, and the two O's in a plane perpendicular to
this, with the O—I—O angle 100° [this is very near to the expected value,
of a trigonal bipyramid with two polar F atoms, and two equatorial
O atoms, with O—I—O 120°]. Compare the structure of tellurium
tetrachloride (VI. 992).

Perhalic Acids, HXO 4 or H 6 XO 6
Only chlorine and iodine give acids of this type. The absence of a
perbromic acid HBrO 4 is one of the examples of the reluctance of elements
in the first long period to assume covalencies which are reached by their
neighbours both above and below; other examples are the absence of
hexahalides of chromium and of a pentachloride of arsenic (see p. 791).
The two members of this series of acids which do occur are strikingly
different from one another. Perchloric acid shows no tendency to form an
'ortho'-acid of higher basicity by combination with water, as metaphosphoric HPO 8 forms the ortho-acid H 3 PO 4 ; the hydrates which perchloric acid forms are really hydronium salts, as (H3O)[ClO4]. On the 6ther
hand, periodic acid scarcely reacts in the simple HIO 4 form at all, but
nearly always as H5IO6 (as telluric reacts as H6TeO6).
Perchloric acid is the strongest of the ordinary 'strong' acids, and
remains ionized in solvents of smaller ionizing power than water, in which
nitric and even hydrochloric acid go into the covalent state.869"70
Perchloric Acid, HClO 4
Perchloric acid
and its derivatives occur in two forms, a stable
ionized state, and an unstable and often explosive covalent one. The
anhydrous acid belongs (at least mainly) to the latter type, and the
hydrated acid to the former; according to Abegg 'there is probably no
acid which differs so much as this does in its anhydrous and in its hydrated
states'. The anhydrous acid can be made from the aqueous solution by
distillation under reduced pressure, but it is better to distil a mixture of
KClO4, or the concentrated aqueous acid, with sulphuric acid, which last
must be from 90 to 92 per cent, acid, as a stronger acid decomposes the
perchloric acid. Pure HClO4 melts at —112°, and according to Hantzsch
the extrapolated boiling-point is about 130°. It can, however, be distilled
only in vacuo, and like H2SO4 it breaks up to some extent into the anhydride
"» A. Hantzsoh, Z,fflektrochem.1928, 29, 221; Ber. 1027, 60, 1980.
"•M Id., E. phymhah QUm, 1028, 134, 400,
• For heat of formation ist 0. F. Goodave and A. K. L. Manh, J,C,S, 1987,1316.
871
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Cl2O7 and water (really the hydrated acid), the distillate containing
about 57 per cent, of anhydride. If it is heated under ordinary pressure it
breaks up into water, oxygen, chlorine dioxide, etc., often explosively
(see further ref. 878 ). It is a colourless liquid, rather more mobile than
water; it is unstable, and on keeping, even in the cold, soon begins to
decompose. It is a violent oxidizing agent; with organic materials such as
wood and paper, and with most organic compounds, the anhydrous acid
reacts explosively.
Perchloric acid reacts vigorously with water; it gives a series of six solid
hydrates, some of which form solid solutions with one another. These
compounds, with their melting-points, are 872 : HClO4, —112°; HClO4, H2O
+ 50°; HClO4, 2H 2 O -17-8°; HClO4, 2-5H2O -29-8°; HClO4 + 3 H 2 O ,
(a) - 3 7 ° , (b) -43-2°; HClO4 +3-5 H2O -41-4°. The most remarkable
of these is the monohydrate, melting more than 160° higher than the
anhydrous acid; it is very stable, and can be heated nearly to its boilingpoint (110°) without decomposition; the liquid is 10 times as viscous as
the anhydrous acid. It forms a hygroscopic solid, which has practically
the same crystal lattice as ammonium perchlorate, showing that it really
is the hydronium salt (H3O)[ClO4]. Its saturated solution in water at 25°
contains 27 per cent, by molecules or 65 per cent, by weight of the acid.
In aqueous solution perchloric acid is practically completely dissociated, and its properties, apart from the acidity, are those of its salts,
i.e. of the perchlorate ion. This ion is remarkable for its extreme stability;
it is not reduced by SO2, H2S, HCl, or HI, nor by metallic iron or zinc
(which merely form their perchlorates with evolution of hydrogen), nor
by aluminium or nitrous acid: nearly all of these reagents will reduce
chloric acid. It is, however, reduced by trivalent titanium in acid solution,
by some of the lower valencies of vanadium and molybdenum, and slowly
by chromous salts.
We may consider first the constitution of the acid itself. ClO4 is a very
stable ion, extremely reluctant to go over into the covalent state; its
structure is well established; the four oxygen atoms are joined by single
co-ordinate links to the central chlorine (with the usual possibility of
resonance with Cl=O), and are arranged tetrahedrally round it. The great
stability of this molecule, so far exceeding even that of its immediate predecessor ClOg, may be due to the symmetry, and to the fact that the
chlorine atom has all its valency electrons shared, and is surrounded on all
sides by the oxygens, which, as their refractivity shows, are very resistent
to deformation, and hence are slow to form covalent links. The covalent
form (which is
H—0—Cl-»0
"•
H. J. vim W^k1 E. miorg. Oh$m. 1902, 32, 1181 1908» 48,1.
m
W. DlStI1 Ang$w. Ohm. 1939, S3, 618.
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shown by its Raman spectrum to have the four oxygen atoms still tetrahedrally arranged, with the hydrogen attached to one of them874*876) is
very much less stable (the esters are even less stable, being among the most
explosive substances known). This instability is proved by the way in
which the acid always dissociates when there is anything present which can
take up its hydrogen, since a 'naked' hydrogen ion cannot exist. Thus it
will convert nitric acid into what was supposed to be the nitronium
base [H2NO3J-[ClO4]874 but is probably a mixture of [NO2]ClO4 and
[H3O]ClO4, and even compel the reluctant hydrogen fluoride to solvate its
hydrogen ion, in [H2F]-[ClO4] (p. 1110).
The covalent form has a series of Raman lines874""6*878 quite different
from those of the ClO4 ion, and some of them identical with lines of
Cl2O7.879 The anhydrous acid shows these covalent lines with none of the
lines of ClO4, indicating that there is no association (as the low viscosity also
suggests), and no formation of an acidium cation such as in [H2ClO4] • [ClO4].
On addition of water the ClO4 lines first appear at 97 per cent., but the
HClO4 lines continue down to about 75 per cent, acid,876""8 though
[H3O]-[ClO4] corresponds to 85 per cent, acid; hence the fused oxonium
perchlorate must contain some of the covalent acid.

Perchlorates
The general properties of the perchlorate ion have already been described,
but the salts have a variety of peculiarities which are worth considering.
The first point—as with most salts—is the solubility.879 The perchlorates are remarkable in that they are practically all either excessively
soluble, or only sparingly soluble, in water; the salts that form hydrates
all belong to the first class (average of 15, 62/25°),* and those that do not,
including the salts of organic amines though not that of ammonium, to the
second (average of 8, 5-0/25°). Of the alkaline salts those of lithium and
sodium are hydrated and very soluble (37*4 and 67*7 at 25°), while those
of potassium, rubidium, and caesium are anhydrous and only slightly
soluble (2-02, 1-32, and 1*93 at 25°). The amines usually form very
insoluble perchlorates, and for this reason the acid is often used in organic
chemistry for their separation.
Many of these perchlorates are as remarkable for their solubilities in
oxygen-containing organic solvents as for those in water. The following
table, taken largely from the work of Willard and Smith,880 gives some of
the values.
* Solubilities are expressed as usual in g./lOO g. water.
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A. Simon and H. Reuther, Naturwiss. 1937, 25, 477.
D. R. Goddard, E. D. Hughes, and C. K. Iagold, Nature, 1946,158, 480.
A. Simon, H. Reuther, and G. Kratzsch, Z. anorg. Chem. 1938, 239, 329.
877
A. Hantzsoh, Ber. 1925, 58, 941.
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R. Fonteyne, Nafiurwet. Ttfda. 1988, 20, 112.
m
See oqpeoblly Qmelln, Ohlor, 1927, p. 897.
•» H. H. Willard and a. F. SmIUi1 J.A.CS. 1928, 4S1 286.
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Solubilities of Perchlorates at 25° (g./lOO g. solvent)
Salt
LiClO4
LiClO 4 , 3 H 2 O
NaClO 4
.
KClO 4
CsClO4
Mg(C104)a .
Ca(C104)2 .
Ba(C10 4 ) 2 .

Water

MeOH

EtOH

Acetone

27-2

64-6
61-0
33-9
0-105
0-093
341
70-4
68-5

60-3
42-2
12-8
0012
0011
19-3
62-4
55-5

57-7
490
341
0155
0-150
30-02
38-2
55-5

..
67-7
1-32
1-93
49-9
65-4
66-5

Ethyl
acetate
48-8
26-4
8-80
0-0015
0

fl-5
431
530

Ether
53-2
0-196
0
0
0
0-29
0-26
0

The anhydrous perchlorates of the alkali metals and of some amines are
dimorphic; they change on heating from the ordinary rhombic to a regular
form, at lower temperatures the larger the cation881: for example, Na 308°,
K 300°, Rb 279°, Cs 219°, NH 4 240°. X-ray photographs indicate that this
is due to the rotation of the anions at the higher temperatures.882
The strong affinity of some of these salts for water makes them valuable
as dehydrating agents. This is especially true of the magnesium salt, which
is used commercially for this purpose. Mg(C104)2 occurs in the anhydrous
form, and also forms hydrates with 2, 3, 4, and 6 molecules of water.888~6
The hexahydrate melts at 146°; in a month in the cold over P2O5 it is converted into the trihydrate, and this, if it is heated in dry air at 170-250°,
loses the rest of its water and forms the anhydrous salt.883 This is as good
a drying agent as phosphorus pentoxide; even the trihydrate is as effective
as P2O5 at 0°, though not at higher temperatures.883
The perchlorates are remarkably stable to heat, as is shown by the
methods which can be used for their dehydration, and the alkaline perchlorates will stand temperatures of 300° (Li) to 400° (K) without decomposition.
The most remarkable of the perchlorates is the silver salt.886~7 This salt,
in spite of having a univalent cation, is extremely soluble in water, the
saturated solution containing 74 per cent, of the salt at the cryohydric
point of —58-2°, and 84-8 per cent. (557 g. to 100 of water) at 25°887~8; in
60 per cent, aqueous perchloric acid this is reduced to 5-63 per cent, (one
fifteenth). It forms a monohydrate AgClO4, H2O which is stable from the
cryohydric point up to 43°.887 It is also soluble in many organic solvents
free from oxygen, including hydrocarbons with many of which it forms
881

D. Vorlander and E. Kaascht, Ber. 1923, 56, 1157.
C. Finbak and O. Hassel, Z. physikal. Chem. 1936, B 32, 130.
883
H. H. Willard and G. F. Smith, J.A.C.S. 1922, 44, 2255.
884
J. H. Yoe, R. W. McGahey, and W. T. Smith, Ind. Eng, Chem. 1928,
20, 656.
888
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m
A. B. Hill, ib. 1921, 43, 254.
•" Id„ib. 1922,44,1168.
818
G, F. Smith and F. Ring, ib. 108T1 59, 18Sl,
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solid compounds.* Some of the valued are given in the table that follows,
with the compositions of the solid phases present.886*889"92
Solubilities of Silver Perchlorate at 25°
Solvent

Water*

Aniline

577
G. salt to 100 g. solvent .
MoIs. salt to 100 mols.
48-2
solvent
Solid phase
S, H 2 O
(S - AgClO4) .
a =

888

Pyridine Benzene*

Toluene0

5-3

26-4

5-3

242

100

203

44-8

S, 6 ® - N H 2

S,4py.

S, C6H6

(S, C 7 H 8
below 22.6°)

,b=

889

,c=

101

892

The much greater solubility in toluene than in benzene suggests that the
toluene compound is very stable in solution. These solid compounds are all
liable to explode, especially the benzene compound, which, though normally
stable up to 145°, sometimes explodes with great violence when struck,
even in the cold.893 Silver perchlorate is also easily soluble in glycerol,
acetic acid, nitromethane (see later), nitrobenzene, and chlorobenzene.
In benzene solution it is monomeric (by the freezing-point) when dilute,
but as the concentration increases it polymerizes up to 2 or 3 times.886
In the same way the dipole moment increases greatly with dilution; in
n/200 solution it is already high, being 4-70 D at 25°,894 but on further
dilution to n/5000 it increases to 10-7 D, 895 which is very nearly the theoretical value for the ion-pair [Ag]-[ClO4] (4*80x2-25 == ll-9).895~6 This
strongly suggests that at these very low concentrations the salt is present
as ion-pairs, which as the concentration increases collect together into
larger aggregates, with a fall in the molecular polarization, as occurs with
many quaternary ammonium salts in chloroform (Walden) or in benzene.895
Silver perchlorate is readily soluble in nitromethane (in which most salts
will not dissolve), and the solution has a high conductivity,897 so that in
this solvent (with the dielectric constant 37) the ions seem to separate.
Lead perchlorate Pb(C104)2 is said898 to be readily soluble in organic
solvents; but the alcoholic solution exploded so violently that the salt was
not further investigated.
* But benzene will not extract a perceptible amount from an aqueous solution
weaker than 2-3-normal, which shows that such solutions have no measurable
concentration of unionized salt.
889
A. E. Hill, J.A.C.S. 1922, 44, 1163.
890
A. E. Hill and R. Macy, ib. 1924, 46, 1132.
*91 R. Macy, ib. 1925, 47, 1031.
H9a
A. E. Hill and E. W. Miller, ib. 2702.
m
S. R. Brinkley, ib. 1940, 62, 3524.
••* J . W. Williams, Phys. Z. 1928, 29, 174.
m
G. S. Hooper and C. A. Kraus, J.A.O.S. 1934, 56, 2265.
m
W. F . Luder, P. B. Kraus, C, A. Kraus, and R. M. Fuoss, ib. 1936, 58, 255.
m
0. P. Wright, D. M. Murray-Rust, and H. Hartby, J.O.S. 1981, 199.
»" H. H. Will&rd and J , L. Kaitner, JA.CS,
193O1 53, 2391.

Perchloric Esters

1235
899

The perchlorates of the diazonium bases are readily made ; they are
relatively insoluble in water (most diazonium salts are extremely soluble),
for example the phenyl compound 1 -4 per cent, and the o-tolyl 0-82 per cent,
at 0°; unlike the diazonium salts of some other strong acids, such as
fluoroboric, they are violently explosive.
A nitrosyl salt LNO] • [ClO4] can be made900"1 by heating the very concentrated acid with nitrous fumes. It is fairly stable, and does not decompose below 108°. It is decomposed by water with evolution of brown
fumes; in solution in nitromethane it has the high conductivity of a salt. 901
Owing to the exceptional tendency of perchloric acid to ionize (i.e. to
its great strength) it can form normal salts (BH) [ClO4] even with very
weak organic bases such as isatin or azobenzene, and as these are usually
only slightly soluble they are often used to purify and separate such bases.902
The effect of aryl groups in weakening the basicity of ammonia, i.e. its
tendency to go into the quaternary ammonium cation, culminates in the
triaryl amines, which have scarcely any basicity left, and form no normal
salts except the perchlorates, [Ar3NH] • [ClO4]. But there is also a series of
abnormal' tetravalent' nitrogen salts of the type [Ar3N] • [ClO4], which are
odd molecules. If tritolylamine is treated with an ethereal solution of
silver perchlorate and iodine (which perhaps contains the ClO4 radical:
see p. 1207), a deep blue solution is formed, from which the violet salt
[ToI3N]-[ClO4] separates.903"4 It melts at 123°, and only explodes above
this; it is not very soluble in water, but gives a blue solution, which has
the reactions of the perchlorate ion, and precipitates insoluble perchlorates.

Perchloric Esters
The ethyl ester was made by Hare and Boyle in 1841, and then by
Roscoe in 1862,905 in both cases by distilling barium ethyl sulphate with
barium perchlorate; Hare and Boyle say that it is incomparably more
explosive than any other known substance, which still seems to be very
nearly true. Later work906 shows that this method of preparation is the
best, though others can be used, such as the action of the alcohol or of
diazomethane on the anhydrous acid, or of the alkyl iodide on the dry
silver salt. Meyer and Spormann906 say that the explosions of the perchloric esters are louder and more destructive than those of any other
substance; it was necessary to work with the minimum quantities, under
the protection of thick gloves, iron masks, and thick glasses, and to
handle the vessels with long holders.
They thus made the methyl (b. pt. 52°), ethyl (b. pt. 89°), and propyl
8M
000
801
m
008
604
909

K. A. Hofmann and H. Amoldi, Ber. 1906, 39, 3146.
K. A. Hofmann and A. Zedwitz, ib. 1909, 42, 2031.
A. Hantzsoh and K. Berger, Z. anorg, Chem. 1930, 190, 321.
K. A. Hofmann, A, MeMeT9 and K. Hdbold, Ber. 1910, 43, 1080.
E. Weitz and H. W. Sohweohten, ib. 1926, 59, 2307.
Id., ib. 1927, 60, 545.
»" H. 1 . Rotooo, Ann. 186S1 124, 184.
J, Mtyt? and W. Spormann, £t anorg, Ohm* 1986, 231, 841.
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esters. These esters are miscible with alcohol or ether, and are insoluble
in water but are slowly hydrolysed by it. 907
The very peculiar trichloromethyl ester CCl3-O-OlO3 is formed by the
action of silver perchlorate on carbon tetrachloride at the ordinary
temperature, in presence of a little hydrogen chloride.908"9 The pure salt
does not react with the pure liquid even in months, but if even as little as
1 part of HCl to 4,000 of AgClO4 is added a slow reaction occurs in the
cold, giving some 60-70 per cent, yield of this ester in 3 weeks.
CCl3-O-ClO3 is a colourless, mobile liquid melting at —55°, and stable
enough to be distilled in vacuo; it is so explosive, that it can only be made
in minute quantities, and could not be completely purified. It begins to
decompose at 40°; it is miscible with CCl4; it reacts with ethylene dibromide
and phosphorus oxychloride. Molecular weights by the freezing-point in
CCl4 were 3 times that of the simple ester, but the material was only about
90 per cent, pure; the analysis is that to be expected for a mixture of
CCl3-ClO4 with about 5 per cent, of CCl4.
It is evident that the exceptionally explosive character of the alkyl
perchlorates is due partly to the instability of the covalent form of the
perchlorates, which is shown by the anhydrous acid, and partly to the
extra energy of decomposition provided by the alkyl group, owing to
the excess of oxygen in the ClO4, which has one more atom of oxygen than
is needed for the combustion of a methyl group:
2 CH8-ClO4

> 3 H2O + 2 CO2 + Cl2 + JO2.

The general relations are much the same as with nitric acid and the nitrates,
except that with the perchlorates the explosions are much more easily
produced, and much more violent when they occur.

Periodic Acid
While HClO4 shows no tendency to increase its basicity by hydration
(e.g. to give H3ClO5 or H5ClO6), periodic acid is more stable in the form
H6IO6 (less correctly written HIO 4 , 2 H2O), though the simple form HIO 4
occurs also, both as the free acid and in the salts. The relation of this acid
to perchloric is exactly like that of telluric to sulphuric and selenic acids,
but the difference is less marked in Group VII; the simple form being
better known and more stable with iodine than with tellurium. The
effective atomic numbers and the valency groups of the central atoms are
identical in Groups VI and VII:

m

For more of these esters see K. A. Hofmann, A. Zedwitz, and H. Wagner,
Ber. 1909, 42, 4390.
m
L. Birokonbabh and J. Qouboau, NaPuruHss, 1930, 18, 530*
•" I d 1 £§r. 19SIp 64» HS.
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The change must be due to an increase in the relative stability of the
higher covalency in the heavier element.
Periodic acid is much weaker than perchloric, and as a result of the
number of hydroxyl groups, and their small ionizing power, tends to form
condensed acids, such as the 'pyro' acid H4I2O9, of which a series of salts
is known.
Free periodic acid is made from its salts, and since these are stable to
heat, many of their methods of preparation depend on the use of high
temperatures. Periodates can be made by igniting the iodates of the
alkaline earths or of many heavy metals:
5 Ba(IOs)2 = Ba6(I06)2 + 4 I 2 + 9 O2:
or by igniting a mixture of sodium peroxide and iodine, or of barium
peroxide with barium iodide or iodine: or even by heating barium or
sodium910 iodide in the air. A common method of preparation is in the
wet way, by the oxidation of an iodate (or of iodine and an alkaline hydroxide) with chlorine. The free acid can be made by the action of sulphuric
acid on the lead or barium salt, or of hydrochloric acid on the silver salt.
Periodic acid occurs certainly in two and probably in three forms, all
of which are colourless. When the aqueous acid is evaporated the ' ortho 'acid H5IO6 crystallizes out. If this is heated to 100° under 12 mm.
pressure it loses water and goes over into the meta-acid HIO 4m ~ 12 ; an
intermediate product of the composition H4I2O9 is formed at 8O0.912 On
further heating, the meta-acid HIO 4 is not converted into its anhydride
I2O7, which does not seem to exist, but it begins to sublime at 100°, and
at 138° it loses oxygen and is converted into iodic acid HIO 3 . The orthoacid H5IO6 melts at 122°; it is hygroscopic, and is readily soluble in water,
the solubility being 112/25°913; it is readily soluble in alcohol, and less so
in ether. That the ortho-acid really has the 6-covalent structure and is not
a hydrate HIO 4 , 2 H2O, is proved by the numerous salts (see next section)
in which two or more of the hydrogen atoms are replaced by metals, and
also by the infra-red spectrum which contains no H2O bands.914
Periodic acid is not nearly so strong an acid as perchloric, even in water.
The ortho-acid H 5 IO 6 is for practical purposes a dibasic acid, with a first
dissociation constant of about 0*023 (dichloracetic acid has K = 0*05), and
a second of the order of 10~6.915 Hence it loses its * activity' as an acid very
readily, even in alcohol (in sharp contrast to HClO4).
810

E. Zintl and W. Moraweitz, Z. anorg. Chem. 1940, 245, 20.
A. B, Lamb, Amer. Ohem. J. 1902, 27, 135.
018
J. R. Partington and R. K. Bahl, J.O.S. 1934, 1088.
" a A. B. HJlIp JJLXJM. 1928, 5O1 2678.
914
A. E. van Arkel and 0. F. Fritsiue, MM. Trm. 1031, 50, 1048.
»» N. Rft«, J.O.S. 1081, 878.
911
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Periodic acid is easily reduced to iodic acid by hydrochloric, sulphuric,
or sulphurous acids, or hydrogen sulphide; most organic substances are
oxidized by the solid periodic acid at once. It is found that while simple
alcohols and mono-hydroxy-acids are not oxidized by the acid in the cold,
a-diols (containing the group - C ( O H ) - C ( O H ) - ) readily give ketones
and acids.916
All attempts to prepare an ester of periodic acid have failed.917 Presumably the alkyl periodates are even more unstable than the perchlorates.
Periodates
Periodic acid readily gives condensed forms, with several iodine atoms
in the molecule. Except for the pyro-acid H4I2O4912 these are only known
in the form of salts, of which the following are among the more important
types: MJIO6 ortho, M4T2O9 pyro, MpO 5 meso, MgI2O11 di-ortho, MTO4
meta.
The conversion of one form into another is usually easy and rapid. In
water all these salts are considerably hydrolysed, and as a rule the salts
separating from water have not got more than two of their hydrogen
atoms replaced by metals. In the absence of water the higher salts are
relatively stable, especially to heat, the ortho more so than the meta. It
is remarkable that while many periodates are converted by heat into
iodates, certain iodates (for example, the barium or sodium salt) if ignited
in air are converted into the periodates.910
In striking contrast to the perchlorates, the periodates are as a rule only
slightly soluble in water. The study of the 3-component systems alkaline
hydroxide, I2O7, H2O at 25°918 shows that the solid phases at this temperar
ture are with sodium, NaIO 4 3 H2O ( = NaH4IO6, H 2 O); Na 2 H 3 IO 6 ;
Na 3 H 2 IO 6 . With potassium they are KIO 4 and K4I2O9, 9 H 2 0 ( = K 2 H 3 IO 6 ,
3 H2O). There seems to be no tendency to produce addition compounds
of the salt and the acid—'acid' salts like the acid iodates, such as KHI 2 O 6 ;
on the contrary, the solubility of the periodates is decreased by adding
periodic acid. The solubilities of some of these salts, in g. of anhydrous
salt to 100 g. solvent, are as follows; those of the corresponding perchlorates are added below them:

MClO4

NaIO 4 , 3 H 2 O

KIO 4

KbIO 4

CsIO 4

12-6/25°
67-7

0-51/25°
202

0-65/13°
!•52

215/15°
1-93

(NH 4 )IO 4 K 4 I 2 O 9 ,9 H 2 O
2-70/16°
19-95

12-3/25°

It will be seen that of the potassium salts the pyro is some 24 times as
soluble as the ortho.
Periodic acid forms a series of hetero-poly-acids with the oxides of
molybdenum and tungsten, of the normal hetero-poly-acid type, with one
m

P. Fteury and J. Lange, 0.B. 1982, 195» 1395,
•« A. HantzBoh, Ber. 1927, 60, 1940.
»» A, E. HUIp J.A.CS, 19Sl11O1 8378.
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molecule of periodate to 6 or more of the other oxide, for example, M5IO6,
6 MoO3.
The structure of the 1O4 ion has been determined by X-ray analysis919"20;
it has the four oxygen atoms arranged symmetrically round the iodine at
the points of a regular tetrahedron. The I—O distance is 1-79 A920 (theory
I—O 1-95, I = O 1-81).
The 'paraperiodate' (NHJ 2 H 3 IO 6 has been shown921 to have this formula,
and not to be the hydrate (NHJ 4 I 2 O 9 , 3 H 2 O; the iodine has an octahedron
of 6 Os with I—O 1-93; each O has 3 oxygen neighbours (in other octahedra), 2 of them 3-02 A away and the third (no doubt with a hydrogen
bond) at 2-60 A.
S U P P O S E D P O S I T I V E HALOOEN IONS
THE idea that one form that a halogen atom can assume is that of a positive ion seems to have originated in the hypothesis that when a halogen is
hydrolysed the molecule breaks up into positive and negative ions, of which
the former combines with the negative hydroxyl and the latter with the
positive hydrogen ion:
X2 = X + + X"
X + + OH"" = X.OH
X"" + H + = X H
As we have seen, a combined halogen atom usually decomposes in the
second of these ways, to give the halogen hydride, but there are many
which react in the other way, forming the hypohalous acid and being
replaced by hydrogen instead of hydroxyl (e.g. NCl3, Br-C(N0 2 ) 3 etc.).
It is an obvious suggestion that a halogen atom in a compound may be
either positive or negative; that if it is negative it forms the halogen
hydride and if positive the hypohalous acid.
If the phrase epositive halogen' (there is no doubt about the existence
of negative halogen ions) is only meant to indicate this kind of behaviour,
it is harmless and perhaps useful. If, however, it implies the actual
existence of positively charged monatomic halogen ions, the question
needs further inquiry, and the results of this are on the whole unfavourable.
In the first place, nearly all the attempts to get definite evidence for the
existence of positive halogen ions have failed. Thus Philbrick922 and Faull
and Baeckstrom923 find that the amount of iodine cations in an aqueous
solution of ICl is negligible; Soper and Smith924 show that the kinetics of
the chlorination of phenols gives no support to the idea of positive chlorine
ions. Fuoss and his co-workers,925 from a study of the oxidation potentials
n9

See P . P . Ewald and C. Hermann, Strukturbericht, 1913-26, p. 348.
E. A. Hazlewood, Z. Krist. 1938, 98, 439.
921
L. Helmholz, J.A.0.8. 1937, 59, 2036.
922
F. A. Philbrick, ib. 1934, 56, 1257.
928
J. H. Faull and S. Baeokstr6m, ib. 1932, 54, 620.
984
F. G. Soper and G. F. Smith, J.C7.S. 1020, 1582.
••» Q. S. Forbti, S. W. GlMi1 and B. M. Fuosi, J.A.0J8, 1925, 47, 2003.
920
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of chlorine, iodine monoehloride, and iodine trichloride, concluded that it
is unnecessary to assume the existence of positive iodine ions. Noyes and
Wilson,926 though they maintain that positive chlorine ions are present in
chlorine water, admit that they can get no electrometric evidence of their
presence.
Again, in many reactions in which the presence of positive halogen ions
is assumed, there is no real necessity for the assumption. Most of the
evidence adduced by W. A. Noyes in a long series of papers really overlooks the distinction between electrovalent and covalent links (as he is
inclined to admit927), and proves no more than that a halogen atom in
certain positions is replaced on hydrolysis by hydrogen and not by
hydroxyl. Again, the kinetics of the addition of bromine to double carbon
links in alcoholic solution, as we have seen (p. 1221), although it requires
the assumption of a positive monobrominated ion

does not provide any proof of the separate existence of positive bromine ions.
If we confine ourselves to considering the behaviour of the halogens in
water, where the most satisfactory evidence of the ionic condition is to be
obtained, there is one overriding condition which must be satisfied. The
halogens (we are not now dealing with fluorine) all form hypohalous acids
HOX, which, as acids, can to some extent dissociate into [X—O]"" and
[H] + . If positive halogen ions can exist, HOX must also be able to dissociate into [X] + and [OH]". But the product of the concentrations of [H] +
and [OH]"" which it gives cannot exceed JS^, the product of [H] and [OH] in
water at the temperature in question (1*01 X10""14 at 25°), or the acid will
lose water and go over to the oxide X2O. Hence, if we know the value of
J£a, the (classical) acidic dissociation constant for these acids, we can
calculate an upper limit for JT6, the dissociation constant of XOH as a
base, which will make [H + ] • [OH""] = K10 at any given dilution F. It is
easy to show that at this dilution

[H]=VT

and

I011WT-

Hence since [H] • [OH] is equal to Kw, Kb cannot exceed {K% x V*)jKa.
As the values of Ka for HOCl, HOBr, and HOI are approximately known,
w© can calculate at 25° for any given dilutions (say at V = 1 and V =
100 litres) the maximum value of Kb and the maximum concentration of
poiitive halogen ions which is possible if the acid is not to go over to the
Olid© Xa0» The results are given below, first the values of Ka and then,
•" W, A. Noyes and T. A. WUiOn1 JA.CS, 1922, 44, 1630.
M Ib, 1984, 56, 1119.
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for each dilution, (a) the maximum possible value of the basic dissociation
constant, and (6) the concentration (normality) of X, the positive halogen
ion, which this constant will give at that dilution:

F =
F =

!

(Kb max.
(Jf6 max.

HOCl

HOBr

HOI

3-4x10-»
3 X 10- 2 I
5-0XlO-Ii
3 x IO-1 7
5-5x10-1°

ca. 10-o
IO-1 9
3-2 x 1 0 - "
io~ 16
3-2x10-»

3x10-11
3 X 10~i*
1-7x10-»
3 X IO-14
l-7xl0~8

It will be seen that, at any rate in water, the concentration of the positive
halogen ions can never be more than minute. (See further, Robertson and
Waters.928)
If, however, these positive ions are stabilized by co-ordination, for
example, with pyridine, they can exist in quantity. Thus if silver nitrate
is treated with chlorine in a dry mixture of pyridine and chloroform, a
white solid separates of the composition of the salt [Cl, py 2 ] + (N0 3 ); this
melts with decomposition at 77*8° C, and is soluble in water, pyridine,
and chloroform, but not in ligroin.929 An exactly similar bromine compound can be made.930 These are no doubt true salts of the co-ordinated
halogen cation; solubility in chloroform is quite common with organic
salts. The bromine compound is very reactive; it adds on to cyclohexene
to form the saturated bromo-nitrate

Br 0.NO2,
Carlsohn93X~2 confirmed the existence of this nitrate,932 and from the
compound AgClO4,2 py made the corresponding perchlorate [Br, Py2](ClO4),
which is easier to handle as it is not hygroscopic, and not very soluble in
water. With sodium hydroxide this gives933 a yellow solid of the composition of Br2O, H2O, py, which he suggests may be a hypobromite with the
structure
OH9
(OBr).
Br^
py J
With iodine, compounds of this type seem to be more numerous, but
they are known only through Carlsohn's work quoted above. The salts
obtained were of three kinds, and included the following examples:
(1) [I,py 2 ]X:X=N0 3 ,C10 4 .
(2) [I, py]X:N0 3 , acetate, benzoate, etc.
(3) [I, py]2X-.succinate, phthalate.
828

A. Bobertson and W. A. Waters, J.C.S. 1947, 492.
M. I. Uschakov and V. O. T<?histov, BuIL Soc. 1936, [v] 3, 2142.
980
Id., Ber, 1935, 68, 824.
m
See H. Carkohn, DM* Leipzig, 1924 (unprinted) j HabilitatiomscMfi Leipzig,
1932. This loat is quoted fairly fully in Gmelin, Xod, 198S1 454.
»" H. Carliohn, Ber, 1935, 68, 2209.
"• Id., ib. 2212.
929
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In place of pyridine, picoline, lutidine, and collidine can be used. These
compounds must be true salts of an iodine cation since when the nitrate is
electrolysed in an organic solvent, the iodine migrates to the cathode.
The corresponding bases seem to occur, but they have been little investigated.
It thus appears that the halogens can form cations when these are coordinated, but that except in presence of solvents of greater co-ordinating
power than water, these positive halogen ions scarcely exist at all. There is
no intrinsic improbability in such ions being formed in any ionizing—that is,
solvating—solvent. The bare hal + ion will be unstable because it has only
a valency sextet, but by co-ordination, for example, to form [hak-OHg]*,
the octet is completed, much as in the ion [(CH3)8Sn^--OH2]"H, which,
however, is more stable as the octet is fully shared.
Another series of halogen derivatives which have been supposed to
establish the existence of positive halogen ions consists of those in which
the halogen atom is united to the anion of a strong acid. But these are
almost certainly not true salts but covalent compounds. Much of our
knowledge of them is due to the work of Birckenbach and his colleagues934
on 'pseudo-halogens', that is, compounds behaving like free halogen
molecules, including both mixed compounds such as cyanogen bromide
Br-CN, and those free from halogens such as cyanogen NC-CN.
A remarkable example is iodine perchlorate, or rather its decomposition
products, since the compound itself cannot be isolated. When silver
perchlorate in solution is treated with iodine, silver iodide is immediately
precipitated.935 Presumably the compound I ClO4 (ionized or covalent)
is formed at the same time, but this at once reacts with the solvent whatever this may be. Even with so inert a solvent as CCl4 reaction occurs
(p. 1236):
Ag[ClO4]+ I 2 - A g I + LClO4
LClO4 + CCl4 = I-Cl + CCl3-ClO4
with the production of trichloromethyl perchlorate. With solvents containing hydrogen attached to carbon this hydrogen is replaced by iodine:
- C - H + 1-ClO4 = —C—I + H-ClO4.
This reaction is of practical importance for iodination in organic chemistry,
but the perchloric acid must be at once removed as it is a powerful
oxidizing agent, especially in the anhydrous state; this can easily be done
by adding magnesium or calcium oxide, which forms the perchlorate of
the metal and at the same time absorbs the water so produced.
In presence of an unsaturated compound such as cyclohexene there is
»" L. Birokenbaoh et aL, 'Paeudohalogene', i, Ber, 1925, 58, 786; xxxii, ib. 1936,
69, 728, Moitly in B$r, i some in Ann, and Z. cmorg, OMm,
"* L. Birokonbnoh and J. Ooubtau, J§r, 1982, 65, 800,
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direct addition of 1+ClO 4 to the double link.936 This reaction is quite
general; addition according to the scheme
r<

Ag-X+ I2

•[Ag.I + L X ] — >

n

I I
I X

to the double link of cyclohexene occurs with a whole series of silver salts,
where X = Cl, NO2 acetate, benzoate, etc. This seems to be specific for
the silver, mercuric, and aurous salts; the salts of other metals will not
react in this way.937
The replacement of halogen by hydrogen instead of hydroxyl (see
pp. 1189, 1222), is as we have seen no evidence for positive halogen ions
at all. It is noticeable that while this replacement is very marked when
the carbon atom carrying the halogen is attached to CN (or carbonyl or
NO2) groups,938 it does not occur at all when the halogen itself is directly
attached to CN, in the cyanogen halides, such as Br-CN; these are
hydrolysed by water to hydrogen halide and cyanic acid.
The degree of hydrolysis of compounds of this ' positive halogen' type
has been measured by Birckenbach et al.939

COMPOUNDS OF POLYVALENT HALOGENS
SOME of the most important of these compounds have already been dealt
with, in discussing the interhalogen compounds, the perhalides, the oxides,
and the oxy-acids. Of those that remain, which are almost restricted to
the compounds of iodine and are nearly all organic, the great majority
have the halogen in the trivalent state, as in the iodide-chlorides, the
iodoso- and the iodonium compounds; the pentavalent state is here
practically confined to the iodoxy-compounds. The following table gives
the valency groups and the absolute valencies for the main types of compound with which we are now concerned; the symbol (2) indicates the
inert pair of electrons.

Type .

. I+++

VaI. gp.
Absolute)
valency /

. 4

/b
s
a—1(
ArI->0
Nb
(2) 2, 6

4, 4

^
Ar-I=O
(2) 2, 6

*0
[Ar2I]+ A r l (
^O
4, 4

2, <>

/O
Ar-if
^O
(2), 8.

3

The compounds with one or two hydrocarbon radicals (never more)
attached to the halogen are both numerous and important, but there is a
small group of compounds of trivalent halogens which have no carbon
attached to the halogen, made by oxidizing a solution or suspension of
m

Id. and E. Berninger, ib. 1350.
Id., ib. 1988» 66,1280 j 1034, 67, 017, 1420; L. Birokenbaoh, J. Goubeau, and
H. KoIb, ib. 1720.
osi L. Bifokenbaeh and K. Huttner, ib. 1020, 62, 158,
«• L. Birokenbaoh, X, Huttnmr, and W, SIiIn, ib. 2085.
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iodine in an acid; they have the composition of salts of the trivalent base
1(OH)3, a basic form of the non-existant iodous acid HIO 2 ; the simplest
of these is iodine trichloride. They are commonly called salts, but are
almost certainly covalent compounds, although they may at least partially
ionize in some solvents (see the acetate below); ICl3 was discovered by
Gay-Lussac in 1814, and the nitrate 1(NO3J8 by Millon in 1844.940 The
recent work on the subject is mainly due to Fichter.941~4 The compounds
are all easily decomposed, are very easily hydrolysed by water, and so are
difficult to purify; but they seem to be of two kinds, basic 'salts' of the
type OI-A, fairly stable, and yellow, and neutral compounds IA3, less
stable than the first class, and colourless.
The following are examples of the neutral compounds:
Nitrate, 1(NO3J3. Made by oxidizing iodine with cold very concentrated
nitric acid.942 It is a yellow very unstable powder; on warming, or with
moisture, it is converted into iodine, iodic acid, and oxides of nitrogen.
The Iodate, I(I0 3 ) 3 (I4O9) has already been described (p. 1210) among the
oxides of iodine.
The Acetate, 1(0 • CO • CH3J3 (Schutzenberger, 1861), is made by oxidizing
iodine in acetic anhydride with nitric acid, or in acetic acid with chlorine
monoxide. (Its similarity to antimony acetate Sb(O- CO -CH3)3 is a good
example of the effect of the inert pair.) It forms colourless crystals, and is
fairly stable in the cold; on heating it begins to decompose at 100°, and
explodes at 140°.945 In acetic anhydride solution this behaves like a salt 944 ;
the solution conducts electricity, and on electrolysis the iodine migrates
to the cathode. It should be noticed that this does not prove the existence of I + + + ions: the results can be accounted for by the presence of
[1(0 CO-CH3)2]+ ions, which are more probable than I + + + since in them
the iodine has a complete valency octet, while in I + + + (if it is not solvated)
it only has a quartet.
The perchlorate943 is unique among these compounds in being hydrated,
having the composition 1(ClO4)3, 2H2O, which perhaps should be written
[I, 2H 2 O] +++ (ClO4)3. It is made by dissolving iodine in cooled anhydrous
perchloric acid, and oxidizing with ozone. The water for the hydration is
mainly formed in the reaction
I 2 + 6 HClO4 + O3 = 2 I(C104)3 + 3 H2O.
It is very readily decomposed by more water.
Our knowledge of the 'basic5 iodous compounds OI-X or [0I]X is
9

*° E. Millon, Ann. GMm. Phys. 1844, [3] 12, 330.
•** F, Fichter and F. Rohner, Ber. 1909, 42, 4092.
»948
** H. Kappeler, ib. 1911, 44, 3496.
F. Fiohter and H. Kappeler, Z. anorg. Ohem. 1915, 91, 134 (J.C.S. Abstr. 1915,
Ii. 253).
»** F. Fiohter and S. Stem, Edv, OMm. AoIa91928, H9 1250 (B.CU.. 1929, A. 41).
•4» For other oarboxylatei I(0»CO'R)t iee J. W. H, Oldham and A. R. Ubbelohd*, J.C.S. 1941,3(38,
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mainly due to Masson. " The sulphate (1O)2SO4 can be made *"7 by
heating iodine pentoxide with concentrated sulphuric acid, or by dissolving the pentoxide and iodine together in the slightly diluted acid. It
is a white crystalline substance, which is hydrolysed by water with the
formation of iodous acid or its decomposition products. It has a remarkable effect on substituted benzenes. If the groups already present are
ortho-para directing, it gives a quantitative yield of the ^-iodonium salt
[Ar 2 I]X 949 ; if they are meta-directing, as with nitrobenzene, the iodosogroup is introduced into the meta position,948 which can be done in no
other way.
OBGANIC D E R I V A T I V E S OE P O L Y V A L E N T I O D I N E

These are the compounds in which one or two organic radicals (nearly
always aromatic) are attached to the iodine; they include the iodidechlorides, and the iodoso-, iodoxy-, and iodonium compounds. They were
discovered by Willgerodt and by Victor Meyer towards the end of the last
century; the work up to 1914 was collected by Willgerodt, in his Organische
Verbindungen mit mehrwertigem Iod.mo Recently the subject has been reexamined and extended by Masson and his collaborators.949'951
The iodide chlorides Ar-ICl2, the first compounds of the group to be
discovered (Willgerodt, 1885) are commonly made by the action of
chlorine on the aryl iodides (the alkyl compounds, which are few and
much less stable, will be described later); they have all the properties of
covalent compounds, and must have the formula
*

/Cl
Ar-l( ,

\ci

the iodine having the valency group (2), 2, 6, with the inert pair. The
corresponding fluorides Ar-IF 2 are known, and are very similar in properties to the chlorides; the bromides R • IBr 2 are unknown in the aromatic
series, but curiously have been made in the aliphatic (see p. 1259).
On treatment with alkali the iodide chlorides have the two chlorine
atoms replaced by an oxygen to give the iodoso-compounds Ar-IO, which
perhaps should be written Ar • I—>0. These are the bases from which the
iodide chlorides (and other acid derivatives) can be formed. On heating
they readily change by 'disproportionate' into a mixture of the iodide
and the more highly oxidized iodoxy-compounds:
2 Ar-IO = Ar-I + Ar-IO2.
These latter, though they are formally analogous to the nitro-compounds,
•« I. Masson, ib. 1988, 1708.
*«
I. Masson and W. E. Hanby, ib. 1690.
148

I. Masson and O. Argument, ib. 1702.
"» I. Masson and E, Raoe, ib. 1987, 1718.
180
Enke, Stuttgart, 1914; referred to In what follows §s Mil. with pags.
m
I. Masson, 1. Boot, and F, 1, Poundsr, JtC,S, 108A91009.
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differ from them in many ways. They are amphoteric, weakly basic, and
weakly acidic; the structure is probably like that of the nitro-compounds

/°

Ar-If .
\0
The iodonium compounds have the same relation to the organic iodides
that the sulphonium compounds have to the sulphides, or the ammonium
salts to the amines; they are true salts of the type [Ar2I]X. They are
formed by a variety of rather unexpected reactions; the simplest is the
action of moist silver oxide on a mixture of iodoso- and iodoxy-compounds :
Ar-IO + Ar-IO2 + Ag-OH = Ar2I[OH] + AgIO8.
Some other forms of compound, especially the amphoteric diaryl iodyl
hydroxide Ar2IO • OH, have recently been discovered by Masson.
We may now consider each of these groups in more detail, postponing
the aliphatic derivatives, and the mixed iodonium compounds, until later.
Iodide Chlorides*
These were until recently the source from which all the other organic
compounds of trivalent iodine were made. The original952 and still the
chief method of preparation is the direct chlorination of the iodide in any
solvent that does not react with (and especially remove the chlorine from)
the product; the usual solvent is chloroform or carbon tetrachloride, but
ligroin can be employed. They are also formed from the aryl iodide with
sulphuryl chloride (which is reduced to sulphur dioxide), or from the
iodoso- or iodoxy-compounds (chlorine being produced at the same time
from the latter) by the action of concentrated hydrochloric acid upon
them, or that of PCl5 on their suspension in chloroform.
Certain substituted phenyl iodides undergo the addition of chlorine with
difficulty or not at all. No trivalent iodine compounds have been obtained
from o-di-iodo-benzene,963 though they are formed by the meta and para
isomers, and by o-chloro-iodo-benzene; other examples of this are given
below.
The cause of this phenomenon is obscure. It does not seem to be steric,
since compounds954 in which the iodide has an ortho-methyl group and
an ortho-bromine, or two ortho-bromine atoms, form the whole series of
trivalent iodine compounds quite easily.
Highly chlorinated phenyl iodides955 can no longer form polyvalent
iodine compounds when the ring has more than 3 chlorine atoms, and the
presence of 2 chlorine atoms in the ortho-positions restricts their formation
very greatly. Thus symmetrical trichloro-iodo-benzene forms an iodide
* The iodide-fluorides are described below, p. 1248.
888
C. Willgerodt, Report of the 58th meeting of the Verein Deutsoher Naturforsoher
and Aerzte, Strassburg, 1885.
m
m
M.L 48.
J. MoCrae, J.C.S, 1898, 73, 691.
••• O, Willgwodt and K, VViIoUr, U<*r, 1910, 43, 2746; *m M.I. 50.
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I

OH

i—Cl

I
chloride, but only with difficulty and in bad yield, and the iodide-chloride
produced is unstable; the iodoso-compound cannot be obtained from this
with alkali but only with alkaline carbonate, since free alkali reduces the
iodide chloride to the iodide: the iodide chloride loses its chlorine in a few
days in ether: a basic nitrate can be got but not, as is usual, a neutral
nitrate: and finally the iodoxy-compound cannot be obtained at all. I t is
curious t h a t with the corresponding bromine compound, <s-tri-bromoiodobenzene, McCrae 954 found no difficulty in making all the derivatives;
but he did not examine the reactions in so much detail as Willgerodt.
No trivalent iodine compounds whatsoever can be obtained from
l-iodo-2, 3,4,6-tetrachlorobenzene 956 nor from pentachloro-iodobenzene, 057
nor from hexaiodobenzene. 968 The reaction seems to need the presence of
unreplaced hydrogen on the ring, since l-iodo-2, 5-dichloro-3, 4, 6-tri
methyl-benzene also forms none of these compounds. 959 Compounds with
two ortho-methyl groups, such as iodomesitylene and iodo-chloromesitylene, form trivalent iodine compounds, but they are very unstable. 960
Even the 2,3 and 2,5-dibromo-iodobenzene derivatives show considerable
instability 961 ; the iodoso-compound of the former loses all its oxygen on
standing and gives no iodoxy-compound and no iodonium; of the latter
the iodide-chloride is so unstable t h a t its chlorine is lost on evaporating
the solution unless this is done in a stream of chlorine.
The iodide chlorides 962 are lemon-yellow crystalline substances, fairly
easily soluble in organic solvents other than ligroin. They are slightly
soluble in water, which, however, hydrolyses them to the iodoso-compound
and HCl; this reaction is reversible, and concentrated HCl will convert
the iodoso-compound into the iodide chloride. The chlorine is not very
firmly held, and can, in fact, be titrated with thiosulphate. Phenyl iodide
chloride C 6 H 5 ICl 2 decomposes on heating at about 100° to give phenyl
iodide and elementary chlorine.
Hence the iodide chlorides act as oxidizing and chlorinating agents 965 ;
they convert alcohol into aldehyde, thiophenol into diphenyl disulphide,
and sodium malonic and sodium cyanacetic esters into acetylene tetracarboxylic and dicyanosuccinic esters respectively. They add on Cl2 to
986

957
958
M.I. 53.
MJ. 54.
E. Rupp, Diss. Heidelberg, 1897.
m
961
m
M.I. 74.
M.I. 75.
Ib*
M.I. 27.
983
A. Zlaratow, Z.J. Nahr. u. Genwsfnittel, 1913, 26, 348.
804
See W. Bockomttller, Ber* 1931,64, 522, where the reference for ma«y of theie
roaotioni are given.
m
Bm furlhtr E. Neu, lb. 1989, 73, 1605.
969

1248

Group VII.

Polyvalent Iodine

Compounds

the double carbon link (for example, in a,a-diphenyl ethylene and in
stilbene <J> • CH=CH -4>) in the same way as elementary chlorine does,
but more slowly. It has even been proposed963 to use phenyl iodide
chloride for the quantitative estimation of the unsaturated links in fats.964
In the same way it will convert alkyl iodides into the chlorides and free
iodine; the bromides, such as ethyl bromide, do not seem to be affected.
On standing, phenyl iodide chloride chlorinates itself, giving parachloro-iodobenzene +HCL
Apart from these reactions, the most characteristic behaviour of the
iodide chlorides is their hydrolysis by water or alkali to the iodosocompound Ar »10.

Iodide Fluorides, Ar IF 2
These were first obtained by Weinland and Stille966 by the action of
concentrated aqueous hydrofluoric acid on the iodoso-compounds. The
latter dissolve readily in hydrofluoric acid, obviously to give the fluorides
Ar-IF 2 , just as they give the chlorides Ar'ICl 2 with concentrated hydrochloric acid. The iodide fluorides usually melt at low temperatures, and are
difficult to get in the crystalline state, but this can sometimes be done from
glacial acetic acid. In this way the para-tolyl compound ^p-CH3 • C6H4 • IF 2
was made: yellow needles, melting-point 112°, decomposing at 115°;
sparingly soluble in acetic acid, and completely hydrolysed by water to
Ar-IO and HF. The ^-bromo-compound, melting-point 110°, is similar.
Since the iodide chlorides act as weaker chlorinating agents than
elementary chlorine, the iodide fluorides might be used for fluorination,964
in place of the very violent elementary fluorine. They will not by themselves add halogen to the double carbon link, but they form loose addition
compounds with HF and with SiF4, and these react, giving, for example,
with a,a-diphenyl ethylene O 2 C=CH 2 a 60 per cent, yield of the difluoride.
This suggests that the trivalent iodine atom holds the fluorines more
firmly than the chlorines. The nature of these addition compounds is very
obscure; the hydrogen fluoride compound is very unstable: if its chloroform solution is evaporated the HF goes away with the solvent. The
SiF4 compounds appear to be solids, but they could not be purified sufficiently to be sure of their composition.
As a fluorinating agent (i.e. for replacement) phenyl iodide fluoride
<D -IF 2 is very vigorous.967 It will also remove hydrogen; thus it converts
acenaphthene into di-acenaphthyl.
[Iodide Bromides, R-IBr 2 . These compounds, which are known in the
alkyl but curiously not in the aryl series, are described below, p. 1259.]
Iodoso-compounds, A r I - > 0
These are of two kinds: the ordinary kind with 'free' iodoso-groups such
as iodosobenzene C 6 H 5 'I-*0, and a small number of cyclic compounds,
m B. F, Wainland and W, Still©, Ann. 1908» 328, 182,
»«* B, I. Garvty, L, F. Hallty, and 0. F. H. AlIm1 JfJLXJJS. 1087, 59, 1827.
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not unlike ketolaotones in structure, such as o-iodoso-benzoic acid, which
can be shown to be

\ /

\0H

These cyclic compounds, which are very stable, and have various peculiarities of their own, will be dealt with later (p. 1253). We may first consider
the true iodoso-compounds with unmodified —1->0 groups.
The iodoso-compounds are formed by the hydrolysis of the iodide
chlorides; the exact conditions are somewhat different in each case, as the
hydrolysis is reversible. Sometimes water is sufficient for the hydrolysis,
but often alkaline carbonate or even hydroxide must be used, though if
the reagent is too powerful, it may simply remove chlorine and regenerate
the iodide. As both the iodide chloride and the iodoso-compound are very
slightly soluble in water, the former must be finely ground, and the treatment continued until the solid, after washing with water, no longer shows
an acid reaction.
Oxidation of the iodide to the iodoso very rarely occurs except with the
much more stable cyclic compounds.968
The iodoso-compounds are greyish-white, amorphous substances, with
a very characteristic penetrating iiodoso smell'; the absence of this smell
is a conclusive proof969 that a free iodoso-group is not present.
In organic solvents (other than acids, with which they react) the iodosocompounds are almost or quite insoluble, but they dissolve to some
extent in water (iodosobenzene 0-81 g. per litre at 16°951), and also in
methyl alcohol. The aqueous solutions are quite neutral, and so cannot
contain an acidic form Ar-I(OH)2. The solubilities of different iodosocompounds seem to vary in a peculiar way: thus, l,3-di-methyl-4-iodosobenzene, melting-point 91° is fairly easily soluble in water970 while
p-iodoso-ethyl benzene, though it melts at 89°, is quite insoluble in
water.971
Iodosobenzene is somewhat poisonous972 (lethal dose about 0-2Og. per
kg. for rabbits and dogs, corresponding to about 12 g. for a man); the
iodoxy compounds are much less poisonous, and the simple aryl iodides
not at all.
The iodoso-compounds are strong oxidizing agents. Though they are
neutral to litmus they soon bleach it; they oxidize alcohol to aldehyde
and formic acid to carbonic.973 Iodosobenzene can also replace hypobromous acid in the Hofmann reaction974 (oxidation of amides to amines
+CO 2 ).
Iodoso-compounds, either alone or in water, change slowly in the cold
and rapidly on heating into a mixture of the iodoxy-oompound and the
iodide. Masion m has pointed out that this reaction oan be simply
•••
0. HfHTiti, B$r» 1008, 36, 2906.
m
MX 233,
•»• MX 82.

m

m
MX 2,
•'• MX 67,
MX 71.
•" J, Taoherniao, Bw, 1008, 36, 213.
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Iodoso 'Salts'*
The iodoso-group behaves with acids like a diacid base, giving, for
example, as we have seen, the iodide chloride with HCl and the iodide
fluoride with H F . Other acids, both inorganic and organic, behave in the
same way. The products Ar I X 2 are often called salts, but there is
evidence that most if not all of them are covalent. They are made by the
action of the acid on the iodoso-compound; with strong acids it is often
convenient to work in glacial acetic acid. 975 Thus there is a nitrate
C 6 H 5 I(NOg) 2 976 : large greenish-yellow crystals, exploding feebly at
105-106°, hydrolysed by water at once: a chromate C6H5I(CrO4) made
with a solution of chromic oxide in acetic acid: orange-red, explodes at
66°; an acetate C 6 H 5 «1(0-CO-CHa) 2 , 977 colourless crystals, easily soluble
in acetic acid, chloroform, and benzene, very slightly in ether: meltingpoint 156-157°: slowly hydrolysed by water. The propionate and butyrate
are similar.
Iodoxy-compounds,
A r • 1O 2
These are (the only organic) compounds of pentavalent iodine, whichever of the three possible formulae
(I) Ar-I<
(II) Ar-If
(III) A r - i f
^O
M)
^O
we adopt; no doubt there is resonance between all three.
The iodoxy-compounds are commonly made 978 from the iodoso, which
change spontaneously on keeping, especially if they are warmed, into a
mixture of iodoxy-compound and iodide. 979 I t is usually most convenient
to boil the iodoso-compound with water, when the iodide goes off with the
steam; the iodoxy-compounds are non-volatile, and can be recrystallized
from water or from acetic acid.
They can also be made by oxidizing the iodoso or the iodide chlorides
with hypochlorous acid, or with bleaching powder and acetic acid, or
directly from the iodides 980 by treating these with bromine and then with
alkali; as there are no iodide bromides, the oxidizing agent must be
hypobromous acid.
Our knowledge of the properties, both physical and chemical, of the
iodoxy-compounds has been much increased, and considerably modified,
by the work of Masson 951 and his collaborators.
•" MJ. 33.
»™ c, Willgerodt, Ber. 1892, 25, 3498.
8
" J. Tschemiac, ib. 1903, 36, 218.
»™ M.I. 13.
™ C, Willgerodt, B$r, 1898, 26, 18071 P. Ankmmy and V, Meyer, ib. 1856.
•" M.I, 10.
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The iodoxy-compounds, like the iodoso, are usually white substances,
Iodoxybenzene can be heated to 230° without either decomposing or
melting, and it has no perceptible vapour pressure even at this temperature. It is slightly soluble in water (soF 0-274/14°, h 17/99°; O-IO
0-081/160)951; in inert organic solvents it is.even less soluble. The insolubility does not appear to be due to polymerization, since the substance is
shown by the freezing-points to be monomeric in water951 and in formic
acid.981 It has been suggested that the substance Ar • 1O2 might be the iodonium periodate Ar2I[IO4], but Masson made this salt, which has quite
different properties from iodoxybenzene; it forms large colourless crystals;
it is several times as soluble in water, and it melts with decomposition at 129°,
more than 100° lower than iodoxybenzene. Since iodoxybenzene is neither
polymerized nor ionized in solution, its obvious association in the solid is
difficult to explain. A dipole attraction of the —1(

groups has been

suggested (Masson), but it is not clear why this should be greater than with
nitrobenzene, which is much more volatile and more soluble. The greater
solubility of iodoxybenzene in water and in formic acid suggests that it
interacts with those solvents. The instability of the double I = O link may
be relieved in solution by solvation, e.g. to

/°

Ar. B~0—H
X)-H
while in the solid the same end is achieved by the polymerization of the
molecules through the formation of I—O—I links. This would not occur
with the nitro-compounds, because the N = O links are not unstable.
The iodoxy-compounds hold their oxygen more firmly than the iodoso,
and they are not such strong oxidizing agents; they will, however, oxidize
hydrogen chloride with the production of the iodide chloride and free
chlorine. With hydrogen fluoride, where obviously the free halogen cannot be liberated, a pentavalent fluoride Ar-IOF 2 is formed,966 an unstable
compound which, like the iodide fluorides, is quantitatively decomposed
by water to the iodoxy-compound and hydrogen fluoride.
On heating, the iodoxy-compounds do not melt, but explode at fairly
definite temperatures, often with great violence.
Iodoxybenzene is commonly described as neutral, but Masson has shown
that it is both a weak acid and a weak base; its compounds with acids and
with alkalies are readily hydrolysed. Dilute sulphuric acid has no action
on it, but the acid H2SO4, 2 H2O forms a sulphate 0 1O2, H2SO4 (m. pt.
127°): colourless crystals, insoluble in organic solvents and broken up by
water. Iodoxybenzene must be more basic than nitrobenzene, for this
sulphate is produced by an aoid which is sufficiently diluted to hydrolyse
«* L. Maiearilli and M. Martinsili, AM M. 1907, [5] 16,1. 1S8 (Ohm. OmW, 07, i.
1322).
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the corresponding nitro-derivative <D • NO2, H2SO4, which also has the much
lower melting-point of 12°.982 With the dihydrate of perchloric acid
iodoxybenzene forms a perchlorate, which may have the structure
C6H5—L
H (ClO4);
^O
it is, however, violently explosive, and was not further examined.
The behaviour of the iodoxy-compounds with alkalies is much more
complicated and remarkable.951
The iodoxy-compound dissolves in the alkali, but can be precipitated
at once unchanged by carbon dioxide; it must therefore be a weak acid,
and the conductivity shows that K is about 10*"11. The freezing-point of
the alkaline solution is not affected by the addition of the iodoxy-compound, so that ions of the composition ArIO2OH must be produced. The
structure may well be
Ar-I~*0
.
\0—H
Its salts (iodoxylates) were not prepared, as the acid soon decomposes.
After a few hours in the cold, the solution of iodoxybenzene in alkali
completely changes; it now contains C6H5I, IOjj* ions, and a new oxidizing
substance which was shown not to be C6H5IO, 10^", 1O2^, 10"™, ozone, nor
any compound with an —O—O— link. From this solution carbon dioxide
precipitates a carbonate, which acetic acid converts into the acetate
<1>2I0(0- CO CH3)H2O, insoluble in water, soluble in benzene and chloroform, melting-point 114° with decomposition. Hence the reaction is:
2[Ar-IO2-OHr = Ar2IO-OH + 10^ + OH".
This diaryl iodyl hydroxide is a strong oxidizing agent; it is weakly basic
and forms the carbonate and acetate described above, but it will not react
with strong acids. Hejice the products are evidently not true salts but
are covalent compounds. The most probable of the formulae suggested
by Masson is perhaps this (I = (2) 10).

%/°- H
$/t\o—H
6—c=6
For complex mercuric compounds see references.987-8
••• L Maason, J.0J9. 1931, 3200.
•M D, Yorlltad©* and H, David, B$r. 1987, 7O1 146.
"* H. Lttfcgwfc, ib, 151.
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Iodoxybenzene is broken up by alkalies slowly (quickly at 100°) to
benzene and sodium iodate. Its derivatives behave in the same way.
Hence —1O2 is a very mobile and also a ' positive> group, one that is
replaced by hydrogen, and so it is of a cationoid nature. 951 It should
therefore direct substitution to the meta position. This has been difficult
to prove, but Masson951 has shown that under proper conditions iodoxybenzene can be quantitatively mononitrated by nitric acid, and that
99*5 per cent, of the product is meta. According to the HammickIllingworth rule985 —SbO2 should be meta-directing, but not —1O2; so
this is a good example of the way in which the * inert pair' makes an
element behave like the one two places before it in the Periodic Table.
The mobility of the —1O2 group is remarkable; it is turned out from
p-iodoxy-nitrobenzene by dilute nitric acid, silver hydroxide, sodium
nitrite, or sodium azide.98S In ortho-para dinitro-iodoxybenzene the
iodoxy group is even more easily removed.984

Cyclic Derivatives of Trivalent Iodine
If the iodine in o-iodobenzoic acid is converted into the trivalent state,
it is liable to react with the carboxyl group with the formation of a ring
compound; the first iodoso-compound to be made was of this type, got by
the direct oxidation of o-iodobenzoic acid,989 a reaction which will not
produce the ordinary 'free' iodoso-groups. Ring-compounds of this kind
are known among the derivatives of iodide chlorides and iodoso-compounds, but not of iodoxy-compounds.
According to Willgerodt990 if o-iodobenzoic is chlorinated in glacial
acetic acid, two compounds are formed, (a) the normal dichloride
C6H4(COOH)ICl2
sintering at 75-80° and melting at 95°, and (b) a substance differing in
composition from the first by 1 HCl, which sinters at 100° and melts
with decomposition at 115-120°. These must be

{a)

IJ-COOH

(6)

IJ-Xo

This seems to be the only known cyclic derivative of the aryl iodide
chloride type. Thiele has, however,991 made the corresponding derivatives
of chloro-iodofumaric and of a-chloro-iodoacryMc acid:

0

COOH/ \ I (

B/
XJl

K/

\I(
\Q

»" D. Ll. Hammiok and W. S. Illingworth, J.O.S. 1080, 89W.
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The cyclic iodoso-compounds are much better known. Ortho-iodosobenzoic acid was made by Victor Meyer989'992 by the oxidation of orthoiodobenzoic acid with nitric acid, or with potassium permanganate in
presence of sulphuric acid, or from the iodide chloride prepared in chloroform solution (this is undoubtedly the true —ICl2 compound, WiIlgerodt's (a) form) with alkali, or even with water alone. It forms long
colourless needles, melting at 244°; on rapid heating it explodes at about
250°. This must be the cyclic compound A (below) and not the isomeric
B because993:
0OH
xi

/\-i<

A-i-*o

-C-OH

I
(A)
(B)
1. It has not got the characteristic iodoso smell.
2. All true iodoso-compounds (with uncombined —IO groups) when
heated with water are converted into a mixture of the iodide and the
iodoxy, or sometimes (with loss of oxygen) into the iodide alone; this
compound on the contrary is entirely unaffected by boiling with water;
this is one of the signs of the greater stability of the cyclic compounds.
3. AU true iodoso-compounds oxidize alcohol to aldehyde; o-iodosobenzoic acid can be boiled with 50 per cent, aqueous alcohol without
change (another sign of its stability).
4. It was shown992 that whereas normal iodoso-compounds are converted
by heating with acetic anhydride into diacetates Ar-I(OAc)2, this compound is wholly converted into a monacetate, melting-point 166-167°,
which must be
/OCO-CH5,

5. Ortho-iodosobenzoic acid is a very weak acid, weaker than carbonic;
it only turns litmus reddish-purple, while the m- and ^p-acids turn it red.
Ostwald992 found the dissociation constants to be:

(Y
I x ^L-COOH
1-32 XlO""3
••» L. Mascarelli, AtU B. Line.
1905, [5] 14, ii. 199 (Chem. Centr. 05. ii. 893).
m
"•
See
MJ,
38.
V.
Meyer and W. Wachter, Ber. 1892, 25, 2632.
m
J. prakt. OUm. 1894, 49, 476.
m
J. Thiele and W. Pet©*, Ann. 1909, 369, 119.
m
*• V. Mayor and F. Aikenoiy, J*r, 1193, 36, 1357,
Bm M.I. 134.
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(ratio 2,200:1); the compound is obviously far weaker than a true
earboxylic acid.
Owing to the cyclic stability it is only a weak oxidizing agent.
It is amphoteric: it forms salts both with acids and with bases; the
sodium, calcium, and barium salts are amorphous and highly hydrolysed,
and, as we should expect with a very weak acid, there is no ammonium
salt. The compounds with acids, such as the nitrate, are at once hydrolysed
by water. A whole series of substitution products of o-iodosobenzoic acid
have been made, which all have very similar properties; the o-iodophthalic acid derivative is a definite but monobasic acid, as we should
expect.
o-Iodoxybenzoic acids, which can be made by oxidizing the iodosocompound with potassium permanganate, or by dissolving in alkali and
passing in chlorine,994 are quite normal. The simple o-iodoxybenzoic acid
must have the structure

A - I o 22

IJ-co.OH'
it is easily soluble in water; it is a strong acid and expels CO2 from carbonates ; its salts are normal. On keeping it is partly converted into the
iodoso-compound, a very striking proof of the stability of the latter, as
iodoso-compounds with normal free —IO groups always go over spontaneously into the iodoxy.
I O D O N I U M COMPOUNDS

These are the salts of the cations Ar 2 I + . They were originally obtained
by Victor Meyer995 by a peculiar method, the treatment of iodosobenzene
with a large excess of sulphuric acid, when apparently the reaction
2 0).IO

•

) l [SO4H] + 'O'
I. C 6 H /
occurs; the iodo-iodonium salt is certainly produced: the fate of the extra
oxygen ' O' is unknown, but a good deal of resin is formed.
Another method996 is to treat a mixture of iodoso and iodoxy with moist
silver oxide:
Ar- IO + Ar-IO2 + AgOH = Ar2I(OH) + AgIO3.
Alkali can be used in place of silver oxide, and then on reduction with
sulphur dioxide the iodonium iodide is precipitated. In this reaction the
diaryl iodyl base Ar2IO • OH must first be formed, and then reduced to
the iodonium salt (see p. 1252).
A quite different reaction,997 which oan synthesize unsymmetrioal
•M V, Meyer and O, Hartmann, Ber. 1804, 27, 1800.

998

O. Hartmann and V. Meyer, ib, 426,
B" O, Willgorodt, ib, 1897, 30, AO j IiOS9 31, 915,

••• Id., Ib, 504,

1256

Group VIL

Polyvalent Iodine Compounds

iodonium bases, is to shake the iodide chloride in the cold with water
and mercury diaryl, when a mixture of Ar Hg Cl and the double salt
(Ar2I)2[HgCl4] is produced. The latter is then extracted with water and
decomposed by hydrogen sulphide.
Probably the best method of preparing the iodonium compounds is that
of Masson and Race.998 They find that if benzene, toluene, or chloro-,
bromo-, or iodo-benzene is shaken with a cold solution of iodine pentoxide
in concentrated sulphuric acid, it dissolves to form a dark solution. After
adding cold water and filtering off a small quantity of iodo-compound
the filtrate on reduction with sulphur dioxide gives a large yield of the
yellow salt Ar 2 I[I]. In this reaction the iodine always enters in the para
position to any methyl or halogen already present; with meta directing
substituents like NO2 only small yields of the iodonium salts are got.
This reaction is obscure, but it can be summarized thus:
HIO3 + 2 Ar.H + H2SO4 = Ar2I[SO4H] + 2 H2O + 4 O'.
The state of the oxidizing agent represented by ' O' is not explained, but
about 15 per cent, of the aromatic compound is lost, and no doubt is
oxidized by this oxygen. Probably the iodine pentoxide is reduced by part
of the organic material to the trivalent stage, which in the presence of the
sulphuric acid (which is necessary to the reaction) is stabilized as the
sulphate; Mchter and Kappeler999 have shown that such a sulphate of
trivalent iodine is formed. We may suppose that this acts in the form of
the iodyl ion 1O+ (or much less probably the trivalent I + + + ion) thus:
1O+ + 2 H-Ar = H2O + Ar2I+.
The iodine atom in the iodonium ion Ar 2 I + has a complete octet of
electrons and an inert gas number; there is thus no question of the
iodonium compounds (except perhaps to a small extent the free base) not
being ionized. The ionic structure of the salts, and in particular the
halides, is evident. They are fairly soluble in water; they give conducting
solutions, as do also the free bases; they form double salts of the types
[Ar2I]2PtCl6, [Ar2I]2HgCl4, and Ar2I[AuCl4] (no such double salts are
formed by the iodide chlorides). The X-ray measurement of the iodide
confirms this conclusion1000; the shortest distance between two iodine
atoms in diphenyl iodonium iodide is 3-5 A.U.; the theory for the sum of
the radii of one iodine atom and one I " ion is 3-53: for the covalent I—I
link (2 atomic radii) 2-7; the I—I distance in NH 4 I 3 was found1001 to be
2-8 A.U.
Further it has been shown1002 that if inactive <£>2I[I] is treated in solution
with radioactive sodium iodide, it at once shares half its iodine with the
*• I. Masson and E. Raae, J.C.8. 1937, 1718.
m |Pt Fiohter and H. Kappeler, £. cmorg, Ohem. 1015, 91, 134,
**oo W, V. Medlin, JJL.0J3. 1985, 87, 1020.
»«
R, O. L. Moonoy, Phyt, Mm 1034, 48, 755.
1MI
F, JuUusbufgtr, B. Toplay, and J, Wilis, JXIA 1935, 1395.
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organic salt, but the linking iodine atom is not shared, and if the iodonium
is precipitated with excess of inactive sodium iodide it is found to be
inactive. This covalent iodine atom is not exchanged at all, even on heating
up to its decomposition point. The free iodonium bases Ar2I • OH are only
known in solution, being made from the halides with silver oxide. The
solution has a strong alkaline reaction and absorbs CO2 from the air to
form a carbonate (this does not necessitate a higher dissociation constant
than about 10~5, since ammonia behaves in this way). The salts are more
or less soluble in water; the iodide is the least soluble of the halides and
the fluoride the most.1004 They include a series of perhalides,1003 such as
O2I[ICl2], O2I[Cl8] (a very rare type), and O2I[ICl4], melting-point 119°.
A cyclic iodonium compound, in which the two carbon atoms attached
to the iodine are part of the same radical, has been prepared by Mascarelli
in the o, o'-diphenylene iodonium salts.1006 This base was made from the
corresponding di-iodo-compound by treating a mixture of its iodoso and
iodoxy-compounds with silver oxide. The free base has the structure
\~I-/
[OH].
It was not isolated, but the solution was found to be strongly alkaline, and
to absorb CO2 from the air. A series of its salts were prepared.1006 In this
compound, as in the cyclic iodoso-compounds, the ring-structure is the
cause of exceptional stability. The iodonium compound is formed with the
greatest ease, being produced from the corresponding di-iodide chloride
or di-iodoso-compound on keeping, and also produced directly when o,
o'-diamino-diphenyl is diazotized and treated with alkaline potassium
iodide.
When the iodonium iodides are heated, they decompose a little above
100° into two molecules of the iodide:
Ar2I [I] = 2 Ar-L
Two mechanisms have been suggested for this reaction: (A) that in a first
stage one aryl group breaks off from the iodine, and this group then
combines with an iodine ion; (B) that the iodine ion substitutes in one ring
first, before the scission takes place.
These hypotheses were tested by Lucas1007 by examining the products
of decomposition of di-o-tolyl iodonium iodide, which goes over completely
in the solid state in a few minutes at 155°. This substance on mechanism
(A) would give (see below) two molecules of o-iodotoluene; on (B), since
1008

M. O. Forster and J. H. Schaeppi, ib. 1912, 101, 382.
H. J. EmeMus and H. G. Heal, ib. 1946, 1126.
l tt
°« L. Mascarelli, Atti i?. Line, 1907, 16, ii. 562; 1908, 17, ii. 580; 1912, 21,
Ii. 617.
1000
See M.I. S06.
» " J, B, LUOM/E, B, Kennedy, and O. A, Wilmot, J,A,0,8, 1036, SS1 157.
1004
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the new iodine atom would presumably enter ortho- or para- to the linking
iodine, it would give 1 molecule of ortho- and 1 of meta-iodotoluene:

Experiment showed that only ortho-iodotoluene was formed, so the first
mechanism appears to be the true one.
The dynamics of this reaction were studied by Fletcher and Hinshelwood.1008 They determined the rate of decomposition of a saturated
solution of phenyl iodonium iodide in phenyl iodide (the reaction took
several hours at 111°: soF 0-00106/0°, 0-00290/25°, 0-0334/950). The reaction is probably unimolecular, and the heat of activation 29-5 k.cals. The
rate of reaction is between 104 and 105 times as great as is calculated from
the number of collisions with this heat of activation, allowing for two
squared terms, and so indicates that the molecule has about 7 degrees of
freedom. The rates of decomposition which have been previously measured
of the salts of the bases NR4, PR4, and SR 3 also show this ratio of about 105.
With the unsymmetrical p-anisyl-phenyl iodonium chloride and
bromide it has been shown1009"10 that on decomposition the anisyl nucleus
remains attached to the iodine, and the phenyl goes to the bromine or
chlorine.
ALIPHATIC COMPOUNDS OF TRIVALENT IODINE

These were discovered by Thiele; they are few in number and all
unstable. The derivatives with saturated alkyl groups are the least stable;
unsaturated radicals such as —CH=CR 2 behave more like aryls. The
formation of these trivalent iodine compounds, and especially of the
iodide chlorides from which the rest are obtained, is opposed by a tendency
to three reactions: (1) a redissociation into R 1+Cl 2 , (2) the chlorination
by the —ICl2 group (with its reduction to —I) of some other part of the
molecule, and (3) the reaction
R-ICl2 = R-Cl+ ICl.
The last of these reactions will be less likely to occur the firmer the attachment of the iodine to the hydrooarbon radical, and this attachment is
1001

C. J. M. Flntoher and C. N. Hinihsiwood, J.O.&. 1985, 590.
"•• R. B. Sandin, M, Kulka, and B. MoCwady, J.A.O.S, 1987, 59» 2014.
» " R, B, Bindin, j \ T, MoOIuM1 and F, Irwin, ib, 1989, 61,1944.
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strong both with an aryl, and when a doubly linked carbon carries the
iodine. I n a saturated alkyl iodide it is relatively weak.
Thiele 1011 showed t h a t many alkyl iodides if treated at a low temperature with chlorine in a mixture of carbon tetrachloride and ligroin are
converted into iodide chlorides; this was effected with methyl iodide,
methylene di-iodide (only one iodine being converted into —ICl 2 ), ethyl,
isopropyl, and tertiary butyl iodides. The products are yellow crystalline
solids, which are very unstable and even at low (and fairly definite)
temperatures decompose into alkyl chloride + I C l . The most stable are
the methylene compound I CH 2 ICl 2 (decomposition point —11-5°);
CH 3 -ICl 2 ( - 2 8 ° ) ; C 2 H 5 -ICl 2 ( - 3 6 ° ) . The secondary and especiaUy the
tertiary compounds are far less stable; the isopropyl compound decomposes only just above —100°, and the tertiary butyl far below it. No
iodoso- or iodoxy-compounds were obtained from them, but Thiele made,
in the same way as the chlorides, methyl iodide bromide CH 3 -IBr 2 ,
orange-yellow plates (analysed) decomposing at —45°.
The remarkable fact t h a t methyl iodide bromide is not much less stable
than the iodide chloride, whereas among the much more stable aryl
derivatives the iodide bromides are unknown, may be due to steric causes.
I t is probable (though not certain) t h a t the three atoms attached to the
iodine lie in a plane with it, and there may be room for a methyl, but not
for an aryl, in addition to the two bromines.
More stable than these saturated compounds are the vinyl derivatives,
containing the group I—C=C 1 0 1 2 ; this is no doubt mainly due to the much
firmer attachment of the iodine. Thus symmetrical di-iodo- and chloroiodo-ethylene both give iodide chlorides
I . CH=CH. ICl2 and Cl • CH=CH • ICl 2 ,
the first of these decomposes at + 3 7 ° ; the second, which is more stable,
has a real melting-point of 77°. This latter is stable enough to be converted
by alkalies into the iodoso-compound C l - C H = C H - I O , which has the
characteristic 'iodoso smell', and gives the usual derivatives with acids
such as a diacetate and a chromate; it is not very stable; it explodes at
63°; it decomposes on keeping; if it is treated with water at 72-75° it is
converted in the normal way into the iodoxy-compound and the iodide,
i.e. into C l - C H = C H - I 0 2 + C 1 - C H = C H - L The iodoxy-compound forms
white crystals, which explode with great violence if heated to 135°, or if
struck or rubbed. I t dissolves fairly readily in water, but not in the
ordinary organic solvents. I t dissolves readily in sodium hydroxide solution, evolving acetylene:
CL CH=CH-1O 2 + HfcO = HIO 3 + C2H2 + HCl.
A further series of non-aromatic trivalent iodine derivatives are the
oyolic fumario and acrylic compounds already mentioned (p. 1253).
1011
1018

J. Thiti© and W, P©t<sr, Ann, 1000, U% 149,
J. Thlile And H. B&nkh, lb. ISL
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Iodonium salts containing non-aryl radicals were first made by Willgerodt1013 by the action of an iodide chloride on silver acetylide in presence
of water:
2 Ar-ICl2 + Ag-C=CH = A r - I - C = C - H + AgCl + ArI.
[Cl] Cl Cl
This reaction was extended by Thiele,1012 who acted with silver acetylide
on the iodide chloride of chloro-iodo-ethylene, and obtained the purely
aliphatic iodonium salt with this formula.
Cl-CH=C<f
> I [Cl]
C1*CH=C<X
H
At the same time a certain amount of the iodoso-compound Cl • CH=CH • IO
is undoubtedly formed, and can be recognized by its smell.
These iodonium salts resemble those of the diaryl iodonium bases very
closely. Thus the chloride is easily soluble in water, and forms double
salts with auric and platinic chlorides. The bromide and iodide are sparingly
soluble in water. Treatment of the halides with alkali, in order to obtain
the free base, led to complete decomposition.
Attempts to make the iodide chloride from acetyl iodide, and from
benzyl iodide, were quite unsuccessful.
E L E M E N T NO. 85 (ASTATINE*) 1024
THERE seems to be no doubt now that this element has been obtained as
artificial product of nuclear bombardment. The claim1014"15 to have
identified it among the products of the decay of radium, or perhaps of
thorium1016 or actinium1017'1020 has been disputed,1018 and is not yet
established. It is, however, probable1019-21 that it is among the products
of radium, being formed from RaA by the loss of a j3-particle.
Segr6 et al. found1022"3 that when bismuth (chosen because the next
element polonium is so rare) is bombarded with a-particles of 32 m.e.v.
energy, a product is obtained of 7-5 hours half-life, which cannot be
identified with Tl, Pb, Bi, Po, or any other known element up to uranium,
and so is probably No. 85, though its properties are rather more like those
* This name, meaning unstable, has been suggested for the element.
018

Ber. 1897, 30, 56; 1898, 31, 915.
H. Hulubei and Y. Cauchois, GM. 1939, 209, 39.
Id., ib. 1940, 210, 696.
W. Minder, HeIv. Phys. Acta, 1940, 13, 144 (Amer. CA. 1940, 7735).
A. Leigh-Smith and W. Minder, Nature, 1942, 150, 767.
018
B. Karlik and T. Beraert, Naturwiaa., 1942, 30, 685.
o " 8. Flligge and A. Krebi, ib, 1944, 32, 71.
• " B. Karlik and T. Bemert, ib, 44.
»•» Id., ib. 1946, 33, 23.
m
D. B . Coroon, K. R. MaeK§n«ia, and B, Segrtf, JPAy*. **>• IWO, ii. 57, 459,
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of polonium. If it is mixed with a bismuth salt it is precipitated with it
by hydrogen sulphide; if it is mixed with iodine it is not separated along
with it by silver nitrate; it can be deposited electrolytically. One of its few
haloid properties is that it is found to be concentrated in the thyroids of
guinea-pigs. Paneth points out1024 that it should be easy to identify it by
reduction to the volatile hydride.
The element undergoes further change in an unusual way:
7-5 hours
85 "T" —1 ^

"^

1/300 sec.

-^

84

4

• X AcD + 1 He.

The first of these two reactions is peculiar, in that the 85 nucleus picks up
one of its own K electrons.
1024

F . A. Paneth, Nature, 1942, 149, 567.
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25 Manganese 43 Technetium
At. wt. 1938
Rad. of atom
Parts per million
in earth's crust .

T

54-93
118
930

(ca. 98)
0

75 Rhenium

[93 Neptunium]

186-31
1-37 A.U.
0-001

HE distribution of the elements in this subgroup is peculiar. The first
member, manganese, is about the tenth commonest element in the
earth's crust. It has been known from very early times, and much of its
chemistry was described by Scheele in 1774. It remained the only known
member of the subgroup for 150 years after this, until in 1925 Noddack
and FrL Tacke announced the discovery of the next two elements 43 and
75, which they called Masurium and Rhenium; they had made a systematic
search among what they thought the most probable minerals, and after
considerably concentrating any Gp. VII A elements that might be present, claimed to have identified these two by means of their X-ray lines.
Since this announcement rhenium has been obtained in some quantity; it
is about as abundant in the earth's crust as rhodium or iridium; its
chemistry has been worked out in very considerable detail. With
masurium, on the other hand, no subsequent work has been reported, so
that it must be assumed that it has not yet been shown to be a permanent
component of the earth, although recently it has been made by nuclear
bombardment, in quantities minute but sufficient for some of its more
important chemical properties to be determined. Element 93 (neptunium)
has now been made in quantity in the production of plutonium for the
atomic bomb, and much of its chemistry is known (see VI, 1094); but as
a 'uranide' element it does not belong to Gp. VII any more than cerium
does to Gp. IV or praseodymium to Gp. V.
Our chemical knowledge of the members of this subgroup is thus almost
confined to the two elements manganese and rhenium.
On the analogy of other A subgroups, we should expect the elements
to have valencies ranging from 2 (or possibly 1) to the group valency of 7,
and the only compounds showing any resemblance to those of the Gp. VIIB
elements (the halogens) to be those in which the atom has this group
valency of 7, that is, the permanganates and perrhenates as compared
with the perchlorates and periodates. Also on going from manganese to
rhenium the lower valencies should become less stable as compared with
the higher, and in any particular valency the tendency to form cations
should become less.
The facts entirely confirm these expectations. Manganese has valencies
of 7, 6, 4, 3» 2, and probably 1; rhenium has all these and 5 as well. With
manganese the most stable valencies are 7, 4, and 2, the first being that of
the permanganates and the last that of the divalent cation, In rhenium
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the stability of the highest valency of 7 in the perrhenates is markedly
greater than that of manganese in the permanganates; the valency of 4
is stable with rhenium also, while the valency of 2 with rhenium, though it
does occur in solution, is so unstable that the compounds cannot be
isolated.
The greater stability of the highest valency in rhenium is shown in the
heptoxide, which boils undecomposed at 350°, while Mn2O7 begins to lose
oxygen at 0°; in consequence, if a rhenium compound is heated in air, the
rhenium sublimes away as the heptoxide (just as osmium does as OsO4),
whereas manganese is ultimately left behind as manganous oxide MnO.
So too, while KMnO4 begins to give off oxygen at 200°, KReO4 can be
distilled without change at 1,370°.
A striking difference is that rhenium heptoxide and the perrhenates are
colourless, apparently because the absorption bands are shifted with
rhenium into the ultra-violet. The rhenates M2ReO4 are, however, green
like the manganates, and many of the rhenium compounds of the lower
valencies are coloured.
The other element of this subgroup, masurium 43, can be got only by
nuclear bombardment, and so only in miriute quantities. Enough, however,
is known of its chemistry to show that it resembles rhenium far more
closely than manganese; if the active material is mixed with manganese
and rhenium and the two are separated, the activity practically always
goes with the rhenium. This is to be expected from the behaviour of the
previous A subgroups, as may be seen by comparing Ti with Zr and Hf,
V with Nb and Ta, O with Mo and W, or Fe with Ru and Os.
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MANGANESE
is present in the earth's crust to the extent of 930 parts per
million1025 (compare F 270, P 786, S 500, Cl 480, Ba 390; the only commoner elements are, in order of atomic numbers O, Na, Mg, Al, Si, K, Ca,
Ti, and Fe, so that manganese is tenth in order of abundance). It is very
widely distributed in minerals, and next to iron one of the most frequent
constituents of rocks; it is widely distributed also in the vegetable and to
a less extent in the animal kingdom. Its most important ore is pyrolusite
MnO2, but there are many others, nearly all of them oxides, such as
braunite Mn 2 O/and hausmannite Mn3O4; iron ores nearly always contain
a certain proportion of manganese.
Metallic manganese is mainly used (to the extent of more than a million
tons per annum) to remove oxygen from iron and steel, being employed
in the form of its iron alloys spiegeleisen and ferromanganese. It is also
a constituent of certain valuable alloys such as manganin (Cu 84 per cent.,
Mn 12 per cent., Ni 4 per cent.), which is used in precision instruments for
electrical measurements, because its electrical conductivity has only a
very small temperature coefficient. Manganese dioxide ('Glassmakers'
soap') is used to remove the colour from glass which contains iron; potassium and calcium permanganate are used as disinfectants, and manganous
salts such as the chloride and sulphate are employed in agriculture to
stimulate the germination of seeds. Manganese deficiency can cause
diseases in vegetation.
Manganese occurs in its compounds with the valencies of 7, 6, 4, 3, 2,
and 1. In the first two of these states it is acidic and not basic, and occurs
only as the strong permanganic acid H[Mnvii04] (violet) and the (perhaps
less strong) manganic acid H 2 Mn vi 0 4 (green), and their derivatives. Hexavalent manganese is unstable and readily changes (disproportionates) into
a mixture of hepta- and tetravalent manganese, e.g. into permanganic
acid and manganese dioxide.
Tetravalent manganese is almost wholly acidic as in the manganites,
which are the salts derived from the definite though weak acid (HO)2MnO
or H2MnO3. The tetravalent manganese compounds are unstable partly
because of the readiness with which they hydrolyse and precipitate the
very insoluble MnO2, and partly because they are so easily reduced. In
its very few soluble derivatives the Mniv is always part of a complex anion.
While Mnvii is like CF11 and MnTi rather like Svi, Mniv, apart from its
changes of valency, more resembles Sniv or Pb lv .
In its lower valencies of 3 and 2 manganese is no longer acidic, but is in
the wider sense basic. It affords a good illustration of the rather ambiguous
nature of this word. In both states it is basic in the sense that it replaces
the hydrogen of acids; but the divalent derivatives are nearly all simple
salts of the monatomio cation Mn+4", which is muoh the most stable
ionized form of the element, and more stable than Cr" or even Fe", while
the only stable compounds of trivalent manganese are complexes in which
« " V. M, OoldUehmidt, J1O J . 1117, 656,
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the manganese is in the anion; the simple Mn'" compounds all decompose
practically instantaneously in one or two ways, partly by their ready
hydrolysis with the precipitation of Mn2O3 or its hydrates, and partly by
disproportionation into Mnlv and Mn11. We also find as usual that while
the lower of these two valencies is the more stable in the simple cations,
it is the less stable in the covalent state, so that manganous hydroxide
Mn(OH)2 precipitated from the stable manganous solution is oxidized by
the air to the trivalent condition. In the same way the complexes are
more stable in the trivalent state, as they are with cobalt.
Metallic Manganese
This is most conveniently made by reducing the oxide with aluminium
(Goldschmidt's method); MnO2 reacts so violently that it must first be
reduced by heating to Mn3O4. Reduction with charcoal gives a very
impure metal with much dissolved carbon.
Metallic manganese boils at 2,032°1026 and melts at 1,247°.1027 It is like
iron in appearance, but it is harder (not quite so hard as cast iron) and
much more brittle, so that it can be powdered in a steel mortar. It occurs
in at least two forms,1027""38 an a-, stable from the ordinary temperature
up to about 700V027>1083 and a j8-, stable above this. A supposed third
form, y- or electrolytic manganese, is probably a hydride.1030
The crystal structure is extremely complicated. In the a-modifica~
tion1030-1 the unit cell contains 58 atoms, whose positions and distances
show that they are in at least four different states of valency or linkage,
the interatomic distances varying from 2-25 to 2*95 A.U. (the ratio,
0-763:1, is almost the same as that (0*778:1) of C s C to C-C), but there
is much distortion. The structure of /^-manganese,1082 with 20 atoms in the
unit cell, is imperfectly made out.
Manganese forms numerous alloys. It gives a continuous series of solid
solutions with each of the four elements next after it, iron, cobalt, nickel,
and copper. With aluminium and with antimony, especially in the presence
of a small amount of copper, it forms the well-known Heusler alloys,
which are highly ferromagnetic, although they contain no ferromagnetic
element. The addition of a small quantity of silicon makes manganese as
hard as steel.
Chemically manganese is a highly reactive and ignoble metal. It decomposes water slowly in the cold and rapidly on heating, and dissolves
readily in dilute mineral acids with evolution of hydrogen and formation
of the divalent manganous salt. It is converted by fluorine into the
%m

Extrapolated: E. Baur and R. Bruimer, HeIv. GHm. Acta, 1934, 17, 958.
H. Moser, E. Raub, and E. Vincke, Z. anorg. Chem. 1933, 210, 67.
« A. Westgren and G. Phragm&i, Z. Phys. 1925, 33, 777.
l0tt
» A. J. Bradley, Phil Mag. 1925, 50, 1018.
1010
A. J. Bradley and J. Thewlis, Proo. Boy. Soo. 1927, 115, 458.
1081
G. D, Preston, Phil Mag. 1928, [vii] 5f 1198,
*••• Id,, ib. 1207.
1011
G. Johannwn and H. STItIu1 Phye* M. 198S, 3$, 440.
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di- and the tri-fluoride, and by chlorine into manganous chloride MnCl 2 ;
if it is heated in nitrogen above 1,200° it burns to form a nitride.

Manganese and Hydrogen
No hydride seems to be known except the spectroscopic hydride
MnH 1034 (unless the so-called y-manganese is a hydride). According to
Lorenz and Heusler 1035 the metal has no action on hydrogen at any
temperature.

Manganese and Carbon
Fused manganese dissolves carbon just as iron does, ultimately forming
a carbide. Various carbides have been described, but the only definite one
is Mn 3 C; there is also a metastable Mn4C. They are made by heating
manganese with carbon or with methane, or manganous oxide with sugar
charcoal. 1036-7 Mn3C is hydrolysed by water, giving mainly methane and
ethane. 1 0 3 8

Manganese and Nitrogen
If the metal is heated in nitrogen gas it begins to glow at 1,210-1,220°,
and then burns with a flame, absorbing nitrogen more readily even than
magnesium. The compound formed is most probably Mn 3 N 2 , which, however, seems to form a solid solution at least with manganese. 1039 Another
compound, probably MnN 2 , is got by the action of ammonia on manganese
at a white heat; it is distinguished by being [apparently ferro-] magnetic. 1040
H E P T A V A L E N T MANGANESE
This valency is confined to the strong acid permanganic acid HMnO 4 ,
its anhydride, Mn 2 O 7 , and its salts. These are all distinguished by brilliant
colours, the acid and its salts being purple and the anhydride dark green.
In these compounds the manganese has its group valency, i.e. it is sharing
all the electrons which it has in excess of the preceding inert gas; it has a
core of 25—7 == 18 electrons, arranged as 2. 8. 8. There is thus a close
analogy to the compounds of heptavalent chlorine, such as HClO 4 , where
again the core (2. 8) is made up of complete quantum groups. The permanganates and perchlorates are in general isomorphous, and the potassium
salts can form a continuous series of solid solutions with one another. I t is
in accordance with the behaviour of the earlier groups t h a t in the compounds where it has the group valency manganese should always be acidic
(compare H 4 TiO 4 , H 3 VO 4 , H 2 CrO 4 ).
1084 x. E. Nevin, Proc. Roy. Irish Acad. 1942, A 48, 1.
">* R. Lorenz and F. Heusler, Z. anorg. Ghem. 1893, 3, 225.
"a* O. Ruff, Ber, 1912, 45, 3139; O. Ruff and E. Gersten, ib. 1913, 46, 400.
1087
R. Sohenok and K, Meyer, Z. anorg. Chem. 1938, 239, 161.
"•• W. R. Myers and W. P. Fishel, J.A.O.S. 1945, 67, 1902,
*••• F. Habcr and G. van Oordt, Z* cmorg* Ohwm* 1905, 44» 841.
ioio B, Wedekind, Phye. Z1 1006,7, 805 j Z1 Whkfroohvm. 1906,12, 810; Ben 1908,
4I 1 8769.
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Like perchloric acid permanganic acid forms a liquid and volatile
anhydride Mn2O7, which is, however, far less stable than Cl2O7 (which
when pure can be distilled at 80° under ordinary pressure) owing to its
tendency to lose oxygen and go over into the very stable MnO2.
The heptoxide is made1041"4 by adding powdered potassium permanganate in quantity to concentrated sulphuric acid, when it separates as a
dark oil of high specific gravity (2-4), which can be distilled slowly in a
stream of air at 15 mm. pressure at 0°, and freezes in liquid air to dark
green crystals.1044
It is stable at —5°; at 0° it begins to give off oxygen, but the decomposition is very slow up to +10°, when it becomes rapid, and soon explosive.1044 The decomposition is irreversible; its products are MnO2 and
oxygen; the intermediate formation of a trioxide MnO3 could not be
detected.1044 If it is added to a small quantity of water, the heat evolved
(12 k.cals. per Mn2O7) decomposes it, but if it is dropped into a large excess
of water it forms a purple solution of permanganic acid; the acid can be
concentrated by evaporation of the solution up to 20 per cent. HMnO4,
but above this strength it decomposes.
The heptoxide is an even stronger oxidizing agent than permanganic
acid, and combustible substances take fire when they come into contact
with it. It will, however, dissolve without decomposition in acetic
anhydride, forming a purple solution (which may contain a mixed anhydride CH 3 • CO • O • MnO3).

Permanganic Acid, HMnO4
This acid has never been isolated, but its solution can be made, for
example, by the action of H2SO4 on the barium salt. The dilute solution,
which has, of course, the purple colour of the [MnO4]" ion, is very stable,
but if concentrated beyond about 20 per cent, it begins to decompose.
Dubois1045 has obtained a 2*6 molar (24*5 per cent.) aqueous solution, which
froze at —11° to a cryohydric mass of crystals of ice, and (no doubt
hydrated) permanganic acid. The latter could not be isolated, and in
daylight the solid soon began to deposit MnO2, and evolve ozone.
Conductivity measurements1043'1046 show that permanganic acid is a
strong acid. Hence its reactions are essentially those of the MnO4 ion,
and of its salts.

Permanganates
The permanganates are made by oxidizing manganous salts or manganese dioxide with various oxidizing agents, including atmospheric air,
1041

B. Franke, J. prakt. Ghem. 1887, [2] 36, 31.
Thorpe and F. Jr. Hambly, J.C.S. 1888, 53, 175.
1048
J. M. Lov<Sn, Ber. 1892, 25, ref. 620.
1044
A. Simon and F. Feh6r, Z, Elektrochem. 1932, 38, 137.
l04a
P. Duboli, CR. 1935, 200, 1107.
™« H. N, MOMS and J. 0. Olntn, 4m#r. Ch$m> J. 1900, 23, 481,
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in presence of alkali, the oxidation being carried either directly to the
heptavalent state, or to the hexavalent state of the manganates M2MnO4.
The presence of alkali favours the acidic derivatives of the higher valencies,
and a large excess the (dibasic) hexavalent as against the heptavalent*stage.
Lead dioxide in concentrated sulphuric acid or nitric acid, or periodates
will convert manganous salts directly into permanganates. The manganate
can be made (see p. 1270) by heating manganese dioxide with alkali in
presence of air or potassium nitrate; it is then converted into the permanganate by treatment with acid
3 K2MhO4 + 2H 2 0 = 2 KMnO4 + MnO8 + 4 KOH
or by oxidation either with chlorine
2 K2MnO4 -f Cl2 = 2 KMnO4 + 2 KCl
or electrolytically.
The best known salts are those of the alkalies, particularly potassium;
the sodium salt is inconveniently soluble. The potassium salt forms a
continuous series of solid solutions with potassium perchlorate: the
ammonium salts of these two acids behave in the same way. Potassium
permanganate also forms solid solutions with barium sulphate.1047 For the
crystal structure and solubilities of silver permanganate see references 1048~9
respectively.
The solubilities (in g. per 100 g. water) of some of these are: Li, 3 H2O,
71/16°; Na, 3 H2O very large; K, 6-34/20°; Rb, 1-1/19°; Cs, 0-23/19°;
Ag, 0-92/20°.
The characteristic brilliant colour of the permanganate solutions has
always attracted attention. The absorption spectrum shows a series of
well-marked bands, of which seven can be detected in the visible region,
becoming less intense towards the ultra-violet. In the early days of the
ionic theory Ostwald1050 showed that the positions of the 4 least refrangible
of these bands with 13 different) permanganates in dilute solution in water
were identical. Merton1051 showed that in a series of solvents, such as
water, acetone, methyl acetate, alcohols, acetonitrile, etc., while the relative positions of the bands are scarcely affected, the absolute positions are
shifted, the maximum being about 0-5 per cent. (30 A.U.) from water to
methyl alcohol. The same holds for the solid solution in KClO4, but the
shift is much larger (about 140 A.U., or 2-5 per cent.). This work is supported by that of Hagenbach10^52 and (in solid solution at —180°) of
Sehnetzler.1053 Later work1054"5 carried out at the boiling-point of hydrol0
*' H. G. Grimm, C. Peters, H. Wolff,
1 4
O
S K. Sasvari, Z. Krist. 1938, 99, 9.
1049
F. Hein and W. Daniel, Z. anorg.
1080

Z. anorg. Ghem. 1938, 236, 57.

Chem. 1937, 234, 155.
Z. physiMl. OUm. 1892, 9, 579.
"%m
« T. B. Merton, J,0.8. 1911, 99, 087.
A. Hftgenbaoh m& B. Percy, Hdv, OMm, Aota, 1922, 5, 454,
»« K.flohnetzlur,£, phyrtM. Ohm, 1981, B 14, 241.
101« J1 Teltow, lb, 1OiI1 B 40» 397.
" » Id,, lb. 1989, B 43, 198.
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gen (20*4° K.) with the solid solution in KClO4 gives a more detailed
analysis of the bands.
Of the chemical reactions of the MnO4 ion the most important are of
course its oxidations, which take place in more ways than one. In very
strong alkaline solution KMnO4 evolves oxygen and goes over to the
manganate; this is presumably due to the energy evolved by the conversion of a monobasic into a dibasic acid in alkaline surroundings. In
moderately alkaline neutral or feebly acid solution, permanganates are
reduced by oxidizable substances to MnO2:
2 KMnO4 + 6 H - 2 MnO2 + 2 KOH + 2 H2O.
In definitely acid solution the manganese is reduced to the manganous
state:
2 KMnO4 + 3 H2SO4 + 1 O H = K2SO4 + 2 MhSO4 + 8 H2O.
In this way KMnO4 is able to effect an enormous number of oxidations,
especially in acid solution; thus it oxidizes ferrous iron, hydrogen peroxide
(to oxygen), as well as formic, oxalic, and nitrous acids. It is to be noticed
that in the absence of acids it gives a stable solution in pure acetone. The
mechanism of these oxidations is very imperfectly understood.
When dry KMnO4 is heated, it begins to give off oxygen at 200°, forming
in the first instance potassium manganate and manganese dioxide,1056*"7
which at higher temperatures break down further to Mn2O3.
Hein1068""9 has found that a solution of silver permanganate absorbs
hydrogen much more rapidly than the potassium salt; the nature of the
products (which contain silver and manganese) is obscure. For the kinetics
of the thermal decomposition of silver permanganate (giving silver oxide,
manganese dioxide, and oxygen) see reference 1060.
HEXAVALENT

MANGANESE

The compounds of this class are confined to manganic acid H2MnO4
(known only in solution) and its salts: the supposed anhydride MnO8 does
not seem to exist.
Potassium manganate K2MnO4 was made by Scheele by heating MnO2
with potassium nitrate, and was called by him 'mineral chameleon'
because the green solution readily goes purple (from the formation of
permanganate) in presence of acids.
Supposed Manganese Trioxide
The claim
that a volatile trioxide can be made by heating a solution of ICMnO4 in H2SO4 as a volatile substance giving a purple vapour has
1061-2
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G. Rudorf, Z. anorg. CUm. 1901, 27, 58.
P. Askenasy and A. Solfoerg, Nemst-Festschr. Halle, 1912, p. 53.
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been disproved.
Simon
showed that when manganese heptoxide
loses oxygen on warming, it goes straight to the dioxide, with no sign of
the intermediate formation OfMnO3.
It would thus appear that the trioxide does not exist.

Manganic AcId9 H2MnO4, and the Manganates
Manganates can be made from manganese dioxide by heating with
alkali, (1) by Scheele's method of oxidizing with potassium nitrate, (2) by
oxidation with air alone (this is the method used on the large scale in the
manufacture of permanganates), and (3) even in the absence of air, the
dioxide being in that case converted into a mixture of the monoxide MnO
and the manganate.
The oxidation of manganese dioxide by air in the presence of alkali is
never complete. If excess of MnO2 is used, the reaction stops when 60 per
cent, of the potash has been converted into K2MnO41065; this appears to be
due to the production of a saturated solid solution of 3 parts K2MnO4 and
2 parts manganite K2MnO3. If the potassium hydroxide is in excess the
oxidation is again imperfect, the average ratio of manganese to oxygen
being 1:2-6 (instead of 1:3), which is supposed1066 to be due to the formation of a definite compound Mn5O1S.
The manganate is extracted from the green fused mass by water. It
would appear that the free acid is very unstable, but the ion MnO4
stable; the salt is quite stable in solution so long as an excess of alkali is
present, in fact it can then as we have seen become even more stable than
the permanganate ion; but in pure water or in presence of acids it readily
changes over into the permanganate and manganese dioxide:
3 MnO4"" + 2 H2O = MnO2 + 2 MnO4 + 4 OH".
This change occurs in pure water, so that the solution must be readily
hydrolysed, and manganic acid a weak acid; but the reaction is obviously
promoted by the extremely small (but unmeasured) solubility of the
dioxide. If the liquid is boiled, this disproportionation will occur even in
alkaline solution (which favours the weak-acid hydrolysis view).
The most important of the manganates is the potassium salt, which is
the sole source of potassium permanganate. It forms small dark-green
crystals; the absorption bands (Teltow1054-5) are very similar to those
of the permanganates. It is very soluble in water, but the solubility
cannot be measured in pure water, because the salt then changes into
KMnO4 + MnO2; in presence of excess of KOH it is stable, and the
solubility in moles of K2MnO4 per litre at 20° is in 2-N. KOH 1-14, and
in 8-N. KOH 0«078.
1088
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If the solid salt is heated above 500° it loses oxygen and is converted
into the manganite K2MnO3.
The sodium salt occurs with 0, 4, 6, and 8 molecules of water. It is
black, and very soluble in water. No other manganates seem to have been
got in the pure state, but the pigment known as 'Rosentiehl's Green' is the
impure barium salt.
TETEAVALESTT MANGANESE

AU the compounds of tetravalent manganese may be regarded as
derived from the non-existent hydrate Mn(OH)4. The fall in valency
necessarily weakens the acidic and strengthens the basic properties of
the oxide, and while the oxides of hepta- and hexavalent manganese are
acidic and not basic, the tetrahydroxide is both to a small extent, being
amphoteric in behaviour; it also very readily forms an extremely insoluble
dehydration product in manganese dioxide and its hydrate. As a base it
reacts with acids to give salts MnX4, and as an acid it forms with alkalies
the manganites, derived from a weak acid H2MnO3 and its condensed
forms. Nearly all these compounds are remarkably unstable, at any rate
in solution. The salts formed with acids, of the type MnX4, scarcely exist
at all, owing to the ease with which they undergo two reactions: (1) hydrolysis with precipitation of the oxide MnO2, usually hydrated, but always
extremely insoluble, and (2) the discharge of the tetravalent cation
Mn ++++ , i.e. its reduction by the anion or by some other oxidizable substance present. The salts formed with bases, the manganites, are also very
unstable in water, for much the same reasons; the manganite ion MnOJ
is readily reduced, and the weakness of manganous acid as an acid, combined with the great insolubility of the hydrolytic product MnO2, causes
the hydrolysis to go very far.
The general outcome is that the tetravalent manganese compounds are
nearly all insoluble substances, almost the only exceptions being the salts
of the complex ions such as K2[MnCl6], which show an unexpected
itability.
Manganese Dioxide, MnO 2
This is the commonest manganese mineral, and is known as pyrolusite,
braunstein, psilomelane, etc.
The anhydrous compound is best made1067 by decomposing mangtoous
nitrate Mn(N03)2 by heating it for some hours at 250°, and then at 500°
to remove the last traces of oxides of nitrogen. The product is an extremely
hard black mass, which is a fairly good conductor of electricity and is used
to make 'unattackable anodes' for certain large-scale electrolyses.
Manganese dioxide is a grey-black solid, practically insoluble in water.
Uk® lead dioxide it has a ruttte lattice. Its specific conductivity is
0*16 ohm""1 at 0°.
Iti stability to heat depends greatly on its method of preparation. The
1007
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anhydrous oxide made from the nitrate, which is the purest form of
MnO2, does not begin to lose oxygen below about 530°.1067 Other forms do
so at 300°10*4 or even at 200°.1067
Although anhydrous manganese dioxide is very difficult to hydrate (no
doubt on account of its insolubility), the form which is precipitated from
an aqueous solution, as when a permanganate is reduced with SO2, is
always hydrated, and it is impossible to remove the last traces of water
without some loss of oxygen. The water content varies with the method
of preparation. It never seems to reach the composition Mn(OH)4, but a
monohydrate Mn02,HaO pr H2MnO3 appears to be fairly stable, and is got
by dehydrating the washed precipitate at 100°. This compound may be
called manganous acid, and it behaves like a weak acid; it reddens blue
litmus, and dissolves in alkalies to give definite salts, the manganites (see
next section).
Manganese dioxide, in spite of its insolubility, is readily attacked by
reducing agents; it oxidizes hydrogen chloride to chlorine:
MnO2 + 4 HCl = MnCl2 + Cl2 + 2 H2O
and sulphur dioxide to manganous dithionate:
MnO2 + 2 H2SO8 = MnS2O6 + 2 H2O
the manganese being always reduced to the divalent state. The hydrated
oxide behaves in the same way, and more readily. When the dioxide is
'fumed' with concentrated sulphuric acid, a violet colour appears, which
is due1068 to manganous ions formed by the reaction
2MnO2 + 4H + = 2 Mn++ + 2 H2O + O2.
This formation of dithionate (by which Gay-Lussac discovered dithionic
acid in 1819) is unusual; both barium dioxide and lead dioxide with SO2
only give sulphates. Some manganous sulphate is certainly produced in
the reaction,1069 but the suggestion that this adds on SO2 to form MnS2O6
has been disproved experimentally.1070 Probably there are two reactions;
in the first there is direct combination OfMnO2 and SO2 to form manganous
sulphate, as with lead dioxide; in the second the MnO2 is reduced by the
SO2 to the sesquioxide Mn2O3, which then forms its sulphite Mn2[SOg]3,
a salt which has been shown to react (like ferric sulphite) to form manganous sulphite+dithionate:
Mn2[SO8J3 = MnSO3 + MnS2O6.
Putting all this together we should get this equation, which approximately
represents the facts
2 MnOg + 3 SO8 « MnSO4 + MnS3O6.
*"•
J. F, O. Hioks wad E. KrookmalsM, J.A.O.S, 1847» 69,1970.
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A similar process of alternate oxidation and reduction may explain the
catalytic decomposition of hydrogen peroxide by manganese dioxide.1071
When manganese dioxide is heated it loses oxygen, as has already been
said, and gives successively Mn2O3, Mn3O4, and MnO.
Manganites
These are the salts of manganous acid, of which MnO2 is the anhydride.
The acid, which in its simplest form is H2MnO3, is a very weak acid
(owing to the low valency of the manganese), and so its salts are mainly
derived (as always happens with weak polybasic acids) from condensed
forms, such as K2Mn2O5 ( = K2O, 2 MnO2). The number of these forms is
very large; calcium, for example, gives compounds containing to 1 CaO, | ,
1, 2, 3, and 5 MnO2.
The manganites can be made either by the action of aqueous alkali on
MnO2, or by fusing the oxides together. The best defined salts are those
which are got by the latter (dry) method, which are crystalline. Manganites made in the wet way are amorphous, are all insoluble in, and yet
considerably hydrolysed by water, and are further liable to contain
manganese in states of valency lower than 4, so that their identification is
very uncertain.

Tetravalent Manganese Salts of Acids
The simple salts of tetravalent manganese as a base can rarely if ever be
isolated, though some of them probably exist in solution. They tend to
decompose, either by hydrolysis or by reduction. In the form of complex
ions, however, they are far more stable. The simple Mn4+ ion is evidently
less stable than the covalent form, and the complex salts, such as
K2[MnCl6], will be less liable to reduction, since the higher valencies are
always less easily reduced in the covalent state, and also they are less liable
to hydrolysis when the manganese is contained in a negatively charged
complex, as the attack is mainly by hydroxyl ions.
Of the tetrahalides the fluoride MnF4 has never been isolated, though it
occurs in complexes (see below, p. 1274). The tetrachloride MnCl4 must
certainly be assumed to occur in solution, since the dark solution of
manganese dioxide in hydrochloric acid does not evolve chlorine at first.
The evidence (mainly magnetic) for supposing that in this solution the
MnCl4 has gone over into MnCl3H-Cl2, is not strong. The tetrachloride
cannot be separated from its aqueous solution in the solid state, and the
•olutions very soon give off chlorine unless they contain a high concentration of HCl, i.e. unless the manganese is present mainly in the complex
anion. It is stated1072 that if dry hydrogen chloride is passed through a
euipension OfMnO2 in ether at —70°, a green solution OfMnCl4 is obtained,
from which a mixture of CCl4 and CHCl8 precipitates a blaok neutral
•ubetanoe whioh is probably MnCl4, but may contain MbCl8 as well.
"l0Tfl
« D. B. Brou«hton and R. L, Wtufewofth, J,^,0.£. 1647» 69, 741, 744.
J, H, KxwpMm and J1 Kubi*, Coll Cuoh, Ohm* Com, 1915,7,1OS.

1274

Group VII A. Tetravalent Manganese
Complex Salts of Tetravalent Manganese

These include practically all the soluble compounds of tetravalent
manganese that are known. Complex halides are formed with fluorine and
with chlorine, and they are all of the 6-co-ordinated type Mg[MnX6].
The hexafluorides, such as K2MnF6, can be made by treating either a
manganate (with formation of permanganate) or a manganite (by direct
replacement) with concentrated HF.
K2MnF6 forms small golden-yellow hexagonal crystals. It is hydrolysed
slowly by cold and rapidly by hot water, with the precipitation of hydrated
MnO2. The rubidium and probably the ammonium salts have been made,
but not the sodium salt (presumably because it is too soluble: order of
solubilities with strong acids).
The complex chlorides M2[MnCl6] are made by the action of concentrated HCl on a permanganate, chlorine being evolved1073:
2 KMnO4 + 16 HCl » K2MnCl6 + MnCl2 + 8 H2O + 4 Cl2.
They are dark red in colour.
The corresponding bromides and iodides seem to be unknown, presumably because the halogen ion would be oxidized by the Mn,v. A series
of complex iodates M2[Mn(IO3J6], where this danger of reduction by the
anion does not occur, has been prepared.
By the action of KCN on KMnO4 in saturated aqueous solution, red
orystals are formed which are said107* to have the composition K4[Mn(CN)8];
they are decomposed by water (giving HCN and MnO2), by acids, and by
alcohols. If this is the composition, the salt is presumably a crystal
aggregate of K2Mn(CN)6 and 2 KCN, since the covalency of manganese is
limited to 6.
T B I V A L E N T MANGANESE

In the trivalent state the acidic properties of the oxide have entirely
disappeared, and the only form in which the atom can occur with this
valency is as a trivalent cation, or as the central atom of an anionic complex. The stability of this state of manganese is in any form small, and (as
with cobalt) it is much less stable in the cation than in the complexes. The
trivalent Mn +++ ion can scarcely exist in water; in presence of mineral
acids it changes to a mixture of the dioxide and a manganous Mn" salt; in
the absence of acids it is largely hydrolysed to the weak base Mn(OH)3,
which is readily oxidized, even by air. ^
This tendency of the trivalent manganese compounds to change into
either Mniv or Mn11, or a mixture of the two, is so strong that it has been
suggested that they do not really contain trivalent manganese at all, but
a mixture of tetravalent and divalent. This, however, has been disproved
by the undoubted existence of trivalent manganic acetylaoetonate
*•" R. f. Wiiaiftiwi sad P. DtaksUuaksi»» «, morg. Ohm, 10OS1 60,178.
" " A, YAkinwoh, 0,Jt, 1080,190, III.
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Mn(C5H7Og)3, whose molecular weight has been determined (below, p. 1278).
Further, it has been shown1081 that the manganous hydroxide Mn(OH)2
precipitated from a manganous solution by alkali takes up in 3 to 4 days
enough oxygen from the air to convert it completely into MnO2; the
trivalent Mn(OH)3, on the other hand, under the same conditions takes up
none, and so cannot contain the monoxide. In the same way the trivalent
manganese complexes behave very like the trivalent complexes of Cr, Fe,
Co, etc., where there is no doubt about the true trivalency of the element.
The trivalent manganese compounds can be made by the oxidation of
manganous compounds or the reduction of those of higher valency, but
the conditions must be carefully observed if the change is to be arrested at
this stage. The preparation by the oxidation of manganous salts is easiest
when the products are but slightly soluble, as are the oxide and the
phosphate; the oxidation must be carried out in strongly acid solution so
as to protect the Mn'" by conversion into the complex state. When they
are made by the reduction of more highly oxidized compounds, such as
MnO2 or KMnO4, the best yields are obtained by working in concentrated
H2SO4, which stabilizes the trivalent manganese in the form of a (probably
complex) sulphate; otherwise the reduction goes straight through to the
manganous salt.
In solution these compounds are brown or red, according as the complexity varies. Their chemical behaviour is somewhat variable for the
same reason.

Manganese Sesquioxide9 Mn2O3
This occurs in the anhydrous form Mn2O3, and also as a hydrate Mn2O3,
H 2 OorMnO-OH.
Mn2O3 can be made by igniting MnO2 or manganous salts (i.e. from Mnlv
or Mni!), especially the halides, in air at 500-900°; it is best made from
MnO2 by 20 hours' heating at 700°.1075
The hydrated form Mn 2 0 3 ,H 2 0 or MnO OH occurs as the mineral
manganite; there is no evidence that Mn(OH)3 can be isolated, any more
than Mn(OH)4. MnO • OH is left when the moist precipitated sesquioxide
is dried at 100°. It is precipitated in the aerial oxidation of manganous
chloride solutions in presence of excess OfNH4Cl; the NH4Cl must be carefully washed out.1076
The hydrated oxide is the more active chemically. Its colour varies
from grey to brown or black according to the method of preparation. It
is used as a brown dye, the manganese being adsorbed by the fibre from a
manganous chloride solution, and then oxidized in situ by the air.
1076

R. J. Meyer and K. Rotgors, Z. anorg. Ghent, 1908, 57, 104.
*°™ J. Meyer and R. Nerlich, ib. 1921, U6, 117.
i°" H. Moissan, CJR. 1900, 130, 622; H. Moissan and Vonturi, ib. 1158.
« " A, Chretien and G. Varga, Bull Soc. 1930, [v] 3, 2385.
10
™ L. Domange, Bull Soo. OHm. 1989, [v] 6, 1452.
»"• E. Bp&th, Mon, 1911, 13O1 1117,
10,1
J, Mtytr, 2. anorg, Ohm, 1918» Sl 9 385.
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If the sesquioxide is heated in hydrogen above 230°, or in air above 940°,
it is reduced to Mn3O4.
Mn2O3 reacts with SO2 to give manganous sulphate and dithionate 1084 ;
the first reaction is
Mn2[S08]3 = MnSO3 + MnS2O6
and the MnSO3 so formed is then obviously oxidized by Mn'" to the
sulphate.
The constitution of Mn2O3 is considered later with that of Mn8O4.

Mangano-manganic Oxide, Mn3O4
This is also known as trimanganese tetroxide and as 'red manganese
oxide'. It is the most stable oxide of manganese when heated in air; all
the others, the metal itself, and all those salts which contain volatile
anions, leave this oxide when heated in air above 940°. The oxide occurs
in nature as the mineral hausmannite; it is most conveniently made1067 by
heating one of the higher oxides to 1,000° for 6-8 hours. If alkali is added
to a solution containing manganous and manganic salts, or if a manganous
salt in solution is oxidized with the right amount of KMnO4, a hydrated
form of Mn3O4 can be got, but there is no evidence that a definite hydrate
exists.
The suggestion that the two oxides Mn2O3 and Mn3O4 contain no Mn,!i
but only Mniv+Mn!i is examined and rejected by J. Meyer1067'1076 in
favour of the more obvious formulae Mn2O3 and Mn203,MnO; the two
oxides both dissolve in cold concentrated sulphuric, hydrofluoric, or
especially phosphoric acid solutions to give reddish-violet solutions,
obviously containing trivalent manganese.
True salts of trivalent manganese are very few, but are rather more
numerous than those of the tetravalent element.

Trivalent Manganese Halides
Manganic Fluoride, MnF3. This is made by the action of fluorine gas
on manganous iodide.1077 It is a red crystalline substance,'which breaks
up on heating into manganous fluoride MnF2 and elementary fluorine.
With a small quantity of water it forms a red-brown solution which easily
becomes supersaturated. On dilution it is decomposed by hydrolysis. I t
can also be got in solution by dissolving Mn2O3, or a suitable mixture of a
manganous salt and a permanganate, in HF. It separates from solution in
ruby-red crystals of the hydrate MnF 3 ,2 H2O.
Complex fluorides are known (see below).
Manganic Chloride, MnOl8. The simple chloride is much less stable than
the fluoride, and was not isolated until quite recently. It may be contained in the dark coloured solution of MnO2 in HOL The solid MnCl8 is
laid1078 to be present in the black unstable solid got by saturating a
1088
J. Meyar and R. Neriioh, £. tmorg. Ohm. 1921,116,117.
i°IB J. Msy©* and W. Schramm, lb, 1988,138, 50.
" " Id,, lb, 1984,133, 880.
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suspension of MnO2 in ether with gaseous HCl at —70° and precipitating
with CCl4 and ligroin. Chretien and Varga1078 claim to have made it by
treating the acetate Mn(O • CO • CH3)3 with HCl at —100°; it forms a brown
crystalline mass, giving green solutions in ethyl alcohol, acetyl chloride,
and other organic solvents, Cryoscopic measurements in liquid HCl gave
the molecular weight corresponding to MnCl3 (we should rather have
expected Mn2Cl6, like Re2Cl6). It decomposes irreversibly at any temperature above —40° into MnCl2 and chlorine.
Manganic Bromide, MnBr3 and Iodide, MnI 3 are unknown.
There is a normal sulphate Mn2(SO4J3 stable up to 300°1079 and an acid
sulphate (see p. 1278).
The best known of the simple derivatives is the acetate Mn(O • CO • CH3J3,
which is often used as the source of other trivalent manganese compounds.
This can be made by the oxidation of manganous acetate Mn(O • CO • CH8)2
with chlorine or potassium permanganate, or by the action of acetic
anhydride on manganous nitrate Mn(NO3J2,1080 the manganese in the
latter reaction being oxidized by the liberated nitric acid. It forms
cinnamon-brown crystals with two molecules of water of crystallization;
it is hydrolysed by water, but it can be recrystallized from acetic acid,
alcohol, or pyridine, and is even somewhat soluble in chloroform.

Complex Manganic Compounds10*1"*
Trivalent manganese, owing partly to its weakness as a base, has a
strong tendency to form complexes, and in these complexes the trivalent
state of the element is much stabilized. They are of various kinds, largely
chelate, and especially of the 'ato* type.
Complex Mniil Cyanides. Though the simple compound Mn(CN)3 is
unknown, many of these have been prepared, all of the 6-covalent type
M3[Mn(CN)6], a type that is very characteristic of the di- and trivalent
states of the transitional elements; the most familiar are the ferro- and
ferricyanides. The method of formation of the manganicyanides1081 shows
their great stability. If manganous carbonate MnCO8 is dissolved in
potassium cyanide solution, a yellow liquid is formed from which the blue
complex cyanide of divalent manganese K4[Mn(CN)6] crystallizes out. If a
current of air is blown through the mixture of solid and mother liquor it
slowly turns red, and then orange-red, especially if warmed, forming the
manganicyanide K3[Mn(CN)6], which goes into solution, and crystallizes
out on the addition of alcohol. It can also be made directly by the action
of KCN on manganic acetate Mn(O-Ac)3.
Potassium manganicyanide K3Mn(CN)6 forms dark red crystals, isomorphous with the ferricyanide; the Na, Li, and NH 4 salts are known. They
oan be recrystallized from KCN solution, but water gradually hydrolyses
them with separation of hydrated Mn2O8. The dilute solution in KCN
solution is yellow, but the concentrated, like the solid salt, is red; the
"a* J. Meyer and J. Marek, ib. 133, 325,
"to J, Meyer and W. Schramm, lb. 102$, 187, 100,
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formation of a yellow solution in water at great dilutions is common
among these Mn'" complexes; it may possibly be due in some cases to the
formation of colloidal manganic hydroxide.
Nitrogen Complexes. Unlike trivalent chromium and cobalt, trivalent
manganese has no tendency to co-ordinate with nitrogen to form ammines,
nitro-complexes, or in other ways.
Oxygen Complexes. These appear to be all ring-compounds, either
chelate, or ato-compounds.
The acetylacetonate Mn(C5H7O2)31087~8 is made by the action of acetylacetone on manganic acetate, or on an aqueous suspension of Mn2O3. It
forms brilliant black crystals which are greenish when powdered; it melts
at 172° and is readily soluble in benzene, chloroform, ethyl acetate, etc.
Its molecular weight is simple, as determined cryoscopically, and also in
the vapour.1088 This compound gives the most indisputable evidence of
the existence of real trivalent manganese.
The ato complexes formed by Mn"' are numerous, especially with sulphuric, phosphoric, oxalic, and malonic acids.

Complex Sulphates
Among these compounds the alums may be mentioned, although we
know now that they are not true complexes. Caesium manganese alum
CsMn(SOJ2,12H2O forms coral-red crystals, and is decomposed by water
with the precipitation of Mn2O3. The Rb, K, and Na salts have been
made, but they become increasingly unstable, and can only be prepared
at very low temperatures.
These alums, especially the Rb and NH 4 salts, lose water very easily to
give the anhydrous double salts MMn(S04)2, which may possibly be complex. It is more probable that we have true complexes in the acid
H[Mn(S04)2],2 H2O1089 and its salts. These complexes are presumably
present in the violet solution of the alums in concentrated H2SO4, which
on dilution first turns red and then brown, and finally precipitates hydrated
Mn2O3.1090
Gomplex Phosphates
Manganic acetate Mn(OAc)3 dissolves in very concentrated (92 per cent.)
H 3 PO 4 to give a violet complex acid, which can be shown by transport
experiments to have all the manganese in the anion; it is assumed, from
the composition of its salts, to be H3[Mn(PO4J2] H2O.1085 It has, however,
only one hydrogen replaceable by metals, and probably should be written
H[Mn(PO4H)2(OHg)2] H2O, with 2 chelate groups

>0<T

H

»•" O. Urbain and A. Debierne, O.B. 1690, 139, 802.
" " F. Oaoh, MonaUh. 1000, 21, 100.
">" See, however, H. O. Houlton and H. V. Tartar, J.A.0.8.1088,60, 040.
" " 8. V. Gtobatiohev and B. B. SohpltoUkI, J, Om, Ohm. BUM, 1040,10,1061.
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On dilution the complex breaks down, with the production of the rather
insoluble grey-green simple phosphate MnPO4, H2O. The structure
M[Mn(P04H)2(OH2)2] H2O is exactly like those of the diaquomalonato and
diaquo-oxalato salts described below.

Oxalato- and Malonato-complexes
These are in both cases of two types, M3[MnA3] and M[MnA2(OH2)2],
where A is the divalent anion of the dibasic acid. The oxalato-salts are
much less easy to make than the malonato, because the trivalent manganese atom very readily (especially in the light) oxidizes the oxalate ion
to give divalent manganese and CO2. Otherwise the oxalato and malonato
complexes are very similar. In the trivalent state many of the neighbouring transitional elements, such as Cr, Fe, Co, Rh, and Ir, behave in the
same way.

Oxalato-salts1^*1

The trioxalato-salts, such as K3[Mn(C204)3],3 H2O, are made by reducing KMnO4 with oxalic acid to the manganous stage, and then oxidizing
this to the manganic by the addition of more KMnO4, together with
enough K2CO3 to satisfy the equation
5 H2C2O4 + KMnO4 + K2CO3 « K3[Mn(C204)3] + 5 H2O + 5 CO2.
The salt can also be made1086 by treating moist hydrated MnO2 with
potassium hydrogen oxalate at 0°, and precipitating (in red light) with
alcohol.
K3[MnOx3],3 H2O forms small deep red-violet crystals, stable in diffused daylight when dry* It is isomorphous with the ferric compound, and
forms mixed crystals with it.1092 It is very soluble in water; the millimolar solution is yellow-brown, but as the concentration increases the
colour changes to cherry-red and then to reddish-purple; the brown
colour is evidently due to the replacement of oxalate groups in the complex
by water, since the red colour is restored to the dilute solution by excess
of potassium oxalate.
Various other trioxalato-salts have been made, such as those of Na,
NH 4 , Tl', and [Co(NH3)6]+++; they are mostly very soluble and difficult
to purify.
The second series of oxalato-compounds is that of the diaquo-dioxalatosalts M[MnOx2(OH2)2]. The trioxalato-manganic complex loses an oxalate
radical much more easily than the chromic or cobaltic; silver nitrate or
calcium chloride precipitates from the solution the simple silver or calcium
oxalate, the complex breaking up. The diaquo-dioxalato-salts are much
more soluble than the trioxalato-compounds (with the malonic derivatives
the solubilities are in the opposite order). The potassium dioxalato-salt
can be made1086 by treating the dry tetroxalate with MnO2 suspended in
water, or by the action of oxalic acid on KMnO4 in the right proportions1091 ; aloohol will then preoipitate from the dark red solution pale
" " a. H. Cartledge and W, P. lrioki, JJL.OJB. 1930, SS1 8061.
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green crystals of the diaquo-dioxalato-salt. The salt occurs in two
isomeric solid forms, one green and the other golden-yellow, which may be
the cis and trans forms, but which both give the same yellow solution.
The dilute aqueous solution is soon hydrolysed with separation of manganic hydroxide, but this may be prevented by the addition of centinormal nitric acid. That these oxalato-compounds actually contain trivalent manganese is shown by their giving a red solution in concentrated
phosphoric acid.
In a solution of one of these oxalato-salts there is an equilibrium between
the two ions:
[MnOx3]"""" + 2H 2 O = [MnOx2(OH2)2]~ + [O 8 O 4 ] - ;
this has been measured1093 by means of the colour, since the trioxalatocompound is red in solution and the dioxalato yellow, the absorption
maxima being at 5,200 and 4,500 A.U. respectively. The equilibrium is
attained practically at once, and equilibrium constant
jr

A

[MnOx2(OH2)S-HOxH
~ "
[MnOx™]

is 0-0038 at 0° C.
For the mechanism of the oxidation of oxalate ion by trivalent manganese,
and its relation to the formation of these oxalato-complexes, see Duke.1094

Malonato-complexesim'im
These are of the same types as the oxalato-salts, but they are easier to
prepare because the anion is not liable to be oxidized by the trivalent
manganese. They are, however, much less stable than the oxalato-, or
than the chromic and cobaltic malonato-compounds.1095 The yellowbrown hydrated Mn2O3 reacts with malonic acid to give the complex acid
H(H20)[Mn(mal)2(OH2)2]. This is a dark green powder, fairly stable in air
and light, but forming in water a yellow solution from which the acid
cannot be recovered, and which soon precipitates manganic hydroxide.
A solution of an alkaline malonate dissolves manganic hydroxide to give
a ruby-red solution (which is the colour of the trimalonato-salt) from which
the green complex salt M[Mn(mal)2(OH2)2] H2O separates out. These salts
can also be made by reducing a permanganate in presence of a malonate;
the first 2 H2O must be part of the anion, as they are present even when
the salt is made in absolute methyl alcohol solution.1095 The solubilities
of the alkaline salts (which are all green) fall off rapidly from Li to Cs.
Concentrated mineral acids, such as sulphuric or phosphoric, give their
characteristically coloured manganic salts: they break up the complex but
the manganese remains trivalent; but dilute acids at once reduce this to
the manganous state: the manganic ion being converted as it always is by
"•a F. Kehrmann, Ber. 1887, 20, 1595.
"»• O. H. Cartledge and W, P, Ericks, J.A.0.8. 1980, 5S1 2065.
«9* F. B, Dukt, lb. 1947, 6% 2185.
" » Gf, H. Carfclodg* and F. M, Nioholi, J,A,C,S, IUO9 63, 8057.
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an acid into Mn" and MnO2, and the latter (which in acid solution is a
stronger oxidizing agent than trivalent manganese) being reduced by the
liberated malonic acid.
When these green dimalonato-complexes are treated in solution with a
further quantity of alkaline malonate the red solution mentioned above of
the trimalonato-salt M3[Mn(mal)3] is formed. The equilibrium between the
di- and trichelate ions in the solution can be measured by means of the
colour, and it is found1095 that the constant
K — [Prelate ion]'[Malonate ion]
~~

[Trichelate ion]

is 0-057 a t 0° C.

The salts of the di-'ato' series all seem to be green: the manganic, the
ferric malonato,1096 and the iridium oxalato salts.1007 On the other hand,
the colours in the trimalonato series are various: manganic red, ferric
emerald-green, cobaltic dark green, chromic dichroic, but predominantly
blue. (For a discussion of the colours of manganic compounds, see below.)
A similar series of dichelate salicylic derivatives of trivalent manganese
has been described.1098

Colours of Trivalent Manganese Compounds
These are various and peculiar; the facts have been collected by Meyer
and Schramm.1083 The solid salts are nearly all green or red, as are many
of their solutions, but some of the solutions and a few of the solid salts are
yellow-brown. The green salts include MnCl3 both solid and in hydrochloric
acid solution (but not the complex chlorides M2[MnCl6]); the simple sulphate, which no doubt is Mnm[Mnm(S04)3]; the solid phosphate MnPO4
(grey-green), and the diaquo-malonates and diaquo-oxalates in the solid
state, though some have a second form which is yellow.
The red or red-violet complexes include the hydrated fluoride and the
complex fluorides, both solid and in solution: the complex chlorides,
solid and in solution: the alums: the 'acid sulphate' (a sulphato-acid
H[Mn(SO4J2] H2O) and its salts; the mangani-cyanides M3[Mn(CN)6]. The
solutions of trivalent manganese in concentrated phosphoric acid are deep
red-violet, a sensitive test for manganese1082; the meta and pyrophosphates
are said to be violet. Manganic acetylacetonate is dark red; so are the
trioxalato and trimalonato-compounds both solid and in solution.
Yellow or yellow-brown. These include only the second form of the
diaquo-dioxalato-compound and the polynuclear (Mn2 and Mn3) acetates, 1099 whose constitution is still very obscure.
No general relations between colour and constitution have so far been
suggested for these compounds.
1098

R. F . Weinland and F . W. Sierp, Z. anorg. Ohem. 1921, 117, 59.
loo? Dufour, These, Paris 1912.
ioo> G. A. Barbieri, Bw, 1927, 60 f 2421.
ioee B . F . Weinland and O. Fi*oh©r, Z1 cmorg, Ohm, 192I1 120, 161,
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These are remarkable for being confined to the unusual type M2[MnX5],
often with a molecule of water which presumably completes the co-ordination group of 6; the usual type M3[MnX6] does not occur; it is curious
that the corresponding rhenium halides are of yet another type M[ReX4].
The fluorides M2[MnF6] have been made with the alkalies: Na, 0;
NH 4 , 0; K, H 2 O; all these are red or dark red crystals; the silver salt
Ag2[MnF5],4 H2O is almost black (the distribution of water of crystallization among these salts is very odd).
Complex Chlorides, Though manganic chloride MnCl3 can scarcely be
isolated, the complex chlorides are readily prepared by adding alkaline
chloride to a solution of Mn2O3 in HCl at 0°. They can also be made1100
by reducing permanganate with concentrated hydrochloric acid, and adding excess of alkaline chloride. They are all of the type M2[MnCl5]; the
K, Rb, and Cs salts are anhydrous, while the NH 4 salt has 1 H2O. They
are hydrolysed by water.
No complex bromides are known, though a solution of MnBr3 can be got
by dissolving manganic hydroxide in HBr. No complex iodides are known.
D I V A L E N T MANGANESE COMPOUNDS

This ion is peculiar in structure (2.8.13), having the d-levels of its third
quantum group half filled; this seems to give it abnormal stability, as well
as an unusual atomic volume.1101"2 It is the only stable form of the simple
monatomic manganese ion, and accordingly divalent (manganous) salts
are always formed when any more highly oxidized compound of manganese
is heated with concentrated acid.
The salts are stable, but the covalent hydroxide Mn(OH)2 which is
precipitated by alkalies rapidly darkens in air, owing to its oxidation to
the trivalent state. This marked difference in stability, the ion being stable
in the lower and the covalent compound in the higher valency, is commonly
found among the transitional elements.
Solutions of the manganous salts of strong acids do not redden litmus,
showing that the hydrolysis is small (as might be expected with a divalent
base), but it is sufficient to cause even neutral solutions to precipitate the
hydroxide slowly, and the precipitate rapidly darkens owing to its oxidation by the air.
The manganous ion (for its magnetic properties see references 1104~8) has
iioo R. F . Weinland and P . Dinkelacker, Z. anorg. Chem. 1908, 60, 173.
1101
W. Klemm, Angew. Chem. 1937, 40, 524.
1108
W. Biltz, Eaumchemie d.festen Stoffe, Leipzig, 1934, pp. 137 et sqq.
1108
F . C. Tompkins, Trans. Far. Soc. 1942, 38, 131.
1104
S. S. Bhatnagar, B, Prakash, and J. C. Maheshwari, Proc. Ind. Acad. ScL
1939, 10, A. 150.
1106

C. F. Squir©, Phys. Bev. 1989» ii. 86, 922.
"•• H, Biaette, 0. F. Squire, and B. Tiai, O.JB. 1988, 207, 449.
" • ' H. Bleette m& B. Tiaf, lb. 209, 205.
"•» N. Goldtnbtrg, Tran*. Wm. Bm, 1040, 36,147.
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a pink colour, which has been ascribed to the presence either of a higher
oxidation product of manganese, or of a trace of cobalt compound; but
both of these views have been disproved, and there is no doubt that the
colour is that of the manganous ion itself.
Sufficiently strong oxidizing agents will oxidize divalent manganese even
in acid solution; thus most compounds with the peroxide link, such as
the persulphates, precipitate the manganese quantitatively as the hy drated
dioxide; ozone will even convert it into KMnO4. It reacts with permanganates to give MnO2 and hydrogen ion:
3 Mn+* + 2 MnO^ + 2 H2O = 5 MnO2 + 4 H + .
For the kinetics of this reaction see Tompkins.1103
Manganous salts will catalyse a variety of oxidations, such as those of
sulphur dioxide, stannous chloride, tartaric and oxalic acids. They also
hasten the oxidation of linseed oil, and so are known as 'siccatives'; lead
salts have the same effect, but are less active; the most effective agent is
a mixture of manganous and plumbous salts.
Manganous salts are usually soluble in water, especially the chloride,
nitrate, sulphate, acetate, and thiocyanate; the sulphide, phosphate, and
carbonate are insoluble.
As might be expected from its greater basicity, the manganous ion has
only a weak tendency to form complexes, but a certain number of them
are known, of which the cyanides, especially those of the type M4[Mn(CN)6],
are the best marked.
Manganous Cyanide, Mn(CN)2, can be precipitated from a manganotis
solution with potassium cyanide, but it is rapidly oxidized by the air and
has never been got in the pure state; the complex cyanides (see below)
are much more stable.
Manganous Oxide and Hydroxide
Manganous Oxide, MnO,1109 occurs in nature as manganosite. It can be
made by reducing the higher oxides with hydrogen or carbon monoxide,
or by the ignition of manganous carbonate. It is a powder whose colour
varies from grass-green to grey, according to the method of production.
It has a sodium chloride lattice, with an Mn- -O distance of 2*21 A.U. It
is practically insoluble in water. It is readily oxidized, especially when it
is finely divided, being converted by air, even in the cold, into Mn3O4 and
Mn2O3, but it is not reduced by hydrogen at temperatures below 1,200°.
Manganous Hydroxide, Mn(OH)2, is the mineral pyrochroite, It is precipitated by alkalies (but not by ammonia in presence of NH4Cl) from a
manganous salt solution as a white powder which darkens in air. It has the
same crystal structure as Mg(OH)2, the Mn—O distance being 2»30 A. Its
solubility product1110 is 2-2 x 10"13 at 25°, giving a solubility of 6x 10~5
1100

For the heati of formation of the (solid) oxides of manganese see H, Siemonsen,
Z* EMtroohenu 1039, 45, 637,
*»° R. Niiinin, Z, physikal, Ch$m, 194S1 19I 1 54.
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moles per litre. In acid solution it is a strong base, while in alkaline it
behaves as an acid, giving [MnO OH]" ions.1111 It is readily oxidized,
being converted by air into Mn2O3 or MnO2 (for the kinetics see ref. 1112 );
the product formed depends on the state of the oxide as well as the oxidizing agent: thus the colloidal hydroxide, precipitated by alkali from a
manganous solution containing gelatine, is oxidized by air up to Mn2O3,
but by hydrogen peroxide only 80 per cent, as far1118; for the reason see
reference 10?1.
Manganous alkyloxides or alkylates have been prepared1114"15 by the
action of sodium alkylate on manganous chloride in alcohol; they form
violet crystals, which are at once hydrolysed by water.
Manganous Sulphide, MnS.1116"18 Manganous salts when treated in solution with ammonium sulphide give a flesh-coloured precipitate of the sulphide, which has an Mn: S ratio between those of MnS and Mn(SH)2, and
contains up to 50 per cent, of water. On standing, this changes into
greenish-black crystals of the sulphide MnS; the change begins at isolated
spots fairly soon, but may take up to 6 years in the cold to complete itself.
Manganous Selenide, MnSe.1119 This is trimorphic; the a-form has a
cubic NaCl structure, is metastable, and goes to the j8~ (Zn blende type);
the y is hexagonal and has a wurtzite structure.

Salts of Oxy-acids
Manganous Carbonate, MnCO3. This is the mineral manganspat, which
is commercially important for making spiegeleisen. The salt can be
obtained as a white precipitate by adding NaHCO3 to a solution of a manganous salt; a normal carbonate such as Na2CO3 precipitates mainly a
basic salt.
The pure crystalline substance is pink. Its stability is largely due to its
insolubility; the solubility product [Mn]-[CO3] is 8-8XlO"11 at 25°, and
so the saturated solution is only 9-4 x 10"6 normal; hence the solid is only
slightly hydrolysed, even on boiling, but it slowly darkens on long standing
in air, through oxidation. It begins to evolve CO2 (leaving MnO) below
100°, and above 330° some of the CO2 is reduced by the MnO to CO.
Of the organic salts the formate is a pink salt which crystallizes with
2 H2O ;soF about 7/20°.
The acetate Mn(O-CO CH3)2, 4H 2 O is a stable pink salt; soly about
40/20°; the anhydrous salt can be made by heating manganous nitrate
with acetic anhydride.
" " R. K. Fox, D. F. Swinehart, and A. B. Garrett, J.A.C.S. 1941, 63, 1779.
ma A. B. Nichols and J. H. Walton, ib. 1942, 64, 1866.
"is j , Meyer and W. Gulbins, Z. anorg. OUm. 1926, 155, 66.
in* B. Kandelaky, L Setasohwili, and I. Tawberidze, Kolloid Z. 1935, 73, 47.
me J, G. F. Druoe, J.C.S, 1937, 1407.
»1« A. Miokwitz and G. Landesen, Z. anorg. OUm. 1923, 131, 101.
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The oxalate Mn(C2O4) occurs with 3, 2, and O H2O. It is very slightly
soluble in water (like all the really simple oxalates of divalent metals):
soF 0-0312/25°.
Manganous Nitrate, Mn(NOg)2,1120"2 forms hydrates with 6, 4, 2, and
1 H 2 O; the first of these melts at +25-8°, a n ( j the last can be dehydrated
by warming with nitrogen pentoxide. The salt is colourless and a saturated
solution of the hexahydrate at 18° contains 134 g. Mn(NO3J2 to 100 g.
water.
Manganous Sulphate, MnSO4, is one of the most stable of manganous
compounds, and is formed by heating almost any compound of manganese
with H2SO4. It is made technically from MnO2, either by heating it with
concentrated H2SO4 (when oxygen is evolved) or by igniting it with
anhydrous ferrous sulphate. It forms hydrates1123"6 with 7, 5, 4, 2, 1,
and 0 H2O. The first of these can crystallize as a vitriol with ZnSO4,7 H 2 O;
the second is isomorphous with CuSO4,5 H2O. * The solubility of the pentahydrate at 25° is 68-4 g. to 100 g. water.
The stability of the anhydrous salt to heat is very remarkable; at a red
heat, which decomposes ferrous, cobaltous, and nickel sulphates, manganous sulphate is not decomposed at all, and it can be purified from the other
sulphates in this way.
Manganous Perchlorate, Mn(C104)2 6 and 4H 2 O, is very soluble in
water, of which at the ordinary temperature 100 g. will dissolve 292 g. of
the tetrahydrate (soF 136). It is an unstable substance, owing to the
tendency of the anion to oxidize the cation; when heated it begins to
separate manganese dioxide at 150°, and explodes at 195°.

Manganous Halides
Manganous Fluoride, MnF2, is made by the action of hydrogen fluoride
on metallic manganese or on manganous oxide, or by the fusion of manganous chloride with NaF, or in other ways. It forms pink quadratic
prisms, which are only slightly soluble in water (1*06 g. in 100 g. water at
the ordinary temperature), and gives an unstable tetrahydrate. Fluorine
converts it into MnF3.
Manganous Chloride, MnCl2, can be got in the anhydrous state by the
action of hydrochloric acid on heated manganese, or manganous oxide, or
carbonate. It forms pink crystals, isomorphous with CaCl2, melting at
650°, and boiling at a red heat to give a vapour with a normal density.
It is very soluble in water; it forms hydrates with 6, 4, and 2 H2O;
* This would suggest that the 4 H2O molecules attached to the Mn are arranged
in a plane.
mo W , W t E w i n g md c # F t G l i c k > jtA.C.S. 1940, 62, 2174.
nai w . Y?t Ewing and H. E. Rasmussen, ib. 1942, 64» 1443.
iiaa w . W. Iwing, 0. F. Gliok, and H. E. Rasmussen, ib, 1445.
1130
J. H. Krapelka m& B. Bejha, Coll, Czech, Chem. Oomn. 1981, 3» 017.
llM
»•* J. Psrrsu, O.B. 1089p 309, 167.
H., Ib, 811.
1111
B, Rohmor, ib, 815. .
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sol 73*6/20°. The transition point between the tetrahydrate and the
dihydrate in presence of the solution was determined by Richards as a
fixed point in thermometry, and found to be1127 58-098±0-005°; this
result has been confirmed.1128 The chloride is also soluble in alcohols,
with which it forms alcoholates MnCl2, 2 and 3 ROH.1129
The bromide is very similar; it forms the same series of hydrates;
soF 144-5/18°.
The iodide is also similar: it forms hydrates probably with 9, 6, 4, 2,
and 1 H 2 O; it is very hygroscopic; the hydrates on warming to 80° begin
to lose iodine, but they can be dehydrated in a vacuum in the cold.
According to Wedekind the iodide is ferromagnetic.

Complex Manganous Compounds
With its smaller charge and stronger basicity divalent manganese has
much less tendency to form complexes than trivalent.
Among these the cyanides are fairly stable; they are probably all of
the type M4[Mn(CN)6] (corresponding to the ferrocyanides): there is a
series of a composition MMn(CN)3, but they should probably be written
M2Mn^[Mn(CN)6]. The free acid H4[Mn(CN)6] (presumably with water of
crystallization), got by treating the lead salt with H2SO4, forms colourless
orystals, easily soluble in water, and quickly decomposed by it. Numerous
salts (for example, a potassium salt with 3 H2O) are known; they are fairly
soon oxidized by the air (the manganese having lost the protection of its
positive charge) to give the manganicyanide M8[Mn(CN)6] and Mn2O8.
They are easily soluble in water and are soon hydrolysed by it, but in a
freshly made solution they will undergo double decomposition with other
metals; thus they give violet precipitates with zinc or cadmium, and blue
ones with aluminium; but these precipitated salts soon decompose.
The complex thiocyanates are very similar.
Ammines; The affinity of Mnil for nitrogen is not so small as that of
MnHi. The manganous halides can take up as much as 6 NH 3 , though the
structure of the products is uncertain. The pyridine compound MnCl2Py2
was found1130 by X-ray methods to be a 4-covalent compound, with the
four groups in a plane with the central atom, and at the corners of a square
(as we should expect). It is isomorphous with the cobaltous compound.
Oxygen Complexes
These are nearly all chelate, including a series of derivatives of /Jdiketones and similar substances, of the type MnA2. As we have seen,1088
when manganous oxide or carbonate is treated with acetylacetone the
derivative of trivalent manganese Mi^A3 is produced, the manganese being
obviously oxidized by the air. If the reaotion is carried out in an atmoui7
T, W. BiohardB m& F. Wred©, Z. phyaikal. OUm. 1907, 61, 313.
1111
H. Benrath, £, cmorg. Ohm,. 1934, 230, 145.
1111
0 , 1 , ZvjagtntZGv and A. Z. Tiohohonkali, J, Qm. OUm. MUM* 1941,11, 791.
mo B, Q1 Cox, A. J.fchorttr,W. Wardlnw, and W, J. R» Way, J.Q.S. 1937,1056.
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sphere of nitrogen,1131 manganous acetylacetonate Mn(C5H702)2 is formed.
This is a yellow powder, giving a dihydrate and a diammine. Similar
compounds were obtained from benzoylacetone, acetoacetic ester, acetone-dicarboxylic ester, and salicylaldehyde. They are all yellow or pale
pink solids insoluble in water, soluble (even the hydrates) in organic
solvents, including benzene; but their properties were not further examined.
Complex oxalates seem to be formed, since the solubility of manganous
oxalate (0-0022 of a mole at 25°) rises (to 0-0345 mole) if the solvent contains 0-281-normal ammonium oxalate. Various solid double oxalates are
known, such as K2[MnOx2], 2H2O and (NH4J8[MnOxJ, 2H2O.
A series of double nitrates is known, though there is no evidence of
their complexity. They are mainly of two types:
1. Mn3[Mm(N03)6]2, 24H 2 O: where Mm can be Bi or various rare earth
metals, and Mn" can be replaced by Mg, Zn, Co", or Ni; these salts
crystallize well, and are of great use in separating the rare earths.
2. Mn''[Miv(N03)6], 8H2O. Here Miv can be either quadrivalent cerium
or thorium.
A series of double sulphates is known, especially with the alkalies. They
are all of the type M2[Mn(S04)2], ^H2O, where x has the following values:
0: Na, K, Rb, Tl'; 2: Na, K, Rb; 4: Na, K; 6: NH4, Rb, Cs. The distribution of the water of crystallization is curious.
There is no sign that these are true complexes, and the Raman spectrum
of a mixed solution of ammonium and manganous sulphates, has no lines
that are not in the separate solutions, so that no complex appears to be
formed.1132
_r .

Complex Hahdes
These are of three types, M[MnX3], M2[MnX4], and M4[MnX6]; the
5-covalent type which is the only one among the complex halides of
trivalent manganese does not occur with the divalent compounds at all.
The fluorides seem to be less readily formed than is usual: the only
known fluorides belong to the type M[MnF3].
Chlorides are known of all three types1133"4; they are, however, not very
stable, and are broken up by water.
The bromide complexes are much less stable, as they are with divalent
cobalt; Ephraim could not isolate any alkaline salts, and only one other,
a calcium salt Ca[MnBrJ2, 4H 2 O.
The iodides form no complexes at all.
Univalent Manganese
The oxide Mn2O probably does not exist,1135 but the behaviour of the
metal1136 On electrolysis and especially that of manganous solutions on
1131
B. Emmerfc, H. Gsottschneider, and H. Stanger, Ber. 1936, 69, 1319.
1132
H. G. Houlton and H. V. Tartar, J.A.C.8. 1938, 60, 549.
1188
H. Benrath, Z. anorg. Ohem. 1934» 220, 146.
118
* F. S. Taylor, J.O.&. 1934, 699.
"•» F. Glai©r, £. anorg* OUm, 1908, 36, 1.
"a* H. Kuownor, Z, Ehktroohsrn, 1910, 16, 7fiS.
IUM
11
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reduction give clear evidence that a univalent manganese exists, though
the only compound so far isolated is a complex cyanide. Manchot and
Gall1137 showed that a solution of the manganocyanide Na4 or K4[Mn(CN)6]
can be reduced in alkaline solution in an atmosphere of hydrogen by
aluminium powder. The two salts Na6[Mn(ON)6] (very soluble) and
K5[Mn(CN)6] (less soluble) are both colourless; their solutions reduce lead
and cadmium salts to the metal, and on boiling evolve hydrogen, being
reconverted to the manganous state. Electrolytic reduction of manganocyanides seems to produce the same result, although the salt K2[Mn(CN)8]
which was said1138 to be formed does not seem to exist.1137*1139

Nitrosyl Complex of Manganese
If manganous acetate solutioit is treated with potassium* cyanide in
an atmosphere of nitric oxide1140"1 the salt K3[Mn(CN)6NO] separates in
blue-violet crystals giving a permanganate-coloured solution which soon
decomposes, especially in presence of acid or alkali.
In this anion as also in that of M6[Mn(CN)6], the E.A.N, of the manganese is 2 5 + 3 + 5 + 3 = 36 (as we should expect), and having 24 unshared
electrons it must be called univalent.
1137

W. Manchot and H. Gall, Ber. 1928, 6 1 , 1135,
G. Grube and W. Brause, ib. 1927, 60, 2273.
1139
W. D. Treadwell, O. Gxibeli, and D. Huber, HeIv. GHm. Acta, 1941, 24, 162.
ii4o Wt Manchot and H. Schmid, Ber. 1926, 59, 2360.
1141
A. A. Blanchard and F . F . Magnusson, J.A.O.B. 1941, 63, 2236.
1188

NO. 43. T E C H N E T I U M
THE claim of the Noddacks1142~3 to have found this element, which they
called masurium, in 1925, in a mineral (niobite) must be given up, as
nothing has been heard of it since, and with it the name masurium. No. 43
was the first otherwise unknown element to be produced artificially, and
hence it has been given the name technetium (the artificial one). This was
achieved by Segr6 et al. in 19371144~6; they separated it from a molybdenum
plate that had been bombarded for some months with a strong beam of
deuterons in the Berkeley cyclotron.* It was shown that the long-period
activity which this contained was not due to Mo 42, Zr 40, Nb 41, or Ru 44,
and so must be due to No. 43. Further work1149"58 has shown (see especially
Segre1157) that among products of the bombardment of molybdenum are at
least 5 (possibly 61158) active isotopes of 43. The total quantities obtained
are of the order of 10""10 g., but we can identify the product through the
lucky chance (rare elsewhere) that one isotope goes over to another
with the emission of a y-ray which expels one of the K electrons, whose
return to its place gives the K a line of 43. For its electrolytic deposition
and discharge potentials see Flagg and Bleidner.1150
The solid metal has a close-packed hexagonal structure, and is isomorphous with rhodium ruthenium and osmium. Each atom has 6 neighbours
at 2-735 A and 6 at 2-704 (average 2-72).1159 Its chemical properties were
examined1161'1157 by adding manganese and rhenium to the active material,
and determining how far the activity remained with one or other of these
when they were separated. The general conclusion is that technetium
resembles rhenium far more closely than it does manganese, which is what
would have been expected on the analogy of the earlier groups. Thus if a
little manganese and rhenium salts are added to the active solution, and
then hydrogen sulphide is passed through, the activity is precipitated
* This isotope can also be made by bombarding 98Mo with neutrons; its mass
number is 99, and its half-life 9 4 x 106 years. 1147 Its mass is 98-913.1148
1142

W. Noddack, L Tacke, and O. Berg, Sitzber. Preuss. Akad. 1925, 400.
I. Tacke, Z. angew. Chem. 1925, 38, 1157.
1144
C. Perrier and E. Segre, Nature, 1937, 140, 193.
1146
Id., J. Chem. Phys. 1937, 5, 712.
U4
« B. N. Cacciapuoti and E. Segre, Phys. Rev. 1937, ii. 52, 1252.
1147
E. E. Motta, Q. E. Boyd, and Q. V. Larson, ib. 1947, ii. 72, 1270.
1148
M. G. Inghram, D. C. Hess, and R. J . Hayden, ib. 1269.
iH9 w , Maurer and W. Ramm, Z. Phys. 1942, 119, 334.
H60 j . F # F l a g g a n d W # E # Bleidner, J. Chem. Phys. 1945, 13, 269.
a n c . Perrier and E. Segre, Atti R. 1938, [vi] 27, 579.
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E. Segre and G. T. Seaborg, Phys. Rev. 1938, ii. 54, 772.
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B. N. Cacciapuoti, ib. 1939, ii. 55, 110.
ii54 c. Perrier and E. Segre, J . Chem. Phys. 1939, 7, 155.
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G. T. Seaborg and E. Segre, Phys. Rev. 1939, ii. 55, 808.
ii68 \ y . Gentner and E. Segre, ib. 814.
» " E. Segre, Natwe, 1939, 143, 460.
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" B . Sagane, S. Kojima, G. Myiamoto, and M. Ikawa, Ptya, Rev, 1940, ii. 57,
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with the sulphides of manganese and rhenium. From the precipitate dilute
hydrochloric acid removes the manganese and leaves the rhenium, which
is found to have all the activity. Again, when the molybdenum was converted into the pentoxide, and the whole heated in oxygen, it was found
that at 400-500° the rhenium distilled off as the heptoxide (the manganese of course remaining behind) and the activity came off and was
condensed with it.
Only one method for separating the active material from rhenium was
discovered. If molybdenum pentoxide containing rhenium is dissolved in
80 per cent, sulphuric acid, and moist hydrogen chloride gas is passed
through the solution at 200°, the rhenium distils over as a volatile chloride.
With active molybdenum the distillate had only a trace of the activity,
nearly all of which remained with the manganese in the non-volatile
residue. This reaction should make it possible to concentrate natural
inactive technetium, if it really occurs in minerals.

75. R H E N I U M *
AFTEE Hevesy and Coster in 1922 had discovered hafnium, and had shown
that its X-ray lines can be detected in almost every zirconium mineral,
a search was made by means of the X-ray spectra for the missing elements
43 and 75 in a variety of manganese ores,1160"1 but in vain. Then W. Noddack and I. Tacke (Frau Noddack) examined a series of minerals of the
neighbouring elements such as niobium, molybdenum, tantalum, and the
platinum metals. Finally, in 19251142~3 they obtained from gadolinite,
mainly a basic silicate of beryllium, iron, and the rare earth metals, a
fraction in which the element was enriched 100,000 times, which gave five
of the X-ray lines of No. 75, to which they gave the name of rhenium.
The properties of the new element 75 make it likely to occur in sulphide
ores, and in fact such sulphides as molybdenite (MoS2) may contain as
much as 1, and in two cases as much as 10 and 21 parts of rhenium per
million.1162
Rhenium has never been found in a higher concentration than 50 parts
per million; its average concentration in the earth's crust is given by the
Noddacks1163 as 1X 10~9 (1 mg./ton), with which Goldschmidt1164 closely
agrees. The only practical sources are a few minerals containing from
10""5 to 10"7 (10 to 0-1 parts per million) of the element, especially certain
gadolinites and alvites (ca. 10""6), some iron and copper ores (10~7), and
some molybdenites (ca. 4xl0~ 6 ). The processes of separation are very
tedious, and are usually completed by subliming off the rhenium as
Re2O7 in a stream of oxygen.
y
Rhenium is made (or was in 1933)1165 only by one chemical firm, at
Leopoldshall, in Saxony, from a kupferschiefer containing from 0-1 to
001 per cent, of molybdenum, and about a thousandth as much rhenium.
Jn the metallurgy of this mineral for copper, by-products are obtained
which are worked up for cobalt, nickel, and molybdenum. These contain
on the average 5 X 10~5 (one part in 20,000) of rhenium. This is still further
concentrated and then slowly oxidized, whereby the rhenium is converted into perrhenate. In 1933 some 120 kg. of potassium perrhenate
were produced.
* The work which has been done on the element and its compounds from its disCK)very in 1925 up to 1933 has been summarized and discussed by the discoverers
i, and W. Noddack in Das Rhenium,, Voss, Leipzig, 1933; this book is largely quoted
bolow as NN.
»»«° C. H. Bosanquet and T. C. Keeley, Phil. Mag, 1924, 48, 145.
1,01
V. M. Goldschmidt, Vid. Skrifier I9 1924, Heft 4, p. 21.
u<ia
See NN., p . 10, where the rhenium content of a series of minerals is given.
i m
NN., p. 20.
nu
V. M. Goldschmidt, Geochem. Vert.-ges. ix (Oslo, 1938), p. 64.
i m
NN., p . 24.
11 w
For the magnetic properties of rhenium compounds see W. Schiith and W.
Klemm, Z. anorg, Ohem. 1934, 220, 193. The results are very complicated, and
dURouit to explain oven qualitatively.
11,7
For the paraohor of rhenium in ita compound* §©o H. V. A. Briiooe, P. L,
Robinson, And A. J . Rudgo, J Xl JS. 1932, 2673.
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The general properties of rhenium resemble those of manganese in many
ways, but all show very significant differences from them. The known
valencies are 1, 2, 3, 4, 5, 6, and 7 (the valency of 5 is unknown with
manganese). As is usual in passing from a lighter to a heavier element in
the same transitional subgroup, the most characteristic differences are
(1) that the higher valencies are more stable as compared with the lower,
and (2) that the tendency to ionization in the lower valencies is much
smaller.
Thus it is found that the highest state of oxidation, the heptavalent, is
the most stable that the element can assume. While Mn2O7 begins to lose
oxygen at 0°, and KMnO4 at 200°, Re2O7 can be distilled unchanged at
350°, and KReO4 at 1,370°. In this valency also rhenium, unlike manganese, is colourless or practically so. A further difference is that in
presence of excess of alkali, rhenium forms 'meso-perrhenates' of the type
of M3ReO5, to which manganese has no analogues; the same difference is
shown by telluric and periodic as compared with selenic (or sulphuric) and
perchloric acids.
Hexavalent rhenium is practically confined, apart from an oxide ReO 3
and a volatile ReF 6 (there is no MnO8 or MnF6), to the rhenates M2ReO4.
These are similar to the manganates in behaviour, and even in their green
colour, but are less stable; they cannot be made from the perrhenates as
the manganates can from the permanganates by fusion with excess of
alkali.
Pentavalent Rhenium, There is no pentavalent manganese. Even with
rhenium this state of valency is unstable, being confined to the pentachloride (there is no pentafluoride) and the hyporhenates, the salts of the
weak acid HReO3. The instability of pentavalent rhenium is mainly due
to its strong tendency to disproportionate to Re iv +Re vii .
Tetravalent Rhenium. As with manganese this is a very stable state,
more stable indeed than Mniv because of the smaller stability of the still
lower valencies of rhenium, which makes disproportionation less easy for
Relv than for Mniv, On the other hand, Re iv is very easily oxidized. The
behaviour of ReO2 on heating shows forcibly the smaller stability of* the
lower valencies of rhenium as compared with manganese. If manganese
dioxide is heated it loses oxygen continuously until it is converted finally
into MnO; rhenium dioxide, on the other hand, is oxidized by air (which
MnO2 is not) forming Re2O7, and if it is heated in a vacuum to a high
temperature it is converted into a mixture of the heptoxide and metallic
rhenium. The corresponding tetravalent rhenous acid H 2 ReO 3 like manganous acid H2MnO8 is a weak acid, and its salts are very readily hydrolysed, and also readily oxidized. The complex halides of Reiv, of the type
M8ReX8, are unexpectedly stable; the corresponding Mniv complexes can
be made, but they are relatively unstable.
TrivaUnt Rhmium, These compounds art In some ways more stable
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than the trivalent manganese compounds, probably for two reasons:
(1) because they do not form the unstable simple cation so readily as the
Mnm compounds do, and (2) because the alternative divalent state is much
less stable than with manganese, so that the Re m compounds have less
tendency to disproportionate. The trivalent rhenium compounds include
the trichloride, which is covalent and polymerized to Re2Ol6, like Al2Cl6,
and Fe2Cl6, while MnCl3 is presumably a salt and, probably for that reason,
is much less stable. The complex Re m chlorides are remarkable for being
all of the type MReCl4, while the complex halides of Mn111 are all of the
unusual 5-covalent type M2MnCl5.
Divalent rhenium certainly occurs in solution, but it is very unstable,
being oxidized even by water, and no compounds have yet been isolated,
whereas divalent manganese gives rise to a whole series of reasonably
stable derivatives.

Metallic Rhenium
Rhenium compounds are easily reduced to the metal,1168 which can be
obtained by the ignition of any of them in hydrogen. The metal is usually
made either from the perrhenate KReO 4 or from the dioxide ReO 2 ; it can
be purified1169 by oxidizing it to perrhenic acid and reducing this again in
hydrogen at 1,000-1,100°. Owing to its infusibility the metal is usually
obtained as a powder, but it can be got in a coherent form by heating a
very thin platinum or tungsten wire in the vapour of the tetrachloride.1170
The melting-point of pure rhenium is 3,137° C.1170 Its specific resistance
is rather high as compared with those of its neighbours.1170"1 The value
in ohms/cm. at 20° is 20xl0~ 6 , the others being Mn 4-4, W 5-9, and
Os 9-5 x 10~6 respectively.
The atomic weight was found from the ratio AgReO4: AgBr to be
186-31.1172 It has two isotopes of 185 and 187, which are present in the
ratio 1:1-62; it is very rare for the> heavier isotope of an element of odd
atomic number to be the more abundant.
Chemically1173 rhenium behaves as a half-noble metal, but its behaviour
depends very much on its state of division. The massive metal remains
unchanged in the air, while a fine powder may even be pyrophoric. If it
is heated in oxygen the heptoxide Re2O7 distils off; dry chlorine acts on it
below 100° to give volatile chlorides; bromine does so less readily, and
iodine not at all. Sulphur converts it into the disulphide ReS 2 ; nitrogen
has no action at any temperature examined (up to 2,000°). Air-free water,
either alone, or when it contains HF, HCl, HRr, H2SO4, KOH, or ammonia,
has practically no action on the metal, which is open to attack chiefly by
oxygen (especially in the presence of concentrated acids) and oxidizing
agents such as H2O2, HNO3, chlorine water, etc.
U69
tun
isnsr., p. 26.
H. Haraldsen, Z. anorg. Ghem. 1935, 221, 397.
1170
0. Agte, H. Alterthum, K. Becker, G. Heyne, and K. Moers, ib. 1931,196,129.
ini
Meissner and B. Voigt, Arm. Phy9. 1930, 7, 915.
nn W i
Q. Honipohmid and B. Saohtleben, £. morg. Ohm, 1980,191, 809.
» " NN., p. 33.
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The finely divided metal, especially as it is obtained by adsorbing
KReO4 solution on clay, drying, and reducing with hydrogen, is an active
catalyst for splitting alcohols into hydrogen and the aldehyde1174-5; it is
less effective for reducing unsaturated hydrocarbons like cyclohexene, and
is useless for oxidation reactions, as the rhenium volatilizes away as the
heptoxide. If K2ReCl6 is reduced in presence of gum, a stable colloidal
solution of rhenium is obtained, which catalyses the reduction of maleic
and cinnamic acids, and the synthesis of ammonia.1176
Rhenium and Carbon1111
If methane is heated in contact with rhenium it begins to decompose at
800°, and the separated carbon dissolves in the metal up to 0-9 per cent.,
but no carbide is formed up to 2,000°. The metallic powder is, however,
said to form a carbide when heated in carbon monoxide above 500°; the
product contains up to 4*9 per cent, of carbon (about Re4C3).
Rhenium and Phosphorus11™
Red phosphorus has no action on rhenium up to 750°, even if it is heated
with it for days at 40-50 atm. pressure. Above this temperature the
elements combine, and the concordant results of measurements of the
vapour pressure of the phosphorus, and of X-ray powder diagrams, indicate the formation of definite compounds of the compositions ReP 3 ,
ReP2, ReP, and Re 2 P.
Rhenium and Arsenic11™
These elements seem to form only one compound, Re3As7, which loses
all its arsenic in a vacuum at 1,000°.
HEPTAVALENT EHENIUM

This, which is the group valency, is a particularly stable state for
rhenium, even more than for manganese. The tendency of the intermediate
valencies to 'disproportionate' with the production of the highest states
is even more marked with rhenium than with manganese, and the higher
state assumed in this process with rhenium is almost invariably the heptavalent and the lower sometimes the metal.
Heptavalent rhenium occurs in combination with oxygen and sulphur,
but scarcely ever with halogens; no heptahalides of rhenium are known,
and only a few oxyhalides of this valency such as ReO3Cl. The heptavalent rhenium compounds are thus practically limited to perrhenic acid
1174
M. S. Platonov, S. B. Anissimov, and V. M. Krascheninnikova, Ber. 1935, 68,
761; 1936, 69, 1050.
1176
M. S. Platonov, J. Ghem. Buss, 1941, 11, 683. ReS2 can also be used for the
§&me purpose.
" w C. Zenghelis and 0. Stathb, CS. 1939, 209, 797.
1177
W. Trzebiatowski, E. anorg, Ohtm. 1987, 233, 376.
nil H. HaraldsOTi, ib. 1985, 231, 897,
ins jr. Woichirmnn and M. Hiimburg, ib, 1989, 240, 129.
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HReO 4 and its derivatives, including the anhydride Re 2 O 7 , and certain
sulphur and selenium derivatives.

Rhenium Heptoxide, Re 2 O 7
This substance is always produced when rhenium compounds are
ignited in oxygen; it can be made by heating metallic rhenium in oxygen
at any temperature above 150^, or by evaporating an aqueous solution of
perrhenic acid HReO 4 to dryness.
I t occurs in two forms, one yellow and the other white. The white form
is still very imperfectly understood. I t is formed by the direct oxidation
of rhenium or of its dioxide, apparently 1 1 8 0 when the cold gas comes in
contact with the hot metal or oxide; it must be isomeric with the yellow
Re 2 O 7 , since at 150° 1181 it changes into the yellow form without any loss
of oxygen. This behaviour recalls the dimorphism of phosphorus pentoxide (V. 738).
The ordinary form of rhenium heptoxide is yellow; it darkens on heating,
while at —80° it is colourless, There is a striking contrast between the
brilliant colours of the heptavalent manganese compounds—the dark
green Mn 2 O 7 and the purple permanganates—and the nearly colourless
derivatives of heptavalent rhenium. This appears to be due to the absorption bands having been shifted out of the visible into the ultra-violet,
where the heptoxide and the acid have been shown to have a strong
absorption.
Rhenium heptoxide is a solid melting at 304°, and boiling at 350°. The
vapour is colourless, stable, and monomeric at least up to 520°. I t is easily
soluble in water, in which it is reversibly hydrated, alcohol (which it does
not oxidize) and acetone, and slightly in ether and CCl4.
Carbon monoxide and sulphur dioxide reduce Re 2 O 7 slowly in the cold
and rapidly on heating to the coloured lower oxides; hydrogen reduces it
at 300° to the blue-black ReO 2 , and at 500° to the metal. H 2 S reacts with
it slowly in the cold and quickly at 80°, forming a layer of the heptasulphide Re 2 S 7 which covers the crystals and prevents further action.
Perrhenic Acid, H R e O 4
Re 2 O 7 is the anhydride of perrhenic acid HReO 4 , which corresponds to
permanganic HMnO 4 , but differs from it, as periodic does from perchloric,
and somewhat as telluric does from selenic and sulphuric, in occurring not
only in the monobasic ' m e t a ' form HReO 4 , but also in a polybasic hydrated
form H 3 ReO 6 , known as meso-perrhenic acid; neither acid can be isolated,
but both, especially the first, give rise to numerous salts.
Perrhenates are formed with great ease by the action of oxidizing agents
such as hydrogen peroxide on metallic rhenium or its lower oxides and their
derivatives. The acid gives in water a oolourless solution, which on
» " NN., p. 48.
1111

H, Hiigtn j&nd A. Sisvtirfci, JB, atiorg, Ohm* 1932, 308, 307.
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evaporation loses water continuously until the heptoxide Re2O7 is left. If
this is mixed with just enough water to give Re a 0 7 ,H 2 0 a yellow mass is
formed which melts at 150°, but gives no evidence of being a chemical
individual.
Perrhenic acid and its salts can be reduced in a variety of ways.1182~5 In
concentrated solution potassium iodide or hydrazine reduces them to
ReO2, with the intermediate formation of the pentavalent hyporhenate
MReO3. The reduction in acid solution (it is much hastened by the
presence of excess of acid)1182 usually proceeds directly to the pentavalent
stage; this occurs in HCl solution with electrolytic reduction,1185 with
HI, 1186 and with stannous chloride.1188 In H2SO4 solution, on reduction
with Fe" Sn" or Ti'", Re^ is formed as an intermediate product, as can
be shown both electrometrically and by the colour,1184 the hexavalent
rhenium solution being violet and the pentavalent blue; if the reaction is
to be stopped at the hexavalent stage a large excess of H2SO4 must be
used, and the temperature kept low. With hydriodic acid the reduction
goes first to the pentavalent stage, and then further to the tetravalent.1185

Perrhenates
A large number of perrhenates are known, of monovalent, divalent, and
trivalent bases, some with water of crystallization and some without. They
are colourless when the cation is not coloured, the absorption of the anion
beginning at 3,800 A.U. The properties, and especially the solubilities,
of the solid salts are of interest, particularly in relation to those of the
salts of certain other strong monobasic acids with small, roughly spherical,
and only slightly deformable anions, such as MnO4, ClO4, 1O4, RF 4 , and
SO 8 F'. As we have already seen, a resemblance of this kind often leads to
a close similarity in crystal structure and in solubility. It does not necessarily involve any similarity in stability, and in this respect there is a
remarkable difference between the perrhenates and the other salts,
especially in their resistance to heat. The perrhenates are remarkably
stable. KMnO4 begins to lose oxygen at 200°, KClO4 at 400°, KIO 4 at a
red heat (say 600°), and KRF 4 begins to dissociate at about 500°; none of
these salts can be distilled without decomposition, even in a vacuum,
whereas KReO4 melts at 518°,1186 and distils unchanged under 1 atm.
pressure at 1,370°.1187
But in the crystalline forms and the solubilities the resemblances are
very close. The structure of the ReO4 ion is as we should expect like that
of MnO4 or ClO4, with the four oxygens arranged round the rhenium at the
points of a tetrahedron.1188^9 The crystalline forms are indeed different,
iut w. F. Jakdb and B. Jezowska, Z. anorg. Chem. 1933, 214, 337.
"*» H. H0le;raann, ib. 1934, 217,118S
105.
«•* Id., ib. 220, 33.
B. Jezowska, Bocz. Chem. 1934, 14, 1061.
*"•
H.
Hdlemaom
and
W.
Kleese,
E,
cmorg. Ohem. 1938, 237, 172.
1187
D. Vorl&nder and G. Daliohau, Ber. 1933, 66, 1534.
1111
KBeO11 E. Brooh, Z, physical €h$m. 1929, B 6, 22.
»•• [Od(MHIy-(BtOi)1I K. 8. Pitser, 2 . JtHiI. 1935, 92, 181.
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the alkaline permanganates and the boroflnorides being rhombic, while
the perrhenates and periodates are tetragonal, but this is a direct result of
the difference in ionic size, as V. M. Goldschmidt has shown.
The solubilities of the perrhenates vary1190""1 in the same way as those
of the other salts mentioned above; we find the same low solubility of the
salts of univalent cations (K, Rb3 Cs, Tl', Ag') other than Na and Li, and
of those of many complicated organic bases such as strychnine and nitron
(many more of which are known than of the permanganates, because
ReO^ is a much less powerful oxidizing agent than MnO^); the much
greater solubility of the salts of sodium* and of the simple divalent
cations such as Oa, Sr, Cu", Mg, Zn, Cd, Co", M ; the great diminution of
solubility with the tetra- and hexammines of cobalt1191; the absence of
hydration in the salts of univalent metals and its presence in those of
polyvalent. All these peculiarities are shared by the perrhenates with the
perchlorates, periodates, borofluorides, and so far as is known the fluorosulphonates as well.
The table below gives the solubilities in water in moles per litre at
temperatures near the ordinary for a series of these salts.1190"2 The temperature is always 20° unless otherwise stated.
Solubilities in Water in moles per litre
1

Na
K
.
Rb
Cs
NH 4
Co(NH 8 )/- .
Cr(NH8)/" .
Cr(NHaC0NHa)n"' .
Ni(NH8), in 10-w.
aq. NH8
.
Cu(Py)4- .
Ag'
Tl'
. . .
Ba"
.
.

ca. 3-5
0'034
0-031
0-020
0-227
0-00051
0-00073
0-0154
0-0505/26°
0-0063
0-0089
0-0035
0-235

MnO4'
Deliqu.
0-404
0-052
0-009
0-580/15°
0-0036/17°
0-084

ClOi
17-28/25°
0-121
0055
0-070
2-136/25°
0-013/9°
0-0199/17°
0-006
0-0134/26°
0-016/12-60

1

^Q;

f

BFi

SO8F'

,.
0-480
0-0022
0-023/13° 0-027
0-066/15° 0-047
0-129/15°
0-016/9°
0-0412/17° 0063
0006
0-063
0-0154/26°
0-063/12° 0-047/12°

..
••
««

Meso-perrhenates
These salts, which are derived from the acid H3ReO5, can be made both
by alkaline fusion and in the wet way.1198
If metallic rhenium or ReO2 is fused with an alkaline hydroxide with
access of air, or in presence of an oxidizing agent such as a peroxide,
nitrate, or chlorate, the fused mass turns yellow, or, if it contains much
* The ratio of the solubility of the Na to that of the K salt at 20° (see NN., p. 47)
is MReO4 101: MClO4 143: (MMnO4 large): MIO4 22.
1
^o
l 1

E. Wilke-Ddrfurt and T. Gunzsert, Z. anorg. Chem. 1933, 215, 369.
" E. Neusser, ib. 1937, 230, 253.
»•• W, T, Smith and S, H. Long, J.A.O.S. 1948, 70, 854.
nit B. Sohwnow, Z, anorg, Ohm* 1933, 215, 185,
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rhenium, red, from the formation of a meso-perrhenate M3ReO6. Salts of
this acid can also be made by adding excess of base to solution of a normal
perrhenate. Thus the barium salt Ba3(Re05)2 separates as a bright yellow
precipitate when barium hydroxide (or an alkaline hydroxide) is added to a
solution of barium perrhenate Ba(Re04)2. It was shown1193 that whether
the ratio OfBa(OH)2 to Ba(ReO4J2 taken was 10:1, or 20:1, or 100:1, that
of Ba to Re in the product was always the same, and approximately 3:2.
These salts are yellow when cold and red when hot; they give a colourless solution in water because they are at once hydrolysed to the normal or
meta perrhenate MReO4; in the same way prolonged washing with water
converts a meso into a normal perrhenate.
The barium salt is decomposed by CO2, with precipitation of BaCO3 and
formation of Ba(Re04)2, showing the extreme weakness of the second and
third dissociation constants of the meso-acid; this is in sharp contrast to
the corresponding meso-periodate, where the acid is so much stronger as
regards the last two replaceable hydrogen atoms that the barium salt is
not converted into the normal periodate by anything weaker than nitric
acid.1194 The strontium salt is similar.
Thioperrhenates
One of the characteristics of heptavalent rhenium is its power of forming
compounds in which the oxygen is replaced by sulphur, such as the heptasulphide Re2S7 and the thioperrhenates. Feit1195 showed that if H2S is
passed into a neutral solution of a perrhenate, the colourless solution turns
greenish-yellow owing to the production of a thioperrhenate, according to
the equation
MReO4 + H2S = MReO3S + H2O.
The salt produced is mixed with dark-coloured poly-thio-compounds, but
it can be separated from them by fractional precipitation with thallous
nitrate of the thallous salt Tl(ReO3S), which can then be recrystallized
from water and alcohol.
In solution these salts are to some extent hydrolysed into H2S and the
perrhenate; silver nitrate precipitates Ag2S: plumbous cupric and mercuric salts give characteristically coloured precipitates, which are mixtures
of the thioperrhenate and the sulphide.
The salts are oxidized by nitric acid, bromine water, or H2O2 to perrhenate and H2SO4, or if the solution is concentrated to perrhenate and
free sulphur. The acidified solution slowly precipitates rhenium heptaiulphide:
7 HReO3S = Re2S7 + 5 HReO4 + H2O.
The free acid HReO8S has not been isolated, but conductivities show it
to be a strong acid, and accordingly it is not extracted from its aqueous
solution by ether. In their solubilities the salts resemble the chlorides
"•« 0. W. Kimmini, J,a&. 1880, SS1 148.
»•» W. FoIt1 Z. ang*w> Oh§m. 1931, 44, 65; Z, amrg. Chtm. 103I1 199, 262.
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rather than the perrhenates: the solubilities of some of them (in g. per
litre at 20°) are: Na, very soluble; K5 670; Rb, 143; Cs, 14; IT, 1-02;
NH4, very soluble.
The prolonged action of H2S on a perrhenate solution seems to lead to
the replacement of more oxygens by sulphur.1196
Rhenium Heptasulphide, Re 2 S 7
This remarkable compound can be made1197""1200 by the action of hydrogen
sulphide or sodium thiosulphate on an acidified solution of a perrhenate,
when it separates as the hydrate Re2S75H2O. It can be got in the anhydrous
form by the action of H2S on dry Re2O7. It is also precipitated by H2S
slowly but almost quantitatively from an ammoniacal solution of a
perrhenate.1199
The anhydrous compound is a fine black amorphous powder easily
oxidized by air, sometimes with incandescence. It begins to dissociate
below its melting-point, and readily decomposes with evolution of heat
into ReS2 and free sulphur. It dissolves only with decomposition, but
owing to its fine state of division it is a powerful absorbent. It is not
attacked by K2S, HCl, or H2SO4, but is oxidized to perrhenic acid by
HNO3, bromine-water, or H2O2.

Rhenium Heptaselenide1200
This is very like the heptasulphide, and is made in the same way. It is
a fine black powder, which is a strong absorbent, and it breaks up in vacuo
at 325° into ReSe2 and free selenium.

Oxyhalides of Heptavalent Rhenium
It is remarkable that although no binary halides of heptavalent rhenium
are known, at least two oxyhalides have been prepared; this is perhaps on
account of the instability of the 7-covalent state.
The chloride ReO3Cl is formed1201-2 by heating Re2O7 with excess of
ReCl4 (or the mixture of ReCl5 and ReCl3: see p. 1308) and fractionating
the product. It is a colourless liquid freezing at +4-5°, and boiling at 131°.
Water or moist air at once converts it into HReO 4 +HCl. According to
Geilmann1203 it is very sensitive to light, and in sunlight turns reddishviolet in a few minutes, the colour disappearing again in the dark.
The oxyhalide ReO2Cl3 which has been described does not appear to
exist.1201
The oxybromide ReO3Rr was made by Brukl and Ziegler1204 by heating
1180

1197
NN., p. 56.
I. and W. Noddack, Z. angew. Chem. 1931, 44, 215.
W, Geilmann and F. Weibke, Z, anorg. Chem. 1931, 195, 289.
1109
J. H. Mttller and W. A. La Lande, J.A.OJ3. 1933, 55, 2376.
1800
H. V, A. Briscoe, P. L. Robinson, and E. M. Stoddart, J.O.S. 1931, 1439.
1801
A. Brukl and K. Ziegler, Ber. 1932, 65, 916.
l80
« H. V. A. Briaooe, P. L. Eobinson, and A. J. Budge, J.O.S. 1982, 2673.
l
«» W. adlmian and F. W. Wrlggi, £. morg. OUm. 1988, 214, 24S.
"°« A. Brukl mid IC. Zitgltr, Mon. 193S1 143, 539,
1198
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metallic rhenium in a mixture of oxygen and bromine vapour, and then
distilling the product over Re 2 O 7 ; it is a pure white solid melting at 39*5°,
and boiling at 163°.
HEXAVALENT RHENIUM

The compounds of hexavalent rhenium have a great resemblance to
those of hexavalent manganese, but they are definitely less stable. Of all
the valency states of rhenium this is the one which has the strongest
tendency to disproportionation, according to the equation:
3 Revi = Reiv + 2 Re vii .
The hexavalent state is not very stable even with manganese, as is shown
by the readiness with which a manganate passes into a permanganate,
but the change is much easier with rhenium, because of the great stability
and large heat of formation of its heptavalent compounds. Thus if a permanganate is fused with excess of an alkaline hydroxide, it loses oxygen
and goes over into the manganate, but no corresponding change occurs
with a perrhenate.
The compounds of hexavalent rhenium include the trioxide ReO 8 (to
which there is no manganese analogue), the salts of rhenic acid H2ReO4,
whose existence is certain, though they cannot be isolated: like the manganates they are green; a hexafluoride (the only binary halide of rhenium
with more than 5 halogen atoms in the molecule), and a few oxyhalides.

Rhenium Trioxide, ReO3
This is made by heating rhenium with the heptoxide to 200-500,1205 or
by burning the metal in a slight defect of oxygen. It is a crystalline powder
which may have any colour from dark blue (known as rhenium blue) to
copper colour, according to its state of division.1206
Its crystal structure is similar to that of CrO3 and WO8.1207 It is not
attacked by water, hydrochloric acid (even hot), or dilute sodium
hydroxide; it is reduced by acidified potassium iodide with separation of
iodine, and is oxidized by nitric acid to HReO4. If it is boiled with concentrated alkali, or heated alone in vacuo to 400°, it is converted into a
mixture of the dioxide and heptoxide:
3 ReO3 = ReO2 + Re2O7.
Rhenium trioxide is formally the anhydride of rhenic acid H2ReO4, the
salts of which can be obtained in solution; but it does not form these salts
with alkalies, owing perhaps to the great instability of rhenic acid.
Salts of Rhenic Acid, H 2 E e O 4
These salts, whioh correspond to the green manganates, and are themselves green, have been prepared in solution, but owing to their extreme
1868

W. Bilti, a. A. Lehrer, and K, Meissl, Naolw. G$8. Wisa. Gott. 1081, 101.
W. BUts, F, W. Wriggo, and E, Moisal, ib. 1936, i. 161.
»•» K, MsIsSl1 M. anorg, Ohm. 1032, 307, l i l .
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instability, and their strong tendency to disproportionate into Re^+Re 1 *,
they have never been isolated.
If a fused alkaline perrhenate is treated1208 in the absence of air with
enough ReO2 to form the rhenate M2ReO4, the yellow mass turns green,
and no doubt contains the rhenate, but this cannot be isolated, since both
water and alcohol decompose it. If barium perrhenate Ba(ReO4J2 is fused
with ReO2 and NaOH, and the product extracted with alcohol, impure
barium rhenate remains as a green insoluble residue, stable only in presence
of excess of alkali, and immediately decomposed by water into the
perrhenate Ba(ReO4J2 and the rhenite BaRe iv 0 8 ; it is more stable in the
form of pale green mixed crystals with barium sulphate.
Rhenium Hexafluoride, R e F 6
This compound (Ruff1209'1211~13) is made by the action of elementary
fluorine on rhenium powder at 125°. This must be done in a fluorite (CaF2)
tube, since the product attacks hot quartz; it first reacts with it thus:
2 ReE6 + SiO2 = 2 ReOF4 + SiF4
and then, with a characteristic disproportionate:
3 ReF6 + 3 SiO2 = ReF4 + 2 ReO8F + 3 SiF4
the ultimate product containing Relv and Revii. The fluorine used must
be quite free from oxygen,1214 and also from chlorine, which last can be
removed by condensation and fractionation; the product is condensed
with liquid air, and is then practically pure.1209
Rhenium hexafluoride is a pale yellow crystalline solid, melting at
18-8° C.1212 (the melting-point of 25*6° previously given is incorrect) to a
pale yellow liquid, of b. pt. 47-6°1218; the critical temperature is about
209°. The heat of evaporation is 6*89 k.cals., and the Trouton constant
21-5.1213 The vapour density is that required for ReF6.
It is very unstable: it reacts at once with water, fats, glass, and even
ligroin; it attacks quartz below 30°, with evolution of bubbles of SiF4. In
practically all these decompositions disproportionation occurs: thus with
water the product is HReO4 and the hydrated dioxide.
Rhenium hexafluoride can be reduced by hydrogen at 200°, by CO at
300°, by SO2 at 400°, and by metallic rhenium at 400-500°; in these reductions it always forms the tetrafluoride ReF 4 ; at higher temperatures it is
reduced to the metal. Oxygen and oxidizing agents convert it into the
hexavalent ReOF 4 and the heptavalent ReO 3 F.
All attempts 1212 to prepare the heptafluoride ReF 7 failed, and the
1808

NN., p. 58.
O. Ruff and W. Kwasnik, Z. anorg. Chem. 1932, 209, 113.
1811
O. Ruff, Z. angew. Chem. 1933, 46, 739.
1818
O. Ruff and W. Kwasnik, Z. cmorg. Chem. 1934, 219, 65.
1818
Id., ib. 22O1 96.
1814
For a method for removing oxygen see 0. Ruff and W. Menzel, Z, anorg, Ohwn,
1988,211,104.
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compound probably does not exist. Further, there is no evidence of
the existence of a hexachloride, though a pentachloride is known. The
existence and non-existence of these higher halides cannot be explained on
stereochemical grounds alone, since the atomic radii of Re, Mo, and W are
almost the same (1-37, 1-36, and 1-37 respectively); all three elements form
hexafluorides, but only tungsten a hexachloride, the others stopping at the
pentachlorides ReCl5 and MoCl5.
Oxyhalides of Hexavalent
Rhenium
Three of these compounds are known, a fluoride and a chloride of the
type ReOX4, and a fluoride ReO2F2.
ReOF41212 is slowly formed by the action of the hexafluoride on quartz
or glass; it is best made by passing a mixture of fluorine and oxygen over
metallic rhenium at temperatures from 125° to 300°; in either reaction it
is mixed with ReF 6 , which must be removed by fractional distillation in
a high vacuum; the ReF 6 (boiling-point under atmospheric pressure 47-6°)
comes off first, and then the ReOF4 (b. pt. 62*7°), while a small quantity
of ReO2F2 remains behind.
ReOF4 is a pure white substance, melting at +39*7°, with a heat of
sublimation of 9-51 k.cals., and an extrapolated boiling-point of 62*7°. Its
reactions are just like those of ReF 6 , but usually need a rather higher temperature. It is reduced by most organic substances, but is stable to
oxidation.
The corresponding chloride ReOCl41215 is made by heating the tetrachloride (or rather the mixture of ReCl5 and ReCl3) with oxygen to 150°.
It is a dark brown solid which melts at 28° and gives off a brown vapour on
heating. It forms in cold concentrated hydrochloric acid a brown solution,
which probably contains the acid H2ReOCl6,1216 but this rapidly changes
with the usual disproportionation according to the equation
3 H2ReOCl6 + 5 H2O = H2ReCl6 + 2 HReO4 + 12 HCl.
The brown salt K2ReOCl6 has been isolated, but it very soon decomposes
in this way.
If ReOCl4 is dissolved in organic liquids such as benzene or chloroform,
and exposed to moisture, it is hydrolysed with the formation of a blue
substance which could not be purified, but seems to have 2 of the 4
chlorine atoms replaced by H or OH.
ReOCl4 reacts violently with gaseous or liquid ammonia. If the product
is heated at 300° in a stream of ammonia, the NH4Cl sublimes away, and
there remains a solid of the composition ReO(NH2J2Cl2. This reacts with
water at once to lose both chlorine atoms and form ReO(NH2)2(OH)2.1216
The last oxyhalide ReO2F2 (to which there is no chlorine analogue) is
formed as we have seen1215 in small amount when fluorine and oxygen are
»18 A. Brukl and 1, Plettingor, B$r. 1033, 66, 971.
"» J. and W. Noddaok, £. amrg. Ohm. 103S1 31S1 1S9.

Pentavalent

Rhenium

1303

passed over heated rhenium. When the ReOP4 has been sublimed off it
remains as a white powder melting with decomposition at 156° C. In
moist air it hydrolyses and turns violet.
Complex thiocyanates of hexavalent rhenium appear to be formed,1217^18
but they have not been isolated.
P E N T A V A L E N T R H E N I U M COMPOUNDS

The appearance with rhenium of this valency, which does not occur at
all with manganese, is an example of the greater stability of the higher
valencies in the heavier atoms of a subgroup. Even with rhenium the
pentavalent compounds are few, being confined to the salts of hyporhenic
acid* HReO 3 , the halides and oxy~halides, and a very few cyanide
complexes.
The pentavalent rhenium compounds can be made by the action of
Re iv on Revil, and are also formed as the first stage in the disproportionation of Reiv, which gives Re m +Re v .
The instability of the pentavalent rhenium compounds is shown by their
great readiness to disproportionate, almost invariably to heptavalent+
tetravalent rhenium. This tendency makes most of the compounds decompose easily, either alone or in solutions which are not strongly acid or
strongly alkaline, but it is to some extent checked in presence of excess of
either hydroxyl or hydrogen ions, the former giving the hyporhenates, and
hydrochloric acid the chloride and the complex oxychlorides.

Hyporhenates, MReO31219
The pentavalent oxide Re2O6 has not been prepared. If a perrhenate is
fused with ReO2 and an alkaline hydroxide in the absence of air, the
hyporhenate MReO3 can be obtained. The whole behaviour of the
rhenium oxides when fused with alkali is peculiar. If rhenium dioxide is
fused in this way in absence of air, it is converted into the dark brown
rhenite M 2 Re lv 0 3 . If air is admitted to the fused mass it first turns yellow
from the formation of the hyporhenate MRe v 0 3 , then green (rhenate
M2Revl04), and then yellow or red (mesoperrhenate M3Revil05). Unless
there is enough oxygen present to convert all the rhenium into the mesoperrhenate, a mixture of compounds in the various states of oxidation is
produced in proportions depending on the temperature and the amount of
oxygen.1220
The only hyporhenate hitherto isolated is the sodium salt NaReO3.
This forms pale yellow crystals; in the dry state if it is free from alkali it
* Formally this acid is the analogue of the halic acids such as chloric HClO3; but
the name of rhenic acid is preoccupied by H2ReO4 (so called from manganic acid,
there being no HMnO8) to which the halogens have no parallel.
"i* J. G. F. Drue©, Bee, Trav. 1985, 54, 334.
*«• H. Haiomann, S. cmorg. QUm, 1987, 235f h
" " I. and W. Noddaok, Z, an org. Oh$mt 1938, 31S1 129,
BUM
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very readily goes over into the rhenite Na 2 Re 0 3 and the perrhenate
NaRe vii 0 4 ; in water or in acids it is at once converted into rhenium
dioxide and the perrhenate; it is oxidized by the air to the perrhenate
(these reactions show the great stability of the heptavalent perrhenate).
The solid is fairly stable if it is kept under aqueous or alcoholic soda. Only
0-04 g. dissolves in a litre of 1'8-normal sodium hydroxide at 0°. The
solution is yellow, and soon begins to separate the hydrated dioxide;
ammonium chloride precipitates the black ReO2 at once; H2S reacts
slowly to form the thioperrhenate NaReO3S.
Sodium hyporhenate forms mixed crystals with the meta-niobate
NaNbO3 and tantalate NaTaO3, in which it is more stable than in the pure
state.
The potassium and barium salts were obtained, but they could not
be purified; this suggests that hyporhenic acid is a weak acid, with a
sodium salt less soluble in water than the potassium salt.

Pentavalent Rhenium Halides
These seem to be confined to the pentachloride, and a certain number of
complex derivatives. It is remarkable that no pentafluoride, intermediate
between ReF 6 and ReF 4 , has been obtained.
Rhenium pentachloride1221"2 is the chief product of the action of chlorine
on metallic rhenium. The product is heated to drive off the volatile
ReOCl4, and then further in vacuo at 150-250°, when the pentachloride
sublimes away, leaving a small residue of the trichloride ReCl3.1221
Rhenium pentachloride ReCl5 is a blackish-brown solid giving a dark
brown vapour. It decomposes on distillation at the ordinary pressure, and
even on melting. If it is distilled in a stream of nitrogen it breaks up into
the trichloride and chlorine: no other products are formed; when heated
in oxygen it burns with the production of Revi0Cl4 and Revii03Cl. If it
is heated with potassium chloride it undergoes a remarkable reaction,
evolving chlorine and forming the tetravalent complex K2Re^Cl6, which
can be purified by recrystallization from dilute hydrochloric acid. This
complex salt must be exceptionally stable, since it is also formed, with the
separation of metallic rhenium, when KCl is heated with rhenium
trichloride ReCl3.
In many of its reactions rhenium pentachloride undergoes disproportionation to heptavalent rhenium (perrhenates) and lower states of oxidation. Thus with aqueous sodium hydroxide it gives the hydrated dioxide
and the perrhenate: if the temperature is raised the yield of the perrhenate
is increased, owing to the oxidation of the dioxide by the air. With water
alone ReCl6 reacts violently, giving the hydrated dioxide, perrhenic acid,
H2ReCl0, and chlorine. With aqueous hydrochloric acid it gives a green
solution containing HReO4, H2ReCl0, and free chlorine.
No other pentahalides of rhenium are known, and no simple oxyhalides,
»•* W. Oiilmaim, F, W, Wrlgg©, md W. Btlta, E, amrg, Ch$m. 1983» 214, 244,
» " W. Otllmarm and F. W, Wrtgg*, lb. S4S,
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and no complex halides; but there is a series of complex oxyhalides
described in the next section.

Complex Compounds of Pentavalent Rhenium
Hexavalent rhenium has a certain power of forming unstable complexes
of the type of K2ReOCl6. With pentavalent rhenium the tendency to form
complexes is stronger, and the complexes can in some cases be isolated. It
is curious that with pentavalent as with hexavalent rhenium the complex
salts are not derived from the binary halides, which are known, but from
the oxyhalides which in the pentavalent series do not exist.
The pentavalent rhenium complexes were investigated by Jak6b and
Jezowska.1223~5 They showed by E.M.F. measurements1224 that a solution of KReO4 in aqueous hydrochloric acid is rapidly reduced electrolytically to the Re v stage, the reduction then proceeding slowly to Relv.1225
The pentavalent rhenium solution is greenish, and on addition of KCl
precipitates a yellowish-green salt, which on analysis gives figures agreeing fairly well with K2[RevOCl5],H20 or K2[Rev(OH)2Cl5]; since the
ammonium salt is (NH4)2[ReOCl5] we may assume that the first formula is
correct. This salt is stable when dry, but in the presence of moisture
darkens and separates the black dioxide (with simultaneous formation no
doubt of the perrhenate). The salt differs from the tetravalent compound
K2ReCl6 in being readily oxidized—by KMnO4, H2O2 or nitric acid—to the
perrhenate; it is very easily hydrolysed, and if it is warmed in acid solution
disproportionates to K 2 ReCl 6 +KRe0 4 . It is only moderately soluble in
very concentrated hydrochloric acid, in which it forms a fairly stable
yellow solution; on dilution the colour changes, and in 1:1 HCl is green;
on further dilution it becomes greenish-blue, and finally the dioxide is
precipitated.1226
In cold concentrated hydrochloric acid the salt is not oxidized by air,
but on boiling the Re v is converted into Re v i i +Re i v ; this change is promoted by lowering the concentration of hydrogen ion, and for this reason
the base Re(OH)5 and its dehydration product Re2O5, cannot be prepared,
since they disproportionate at once.
The ammonium salt (NH4)2[ReOCl5] is yellow, and similar to the potassium salt in properties, but it is rather more soluble in aqueous hydrochloric acid.
Cyanide Complexes of Pentavalent
Rhenium
A remarkable complex of pentavalent rhenium is the oxy-cyanide salt
K8[Rev02(CN)4].122(J-7 This is made by treating the tetravalent K2ReCl6
with excess of KCN and oxidizing with H 2 O 2 ; the solution is extracted
laaa
W. F. Jak6b and B. Jezowska, Ber. 1033, 66, 461.
»•* Id,, E. anorg. Oh$m. 1033, 214, 387.
" « Id., ib. 1084, 220, 10.
"•• W. Klamm and O. Frkohmuth, ib. 1087, 230, 215.
" " Q. T. Morgan and Gt. B< Davioi, J,C,S. 1031, ISIfS.
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with alcohol, the aqueous layer evaporated in the cold, and the residue
recrystallized from water. Analysis will not distinguish between
K8[ReVO2(CN)4] and K3[Re^J(OH)2(CN)4],
but the first formula is established by the oxidizing power and by the fact
that this salt is only produced from K2ReCl6 when an oxidizing agent is
present.
K3[ReO2(CN)4] forms orange crystals, very easily soluble in water;
alkalies have no action on the salt, but acids turn it violet,1228
Most of the salts of this acid are too soluble to be isolated, but the
thallous salt Tl8[ReO2(CN)4] is only slightly soluble in cold water, though
easily in hot.
A complex somewhat analogous to this pentavalent rhenium compound
is the red complex of tetravalent molybdenum K4[MoO2(CN)4].
COMPOUNDS OF TETRAVALENT BHENIXJM

This is a very stable valency with rhenium, even more than with manganese ; next to the valency of 7 it is the most stable state for rhenium,
while with manganese the lower valencies of 3 and 2 are almost equally
important. But even with Re lv disproportionation, with the production
of Revii (together with a lower valency or more often metallic rhenium
itself) frequently occurs.
The tetravalent rhenium compounds include the oxide ReO2 and the
rhenites M2ReO3, analogous to the manganites: the sulphide ReS2 and
selenide ReSe2, the fcetrafluoride ReF 4 , and an especially numerous and
stable group of complex halides of the type M2ReX6, which are formed by
all the four halogens.

Rhenium Dioxide, ReO2
This is made1229 by burning the metal in an insufficient supply of oxygen,
or reducing the higher oxides with hydrogen. The hydrated form is prepared by the electrolytic reduction of acid or alkaline perrhenate solutions,
or by the hydrolysis of the salts of tetravalent rhenium.
Anhydrous rhenium dioxide is a black powder which has a great absorptive power for gases and solutes. It is very stable in the absence of
oxygen, but at high temperatures it is converted in vacuo into a mixture
of rhenium heptoxide and metallic rhenium. This is in striking contrast
to the behaviour of manganese dioxide, which on heating loses oxygen and
is ultimately converted into manganous oxide MnO.
Oxygen on gentle warming converts rhenium dioxide into the heptoxide,
the white form of the latter being formed below 150°, and the yellow form
above.
lM8
The changes of colour here and with KgBeOCl8 (p. 1305) should be oompared
with thoi© of the m oompound [ReO1(Cn)I]Cl (almost the only known rhenium
wnmine) given by V, V. Lebedkwki and B, N. Ivaaov-Emin, J . Gm, Ohem. Muss.
1048, 13, 253,
*"* MN.9 p, 88,
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Concentrated hydrogen halides and their salts dissolve ReO2 easily to
give the complex halides M2ReX6. Alkalies dissolve it slowly to form the
rhenites M2ReO3; nitric acid, hydrogen peroxide, chlorine water, etc.,
oxidize it to the perrhenate.
In general the chemical behaviour of ReO2 is like that of MnO2; like the
latter it acts as a base and as an acid, but it is stronger as an acid than as
a base.

Bhenites, M2ReO3

These are formed1230"1 when ReO2 is fused with metallic oxides in the
absence of air. They are brown microcrystalline solids, insoluble in water
and alkaline hydroxide solutions, and decomposed by water and acids
with precipitation of the dioxide; nitric acid, hydrogen peroxide, and
(slowly) air oxidize them to perrhenates.
Very few rhenites have been isolated. Na2ReO3 is made by fusing ReO2
with excess of sodium hydroxide in an atmosphere of nitrogen, and washing out the excess of alkali with water. It forms brown crystals. The
potassium salt is similar. These compounds are insoluble and diamagnetic,
which suggests that the anions are not simple.

Rhenium Disulphide, ReS2
This is made1232"3 by fusing the elements together; by the action of heat
on the heptasulphide Re 2 S 7 ; or by the action of H2S on a solution of a
tetravalent rhenium compound.
The anhydrous sulphide ReS2 made in the dry way is a soft black
substance with a layer-lattice like that of MoS2 or CdI2. It is volatile at
1,000° with some decomposition. The vapour contains no lower sulphides:
on the other hand, Briscoe has found1233 that if the dry heptasulphide
Re2S7 is heated on a spring balance in nitrogen at 250° it loses sulphur
quite steadily and regularly until the residue has a composition very near
to ReS2. We may therefore conclude that the only stable sulphides of
rhenium are Re2S7 and ReS2.
When the sulphide is made in the wet way it is obtained in a very fine
state of division. It is insoluble in alkaline hydroxide or sulphide solution,
in HCl, and in H 2 SO 4 ; it can be oxidized to perrhenic acid. It can be used
(like metallic rhenium) as a catalyst to dehydrogenate alcohols to aldehydes or ketones.1234
Bhenium Diselenide, ReSe 2
This is made1233 by heating the heptaselenide Re2Se7 to 300-25° in
vacuo. It is stable in air, and is only attacked by strong oxidizing
agents.
1880

"8I
«••
im
"M

Ib., p. 64.
I. and W. Noddaok, Z. anorg. OUm. 1933, 215, 129.
NN., p. 04,
H. V. A. Brisoo©, P. L. Robinson, and E. M. Stoddart, J.C&, 1981, 1489,
M, B. Platonov, J. Qm, Ohm. MUM, 1941, I t 1 083.
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Rhenium Tetrafluoride, R e F 4
This compound
is formed in small quantity from the elements, but
it is best made by passing the vapour of ReF 6 along with hydrogen or
sulphur dioxide through a hot platinum tube (at 200° with hydrogen or
400° with SO2). The tetrafluoride being almost non-volatile stays behind.
Rhenium tetrafluoride ReF 4 melts at 124-5° C : both the solid and the
liquid are dark green. H^ vapour pressure is not perceptible at the
ordinary temperature. It attacks quartz at 80°, but in a platinum tube
it can be sublimed without change in a current of SO2 at 500°.
Rhenium tetrachloride, ReCl4, probably does not exist,1221"2 though very
stable complexes are derived from it. If it is liberated (as by heating the
salt Ag2ReCl6) it at once changes to a mixture of ReCl5 and ReCl3.
ReBr4 and ReI 4 may be among the products of the action of these
halogens on rhenium, but they have not been isolated in the pure state.
No simple oxyhalides of tetravalent rhenium are known, although complexes derived from them exist, and Ruff and Kwasnik1236 have shown
that it is almost certain that an oxyfluoride ReOF2 exists, although they
were not able to isolate it.
1235

Complex Halides of Tetravalent Rhenium
This is a remarkably stable group of compounds, formed by all four
halogens, and it is the only considerable series of complex rhenium compounds known. The corresponding manganese complexes occur, but they
are much less stable, and they do not include any bromides or iodides; this
is probably due to the fact that the tetravalent manganese oxidizes the
bromine and iodine anions, while tetravalent rhenium is practically
devoid of oxidizing power.

Complex Fluorides, M2[ReF6]
These salts are most conveniently made1235 by reducing KReO 4 in HF
solution with K I :
2 KReO4 + 6 KI + 16 HF = 2 K2ReF6 + 4 KF + 3 I 2 + 8H2O.
K 2 ReF 6 forms green crystals, giving a green solution. The acid H 2 ReF 6
(which has not been isolated) must be relatively strong, because the salt
is hydrolysed by water only on warming.
The behaviour of these fluorides is very like that of the complex
chlorides described below, but the fluorides seem to be rather less stable.
A solution of K 2 ReF 6 in HF reacts slowly with silicon dioxide to give
K2SiF6 together with what is apparently a mixture of the two oxyfluorides Re vii 0 3 F and ReivOF2.
Complex Chlorides, M 2 [ReCl 6 ]
If rhenium tetrachloride (or the mixture of ReCl6 and ReCl8) is dissolved in oonoentrated hydrochloric acid, or if ReO2 is boiled in this acid,
im
0, Buff and W. Kwnsnik, £, morg* 0/wm. 1984, 219» 76.
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or KReO4 dissolved in it and reduced with KI and the iodine removed,
a green solution is obtained, which no doubt contains H2ReCl6, and from
this a variety of salts (of K, Rb, Cs, NH 4 , N(CH3)4, Ag, TF, Hg', etc.)
have been made. The exceptional stability of this ReCIg complex is
shown by the facts already mentioned that it is produced (1) with evolution of chlorine when KCl is heated with ReCl5, and (2) with separation
of metallic rhenium when it is heated with ReCl3. The alkaline salts are
all green when pure, and give yellow-green solutions; K2ReCl6 gives a
0-063 molar (30 g./litre) solution in 10 per cent. HCl at 20°, The silver
(orange) mercurous and thallous (yellow) salts are only slightly soluble.
The salts of the alkylammoniums, and of the very large organic bases such
as cinchonine, are very soluble: those of the aromatic bases like jp-toluidine,
pyridine, and quinoline are relatively insoluble and can be isolated and
purified.1236 The 2-oxy-quinoline salt is practically insoluble, and will
detect 1 mg. of K2ReCl6 in 20 c.c. of water.1237
If the silver salt is heated in vacuo to 300° it gives off a brown vapour,
and silver chloride is left behind; this might be supposed to yield the
tetrachloride ReCl4, but nothing could be isolated from the distillate
except ReCl5 and ReCl3.1222
In aqueous solution the alkaline salts are stable, and only precipitate
HeO2 after long standing or on boiling. Before precipitation begins the
solution turns olive-green, owing probably1236 to the production of an
oxychloride ion such as [Re(OH)Cl5]" in equilibrium with the normal
[ReCl6]"; K2[PtCl6] behaves in solution in this way.1238
In presence of alkalies the hexachlororhenates undergo a complicated
series of disproportionations. In the cold an unstable Relv oxychloride,
perhaps ReOCl2, is formed, which changes over to Re m +Re v ; the latter
soon changes further to Re iv +Re vli , so that the final result is:
4 Reiv = 3 Re*** + Revi*.
If the solution is boiled with alkali two further changes occur:
1.

Re*** = 2 Re" + Rev

2. 3 Rev = 2 Re*v + Rev**.
Adding all these together we gefc:
5 Reiv = 3 Re" + 2 Re vii .
Complex
Bromidesnzi
The free acid, presumably H2ReBr6, aq., must be present in the deep
yellow solution of ReO2 in HBr; on dilution this is hydrolysed in the same
way as the chloride, with precipitation of the hydrated dioxide. The acid
pan also be made by reducing perrhenic acid (even at 20°) with HBr.
"w
H. Sohmid, ib. 1083, 212, 187.
1887
H. mirniBxm* ib, 211, 195.
1898
A. Hfuntgiah, Z. physihaL Ohm, 1010, 72, 318.
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From this solution the K, Rb, and Cs salts can be obtained in brick-red
crystals.
Complex Iodides
The potassium salt K 2 ReI 6 was obtained1239 by reducing KReO4 with
KI in HI solution; it is a black crystalline solid, and gives a deep violet
solution in water and in acetone; this is readily hydrolysed.
Its behaviour on acidification is peculiar.1240 If the solution of the
potassium salt in 20 per cent., H2SO4 is shaken with ether, all the rhenium
and 5/6 of the iodine (but none of the K) go over into the ether; the reaction must therefore be
K2ReI6 + H2SO4 = K2SO4 + HI + HReI5.
It was proved that the rhenium was still tetravalent, and had not been
oxidized or reduced. This reaction is specific for the hexaiodide: the
bromide and chloride do not give it.
This apparent difference of structure between the acid and its salt is
very peculiar; but it must be remembered that though the composition
of the salt has been shown to be K2ReI6, there is so far no evidence, either
from X-ray analysis or even from isomorphism, that the complex ion really
is [ReI 6 ]; the salt might be a crystal aggregate of K[ReI6] and K[I].

Oxyhalide Complexes
These complexes are formed1241 when KReO4 is reduced by HI in HCl
solution. The following reactions then occur:
(1) Re vii + r
(2) 3 Revi

= Re^ + I
= Reiv + 2 Re vii .

The perrhenate formed in this last reaction then undergoes reduction
according to (1), so that in all:
2 Re vii + 6 r

= 2 Reiv + 3 I2.

It is remarkable that the oxyhalide complexes of tetravalent rhenium
formed in this way contain two atoms of rhenium in the molecule, the
potassium salt being K4[Re2lvOCl10]; this forms small brown crystals, and
is isomorphous with its ruthenium analogue K4[Ru2OCl10]. In water it
gives a yellow solution, which easily hydrolyses. Its relation to K2ReCl6
is obviously very close; it is converted into it by boiling with 6 per cent.
HCl; on treatment with alkalies it disproportionates in exactly the same
way, and—most remarkable of all—it forms mixed crystals with K2ReCl6
whose colour varies from yellow to orange as the amount of oxychloride
increases. But no explanation in terms of structure has been suggested.
a
"1140
» H. V. A. Briscoe, P. L, Robinson, and A. J. Rudge, J.C.&. 1931, 3218.
W. Biitz, F. W. Wrigg©, B. Prang®, and G. Lang©, Z. anorg. OUm, 1937,234,
142.
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Similar oxyhalide complexes are probably formed when rhenium dioxide
dissolves in hydrobromic or hydriodie acid, but they have not been
isolated.
COMPOUNDS OF TBIVALENT RHENIUM

These are very imperfectly known. Trivalent rhenium can be obtained
from tetravalent by disproportionation, or by reduction with metallic
rhenium.
With manganese the acidic properties have entirely disappeared at the
trivalent stage, and at the same time the trivalent cation is so easily
oxidized (to Mnlv) that it can scarcely exist; we are therefore confined
with manganese to the covalent compounds such as the trihalides and their
complexes, and even these are unstable from the ease with which they form
the divalent cations.
With rhenium we should expect this trivalent stage to be rather more
stable; the rise of atomic number has increased the stability of the trivalent as compared with the divalent state, and also diminished the tendency
of these lower valencies to ionize, so that two causes of weakness are
absent.
On the whole this is so. There is no sign of the formation of an Re + + +
cation; but the stability of the compounds is much limited by the ease
with which they are oxidized to the higher valencies, especially to Re lv and
Re vii ; it is only in acid solution, where a complex ion ReX 4 is produced,
or in the trihalides, where the 4-covalent octets of the rhenium are secured
by polymerization, that this tendency to oxidation is suppressed, and the
compounds show a reasonable stability. The complexes are all of the
MReX4 type, and those of higher covalencies, such as [ReX6] (which occur
with Reiv, Re v , and probably Revi) are not found.

Rhenium Sesquioxide, Re2O3
A hydrate of this can be got as a black precipitate when a solution of
trivalent rhenium is treated with an alkaline hydroxide. It is extraordinarily easily oxidized,1242 for example, by 10 minutes shaking with
oxygen in the cold, to the perrhenate. This oxidation is much more rapid
than that of the hydrated dioxide ReO2, and is in sharp contrast to the
marked resistance to oxidation offered by rhenium trichloride in acid
solution.
The original precipitate of hydrated sesquioxide always contains more
oxygen than corresponds to Re2O3, even when the greatest care has been
taken to exclude oxygen during its preparation, and it has been shown1242
that ReCl3 will decompose water at 100° with evolution of hydrogen, even
in presence of 1 per cent. H2SO4, and much more readily in alkaline solution. Salts of trivalent tungsten, and ferrous hydroxide, behave in the
same way.
1MI

W, GtUmwm and F. W. Wrigga, Z. morg. Ohm* 10SS1 314, 280.
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If the sesquioxide is boiled in alkaline solution, we have the usual series
of disproportionations
(1) 3 Re1"
(2) 3 Rev
or in all
9 Rem

> 2 Re11 + Rev
> 2 Reiv + Re vii

> 6 Re" + 2 Reiv + Re vii .

A series of alkylates of Re!ii, Re(OAIk)3 have been described1243; they
are brown solids soluble in alcohol and hydrolysed by water, and resemble
the corresponding Mnm compounds.
There is no evidence that the trivalent rhenium oxide has any acidib
properties: no alkaline salts of the type of M3ReO3 or MReO2 are known
(the same is true of manganese).
Trihalides of Rhenium
No trifluoride is known, possibly because of the great stability of the
higher fluorides. The chloride and bromide have been prepared, but all
attempts to make the tri-iodide have been unsuccessful.

Rhenium Trichloride
This compound1222,1244-5 is formed when we might expect to get ReCl4
(for example, by heating Ag2ReCl6), the actual product being a mixture of
the penta and trichloride ReCl5 and ReCl3, from which the pentachloride
can be distilled off, leaving the trichloride behind. It can also be made by
heating ReCl5 with metallic rhenium to 500°.
Rhenium trichloride forms reddish-black crystals, which give a deep
red solution in acetone, in water, and in aqueous HCl. It is reduced by
hydrogen at 250-300° to HCl and metallic rhenium; X-ray examination
of the partially reduced material gave no indication of any solid phase
other than ReCl3 and the metal.1222
Rhenium trichloride does not in any way behave as a salt. The freshly
made aqueous solution gives no precipitate with silver nitrate, and so can
oontain no chloride ions. At 25° the conductivity is found nearly to reach
its maximum in half an hour. In a moist atmosphere the solid takes up
water to form the hydrate ReCl3,2 H2O, but this water can be removed
again in a desiccator, leaving the rhenium trichloride undecomposed, but
in a very fine state of division, which is unusually active, and dissolves
more easily than the ordinary form. The molecular weight in glacial
acetic acid is that of Re2Cl6,1245 the structure no doubt being like that of
Al2Cl6 and Fe2Cl6:
CK
/CK
/Cl
1848
l

«X(X«

J, O. F. Druoe, J.C.S, 1987, 1407.
«* W. Bite, W, Gdlmwm, wid P. W. Wriggi, Ann. 1084, 511, 801,
iMi F, W. Wrigge and W. Bllts, Z. anorg. Oh$m. 1036, 328, 372.
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A solution of trivalent rhenium is very easily oxidized by air (mainly
to Reiv) if it is alkaline, and fairly easily if it is neutral; but in acid, and
especially in strongly acid solution, where no doubt complexes are formed,
rhenium trichloride is very resistent to oxidation, even by hydrogen
peroxide or chlorine water; blowing air through a solution in 2-normal
H2SO4 for 90 minutes had no effect.1244 If, however, the dry solid rhenium
trichloride is heated in air or oxygen, it catches fire at 400°, and burns
with the evolution of a dark green vapour, from which it is possible to
isolate ReO3Cl and ReOCl4.
Rhenium
Tribromide
This can be made by the action of hydrobromic acid on the hydrated
sesquioxide, or by heating the metal with bromine; the bromine may be
passed over the metal in a stream of nitrogen at 45O0.1246 Another
method1247 is to heat silver hexabromorhenate Ag2ReBr6 to a moderate
temperature in a high vacuum, when it decomposes thus:
2 Ag2ReBr6 = 4 AgBr + 2 ReBr3 + Br2.
The bromine passes away; the rhenium tribromide distils over and can be
purified by resublimation.
Rhenium tribromide is a greenish-black (otherwise described as dark
red) solid, which in general resembles the trichloride. It is extraordinarily
stable, and can be sublimed at 500° either in nitrogen or in a vacuum;
the vapour is dark greenish-yellow. If there is any oxygen in the nitrogen
used in its preparation, a dark blue sublimate is produced, which is probably an oxybromide.
No tri-iodide of rhenium is known. Biltz1240 tried to make it from
K 2 ReI 6 by heating, as ReBr 3 can be made from K2ReBr6. But the salt
began to evolve iodine at 240°; no rhenium came over, and no compound
of rhenium and iodine could be obtained.
Complex Halides of Trivalent
Rhenium
These are all of the type M[ReX4]. No fluoride complexes have been
made: the simple ReF 3 is of course unknown. But the behaviour of
rhenium trichloride in concentrated hydrochloric acid indicates that a
complex acid is formed, and by the addition of alkaline halides the alkaline
salts M[ReCl4] can be obtained. They are red solids, giving red to yellow
solutions. The pyridine salt (pyH)-[ReCl4], which is dark red, is only
slightly soluble in water.
The alkaline salts are readily soluble in aqueous hydrochloric acid; but
the rubidium and caesium salts are only slightly soluble in presence of a
large excess of the alkaline halide,1248 so that they can be used for the
microchemical detection of rhenium trichloride. RbReCl4 is a bright red
1210
1947
1941

H. Hagen and A, Sieverts, ib. 1933, 215, 111.
W. Sohttth and W. Klemm, ib. 1934, 220, 108.
W. Ckilmann and F. W* Wriggt, ib. 1083, 333, 144,
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powder, easily soluble in water and dilute hydrochloric acid; like the potassium salt it is converted on heating (at 550-600°) into
Rb2ReCl6 + ReCl3 + Re.
The caesium salt is much less soluble in water and dilute acid, but otherwise behaves like the rubidium salt. KReCl4 is much more soluble, as usual
with a strong acid.
Complex bromides of the similar type M[ReBr4] are made in the same
way, and show a similar behaviour. The pyridine salt has been isolated.
DIVALENT RHENIUM

Though this certainly exists in solution, none of its compounds have
been isolated, at any rate in a state approaching purity.
Solutions containing divalent rhenium are formed, as we have seen, by
the disproportionation of complex chlorides of tetravalent rhenium:
5 Re^

> 3 Re" + 2 Re^*,

or by boiling hydrated rhenium sesquioxide with sodium hydroxide:
9 R,em
^ e Reii _|_ 2 Re iv + Re vii .
Further, rhenium trichloride can be reduced1249 with zinc and sulphuric
acid to give a blue-violet strongly reducing solution, which evolves
hydrogen on heating.
The only further evidence for the existence of divalent and even of
monovalent rhenium is a claim by Young and Irvine,1260 that by the reduction of potassium perrhenate in sulphuric acid, a black solid is formed,
from which rhenium dioxide can be dissolved out with 12-normal HCl,
leaving an insoluble residue containing divalent and monovalent rhenium.
This cannot be accepted without confirmation, especially as their products
did not evolve hydrogen when heated with alkali, while Manchot1249 has
shown that a solution of divalent rhenium evolves hydrogen on boiling.
Apart from this, there is no evidence that rhenium can exist in the
monovalent form (except in certain carbonyls) even in solution, and none
that either monovalent or divalent rhenium compounds can be isolated.
For evidence of Re' in solution, see references 1251~2.
Rhenium Garbonyl Compounds
These were recently discovered by Hieber and his co-workers, by his
method of direct synthesis from carbon monoxide under pressure (see
Cobalt, VIII. H22). The simple carbonyl [Re(CO)5J2 (the E.A.N, of the
R© in Re(CO)6 is 85, so this complies with the rule) cannot be made
from the metal, or from the halides Re(CO)6X by removal of the halogen,
"*• W. Manohot and J. Dtisktg, Ann. 1034, 509, 228.
»"°
R, C. Young and J. W. Irvine, J.A&S. 1987, 59, 2648.
1111
G. E. F. Lundell and H. B. Knowles, Bw. Stcmdcmte J. R$s. 1087, 18, 020.
» " J. J. Lingana, J.A.CS, 1042, 64, 91SS.
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as they are too stable. It can, however, be made from the oxides: thus
the reaction
Re2O7 + 17 CO = [Re(CO)5]2 + 7 CO2
goes quantitatively at 250° under 200 atm. CO 1253 ; KReO4 reacts in the
same way, but less easily; Re2S7 also gives the carbonyl with difficulty,
along with a little of a very volatile rhenium compound, no doubt the
hydride, which should have the formula Re(CO)4COH. The carbonyl is
very insoluble, but it is dimeric (±10 per cent.) by the freezing-point in
camphene and in cyclopentanone. [Re(CO)5J2 forms small crystals without
colour or smell, which are unaffected by dilute acid or alkali, but are
attacked by hot concentrated nitric or sulphuric acid; it melts at 177° in
a sealed tube, and above this decomposes slowly, separating rhenium. It
sublimes easily at 140°, and combines with the halogens (with chlorine only
with difficulty, but with bromine and iodine readily at 120°) to form the
carbonyl halides Re(CO)5X. In hexane and in dioxane it has a strong
absorption band at 3,100 A,1264 obviously due to the link that holds the
two parts of the dimer together.
The carbonyl halides, Re(CO)5X, were the first rhenium carbonyl compounds made,1255"*6 the high pressure method being used. With rhenium
(as with iron, cobalt, and nickel, but not with molybdenum or tungsten)
the bromide and iodide are more easily made than the chloride,1267 being
formed at 200° under 1 atm.; they are thus more easily formed than the
carbonyl halides of cobalt and nickel, but not than those of the platinum
metals. All three are without smell, the iodide pale yellow and the rest
colourless; they are stable in air (stabler than chromium carbonyl), and
sublime undecomposed in an atmosphere of carbon monoxide, the iodide
at 90° and the chloride at 140°, both fairly fast; they are soluble in
benzene and ligroin, the iodide most. This order of volatility and solubility is also found with the iron compounds Fe(CO)4X2, but practically
nowhere else. On heating they do not decompose below 400°.
Amines react with rhenium carbonyl as they do with chromium carbonyl,
displacing CO groups, usually 2 from each Rh.1258 The reaction goes
slowly, and only on heating (like M(CO)6, but unlike the iron and cobalt
compounds) both with the carbonyl and with its halides. Thus the chloride
on boiling with pyridine gives Re(CO)3py2Cl; the simple carbonyl only
forms Re(CO)3py2 at 200°, o-Phenanthroline (phn) reacts in benzene at
120° to give Re(CO)3phn and Re(CO)3(phn)X, yellow compounds which
crystallize well.
All these compounds are remarkably stable. Even concentrated hydrochloric acid does not affect the ammines, which are only broken down by
concentrated nitric or sulphuric acid on warming.
U58 w, Hieber and H. Fuchs, Z. anorg. Ghent. 1941, 248, 256.
lm
»»* R. Bohuh, ib. 1942, 248, 276.
H. Schulten, ib. 1939, 243, 145.
"•• Id., ib. 104,
1857 W , Hieber, B. Sohuh, and H. Fuoht, ib. 1941, 248, 243.
in* w. Kiibtr and H, Fuohi, ib. 194S1 248, 269.

GROUP VIII
26 Iron
44 Ruthenium
76 Osmium

27 Cobalt
45 Rhodium
77 Iridium

28 Nickel
46 Palladium
78 Platinum

T

HE eighth group of Mendeleeff 's Table consists of three triads Fe, Co,
Ni: Eu, Rh, Pd: Os, Ir, Pt. The combining of these into a single group
is really a departure from the method adopted earlier in the Table, where
the elements of a group are distinguished by being the same distance from
the nearest inert gas (with appropriate modification for the elements
following the rare earth metals). In each triad of the so-called eighth
group we have three elements which, with this modification, have respectively 8, 9, and 10 electrons more than the preceding inert gas, and so it
would be more accurate to divide the group vertically into three which
should be called Groups VIII, IX, and X ; but the convention of including
them all in one group is too well established to be changed. We must
recognize that the true division of this group is a vertical one, into what
we may call VIII. 1, VIII. 2, and VIII. 3.
MendeleefiF's method of collecting each set of three consecutive elements
into a triad (which enables the 10 elements of the half-period to be fitted
into 8 places) has over-emphasized the resemblance of the elements of a
triad to t>ne another, a resemblance which is not much closer than that
between any three consecutive elements of different transitional groups,
especially if we remember that usually the most characteristic valency of
a group is the group valency, and that none of these elements show this
except ruthenium in a single compound and osmium in a small number.
The average difference in atomic weight between two consecutive elements
in Group VIII is 2«2, in the platinum metals 2-5, and over the whole
Periodic Table 2-0. The chemical differences between cobalt and nickel
were sufficient to convince the nineteenth-century chemists that cobalt
must come next after iron and before nickel in spite of its greater atomic
weight.
At the same time there is a marked difference between the members
of the iron triad as a whole and the platinum metals. This is largely due
to the fact that the first three all form simple cations, which the elements
of the first platinum triad scarcely do, and those of the second triad not
at all. There is also a very marked increase in the stability of the higher
valenoies when we pass to the platinum metals. These are examples of
tendencies which are quite general in any transitional subgroup: as the
atomic number increases the stability of the higher as compared with the
lower valencies inoreases also, while in any given valency the tendency to
ionization grows less.111
* Thi objection that thorium ialte are more fully iopised than those of tetravalent
titanium or hafnium It only apparent J an element In the group valenoy (ai theee
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It will therefore be convenient to discuss the elements of the first (iron)
triad separately, and then to consider the platinum metals under the subgroups ruthenium and osmium: rhodium and iridium: palladium and
platinum.
The elements of Group VIII are all greyish-white metals with high
melting-points and very high boiling-points; they all absorb hydrogen, and
have marked catalytic power. The affinity for oxygen falls off in each
triad from left to right; there is always a strong affinity for sulphur. All
the elements form complexes readily, and some of them (for example,
cobalt and platinum) extremely readily. Their distribution in the earth's
crust is peculiar, being roughly in the proportion iron:cobalt and nickel:
platinum metals = 10 7 :10 4 :!.
The radii of these elements, and especially of the platinum metals, are
small as compared with their atomic weights; they fall on the lowest parts
of Lothar Meyer's atomic volume curves. The relevant values are given in
the following table; those of the Group IV B elements in the same Periods
are added for comparison.
26 Iron

27 Cobalt

28 Nickel

32 Germanium

At. radius
Density .
At. vol. .
M. pt.
Abundance*

1-27
7-85
7*11
1,530°
51,000

1-25
8-8
6-70
1,490°
40

1-24
8-8
6-67
1,455°
100

1-22
5-40
13-4
959°
..

At. radius
Density .
At. vol. .
M. pt.
.
Abundance*

44 Ruthenium
1-32
12-3
8-30
> 1,950°
0-001

45 Rhodium
1-34
121
8-50
1,966°
0-001

46 Palladium
1-37
11-5
9-28
1,557°
0-01

50 Tin
1-51
5-62
211
232°

At. radius
Density .
At. vol. ,
M. pt.
Abundance*

76 Osmium
134
22-5
845
2,500°
0001

77 Iridium
1-35
22-4
8-62
2,454°
0-001

78 Platinum
1-38
21-4
912
1,774°
0-005

82 Lead
1-75
11-34
18-3
327°

••

* Parts per million (g./ton) in the earth's crust.

Before we come to the separate sections of the group it may be useful
to give a brief table indicating the relative importances of the various
valencies for each element (N = commonest: N = next most stable:
N = definite but few: (N) = doubtful); monatomic ions only occur in the
are) is not in the transitional state; its ion has the inert gas number, and so it obeys
the simple Fajans rules, which require the ionization to increase with the atomic
number. A second objection, that tetravalent uranium ionises well, while tetravalent molybdenum and tungsten do not, has lost its foro© now that we realize that
uranium is an aotinide or uranidt element,
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first triad. Peculiar valencies confined to carbonyl and nitrosyl compounds are omitted.
Iron
(1) 2 ion 3 ion
2 covt. 3 covt. 6 covt.
2
2

Ruthenium
3 4 5 6 7 8
Osmium
3 4 6

8

Cobalt
2 ion 3 ion (4)
2 covt. 3 covt.
(2)

Rhodium
3 4 or 5

Iridium
(1) 2 § 4 5

Nickel
1 I (3)

0

Palladium
(1) I 3 4
Platinum

(1) I 3 i W

The formulae of the various binary fluorides of this group (given by
Ruff) show clearly how the stable valencies rise as we go from right to
left and as we pass in any section from the lighter to the heavier elements.
FeF 8
FeF 2

CoF 8
CoF 2

BuF5

RhF 4 ^ 5
BhF 8

OsF 8
OsF 8
OsF 4

IrF 6
IrF4

NiF 2
PdF8
PdF 2
PtF4
PtF2?

I R O N T R I A D : IRON, COBALT, N I C K E L
ALL these elements, like their predecessors in this period, chromium and
manganese, are metallic in character, and give a series of definite salts in
their lower valencies, especially in the divalent state, which is reasonably
stable with all three elements, and becomes more so as we go from left to
right: with iron the divalent state is more stable in the ionized form, with
cobalt it is far more stable except in the complexes: with nickel the trivalent form is very rare. Valencies higher than 3 are relatively unstable with
all three elements. The chief properties of these three elements in their
various valency states may be briefly summarized as follows.

Iron
Valency = 0. Fe(CO)5: (not in the other carbonyls).
Valency = 1. Uncertain: may exist in solution.
Valency = 2. Fe(OH)2 colourless, basic. Salts many, pale green, usually
soluble in water. More stable than the trivalent state when ionized, less
when covalent. Hydroxide a strong reducing agent; in presence of
platinum it reduces water at 200°. Ferrous fluoride insoluble, other halides,
as also nitrate and sulphate, soluble.
Complexes. Co-ordination number usually 6 for the cations, rarely 6 for
the anions, except in the ferrocyanides. Ammines (co-ordination numbers
6 and 2) rather unstable; complex halides formed with F 3 and F 4 : Cl8 and
Cl4 (one Cl6): no bromides or iodides. Cyanogen complexes are very
stable; they all have the co-ordination number 6, and are of two types,
M4[Fe(CN)6] and Mx[Fe(CN)5X]: the former, though covalent ferrous
compounds, are only slowly oxidized by air in presence of acid. In the
latter series X may be H2O, NH 3 , SO3, NO2, CO, NO: the last gives the
nitroprussides M2[Fe(CN)5NO], in which the iron is really divalent.
Valency = 3. Fe(OH)3 is basic and slightly acidic, giving ferrites
M[FeO2]. The trivalent state is more stable when covalent. The Fe'" ion
is reduced to ferrous by hydrogen in presence of a platinum catalyst. The
salts are numerous, usually soluble in water, and much less hydrolysed
than the ferrites (i.e. Fe(OH)3 is much weaker as an acid than as a base).
Fluoride very slightly soluble. Chloride soluble, bromide doubtful, no
iodide. Ferric nitrate and sulphate soluble.
Complexes are nearly all anions. Stability of the halides is in the order
F,C1 > Br: no iodides. Co-ordination numbers of these are F 4 , F 6 (the
commonest, usually with H2O), F 6 : Cl4, Cl5 (H2O), Cl6, few Cl7: Br few,
4, and 5. M3[Fe(CN)6] not quite so stable as the ferrous. Pentacyanoform with the ion [Fe^(CN)5X] occurs: X can be OH2, NH 3 , or NO2, but
not SO3, CO, or NO. Oxalato-complexes, 4 and 6-covalent, occur.
Valency = 4. Only in Fe2(CO)9.
Valency = 6. This occurs in the ferrates M2[FeO4] made by oxidizing
iron with potassium nitrate, or ferric hydroxide with chlorine or bromine,
but only in alkaline solution. Red; isomorphous with M8SO4, etc \ strong
oxidizing agent: aoids oonvert it into the ferrio state with liberation of ozone.
6114,1

ah
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Cobalt
Valency = 1. Co(CO)3NO.
Valency = 2. This is the stable state for the simple ion when not
co-ordinated to anything but water. Forms the oxide CoO; Co(OH)2 has
some acidic character, giving cobaltites, probably of the type M2CoO2.
CoS and CoF2 slightly soluble, most other salts halides, nitrate, sulphate,
formate, acetate, etc., soluble.
Complexes. These are relatively speaking few and unstable. Ammines
of co-ordination numbers 6, 4, and 2 are known: they are not very stable,
being decomposed by water (except the 'en' complexes) and oxidized by
air. Among the complex halides the co-ordination number of 4 is the
commonest, but 3, 5, and rarely 6 occur. The chlorides are the most
numerous, then the bromides, and there are a few fluorides. The cobaltous
cyanides M4[Co(CN)6] are very unstable, and are oxidized by air to
cobaltic. Other unstable complexes are M2[Co(NO2)J, M2[Co(SOJ2], and
M2[Co(C2O4)J.
Valency = 3. The simple trivalent cobaltic ion is excessively unstable;
almost the only apparently simple salts that are known are the fluoride,
sulphate, and acetate, and these are probably really complex. The oxide
and sulphide occur. The trifluoride CoF8 forms various hydrates; it
evolves fluorine in the dry state at 250°, and gives off oxygen briskly from
cold water; ,no trichloride has been isolated. The sulphate Co2(SO4J3,
18 H2O soon evolves oxygen in water; it forms alums, which also are
decomposed by water. The acetate is trimeric in acetic acid, is stable in
water, but evolves chlorine with hydrochloric acid.
Complexes. The complexes of trivalent cobalt are as numerous as
those of any element, even trivalent chromium or tetravalent platinum.
The co-ordination number is always 6. The structures are subject to
curious limitations. The ammines can have up to 3 of the 6 amine groups
(but no more) replaced by water, giving the trivalent cations
[Co(NH8)6]: [Co(NH3J5OH2]: [Co(NH3)4(OH2)2]: [Co(NH3)3(OH2)3]:
the stability diminishes as the amount of water increases. In these
ammines up to three of the NH 3 groups can be replaced by OH, F, Cl, Br,
I, —N=O, nitrosyl, NO2, NO3, CN, CO3, SO3, SO4, S2O3, oxalato- and
other radicals.
But it is remarkable that trivalent cobalt, unlike all other trivalent
metals, and even unlike divalent cobalt, forms no pure complex halides
suoh as M[CoX4] or M3[CoX6]; there are never more than three of the
NH 8 groups replaced by halogens, so that the halide complex is always
either cationio or neutral. The behaviour of the cyanide group is the exact
opposite. The hexaoyanide M8[Co(CN)6] is very stable; the pentacyanide
ion [Co(CN)5X] probably ooours also, but no oyanide oomplexes are known
with less than 8 CN groups, The hexaoyanides M8[Co(CN)6] are more
stable than the corresponding salts of trivalent chromium, manganese, or

Nickel:
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iron: thus like ferrocyanides but unlike ferricyanides the calcium salt is
not poisonous.
The SO4 group is like the halogens: only one will enter the complex:
the carbonato-group behaves in the same way. On the other hand, the
SO3 and oxalato-groups give the pure types M3[Co(SO3)3] and M3[Co(C2O4)8].
Valency = 4. Nearly all the supposed compounds of this kind are
doubtful or have been shown not to exist. But there is one class of compounds which Werner supposes to contain tetravalent cobalt. These are
the dark green peroxides of the formula [(NH3)6Co—O2Co(NHg)6]X5.
Nickel
Valency = O. This occurs in nickel carbonyl Ni(CO)4, in the nitrosyl
compound K2[Ni(CN)3NO], and in K4[Ni(CN)4].
Valency = 1. This only occurs in the complex salts M2[Ni(CN)3], and
perhaps in the simple cyanide NiCN. This forms red flocks which dissolve
in potassium cyanide to form the above complex. A solution OfM2Ni(CN)4
when reduced by sodium amalgam in an atmosphere of hydrogen gives a
red solution of the complex salt, which is intensely coloured; it evolves
hydrogen slowly in the cold and also precipitates metallic nickel.
Valency = 2. This is by far the commonest valency of nickel. All the
simple salts are of this valency, the oxide, sulphide, all four halides,
cyanide, carbonate, nitrate, sulphate, etc.
Complexes. They are about as stable as those of divalent iron, cobalt,
or copper, but much less than those of trivalent cobalt. The ammines are
very various, but mainly 6-covalent. They are slowly hydrolysed by water,
but the ethylene diamine compounds are not, and are much more stable.
Of the complex halides, the fluorides are mainly F 4 , but some F 3 : the
chlorides are mainly Cl3, but some Cl4; complex bromides and iodides are
formed, but they have not been isolated.
The NO2 complexes are all 6: the cyanides all 4. These cyanides
M2[Ni(CN)4] are especially stable, and have been shown to be planar.
Their solutions give no reactions for nickel, not even with sodium
sulphide.
There are various very stable dichelate complexes, linked through two
nitrogens, or an oxygen and a nitrogen; the best known is the dimethylglyoxime compound, used for the estimation of nickel, of which a litre of
water will only dissolve 0-2 nig. when cold and 1-2 when hot.
Valency = 3. The occurrence of this valency with nickel is uncertain;
if it occurs anywhere it is in the oxide Ni2O3 and its hydrates, which
resemble Co2O3 and its hydrates in many ways.

IRON
IBON is the fourth most abundant element in the earth's crust, coming
after oxygen, silicon, and aluminium; it amounts to 5*1 per cent. (V. M.
Goldschmidt).
Its great technical importance has led to an immense amount of
investigation, especially of the methods of preparation of the metal, and
of its most mechanically valuable alloys, including those with carbon. Most
of this work does not concern us here, but some of the main points may be
briefly mentioned.
The chief native ores of iron are the oxides (magnetite Fe8O4, haematite Fe2O3, etc.), the carbonate (siderite FeCO8), and the sulphides,
especially pyrites FeS2. The methods of preparing the metal from the ore
always involve its reduction by carbon. The properties of the metal so
obtained depend (1) on its previous treatment, which determines the size
and in some cases the nature of the crystals present, (2) on the carbon
content, and (3) on the other elements present.
In its compounds iron is nearly always either divalent or trivalent.
The hydroxides Fe(OH)2 and Fe(OH)8 are basic in character, but the latter
is also feebly acidic, and with alkalies can form the unstable ferrites
M[FeO2]. Scheele was the first man to realize that iron can form two distinct series of salts, the ferrous and the ferric, and Lavoisier in 1782
recognized that the corresponding oxides contain different proportions of
oxygen.
Both ferrous and ferric salts are as a rule readily soluble in water, exceptions being ferrous fluoride FeF 2 , and the oxides, hydroxides, sulphides,
carbonates, and phosphates. Both series, but especially, as we should
expect, the ferric, give numerous complexes.
The salts of iron have a remarkable power (shared to some extent by
other elements, especially of the eighth group) of combining directly with
oarbon monoxide and with nitric oxide.
Iron has also, like the transitional elements in general, but in an
exceptionally high degree, the power of acting as a catalyst, both homogeneous and heterogeneous; this is especially true with oxidations, for
example, of arsenites, phosphites, or sulphites, or of hydrogen peroxide
(to oxygen and water); iron salts hasten the oxidizing action of hydrogen
peroxide, of nitric acid, of dichromates or permanganates: they promote
the synthesis of ammonia from its elements, its oxidation to nitric acid,
and that of sulphur dioxide to the trioxide. A full account of these and
many other reactions which are promoted by iron compounds is given in
Abegg's Handbuch.1

Compounds of iron are of fundamental importance to living organisms,2
vegetable as well as animal, being required mainly but not solely to promote oxidation.
The human body oontains about 0*005 per cent. (3-4 g.) of iron, about
1
1

Abegg, Eison, B. 875-754 (1085)*
Set A, Raid In Abegg, lb, 755-86 (1935).
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three-quarters of it in the form of haemoglobin, which transports the oxygen
of the air to the tissues; about a decigram of iron is excreted by a man
every day, and this quantity must be made up from the food, or deficiency
diseases, mainly anaemia, will set in. The lower animals, and also nearly
all plants, contain iron in about the same proportion; its presence is
necessary to the production of chlorophyll, though it does not seem to be
a constituent of it.
Most of the iron is contained in the porphyrins, which are essentially
built up of four pyrrol residues joined into a ring by four CH groups; the
(ferrous) iron is attached to the nitrogen, usually in the form

—N N—

I I

The poisonous action of carbon monoxide on animals is of course due to
its combining with the haemoglobin (for which it has a much stronger
affinity than oxygen has), and making it unable to act as a carrier of
oxygen, thus causing cyanosis.
It is remarkable that various fermentations are arrested by carbon
monoxide, and alcoholic fermentations by nitric oxide, both gases which
combine readily with iron; in these fermentations the presence of porphyrin-bound iron has been shown to be essential.
Metallic Iron
Pure iron is a rather soft metal, softer than any other metal of the whole
group except nickel and platinum. It occurs in four different solid forms,
the transition points being:
liquid
> gas760
mm.
770°
928°
1,411°
1,530°
3,235°
The relations of the solid forms (which are known as ferrites) are very
peculiar, a, j8, and 8 all have the same crystal lattice; a is ferromagnetic;
when it is transformed into ]8 the ferromagnetism disappears, but the
lattice remains unchanged; hence, this is not, properly speaking, a phase
change at all, and accordingly the a and j8 forms are both commonly
included under the name of ot-ferrite. The change of P to y (or of a-ferrite
to y-ferrite) at 928° involves a change of lattice and is a true phase change;
so is that ofy to 8 at 1,411°, but the crystal lattice of the S-form is the same
as that of the a and /J.
Iron forms a series of alloys, which are of more importance to human
life than those of any other metal, as is shown by the name of Iron Age
given to the latest stage of prehistoric development. Of thee© the alloys
with carbon (steal, oast iron) art the most important, and n t briefly
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discussed in the next section. Chemically, iron is a very active metal,
being readily attacked by a variety of substances, especially oxygen and
oxidizing agents.
Iron and Carbon Alloys
The phase-rule diagram for the system iron—carbon has been worked
out on the iron side in great detail.8"5
Pure iron (i.e. S-ferrite) melts at 1,530°, but the liquid will dissolve
carbon, and the melting-point is thereby depressed down to a eutectic at
1,125°, where the liquid is in contact with the two solids, austenite, which
is a solution of 1*8 per cent, of carbon in y-ferrite, and cementite Fe3C,
the only carbide of iron that can be isolated; this has a very complicated
crystal structure.4'5 Each C atom is at the centre of a distorted trigonal
prism, with the Fe—C distances varying from 1*89 to 2*15 A.
On further cooling the austenite separates out some cementite and
becomes poorer in carbon, and then at about 700° it breaks up into a
eutectic mixture of a-ferrite (i.e. pure iron in the a-form, which dissolves
no carbon) and cementite; this eutectic mixture is known as pearlite. All
the forms of iron and steel are made up of these materials, their mechanical
properties depending not only on the nature and the proportions of the
phases, but also on the size of the crystals of which the solid is composed.

Other Alloys of Iron
The properties, and especially the mechanical properties, of iron are
greatly affected by the presence of small quantities of other substances.
The most important of these, as we have seen, is carbon, of which all
ordinary technical forms of iron contain a certain amount. Wrought iron
or malleable iron is the purest (and hence the least fusible) form, and
usually has less than half a per cent, of carbon; cast iron, which is the
richest in carbon and the most fusible, and is brittle when cold, contains
up to 4-5 per cent, of carbon, partly in the form of enclosures of separated
graphite.
Besides these fundamental forms there are numerous alloys of steel
with other elements which are used for special purposes; these may contain, in addition to carbon, any of the elements manganese, nickel,
chromium, tungsten, silicon, vanadium, molybdenum, and cobalt. Thus
the steel which is used for springs may have from 1 to 2-5 per cent, of
silicon; manganese steels (up to 10 per cent. Mn or more) are very elastic
and very durable, and are used for railway axles; invar, which has only
a very small expansion with heat, and is used for the pendulums of clocks,
has a large proportion (up to 36 per cent.) of nickel; steel containing 45 per
cent, of nickel has the same coefficient of expansion as glass, and can be
sealed into it like platinum. 'High-speed tool steel', containing about 4
per cent, of chromium with some tungsten and vanadium, retains its
1
See, for example, Findtay, Phase BuIe, ed. 7, 1931, p. 188.
4
H. Lipion md N. J. Potoh, J, Iron md Steel Inst 1940, 142, 95.
• WdIi1 SXC, p. 60S,
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hardness up to high temperatures; with tools made of this material it is
possible to cut metal at a high speed without fear of the tool being softened
by the heat evolved. Stainless steel usually has a high chromium content
(up to 18 per cent.), and some nickel.

Iron and Hydrogen
Iron, like all the metals of Gp. VIII, has the power of absorbing hydrogen,
as was discovered by Deville and Troost in 1863. Ordinary commercial
iron may contain from one-tenth of its volume.to its own volume of the
gas. The solubility of hydrogen in pure iron at equilibrium, in c.c. of
the gas at N.T.P. per c.c. of iron, is6 04 at 600° C, 0-4 at 1,000°, and at the
melting-point (1,530°) about 1-0 in the solid and 2-0 in the liquid: the heat
of solution in the liquid is 13-3 k.cals./H. Atomic hydrogen, produced in
the gas by a glowing tungsten spiral, readily diffuses through an iron sheet
at room temperature.7 It is possible electrolytically to get a metastable
concentration of hydrogen in iron that is much higher than this, from an
acid solution as much as 35 c.c. per c.c. of iron (this corresponds to a
formula Fe46H).
Weichselfelder8 claims to have obtained, by the action of phenyl
magnesium bromide on ferrous and ferric chloride, a black powder FeH 2
and a black oil FeH6, both unstable; but this has not been confirmed.

Iron and Carbon
Iron carbide has already been discussed (p. 1324). Iron forms no alkylsor
aryls, but ferrous chloride gives with phenyl magnesium bromide a nearly
quantitative yield of diphenyl, which may be due to the intermediate
formation of an unstable iron phenyl.9 The only other Fe—C compounds
are the large series of cyano-derivatives, which are discussed later (ferrous,
p. 1335; ferric, p. 1358), and the carbonyls (p. 1369).

Iron and Nitrogen10
Metallic iron will absorb nitrogen, but only at high temperatures (above
800°, and especially above its melting-point) and in small quantities; the
amount depending on the condition, and especially the carbon content, of
the iron.
On the other hand, ammonia reacts very readily with iron on heating,
and causes it to take up as much as 11 • 1 per cent, of nitrogen, corresponding
to the formula Fe2N.
• See especially A. Sieverts and W. Krumbhaar, Ber. 1910, 43, 893; A. Sieverts,
Z. Elektrochem. 1910, 16, 707; M. H. Armbruster, J.A.C.S. 1943, 65, 1043.
7
J. H. de Boer and J. D. Fast, Rec. Trav. 1939, 58, 984.
8
T. Weichselfelder and B. Thiede, Ann, 1926, 447, 84.
8
H, Oilman and M. Liehtenwalter, J,A.O£. 1989, 61, 957.
" Gmolin, Eittn, B. 137-58 (1029).
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Of the various nitrides of iron described in the literature, the only two
which may be considered definite compounds are Fe2N and Fe4N.
Fe2N (11-1 per cent, of nitrogen)11"12 is made by passing ammonia at
400° to 500° over iron or its chlorides or oxides. It is a grey substance
looking not unlike powdered iron; it forms hexagonal crystals. Its individuality has been established by X-ray analysis.18""14
If it is heated in a vacuum to temperatures not above 600° it loses half
its nitrogen to give the lower nitride Fe4N (see below), the decomposition
beginning about 440°. Above 600° the dissociation goes farther, and at
800° only about 0-28 per cent, of nitrogen remains.15 The nitride is oxidized
by air at about 200°, catches fire in chlorine, and dissolves in dilute hydrochloric acid to give ferrous and ammonium chlorides, with evolution of
hydrogen. Water has little effect on it even at 100°, where there is a very
slight evolution of hydrogen.
The lower nitride Fe4N (6*9 per cent, nitrogen) remains behind when
Fe2N is heated in vacuo to 440-550°.le~17 It is shown by its X-ray pattern13"14'18"19 to be a definite individual. By 800° it loses nearly all its
nitrogen. In its general properties it resembles Fe2N.
The X-ray results show clearly that these are two definite chemical
individuals, but they do not throw much light on the nature of the linkages which they contain.
The formation of these nitrides is of technical importance owing to
the use of oxides of iron as catalysts in the synthesis of ammonia from its
elements; the oxides are no doubt reduced by the hydrogen and converted
into nitrides. In practice the oxides must be 'activated* by admixture,
usually with other less reducible oxides such as alumina. Under these
conditions it has been shown20 that the nitrides (which contained 5-11 per
cent, of nitrogen, i.e. from Fe4N to Fe2N) decomposed at temperatures up
to 600° with a heat of activation of about 10 k.cals. The alumina did not
alter the activation energy, but it increased the effective surface 5 times,
apparently by preventing the recrystallization of the iron into larger
particles, which otherwise happens at 400-500°. This conclusion was confirmed by an X-ray examination of the materials,21 and is in agreement
with the results of previous workers.22
« G. J. Fowler, J.C.S. 1901, 79, 285.
18

G. J. Fowler and P. J. Hartog, ib. 299.
A. Osawa and S. Iwaizumi, Z. Krist. 1929, 69, 30.
14
G. Hfigg, Nature, 1928, 122, 962.
16
N. Tschischewski, J. Iron Inst 1915, 92, 58.
M
G. Charpy and S. Bonnerot, O.R. 1914, 158, 996.
17
A. Fry, Stahl u. Msen, 1923, 43, 1272.
» G. H&gg, Nature, 1928, 121, 826.
19
R. Brill, Naturwiss. 1928, 16, 593; Z, Krist 1928, 68, 379.
80
N. I. Kobosev, B. W. Jerofejev, and S. I. Sluohowsky, Z. Elehtroehem. 1935,
41, 274.
11
G, L. Natanion, Z. EUktrochem, 1935, 41, 284.
11
B, Wyokoff and B. Oritttndsn, JA&.8, 1985, 47, 2808? A. Mittwoh and E.
Ktuntekt, f, EUhtroohnm, 1982, II, 0 i i | B, Brill, lb., 600.
18
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With a tin-iron alloy phosphorus under pressure forms an unstable
black compound of the composition PeP2-S7; X-ray diagrams give no signs
of compounds FeP 2 or FeP 8 .

Monovalent Iron
This has never been isolated, except in certain nitrosyl compounds
(p. 1372): but Treadwell and Huber24 say that after cyanide complexes
containing Fe", Co", and Ni" had been reduced electrolytically in the
presence of potassium cyanide, electrometric titration of the product with
K8[Fe(CN)6] showed a 95-7 per cent, yield of the monovalent Fe, Co,
and Ni.
F E R R O U S COMPOUNDS
THE great majority of the compounds of iron are either ferrous, with an
atomic core of effective atomic number 24 = 2.8.14, or ferric, with a core
of 23 = 2.8.13. The ferrous compounds are more stable (especially in air)
in the ionized state and the ferric in the covalent.
Ferrous compounds are formed either from the metal or by the reduction of the ferric. Acids, even reducible acids like nitric or perchloric, if
they are dilute, dissolve iron without being reduced by it, and form ferrous
salts. In its direct combination with other elements iron sometimes (for
example, with iodine, sulphur, selenium, etc.) stops at the ferrous stage,
but with other more active elements like fluorine and chlorine it goes on
to the ferric: with these last the ferrous salt can be made by treating the
metal with the halogen hydride such as HCl or HF.
The ferrous ion in solution is pale green, almost colourless, and most of
the hydrated salts have the same colour; the ion has, however, a strong
absorption in the infra-red at about 10,000 A. The salts are often isomorphous with those of other divalent elements, and resemble them in their
solubilities, the halides, nitrate, sulphate, and thiosulphate being soluble,
and the hydroxide, sulphide, phosphate, and oxalate relatively insoluble.
The E.M.F. of a platinum electrode in a solution containing equal
amounts of ferrous and ferric ions is 0-75 volt higher than that of the
normal hydrogen electrode, showing that the ferric ion is reduced by
hydrogen to the ferrous; this reduction is, however, found in practice not
to be complete except in the presence of colloidal platinum as a catalyst.25
The conditions of interconversion of ferrous* and ferric compounds are
discussed in more detail later (p. 1348).
Ferrous Oxide, FeO
The oxide scale formed on iron that has been heated to a high temperature in air consists of three layers, ferrous oxide, FeO; magnetic oxide,
88
M
18

M. Heimbreoht and W. Biltz, Z. anorg. Ohem, 1930, 242, 233.
W. D, Treadwell and D. Huber, Help, QUm, Am. 1948, 26» 10.
0. Fredenhagom Z, anorg, OKm* 1908, 2% 405.
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Fe 3 O 4 ; and ferric oxide, Fe2O3. Ferrous oxide is not produced below 575°;
but above that temperature it can be made the sole product if the pressure
of oxygen is kept low enough.26*27 The oxide can also be made by heating
ferrous oxalate; it is then obtained as a fine black powder, which is pyrophoric and decomposes water; on strong heating this loses its reactivity,
being converted into a less finely divided form.
Some contradictory statements have been made about ferrous oxide,
because it is not a stable substance,28 but changes slowly into a mixture
of the magnetic oxide Fe3O4 and metallic iron. Hence the oxide FeO can
only be made by heating iron under the right pressure of oxygen to a
temperature above 575°, and then chilling it to a temperature at which
this change is practically stopped. Wyckoff,29 who examined the crystal
structure, made the ferrous oxide by saturating the fused magnetic oxide
Fe8O4 with iron, powdering the mass, and then separating the ferrous
oxide magnetically from the excess of iron.
Ferrous oxide FeO is a black substance melting about 1,360°. It is not
magnetic when pure, and it has a sodium chloride lattice, suggesting that
the solid is ionized.

Ferrous Hydroxide, Fe(OH)2
This is obtained as a white precipitate when a solution of a ferrous salt
in air-free water is treated with alkali, but the precipitate is only white if
oxygen is absolutely excluded.30 It very readily absorbs oxygen from the
air, and becomes first a dirty green, then black, and finally is converted
into the reddish-brown ferric hydroxide Fe(OH)3. In presence of excess
of alkali the oxidation stops at an intermediate stage, with the production
of a black substance containing both ferrous and ferric iron, which may
well be ferrous ferrite Fe"[Fe"'02]2.31 That an intermediate oxide should
be darker in colour than either of the extreme forms is a common experience (compare cerium).
Ferrous hydroxide, like the oxide, is an unstable substance, and changes
slowly, even in the cold, to Fe3O4, water, and hydrogen.32"3
Ferrous hydroxide is a fairly strong diacid base. Its acidic properties
are very weak: its tendency to form the 'ferroates' M2Fe11O2 is very small,
but in the anodic oxidation of iron in presence of concentrated alkali a
80

T, Iimori, Nature, 1937, 140, 278.
w L. S. Darken and R. W. Gurry, J.A.C.S. 1946, 68, 798.
98
H. Forestier, Ann. Chim. 1928, [10] 9, 316.
M
B. W. G. Wyckoff and E. Crittenden, J.A.C.S. 1925, 47, 2876; Z. Krist. 1926,
63, 144.
80
0. Baudisoh, Ber. 1938, 71, 992, gives directions for preparing perfectly white
ferrous hydroxide by precipitating a solution of ferrous hydrogen carbonate
Fe(HC08)|, made from iron powder and carbon dioxide solution, with guanidine
oarbonate in presence of potassium nitrate free from nitrite.
11
A. Kraus®, Z. cmorg. Ghmn, 1928» 174, 145.
ftl
E. Friok© and S. Bihl, Naturwiss. 1940, 31, 326,
11
Id., £. anorg, Ohm. 1948, 2Bl1 414,
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green solution can be obtained, which may probably contain a salt of
this kind.34
In contrast to the relatively stable ferrous ion, the hydroxide is a strong
reducing agent; it is not quite strong enough to reduce water at the
ordinary temperature, but if it is heated with water to 200° in presence of
palladium as a catalyst it decomposes it with evolution of hydrogen.
If ammonia is added to a solution of a ferrous salt the hydroxide is
only incompletely precipitated, and in presence of an ammonium salt it
is not precipitated at all. The conclusion that ferrous hydroxide, like
magnesium hydroxide, has a relatively high solubility product is not quite
true: for Fe(OH)2 it is 3 X 10"14, which is 1/300 of that of Mg(OH)2 (10~ n );
a saturated solution of ferrous hydroxide in pure water contains about
6 mg. to the litre at 20°. The imperfect precipitation of the hydroxide by
ammonia is at least in part due to the formation of ammines of the ferrous
ion: if a ferrous solution containing excess of an ammonium salt is treated
in complete absence of air with gaseous ammonia, the first few bubbles
produce a white (or usually a greenish-white) precipitate of the hydroxide,
which redissolves (like a precipitate of cupric hydroxide) when more
ammonia is passed in.35

Ferrous Sulphide, FeS86
The only solid phases found in the investigation of the system ironsulphur were iron, FeS, FeS2, and sulphur.
Ferrous sulphide can be made by fusing the elements together, when
they combine with the evolution of enough heat to melt the iron. This
method is used on the large scale in making ferrous sulphide for the
production of hydrogen sulphide. The product so obtained generally contains an excess of one or other constituent, both of which form solid
solutions with it; to prepare the pure sulphide a slight excess of sulphur
is used, and this excess is then distilled off; the pure compound may also
be made37 by passing a mixture of hydrogen sulphide with excess of
hydrogen over ferric oxide at 950-1,050°.
Ferrous sulphide is ordinarily a dark grey or brown solid, but when
quite pure it forms colourless crystals, melting at 1,1930.38 It is trimorphic,39 with transition points at 135° and 325°. It is identical with the
mineral pyrrhotite, which, however, usually is deficient in iron. It has the
nickel arsenide lattice.40
Ferrous sulphide can also be made in the wet way by the action of
ammonium or alkaline sulphide on a ferrous solution (hydrogen sulphide
only precipitates it very imperfectly if at all) when it comes down as a
34

G. Grube and H. Gmelin, Z. Elektrochem. 1920, 26, 459.
E. Weitz and H. Muller, Ber. 1925, 58, 363.
36
See Abegg, Eisen, A. 644, 649 (1938); Gmelin, ib. B. 345 (1930).
87
J. V. Kariakin, J. Appl Chem. Buss. 1938, I I , 1575.
88
R. Loebe and E. Beoker, Z. cmorg. Chem. 1912, 77, 305.
89
H. Haraldsan, Z. Etektroohsm* 1989, 45, 370.
*° Y. M. Goldiohmidt, £#r. 1927, 60, WM \ Trans. Jar, Soo, 1929, 25, 274.
35
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black precipitate which on prolonged washing goes over into the colloidal
form.
Ferrous sulphide is almost insoluble in water, with a solubility product
of about 4 x 10~19 at 20°41 (about 6 x 10~6 mg. per litre).
When heated in a vacuum ferrous sulphide dissociates into iron and
sulphur, the dissociation beginning at 1,100° and being complete at 1,600°.
It is very readily oxidized when moist by air with the separation of
elementary sulphur and the liberation of much heat, the iron being converted into Fe3O4 or at a red heat into ferric oxide. It may even catch fire
when ground in a mortar. It reacts with water on boiling to give hydrogen
and sulphuric acid. It is readily soluble in dilute mineral acids, with the
evolution of hydrogen sulphide and the production of a ferrous salt.

Iron Pyrites, Marcasite, FeS2
Owing to its high sulphur content this is commonly discussed among the
ferric compounds, but it is really ferrous, the salt of the anion [S2] .
It occurs in nature as marcasite (rhombic) and pyrites (regular); pyrites
is at all temperatures the more stable. It is found especially in SW. Spain,
and is an important source of sulphur as well as iron; about 7 million tons
are used per annum.
Pyrites was one of the first crystals whose structure was examined by
the Braggs by means of X-rays.42 The lattice is not unlike that of sodium
chloride, the sodium atoms being replaced by iron, and the chlorine by
pairs of sulphur atoms 2-10 A.U. apart (theory S—S 2-08 A).43 The marcasite lattice is on the whole very similar: the S—S distance is 2«21 A.U.,
and the Fe—S 2-24.44 The repulsion of the negatively charged sulphur
atoms in [S—S]"""" may be expected to drive them farther apart.
In a vacuum pyrites begins to give off sulphur at about 600°. The
behaviour of the system iron—sulphur from the composition FeS to
FeS246*"6 indicates no definite molecular species between FeS and FeS2
(certainly not Fe2S3), but each of these two has a limited solid solubility
in the other.
Chemically, pyrites is extremely inactive at the ordinary temperature,
and is scarcely attacked by anything, but on heating it reacts with many
substances. It burns in air to ferric oxide and sulphur dioxide; hence its
use for making sulphuric acid.
Marcasite is rather more reactive than pyrites, owing to its greater
energy content; it changes into pyrites on heating.
41

L. Braner and J. Zawadski, Z. anorg. Chem. 1909, 65, 143; 1910, 67, 454.
W, H. and W. L. Bragg, Proc. Boy. Soc. 1913, 88, 428; 89, 468. For later work
166 W. L. Bragg, PHl. Mag, 1920, [6] 40,169; H. M. Parker and W. J. Whitehouse,
lb. 1982, [7] 14, 939.
48
L. Pauling and L. O. Brookway, J.A.O.S. 1987, 59, 1284.
44
M. J. Buerger, £. KrUt. 1987, 97, 504.
« F. de Rudder, BuU. Soc, 1080, [iv] 47, 1220,
41
R, Jul* and W. lUta, Z, anorg. Ohm, 1989, 3Oi9 273.
48
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Ferrous Fluoride, F e F 2
The direct action of fluorine on iron gives rise to the ferric compound.
Anhydrous ferrous fluoride can be made47 by reducing the trifluoride with
hydrogen, by the action of hydrogen fluoride on iron at a high temperature, or by treating anhydrous ferrous chloride with fluorine in the cold.
The hydrated form (at first supposed to be an octohydrate, but more probably a tetrahydrate) 48 can be made by dissolving iron in aqueous hydrofluoric acid; the hydrate, which like the anhydrous salt is only slightly
soluble in water, can be dehydrated by heating in a stream of hydrogen
fluoride.
Anhydrous ferrous fluoride FeF 2 consists of white tetragonal crystals
with a rutile lattice; it boils at about 1,100°, and melts very little below
this temperature. It is only slightly soluble in water, and is insoluble in
alcohol, ether, and benzene. It gives no visible reaction with bromine,
iodine, or sulphur, but reacts with great violence when heated with such
metals as sodium, magnesium, aluminium, or zinc. With hydrogen it is
stable up to 400°, at which temperature it can be produced by passing a
stream of hydrogen over ferric fluoride FeF 3 , but at a red-heat hydrogen
reduces it to metallic iron.
It forms a series of complex salts (see later, p. 1348).

Ferrous Chloride, FeCl2
The anhydrous salt can be made by the action of hydrogen chloride on
iron at temperatures not above a red heat, or by reducing ferric chloride
with hydrogen, or by the dehydration of the hydrate.
Anhydrous ferrous chloride forms colourless rhombohedral crystals
with the same crystal lattice49 as the dichlorides of magnesium, manganese, cobalt, and nickel. It melts at 672° and boils at 1,030°; the heat
of evaporation is 32-1 k.cals. per mole,60 involving a Trouton constant of
23-2. The vapour density just above the boiling-point indicates that it is
a mixture of FeCl2 and Fe2Cl4 molecules,51 but at higher temperatures,
from 1,300° to 1,500°, Nilson and Pettersson52 found almost the theoretical
value for FeCl2.
Ferrous chloride is excessively hygroscopic and very soluble in water.
It forms a series of hydrates, whose transition points, so far as they are
known, are as follows53"4:
0 H2O
>1
> 2
> 4
> 6 H2O.
76-5° 12-3°
O. Ruff and E. Ascher, ib. 1929, 183, 196.
48
C. Poulenc, CR. 1892, 115, 941; Ann. CUm. Phys. 1894, [7] 2, 5.
49
G. Bruni and A. Ferrari, Z. physikal. Chem. 1927, 130, 488.
60
C. G. Maier, U.8. Bur. Mines Tedm. Papers, 1925, No. 360.
51
V. Meyer, Ber. 1884, 17, 1335.
88
L. F, Nilion and O. Pettersson, Z, physikal Chem. 1888, 2, 671.
88
G. Agde and F. Sohimmel, Z. cmorg. Ohrnn. 1928, 173, 111.
" F, Sohimmel, ib. 176, 285.
47
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The saturated solution at 20° contains 68-5 g. OfFeCl2 in 100 g. of water,
and at the boiling-point (117'5°) 101*8 g. The aqueous solution is very
slightly hydrolysed.
Ferrous chloride forms a series of complexes (p. 1348).
Ferrous Bromide, FeBr 2
Unlike chlorine, bromine vapour acts on the heated metal to produce
the ferrous and not the ferric compound. This can also be made from- its
hydrate, which is formed by dissolving the metal in aqueous hydrobromic
acid. The anhydrous substance forms yellow or brown crystals with a
layer lattice of the cadmium iodide type. 55 In air it is stable in the cold,
but at 310° it is slowly converted into ferric oxide and bromine. It is very
soluble in water, and forms a series of pale green hydrates; the system
FeBr2—H2O gives the following hydrates56 and transition points:
9 H2O

> 6 H2O
-29-3°

• 4 H2O
+49-0°

> 2 H2O.
+83°

At the cryohydric point of —43*6° the solution contains 42*3 per cent.
OfFeBr2, and at the boiling-point 70-2 per cent. The hexahydrate has the
BOF 117/21°.

Ferrous Iodide, FeI2
This also is formed by the direct action of the halogen on the metal,
and it is easier to get in the free state than the other halides, because no
ferric iodide exists. It can be made in solution by dissolving iron in a
suspension of iodine in water.
The properties of the anhydrous salt have been much disputed; according to Ferrari and Giorgi57 it forms dark red hexagonal crystals with the
cadmium iodide lattice; it melts at 177°.
With water it forms a series of hydrates of which the only certain ones
are a tetrahydrate (green) and a hexahydrate (yellow). On warming even
at 50°, the hydrates and their aqueous solution turn black, but they
recover their original colour on cooling (like cupric bromide).
Some double salts are known, such as FeI 2 , 2 HgI 2 , 6 H 2 O; but there is
no evidence that they contain complex ferrous anions.
Ferrous Cyanide, Fe(CN) 2
Though the ferrocyanide complexes are so stable, the simple cyanide
Fe(CN)2 cannot be obtained from solution. If, however, ammonium ferrocyanide (NHJ4[Fe(CN)6] is heated in vacuo it begins at 110° to evolve
ammonium cyanide, and at 320° pure ferrous cyanide Fe(CN)2 is left
behind as pale-green transparent crystals, which on further heating decom11

A. Ferrari and F. Giorgi, AUi E. 1920, [0] 9, 1134,
*• F. Sohimmci, B*rt 1029, 63, 968.
" A. Forrari and F, Giorgi, AM B, 1919» [0] 10, 522,
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pose above 43O . "* Their crystal structure " may be that of a ferrous
ferrocyanide, Fe2[Fe(CN)6].

Ferrous Thiocyanate, Fe(CNS)2
This can be obtained as a trihydrate Fe(CNS)2, 3 H2O, by dissolving
iron in thiocyanic acid in the absence of air. It forms green prisms, which
are very soluble in water, and very easily oxidized.

Ferrous Carbonate, FeCO3
Ferrous solutions, when treated with alkaline carbonate, give a white
precipitate of the normal carbonate FeCO3, but this rapidly darkens
through oxidation by the air. The solid62 begins to dissociate into carbon
dioxide and ferrous oxide at 200°; at 490° the dissociation tension is
1 atm. (MgCO8 at 540°, CaCO3 at 900°), but at this temperature the gas
has to some extent reacted with the solid to give carbon monoxide and
Fe3O4.
The solubility of ferrous carbonate in water is much affected by the
presence of carbon dioxide, partly because, this represses hydrolysis, and
partly because the ferrous ion (like calcium) forms a soluble acid carbonate Fe(HCOg)2. In water saturated with carbon dioxide at atmospheric pressure the solubility at 20° is about 1 g. per litre. In complete
absence of oxygen iron powder will dissolve in pure water in a stream of
CO2 to give a solution of Fe(HC03)2 containing 1 g. or more of iron per
litre, which will remain clear and colourless for months.63
The water of many springs contains the acid carbonate, and on exposure
to the air this loses carbon dioxide and is oxidizied with precipitation of
hydrated ferric oxide.

Ferrous Nitrate, Fe(NOg)2
This salt can be made from ferrous sulphate and lead nitrate, or by
dissolving iron in cold dilute nitric acid:
4 Fe + 10 HNO3 = 4 Fe(NO3J2 + NH4NO3 + 3 H2O.
The salt is known only in the form of two hydrates, at the ordinary
temperature a hexahydrate, and at temperatures below —12° an enneahydrate Fe(NO3J2, 9 H2O.
The hexahydrate forms green crystals, soF 81.8/20°. On warming,
especially with acids, the solution decomposes to give ferric ion and nitric
oxide (Tiemann and Schulze's method of estimating nitrates).
Ferrous nitrite cannot be prepared; it decomposes at once on formation
to give ferric ion and nitric oxide.
68
A. Mittasch, E. Kuss, and O. Emert, Z. anorg. Ghem. 1928, 170, 193.
69
Id., Z. Elektrochem. 1928, 34, 159.
80
W.
BrOl and H. Mark, Z. physikal. Ghem. 1928, 133, 443.
61
Se© also K. A, Hofmaim, H. Amoldi, and H, Hiendlmaier, Ann, 1907, 352, 54.
11
For iti orystal structure ie@ R. W. G. Wyokoff, Am$r, J. ScL 1920, [4] 50, 817.
11
O, Bttudi»oh, Bar, 1988, 71, 902,
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This is the most important and the longest known of ferrous salts; the
heptahydrate 'green vitriol' was described by Albertus Magnus in the
thirteenth century. The only certain hydrates are those with 1, 4, and
7 H2O, the transition points being:
O

>1
( > 90°)

>4
65-0°

> 7 H2O.
56-6°

The heptahydrate ordinarily forms green crystals, but according to
Abegg64 this is due to the presence of basic salt; when it is quite free from
this it is bluish-white, and it is then quite stable in air, whilst the ordinary
green salt slowly oxidizes in air, with the formation of a yellow-brown
layer of basic ferric sulphate.
On heating, the heptahydrate loses 6 H2O to form the monohydrate,
which gives up the last molecule of water only at a much higher temperature to form a white powder of the anhydrous salt, which on heating to a
still higher temperature breaks up to give sulphur dioxide, basic ferric
sulphate, and other products. At 20° 100 g. of water will dissolve 26-6 g.
of the anhydrous salt in the form of the heptahydrate.
The heptahydrate is monoclinic, and forms mixed crystals with the
corresponding salts (vitriols) of other divalent metals, such as magnesium,
manganese, cobalt, nickel, and copper. It also forms a series of double
sulphates of the general formula M2SO4, FeSO4, 6 H2O, where M may be K,
Rb, Cs, NH 4 , Tl'; all the corresponding double selenates have also been
made.
The ammonium salt (NH4)2S04, FeSO4, 12 H2O has been used for producing very low temperatures by the magnetic method of Debye and
Giauque. Its temperature can be reduced by demagnetization from
8-5° K to 0-36° or 0-15° K. by using magnetic fields of 29 or 42 kilogauss.65
Solutions of ferrous sulphate, even in pure water, are only very slowly
oxidized by air. On passing air through the decinormal solution at 25°
Ennos66 found that only 0-03 per cent, was oxidized per hour. In alkaline
solution the oxidation proceeds much more rapidly, and it does so too in
presence of alkaline tartrates or citrates, which no doubt form covalent
ferrous complexes; it also goes quicker in alcohol.67
Ferrous Salts of Oxy-halide Acids
The perchlorate Fe(ClO4)2, 6 H2O is a colourless salt, soF 68-7/25°,
which is stable up to 100°. This is a sign of the exceptional stability of the
perchlorate ion; usually the oxy-halide ions are easily able to oxidize the
ferrous ion: thus the bromate goes over as soon as it is made into the basio
ferric salt, and the iodate Fe(IOa)a is converted into a ferric compound
with separation of iodine.
•* EUm9 B. 52.
« N. Kiirti, P. Lainl, and F, Simon, 0.R, 1989,208,178.
" F. R, Ennos, PTOO, Comb, FMot. Soo, 1918, 17, 182.
" H. Wieland and W. Frank*, Am, 1928, 464, 101.'
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When the acids are monobasic, the salts seem (unlike the corresponding
ferric salts) to be simple; thus there is a slightly soluble green formate
(2 H2O) and a very soluble colourless acetate (4 H2O). This last is very
easily oxidized, because owing to the weakness of the acid it is highly
hydrolysed (1'76 per cent, in normal solution in the cold).68
Ferrous salts of dibasic acids like oxalic are clearly auto-complex, and
as such are discussed below among the ' a t o ' complexes.

Gomplex Ferrous Compounds
In general ferrous complexes are less stable than ferric, as we should
expect. For example, by using radio-active iron as a tracer it has been
shown69 that slow radioactive exchange occurs with chelate ferrous complexes of o-phenanthroline and dipyridyl, but not with ferric complexes
such as ferri-haemoglobin and ferri-phaeophytin. Some, however, of the
ferrous complexes are very stable, especially the cyanides.

FERROUS CARBON COMPLEXES
are confined to the cyanides, which are of two kinds, the ferrocyanides M4[Fe(CN)6], and the pentacyano-compounds Mx[Fe(CN)6X].

THESE

FERROOYANIDES
Stable complex cyanides are particularly common among the elements
in this neighbourhood, such as manganese and cobalt, and the platinum
metals; they are, however, especially numerous with iron: Abegg70
devotes over 200 pages, with 1,360 references, to the discussion of this group
of complexes.
Attention was very early directed to compounds of this class by the
discovery of the valuable dye Prussian blue (ferrous ferricyanide), which
was made accidentally by a colour-maker named Diesbach in Berlin in
1704-10.71 It was then found by Macquer in 1753 that this dye when
treated with alkali gives, and can in turn be made from, the ' yellow
Blutlaugensalz * (yellow prussiate of potash, i.e. potassium ferrocyanide)
which could be got by fusing animal residues with iron and potassium
carbonate. The chemistry of the group was thoroughly investigated by
Scheele in 1783; he showed that Prussian blue on distillation with sulphuric acid gave a peculiar new acid which was therefore called prussic
acid, and from this he was able to make the prussiate and Prussian blue
itself.
The ferrocyanide complex is exceptionally stable; the salts are not
poisonous, and give none of the ordinary reactions for iron. Hence this
was one of the first complexes whose complexity was recognized.
88

N. Ldfman, Z. cmorg. Ohem. 1919, 107, 241.
•» S. Ruben, M. D. Kamen, M. B. AUen, and P. Nahinsky, J.A.O.S. 1942, 64, 2297.
" Mism, B, 435-674 (1985).
n
J. Brown, PUh Tram. 1724, 33, 17 (given In faoiimlle in Abagg, B, 463).
1114,1
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The ferrocyanides were formerly made by heating crude potashes
(K2CO3) with iron filings and nitrogenous animal matter such as horn,
feathers, and dried blood. They are now made from the residues of the
purification of coal gas; the crude gas contains prussic acid, and when this
is removed by passing it over ferric oxide, Prussian blue is formed. This
product is heated with lime, which converts it into the soluble calcium
ferrocyanide, and when this is treated with potassium chloride, the potassium salt K4Fe(CN)6, 3 H2O crystallizes out.
The idea that the alkaline ferro- and ferricyanides occur in isomeric forms
has been disproved for both,7a~5 though isomerism certainly occurs i^ the
ferrocyanic esters (see below); K4[Fe(CN)J 3 H2O may be dimorphic.75

Ferrocyanic Acid, H4Fe(CN)6
This can be obtained in solution by precipitating the lead salt with
hydrogen sulphide or sulphuric acid, and from this solution the solid acid
can be got by evaporation. It is more easily made by adding to a solution
of a salt, hydrogen chloride and ether, when a crystalline etherate of the
acid separates, from which the ether can be removed by heating in a
stream of hydrogen to 80-90°, or by leaving it over sulphuric acid at 50°.
The free acid forms colourless crystals, or a white powder. It is curious
that there is a doubt76 whether the acid contains water or not; one would
have supposed that as a strong acid it would have the hydrogen ions
hydrated, but apparently some complex acids, especially of this type, can
have the hydrogen covalently attached to the anion; examples (see later)
are the earbonyl-prusso-acid H3[Fe(CN)5CO]5H2O, and the nitroprusside
acid H2[Fe(CN)5NO], 1 or 0 H2O. Ferrocyanic acid is easily soluble in
water (soF 15/14°); the solid is stable in dry air.
Of the four (classical) dissociation constants77-8 only the first two are
definitely those of a strong acid, the third being much weaker (about 10~a),
and the fourth only 5 X 10~5 (about one-third of that of monochloracetic
acid).
Free ferrocyanic acid forms crystalline addition compounds with a large
number of organic nitrogen and oxygen compounds, containing from one to
four molecules of the organic component to one of the acid. Where the organic component is a base, these are obviously substituted ammonium salts,
for example, with 4 R. NH 2 , (R • NH3J4[Fe(CN)6]. The complexes with
organic oxygen compounds79^81 are formed by alcohols, ethers, aldehydes,
and ketones. They resemble the amine compounds very closely: they are
™
S. H. C. Briggs, J.OJS. 1920, 117, 1026.
78
Id., J. Phys. Chem. 1928, 32, 1422.
»* S. Iimori, Z. anorg. Ch&m. 1927, 167, 145.
n
™ R. H. Vallance, J.OJ3. 1927, 1328.
Abegg, B. 481.
"78 I. M, Kolthoff, Z. anorg. Ohem. 1920, 110, 143.
B. V. Nekraasov and G. V. Zotov, J Apph Ohem. Buss. 1941, 14, 264.
" M. Freund, Ber. 1888, 21, 981.
•• A. v. BMynr and V^ViMgW1 ib. 1902, 3S1 1202.
« P. Dupmtp AiB. XmL Pin, !0SS, 37,17.

Ferrocyanides

1337
formed by direct addition, and dissociate into their components very
readily; the only general difference is that while the number of amine
molecules added to one of acid is usually four, the number of the oxygen
compounds is often less than this. As Baeyer and Villiger said, these
must be oxonium salts, for example, (CH s OH 2 ) 2 H2[Fe(CN)6]. Oxonium
is a weaker base than ammonium, and so cannot always saturate all the
hydrogen atoms of the acid. But the number of these compounds, and the
ease of their formation, is remarkable. Platinocyanic acid forms a similar
compound with alcohol, of the composition H2Pt(CN)4, 2 C2H6OH.
Salts of Ferrocyanic Acid
These are very numerous. The alkaline and alkaline earth salts, which
are yellow, or when anhydrous nearly white, are readily soluble in water,
and are considerably hydrated, as the following figures show:
Metal
Hydration

Li
6,9

Na
10

K
3

NH4
3

Rb
2

Cs
3

Mg
10(12)

Ca
11

Sr
8,15

Ba
6

Tl'
2

The hydration of some of these salts (as Rb, Cs, NH4) is unusual; since the
anion does not seem likely to be hydrated, it may be due to the large
size of the anion as compared with the cation. The solubility increases
from lithium to caesium, and from calcium to barium. This would normally
be taken to indicate that the acid is weak, but it is very doubtful whether
this rule, which is based on the behaviour of mono- and dibasic acids, can
be applied to tetrabasic.
The other salts are nearly all insoluble. The ferrocyanides form an
enormous number of double salts of such types as
Ag3KFe(CN)6, CaK2Fe(CN)6, etc.;
there is no sign that these are anything more than ordinary double salts
or that they contain any larger complexes than the Fe(CN)6 ions. The
supposed 8-covalent salt M6[Fe(CN)6Cl2] does not exist.82
The rare earth salts83 may be useful for separations. If a rare earth salt
is added to a solution of potassium ferrocyanide, a relatively insoluble salt
is precipitated, of the composition MW[Fe(CN)6] aq., where M' may be
Na or K, and M'" practically any rare earth metal. These salts are almost
insoluble in water, but are more soluble (1-5-3-5 g. M 2 '0 3 per litre in the
cold) in decinormal hydrochloric acid.
The solubilities of some of the simpler ferrocyanides are as follows
(Abegg), in g. of anhydrous salt to 100 g. of water; Li, 6 H2O, very large;
Na, 10 H2O, 20-8; K, 3 H2O, 32-6 at 25° (falling to about 6 in 2-normal
potassium hydroxide); Rb, ca. 100 at the ordinary temperature; Ag, H2O,
about as soluble as silver bromide; Mg, 10 H 2 0,25 at the ordinary temperature ; Ca, 11 H8O, 57-2 at 25°; Ba, 6 H2O, 0-1 at 15°; and 1-0 at 75°.
•• H. Irving m& Q. W. Cherry, J,0.8. IUl9 25.
•» W. Prandtl and S. Mohr, Z. anorg. Oh$m. 193S1 236, 243; 237, 160,
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The ferrocyanides of the alkalies and the alkaline earths are no doubt
simple salts of the ferrocyanide ion. But most of the heavy metal derivatives give signs of greater complexity, with several iron atoms in the
complex.84
The copper and iron derivatives are of special interest. Cupric ferrocyanide has the property that a film of it is permeable to water but not to
certain solutes.85 This was discovered by Moritz T^aube in 1867, and
became of practical importance 10 years later, when Pfeffer showed86 that
the membrane could be supported in the pores of a clay cell, and in this
form could be used to measure comparatively high osmotic pressures; it
was on these measurements that van 't HofF based his theory of osmotic
pressure 10 years later. The most singular fact is that this compound is
not only the best but practically the only one which it has ever been found
possible to use for this purpose; this imposes a serious limitation on the
possible range of direct osmotic pressure measurements, as we are confined to aqueous solutions, and to solutes that do not react with cupric
ferrocyanide. The mechanism of the action is uncertain, but the material
used is a colloidal gel containing water: if the water is removed from it,
either by drying or by immersing it in a non-aqueous solvent, the membrane
breaks down. Hence it is at least probable that the passage of water
through it is not merely mechanical, but involves the combination of the
water with the colloid and its subsequent dissociation. It is permeable to
many solutes, especially acids (which, however, may react with it) and
many salts of the uni-univalent type; but for many salts with polyvalent
ions, and for large organic molecules like those of the sugars, though not
for small ones like the alcohols, it is almost, if not quite, impermeable.
The ferro- and ferricyanides of iron itself are of interest because they
include the remarkable and important substance (or substances) Prussian
blue. In discussing this group of compounds it is difficult to distinguish
between the ferro- and the ferricyanides, in many of them each iron atom
plays both parts. We may therefore anticipate somewhat and treat the
ferro- and ferricyanides of iron together.87
When the iron is entirely ferrous, we get ferrous ferrocyanide
Fe2[Fe(CN)6] aq., and also a series of compounds in which the ferrous
cation is partly replaced by hydrogen or by alkali metals, as in FeH2,
FeK2, etc. These substances can be made by adding a ferrous solution to
a ferrocyanide, and when they are precipitated in the absence of air they
are white, pale yellow, or green substances, which oxidize in air with very
different degrees of ease according to the method of preparation and the
nature of the cation.
At the other end of the scale we have the wholly ferric compounds,
84
H. Reihlen and XJ. v. Kummer, Ann. 1929, 469, 30 (lead): H. ReMen and
W.88Zimmermann, ib. 475, 101 (cadmium).
See Abegg, B. 581, 682.
88
OsmotuohQ Untersitolwngen, Leipzig, 1877.
8V
Sts Abtgg, Bwn> B, 307-78.
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made from a ferric salt and a ferricyanide. These are but little known;
they are usually dark coloured solids, and are mostly colloidal. They
include the so-called 'Berlin green' which has been shown88 to be the
simple ferric ferricyanide Fe[Fe(CN)6], but this is not a dye, and it is at
least probable that the green colour is due to the presence of impurities
of the Prussian blue type.
The brilliant colours which we associate with these cyanide compounds
of iron are only found when the substance contains both ferrous and ferric
iron. The most obvious form of molecule to meet this requirement would be
ferric ferrocyanide PeJ[Fe^(CN)J8, or ferrous ferricyanide Fe£[Fe"'(CN)0]a,
but there must be (and are) compounds in which the cation is composed
of hydrogen or alkali metals as well as iron. There is in fact a whole series
of these dyes, differing in method of preparation, in composition, and in
properties, some of them soluble but most of them insoluble. The discussion of the structures of compounds of this kind is of little use unless
the crystal lattice has been determined. This has been done for qome
members of the Prussian bliie group by Keggin and Miles.88 This remarkable work showed that many compounds of this group have almost
identical lattices. The structure is cubic. At every corner of the cube is
an iron atom, joined to the next iron atom by the linear Fe—OSLN"—Fe
group lying along the edge of the cube. Each Fe is attached to 6 CN, each
CN to 2 Fe, giving for the cube FeFe(CN)6; to these are added in the various
(Fe"Fe", Fe"Fe'", TeTEeT) compounds 2, 1, or 0 alkaline cations per
Fe2. The white ferrous ferrocyanide is M2Fe''(Fe''CN)6): there is an alkaline
ion at the centre of each cube. The Prussian blues in the crystalline form
have the composition MW(Fe^CN) 6 ); they have the same cubic lattice,
the iron atoms being alternately ferrous and ferric, and the M cations
being at the centres of alternate cubes, ' Ruthenium purple' FeMRu(CN)6
is the same, except that alternate (ferrous) iron atoms are replaced by divalent ruthenium. Finally, 'Berlin green' Fe'"Fe'"(CN)6 has again the same
lattice, but now all the iron atoms are ferric, and there are no alkaline
cations.
When the iron or ruthenium atoms are alternatively divalent and trivalent there is a possibility of resonance between two structures in which the
two valencies change places: this causes an intense and very selective
absorption of light; but when both the iron atoms are divalent, or both
trivalent, this cannot happen, and so the brilliant colour disappears. (For
the crystal structure, see further, reference89, and for the magnetism
reference 90 ).
Reactions of the Ferrocyanides
In the solid state the alkaline ferrocyanides are very stable to heat, but
at a red heat they begin to decompose with the formation of potassium
cyanide, while cyanogen and nitrogen are evolved, and a mixture of iron,
88

J. F. Keggin and F. D. Miles, Nature, 1936, 137, 577,
8» W. B. Weiier, W. O. Miliigan, and J. B. Batoa, «7. PKys. OUm, 1042, 46, 09.
90
J. Biehardnon, and N. Elliott, J.A.O&. 194O1 62, 3182.
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iron carbide, and carbon is left. On heating with dilute sulphuric acid they
give off prussic acid (as Scheele showed), while concentrated sulphuric acid
gives the decomposition product of prussic acid, carbon monoxide.
I n water the alkaline and alkaline earth ferrocyanides are strong electrolytes with the very stable Fe(CN)f anion. They give a series of characteristic precipitates with heavy metal salts, 91 for example, white with lead
or zinc, reddish-brown with a cupric and bright blue with a ferric salt.
The complex is so stable that it gives scarcely any reactions for the ferrous
or the cyanide ion; there must, however, be a minute dissociation of the
complex, for it is found 92 t h a t if a stream of carbon dioxide is blown
through the hot solution of a ferrocyanide there is a very slow but farreaching evolution of hydrogen cyanide.
At the ordinary temperature neutral ferrocyanide solutions are only
very slowly oxidized by air. In the presence of normal potassium hydroxide
they are practically not oxidized at all, but in decinormal acetic acid the
oxidation (to the ferricyanide) is complete. 93
In practice the oxidation to the ferricyanide is effected by a number of
reagents, such as the halogens, iodates, and electrolytic oxidation.

Ferrocyanic Esters
A series of alkyl derivatives of ferrocyanic acid, of the composition
R 4 Fe(CN) 6 (where R = methyl, ethyl, or propyl), has been prepared, of
which the methyl compounds are peculiarly interesting from their occurrence in isomeric forms. 94 " 106
I t has been pointed out by Meyer 106 that of the eight known types of
anion of the form [A(CN)6], only four give the free acids, and it is only
two of these last, and moreover the two which give the most stable
hydrogen compounds, of which the esters can be prepared. The whole
list of these compounds is given in the following table, in which S stands
for salt, A for acid, and E for ester; N is the number of unshared electrons
in the third quantum group; it will be seen that the only two t h a t form
esters are the only two in which the E.A.N, of the metal is 36.
fl

For a full list see Abegg, B. 619.
W. Autenrieth, Ghent. Ztg. 1898, 22, 866; J. Matuschek, ib. 1901, 25, 815.
98
C. Fredenhagen, Z. anorg. Chem. 1902, 29, 396.
•« H. L. Buff, Ann. 1854, 91, 253.
•• M. Freund, Ber. 1888, 21, 931.
•• E. G. J. Hartley, J.C.S. 1910, 97, 1066.
98
" Id., ib. 1911, 99, 1549.
Id., ib. 1912, 101, 705.
" I d . , ib. 1913, 103, 1196.
" ° F. HaM, Mm. 1927, 136, 41.
101
S. Glasstone, J.(7.8. 1930, 321.
" • Lord Berkeley and E. G. J. Hartley, Proo. Roy. Soc. 1916, 92, 480.
»• G. Buchbdok, Z. physikal Ohem. 1897, 23, 157.
"* E. G. J. Hartley and H. M. Powell, J.O.S. 1938, 101.
*°* G. Spaou, Z. BUkfroehsm* 1984, 40, 125,
i°« J. Mtyer, H. Domann, and W. Mailer, £. cmorg. Oh§m. 1937, 230, 886,
M

Ferrocyanic Esters
12
11
13
12
14
13
15

H 4 [CVCy 6 ]
H 8 [CVCy 6 ]
H4[MHXV8]

f

H3[Mn^Cy6]
H4[FeXyJ
H 8 [FeXy 8 ]
H 4 [CoXy 6 ]
H 8 [CoXy 6 ]

S
S
S
S
S
S
S
S
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Our first real knowledge \)f these compounds is due to the work of
Hartley, 96~9 beginning in 1910. He showed that if dry potassium ferrocyanide is treated with methyl sulphate the salts (sulphate, acid sulphate,
and methyl~sulphate)\of a base of the composition [(CHg)6FeCy(S]X2 can
be formed, and that the chloride of this base when it is heated to 140°
loses two molecules of methyl chloride to give a mixture of two isomeric
(a and /?-) forms of the substance (CHg)4FeCy6, which is formally at least
the methyl ester of ferrocyanic acid. In addition Holzl100 has got a
third (y) isomer,104'10* and J. Meyer106 a fourth (Meyer's a), formed
together with Hartley's a by the action of diazo-methane on the acid in
the cold. There are thus five methyl derivatives of ferrocyanic acid:
1. The salts [(CHg)6Fe(CN)6]X2 (apart from the ionization these formulae
are intended only to express the composition); formed from methyl halide
and silver ferrocyanide.
2. Hartley's a-ester (Meyer's 6) (CHg)4Fe(CN)6; made along with (3) by
heating the salt (1) to 140°, or from methyl iodide and silver ferrocyanide,88
or by treating the etherate of ferrocyanic acid with diazomethane.100
This is a solid easily soluble in water, alcohol, or chloroform; it separates
from the last in large transparent lemon-yellow crystals, with 4 molecules
of CHCl3 of crystallization,106 which are easily removed. It is monomeric
by osmotic pressure measurements in water102; it is evidently covalent
since it has a very low electric conductivity, and silver nitrate precipitates
no silver cyanide.
3. Hartley's /?; made together with the a as above, and obtained from
the mother liquor after extraction with chloroform; it is less soluble than
(2) in water and alcohol, and almost insoluble in chloroform; it is monomeric by the osmotic pressure. In its general behaviour it is very like (2).
4. HoIzFs y: got100 among the products of heating (CHg)6Fe(CN)6Cl2;
it behaves as a salt, conducts in water, and with silver nitrate precipitates
two CN groups,
6. Meyer's a,106 got by treating the acid with diazomethane; it has not
yet been obtained pure, so its composition is uncertain; it is hygroscopic.
It is a salt, and with silver nitrate precipitates at least one CN; at 140° it
goes over to (2) and (3).
The ethyl 95 and propyl100 esters are known only in one form each, which
behaves like Hartley's os-form (2).
Structures. It is dear that in all these compounds the methyl groups are
attached to the CN and not to the iron, and moreover to the N and not the
0 of the CN, for thoy have a strong isonitrUe imell, and when th«y aro
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decomposed by alkali they give methyl isoeyanide and not acetonitrile.
We have already seen that in the complex cyanides it is the carbon of the
CN that is joined to the metal.
The structure of the salt (1) must thus be [(CH 3 -N=0->) 6 Fe]X 2 , and
this has been confirmed by Powell and Bartindale.108 (2) and (3) are nonionized and covalent, and must be (CH3—N=C-^)4Fe(CN)2; they are true
isomers and not merely dimorphic104; they combine with equal readiness
with methyl iodide in presence of mercuric iodide to give the same salt
[(CH3-NC)6Fe](HgIg)2.104 They are evidently cis and trans octahedral
forms; this has been confirmed by X-ray analysis,107 which shows that the
/?-form is the trans, and that the group H 3 C-N—C—Fe is linear, as the
above structure requires.
A detailed X-ray examination of the hydrate [Fe(CN • CH3)6]C12,3 H 2 O 108
gives an octahedral structure, with the distances Fe—C 1-85, C—N 1*18
(theory 2*04, 1-15 A), suggesting about 50 per cent, double-bond character
in the Fe—C link. The carbon atom in Fe—C—N—CH3 is bent 7° from
the straight line.
The salt (4) is presumably the 4-covalent compound
(CH3-N^C->)4Fe[CN]a.
(5) is still uncertain, but it may well be, as Meyer suggests, the pentacyano-compound [(CH 3 -N^O>) 4 Fe(OH 2 )CN](CN).
PBNTAC YANO-COMPOFND S109
Iron forms a series of complexes, both ferrous and ferric, in which one
(but not more than one) of the six cyanide groups is replaced by another
group, which may either be another radical such as NO2, or a neutral
molecule like water or ammonia, so that the 6-fold co-ordination is maintained. Of these compounds the ferrous are, on the whole, the more
numerous. These compounds are somewhat less stable than the hexacyanides, but they resemble them in their reactions, and can all be converted into them by treatment with excess of cyanide ion.
Following K. A. Hofmann we may call the ferrous pentacyano-compounds (which alone concern us here) 'prusso' and the ferric 'prussi\
In these the anion is always FeCy5X, with a valency varying according
to the nature of the group X, which can be water, ammonia, an amine,
—SO 3 , NO2, CO, or NO, the latter occurring in the nitroprussides, which
are commonly assumed to be ferric, but really are ferrous, as is shown
below.
I. Aquo-priisso-compounds, M3[FeCy5(OH2)], These can be made by the
hydrolysis of the ferro-cyanides in presence of light, heat, and dilute
acids,110"*18 or by the action of either oxidizing or reducing agents on the
"» H. M. Powell and G. B. Stanger, J,0.8. 1939, 1105.
10
» H. M. Powell and G. W. R, Bartindale, ib. 1945, 799.
«•
See Abegg, Bism, B. 584-618 (1982),
110
S, Iimori, Z, anorg, Ohm, 19227, 167, 145.
«» B. SohwariandK, Tod*, B*r, 1917,6O9 09. «» 0. Baudiaoh, ib. 1929,62,2706.
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nitrito-prusso-compounds, that is, on the nitro-prussides in alkaline
solution.113"14
IL The ammonia-prwso-compounds M3[I^eCy5NH3]. These are formed
by the action of concentrated aqueous ammonia on the aquocompounds,115 or by the reduction of the nitroprussides with sodium
amalgam.116 Amines react with the aquo-compounds in the same way
as ammonia, primary amines violently, secondary less so, and tertiary
only slowly.117
III. The sulphito-compounds, M6[FeCy6SO3], are formed when almost
any pentacyano-compound is treated with sodium sulphite; with sodium
nitrite they reform the nitroprussides.
IV. The nitrito-compounds, M4[FeCy6NO2], are formed by the action of
alkalies on the nitro-prussides:
M2[FeCy5NO] + 2MOH = M4[FeCy5NO2] + H2O.
The mechanism of this peculiar reaction is discussed later, under the
nitroprussides.
V. The carbonyl compounds, which are numerous, are all derived from
the type M3[FeCy5CO]. In this, as in nearly all carbonyl compounds, the
central atom has the E.A.N, of the next inert gas, here 36 (26+3+5+2) j
the ferric compound would be M2[FeCy6CO] with an E.A.N, one less
( 2 6 + 2 + 5 + 2 = 35), and this prussi-carbonyl compound does not exist.
The carbonyl compounds are produced by the action of carbon monoxide on a hot solution of potassium ferrocyanide, or on the ammoniaprusso-compounds.118"*24 They are very like the ferro-cyanides in behaviour,
but are much less easily oxidized (as oxidation would destroy the inert gas
number of the iron, which is not important in the hexacyanides). Unlike
the other prusso-compounds mentioned above, the carbonyl derivatives
give a free acid H3[FeCy5CO], H2O, made by treating a suspension of the
cupric salt in water with hydrogen sulphide, and evaporating the filtrate.123
It forms colourless or pale yellow crystals readily soluble in water with a
strong acid reaction, soF 51.7/16°. This acid, like ferrocyanic, does not
contain enough water to solvate all the acidic hydrogen.
VI. The most remarkable of the prusso-compounds are the nitroprussides M2[FeCy6NO]. There are two distinct classes of pentacyano-compounds with NO groups, the nitroprussides M2[FeCy6NO], and a much
smaller and less stable class of nitroso-compounds M3[FeCy6NO]—the
113

K. A. Hofmann, Ann. 1900, 312, 1.
A. Ungarelli, Gaz. 1925, 55, 118.
115
K. A. Hofmann, Z. anorg. Ghem. 1896, 12, 146.
1M
Id., ib. 1895, 10, 262.
117
W. Manchot and P . Woringer, Ber. 1913, 46, 3514.
118
J . A. Miiller, CM. 1887, 104, 992.
1
iao
^ Id., ib. 1898, 126, 1421.
Id., Bull Soo. 1899, [3] 21, 472.
" l M, Stoeoker, J . Gaabel 1904, 47, 338.
188
J. A. MtUtar, Arm. GMm. Phye. 1900, [7] 20, 377.
m
" B Id., Bull &oe> 1914, [4] 15, 491.
F, HaM 1 Mon> 10BO1 139« 340.
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anion having the same composition in both, but a different valency. The
latter class have been regarded as ferrous compounds, and the nitroprussides as ferric; but in fact the reverse is true: the nitroprussides are
ferrous compounds; the nitroso- are ferric, and will therefore be dealt
with later, among the ferric prussi-compounds.
The nitroprussides M 2 [FeCy 5 NO] were the first pentacyano-compounds
to be discovered. They were made by Playfair in 1849 by the action of
30 per cent, nitric acid on a ferro- or a ferricyanide, a violent and complicated reaction still used for their preparation. There are several other ways
of making them. Thus the nitrite ion acts on a ferrocyanide to give two
successive reversible reactions : 125
(I) [FeCy 6 ]^ + NO~

* = * [FeCy5NO2]^ + C F " ;

(II) [FeCy 6 NO 2 ]- + H2O ^==* [FeCy6NO]" + 2 OHT.
The reaction can be carried to completion if the cyanide and hydroxyl
ions are removed; for example, if the prussic acid is driven out by a stream
of inert gas and the hydroxyl ions removed by the addition of acid. Ferricyanides react in the same way, being reduced to ferrocyanides by the
nitrite ion. The salts can also be made by the action of sodium nitrite on
the prusso-compounds.
The nitroprussides are mostly hydrated; Na, 2 H 2 O ; K, 1; NH 4 , 1;
Ca, 4 and 1; Ba, 6 and 3 (some of these values are unusual, especially the
last). Conductivities show that the alkaline salts are tri-ionic, so t h a t the
formula should not be doubled, which rules out the hyponitrite structure,
and probably the nitroso-structure as well.
The nitroprussides are obviously nitrosyl compounds, and if we assume
+ +
the constitution A — N = O assigned to this grouping (V. 686), then in
M 2 [FeCy 5 NO] the iron will have an E.A.N, of 2 6 + 2 + 5 + 3 = 36 (the same
as in the carbonyl prusso-complexes M3[FeCy5CO]) and a valency of 2.
This conclusion that the iron in the nitroprussides is ferrous is supported
by the whole of their behaviour, and in particular by the fact that they are
diamagnetic, 126 like all the ferrous cyanide complexes, whereas the ferric
are paramagnetic.
The free acid of the nitroprussides can be obtained from the silver salt
with hydrochloric acid, or from the barium salt with sulphuric acid, and
on evaporation separates out in dark red crystals, which are said to have
1 molecule of water, and are also said to be anhydrous. 127 I t is easily
soluble in water, alcohol, and ether. The electrical conductivity 127 shows
its first dissociation constant to be that of a strong acid; this agrees with
its having one molecule of water of crystallization.
The nitroprussides are relatively stable substances, which resist oxidation in neutral and in aoid solution. In alkaline solution they are oxidized
»* V. Sohwarzkopf, Lotos, Prag, 1911, 3, L
I" L. A. WeIo1 Phil Mag. 1028, [7] 6, 481.
M O. J. Burrow* and K. M. Turn§r, J,0,tf. 1021, 119, HSO.
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by permanganate, but alkali alone will convert the nitroprusside into
a nitrito- (really nitro-) pru&so-compound, according to the reversible
equation
[FeCy6NO]" + 2 0 ^ ^ [FeCy6NO2F + H2O.
The equilibrium has been determined colorimetrically,128 and was found
to be at 15°
[FeCy5NO]^[OHT
A
~
[FeCy JSOJT
~~
'
so that in a n/10 alkaline solution 13*2 per cent, of the nitrito-compound is
converted into nitroprussides.
This is a very unusual kind of reaction, but it is a natural result of the
high positive charge on the NO group, which attracts the negative hydroxy 1
ions:
Ee-N^O
/O
/O
« F(V-Ne-OH
=
Fe—N(
+ H *0.
X
+ OH"" + OH"
0H
^O
The nitroprussides also give remarkable colour reactions. In 1850
Playfair found that a solution of a nitroprusside will give with sulphide
ion, but not with hydrogen sulphide itself, a transient reddish-violet
coloration; this is sufficiently intense to detect a concentration of 0*02 mg.
of sodium sulphide per c.c.129 A bright blue compound also may be
formed. Electrometric titration showed130 that a large drop in E.M.F.
occurs when one mole of nitroprusside has been added to one mole of
sodium sulphide, indicating that the reaction is
[FeCyNO]" + S" = [FeCy5NOSf,
like that with alkali:
n, n v n v + 2 0 H " = [^Cy6NO2]'''' + H2O
[FeCy6NO]''
L
^6 J + 2 SH" = [FeCy6NOSr + H2S.
By working in methyl alcoholic solution the sodium and potassium salts
M4[FeCy5NOS] were isolated, both blue-violet and very soluble in water.
The aqueous solution decomposes with loss of colour, forming not, as we
might have expected, a pentacyano-compound, but the ferro-cyanide and
ferrous oxide.
Another remarkable colour reaction is with compounds containing a
mobile methylene group.131 A nitroprusside solution gives with acetone and
alkali a red colour which on addition of acetic acid goes green (the 'Legal5
reaction). This reaction occurs with all organic molecules containing a
mobile methylene group, and is due to the nitroprusside forming deep red
unstable complexes with them, which with dilute acids breaks up into the
aquo-prusso-compounds
and the isonitroso-derivatives of the organic
128
L.
Cambi
and
L.
Szegd,
Gaz. 1928, 58, 64, 71.
119
J. Fages y Virgili, Z. anal. Ohem. 1906, 45, 409.
180
G. Soagliarini and P. Pratesi, AUi E. 1928, [6] 8, ii. 75; 1980, H 1 i. 193; 1931,
13, i. 199.
*« L. (Jambi and T. Jllooi, AUi fi. 193O1 U 1 i. 44Si Cambi, Qm, 198I1 61, i. 3,
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compound. The essence of the reaction is the oximation of the CH2 by
the nitrosyl group:
/R
_
/K,
M-NO + H2C(
+ OH"" = M«-OH2 + HON=CC •
^R 1
^R 1
COMPLEX F E E R O U S T H I O C Y A N A T E S

Ferrous iron forms complex salts with the thiocyanate radical, of the
type M4[Fe(CNS)6],132 made by dissolving ferrous hydroxide in thiocyanic
acid solution, and adding the alkaline thiocyanate. They are colourless
when pure, but are usually tinged with red from slight oxidation by air
to the deeply coloured ferric thiocyanates. The alkaline salts (Na, 12 H 2 O;
K, 4 H 2 O; NH 4 , anhydrous) are all readily soluble in water.
The complex is not very stable; ammonia gives a precipitate of ferrous
oxide.
EEBROTJS N I T R O G E N C O M P L E X E S

Am mines of the ferrous ion can be made by treating anhydrous ferrous
salts with ammonia, and may contain up to 10 NH 3 per Fe + + . These last
dissociate very readily, but the hexammine [Fe(NHg)6]Cl2 has a dissociation tension of only 6 mm. at 20°, and the diammine of 121 mm. at 230°.
Many other ammines and substituted ammines of ferrous salts are
known,133 including the very stable Fe Py4Cl2,134 which is a convenient
source for the preparation of pure ferrous compounds. It is to be noticed
that 6-co-ordinated ferrous cations are frequent, while complex 6-covalent
ferrous anions (except in the cyanides) are very rare.
The chelate complexes include a series of cyclic ammines135"40 which
have been made138~9 with ethylene diamine and trimethylene diamine;
they are mostly of the type [Fe(en)8]Cl2, and in spite of the chelation are
not very stable, losing amine in the air. It is interesting to compare the
stability constants141 of the complexes [A(en)3]++:
Mn
Fe

.
.

.
.

.

. 4-6 XlO5
3-3x10»

Co
Ni

.

.

. 6-6 XlO13
4-lxlO18

Similar derivatives, also trichelate, of dipyridyl and phenanthroline are
known,69'137'140 for example, [Fe(dipy)3]Cl2,7H2O, which forms dark red
crystals. These are used as redox indicators.
Complex Nitrites (really nitro-compounds). A series of the type
M2M"[Fe(N02)6] have been made,142 where M' = K, NH4, and TF: and
182

A. Rosenheim and R. Cohn, Z. anorg. Ghent. 1901, 27, 280.
134
See Abegg, Eisen, B. 92-7.
Inorganic Syntheses, vol. i, p. 184.
IU
B. Emmert and R. Jareyznski, Ber. 1931, 64, 1072.
lu
B. Emmert and H. Gsottsehneider, ib. 1933, 66, 1871.
187
R. Kuhn and A. Wassermann, Ann. 1933, 503, 203.
188
188
R. E. Breuil, OM. 1933, 196, 2009.
Id., ib. 1934, 199, 298.
140
F. M. Jaeger and J*. A. van Bijk, Proo. Ahad. Armt, 1934, 37, 333.
141
J. Bjemun, M&tal Armnfa%9 Formation, Oopenhagon, 1941.
«» L. Cambl and A. Ferrari, Qm, 1035» 65, 11(12.
188
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M" = Ca, Sr, Ba, Cd, Hg, and Pb. They seem to be the only known hexaaeido-complexes of ferrous iron.
Among the N, O chelate complexes are those formed by o-nitrosophenol143;
these are green and can be used eolorimetrically for the estimation of ferrous iron, and will detect 1/2000 mg. Fe" in 50 c.c. For the N, S thiazol
complexes, see reference 144.
F E B B O U S OXYGEN C O M P L E X E S

Ferrous chloride forms complexes with alcohols and esters, mostly having one or two, but sometimes as many as four organic molecules to one
Fe".145
Chelate derivatives of diketones, ketonic esters, salicylaldehyde, etc.,
are readily made135"6 from a ferrous salt solution and the diketone, etc., in
presence of a base such as pyridine or trialkylamine, which neutralizes the
liberated acid and may also co-ordinate with the iron. These complexes
have only two chelate rings, but the covalency is often raised by amines
to 6, as in
^CH8~~-C—Ov\

j

V

Npy

the acetylacetone compound. Piperidine and trialkylamines often do not
co-ordinate, but the hydrate FeA2, 1*5 H2O is formed instead. These are
mostly dark red or brown solids, easily dehydrated to an orange-red FeA2,
which is volatile at very low pressures, and so presumably polymerized.
These complexes are stable when dry, but easily oxidized if moist.
The 'ato 5 compounds of ferrous iron are relatively few, and practically
always only 4-covalent. There are numerous double sulphates, especially
of the type M2S04,FeS04, 6 H2O (the normal vitriol double salts), but there
is little evidence of their being true complexes. A more probably complex
compound is the acid sulphate H2[Fe(SO4J2], with 6, 5, and 3 H2O.
Ferrous carbonate is more soluble in concentrated alkaline hydroxide
solution than in pure water, presumably forming a complex carbonate,
and a potassium salt of the composition K2[Fe(CO3J2], 4H 2 O has been
obtained.
Oxalato complexes also exist, including ferrous oxalate itself, as is
shown by its lemon yellow colour, and by the fact that the molecular
conductivity at F = 30,000 is only 0*65 of the calculated value for
infinite dilution, which suggests that its true formula is Fe[Fe(C2O4J2].146
Rather unstable double oxalates of the type M2[FeOx2], aq. are also
known.
148

G. Cronheim and W. Wiuk, Ind. Eng. Chem. {Anal.} 1942, 14, 447.
H. Erlenmeyer and H. Ueberwasser, EeU. OMm. Acta, 1040, 23, 1208.
148
D. K. Oheiterraan, J.0,8. 1985, 906.
»« E, Soholder, Btr. 1027, 60, 1510, 1526.
144
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COMPLEX F E R R O U S H A L I D E S

These are formed with fluorine and chlorine, but not with bromine or
iodine.
COMPLEX

FLUORIDES

These are few in number and of two types, M[FeP3] and M2[FeF4];
they have been but little investigated.147
C O M P L E X FERROUS CHLORIDES
These are rather better known. They are of three types, M[FeCl3],
which is the commonest, M2[FeCl4], and (in one example) M4[FeCl6]. No
complex acid has been isolated, nor does one seem to be formed in
solution.148
Abegg149 mentions the following salts of each type:
M[FeCl8]

M2[FeCl4]

M4[FeCl6]

Li, 3 H 2 O
(No Na)
K, Rb, Cs, all
with 2 H 2 O

R b 1 2 H2O
Cs8, 2 H 8 O

K 3 Na, anhydr.

The hexachloride is found in nature as the mineral Rinneite in potash
deposits. Ammonium chloride forms mixed crystals with ferrous chloride,
but no double salt.160"1
No true complex ferrous bromides or iodides are known.152
F E R R I C COMPOUNDS
THE ferric compounds, in which the core of the iron atom is reduced to
23 = 2, 8, 13, are made by the oxidation of ferrous compounds, into which
they can be converted by reduction. For the ions this can be expressed
by the equation
Fe ++ ; = * Fe +++ + Electron.
In general, the ferrous ion is about as stable as the ferric, but in the
covalent state the ferric is more stable than the ferrous: in particular,
ferrous salts are fairly stable in presence of air in acid solution, but are
readily oxidized by it on addition of alkali and precipitation of the
hydroxide. The reason is given by the potential changes involved in the
oxidation.153
These are expressed by the equation
JB = J 0 + 0 - 0 B 8 b g ^ ,
where JSQ is the value of the E.M.F. when the concentrations of ferrous
»" R. Wagner, Ber. 1880, 19, 896.
i« S. R, Carter and N. J. L. Megson, J.O.B. 1927, 2023.
**• E4s$n9 B. 82.
«• F. W. J. Olendinnen, J.0J9. 1922, 12I1 801.
m A. O. D. Eivett and F. W. J. Olendinnen, ib. 1923, 123, 1634.
»» Abogg. Ekm, B. 37, 89,
»* Id., ib. 8 (1930).
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and ferric ions are the same: this is found to be 0-771 v. - Hence if the
concentration of the ferrous ion is increased or that of the ferric diminished,
the second term becomes negative, and the ferrous ion becomes a more
powerful reducing agent than it was before. If now to the mixed ferrousferric solution we add alkali until the hydroxyl concentration becomes
normal, this will precipitate ferrous and ferric hydroxides. The solubility
products of these hydroxides are approximately: Fe(OH)2,10~14, Fe(OH)3,
10""86. When the hydroxyl concentration is unity, these figures will be
the concentrations of the ferrous and ferric ions in the solution, so that
Fe + + + /Fe + + = 10~3«/l<r14 = 10-22. Hence for this solution
E « J£0-0-058log 10~** = JS70-l-28 volt.
= -0-50 volt.
Hence the ferrous ion, though its concentration is so minute, has enormously increased its reducing power166; it will in fact reduce the nitrate
and the nitrite ions, and hydroxylamine, to ammonia,157-*8 and will even,
in the presence of palladous chloride, decompose water.169 Another
example of this effect is that ferric salts will oxidize copper and cuprous
compounds to cupric, but in presence of ammonia ferrous salts will reduce
cupric salts to cuprous, and in presence of alkali to metallic copper.
This argument from the solubility of the hydroxides to their stability
must apply in some degree to every change in the valency of a cation.
The kinetics of a variety of oxidations of ferrous to ferric are discussed
in Abegg, Eisen, B. 8120 (1930). Other references are given below.16<>~8
As a base ferric hydroxide is, as we should expect, much weaker than
ferrous, and accordingly the salts are much more highly hydrolysed; the
solutions, unless they are strongly acid, contain the ions FeOH+4" and
Fe(OH)J, and as soon as the concentration of Fe(OH)8 exceeds 0-00022 mg.
per litre it begins to separate out in a colloidal form.164 It has a much
stronger tendency to form complexes. Almost the only ferric salts which
are not complex are those of the strong oxy-acids such as nitric, perchloric,
sulphuric, and benzene-sulphonic, and even with these there may be some
complex formation. The tendency of ferric iron to form complexes is
almost as strong as that of trivalent chromium, but each element has its
own preferences; the ferric ion gives much more stable complexes than the
chromic with cyanides, and the chromic with ammonia and amines.
15

* W. O. Bray and A. V. Hershey, J.A.O.S. 1934, 56, 1889.
W. C. Schumb, M. S. Sherrill, and S. B. Sweetser, ib. 1937, 59, 2360.
166
E. Mulier, Z. Elektrochem. 1908, 14, 76.
167
A. Klemenc, Ber. 1925, 58, 492,
158
A. Kurtenacker and F. Werner, Z. anorg. Ghent. 1927, 160, 333.
15
» W. Traube and W. Lange, Ber. 1925, 58, 2773.
i«° H. M. Dawson and E. Spivey, J.OJS. 1932, 1838 (iodine).
" l W. Manohot and W. Pflaum, Z. anorg. Chem. 1933, 211, 1 (H t O a +KI).
"» M. H. Gorin, J.A.O.S. 1936, 58, 1787 (tin perchlorate).
" 8 W. 0. Schumb and S. B, Sweetaer, JA.OS. 1985, 57, 871 (nilver ialti).
i " A. B, Lamb and A. G. Jaqu©*, ib. 1988, 6O9 977, 1215.
165

1350

Group VIII.

Ferric Compounds

The solubilities of ferric salts are in general much the same as those of
ferrous. The anhydrous salts are usually white, yellow, or brown. The
yellow-brown colour of the ordinary ferric solutions is due to colloidal
ferric hydroxide; with excess of acid the hydrolysis is repressed, and at the
same time complexes are formed, which are often colourless, but sometimes have characteristic colours: thus the ferric fluoride complex is pink,
and the ferric chloride complex yellow.
The pure hydrated ferric salts are violet or amethyst coloured, but
when crystallized from a slightly hydrolysed solution their small content
of the yellow colloidal hydroxide may suppress the violet and make them
colourless; thus ferric nitrate is colourless if it is crystallized from water,
but from concentrated nitric acid it is violet. The same effect has been
found with ferric ammonium alum. The suggestion that the violet colour
is due to traces of manganese has been experimentally disproved.165

[Ferric Cyanide, Fe(CN)3
Though the complex ferric cyanides are numerous and stable, the simple
compound Fe(CN)3 cannot be made.]166

Ferric Thiocyanate
The remarkable blood-red colour produced when a thiocyanate is added
to a ferric solution, and the coloured substance extracted with ether, are
familiar facts in qualitative analysis. But the precise nature of the coloured
substance is still uncertain.
Ferric thiocyanate Fe(CNS)3 can be made by dissolving ferric hydroxide
in thiocyanic acid, by extracting a solution of ferric salts and potassium
thiocyanate with ether and evaporating off the ether, or by the action of
excess of thiocyanogen on iron.167 It consists of dark violet crystals which
are very soluble in water and crystallize from it as a dark red trihydrate
Fe(CNS)3, 3 H 2 O; it is also very soluble in ether.
The nature of this substance, with its solubility in ether, is obscure.
Hantzsch168~9 found that the partition between water and ether
(CWater/CUher) r o s e fr°m ^ ^ a ^ 0° ^ 0 4***2 a ^ 35°, suggesting an etherate
which dissociates on heating. Schlesinger and van Valkenburgh170 showed
that the compound was dimeric (Fe2(CNS)6) both in ether and in benzene,
and claimed that the red colour (which was the same in water and in
ether) migrated on electrolysis to the anode; they concluded that the
colour is due to the [Fe(CNS)6] group, and that the ethereal solution contains Fe[Fe(CNS)6]; they do not, however, suggest a structure for this
molecule in benzene, where it must be covalent.
"•
J. Bonell and E. P. Perman, J.C.S. 1921, 119, 1994.
lii

A. Hantzsoh and C. H. Desch, Ann. 1902, 323, 25.
E. Sdderb&ok, Ann, 1919, 419, 217.
181
A. Hantzsoh and F. Sebaldt, JS. phyaikal Chem* 1899, 30, 286*
"» A, Hantzsoh and A. Vagt, ib. 1901» 38, 782,
" ° H. I. 3ohle*lngor and H. B. van Valksnburgh, J,A,C.S. 198I9 S3, 1212,
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More recently Bent and French171 measured the relation of the colour
intensity to the concentrations of [Fe] + + + and [CNS]", and found that this
gives no evidence of a complex ion [Fe(CNS)6]
; they consider tfyat
the colour is due to a complex cation [FeCNS] ++ ; they also claim to show
that on electrolysis the colour migrates to the cathode. This has been
confirmed by light-absorption measurements of the equilibrium of Fe + + +
and CNS"" ions in perchloric acid solution.172
Ferric Azide, Fe[N 3 ] 3 1 7 3
This is a very soluble salt, considerably hydrolysed in solution; it has
a dark red colour, especially in presence of excess of ferric ions. This
resemblance in colour to the thiocyanate is remarkable: the CNS and azide
ions are both linear.

Ferric Oxide, Fe 2 O 3
Both ferric oxide and its hydrate Fe2O3, H2O or FeO • OH occur in two
forms a and y, which form distinct series of compounds174"-5; this view is
supported by the X-ray measurements.17*"8 Of the oxides the a-form is
paramagnetic and the y~ ferromagnetic.179 The a-form occurs in nature as
haematite, and can be made by heating the a-form of the hydrated oxide,
or the nitrate or oxalate. It melts at about 1,550°.180
The y-form of Fe2O8 is made by the oxidation of Fe3O4, or from any
ferrous compound if it is oxidized so slowly that Fe3O4 is first formed. It
changes reversibly into the a-form at about 600°. Its crystal structure is
remarkable.181 While the a-form has the corundum lattice, like Al2O3 or
Cr2O3, the lattice of the y-oxide is that of a spinel M"M2 O4, and hence is
identical with that of the magnetic oxide Fe3O4, which almost certainly
(see later) is ferrous ferrite, Fe(FeO2J2. It is very remarkable that the
lattice should persist when the Fe3O4 is oxidized to Fe 2 O 3 ; the only change
during oxidation is a slight contraction of the unit cube whose side changes
from 8-380 to 8-322 A.U.182 This retention of the spinel lattice is due182
to the presence of empty places where the magnetic oxide has iron atoms:
in the fully oxidized ferric oxide one-ninth of these places are empty,
whereby instead of Fe9O12 = 3 Fe3O4, we have Fe8O12 == 4 Fe2O3.
*71 H. R. Bent and C. L. French, ib. 1941, 6 3 , 568.
H . S. Frank and R. L. Oswalt, ib. 1947, 69, 1321.
173
L. Wohler and F . Martin, Ber. 1917, 50, 594.
174
E. Posnjak and H. E. Merwin, Amer. J. Sci. 1919, 47, 311; J.A.C.S. 1922, 44,
1965.
176
N. S. Kurnakow and E. I. Rode, Z. anorg. Chem. 1928, 169, 57.
178
J . Bohm, Z. Krist. 1928, 68, 567.
177
O. F. Huttig and A. Zdrner, Z. Elektrochem. 1930, 36, 259.
178
R. Fricke, T. Schoon, and W. Schroder, Z. physihal. Chem. 1941, B 50, 13.
179
H . Albrecht and E . Wedekind, Z. anorg. Chem. 1931, 202, 209.
is© For its crystal structure see W. H. Zachariasen, Vid. Ahad. Oslo, 1928, 4, 1.
He finds the F e - O distance to be 1-985 A.U., and the 0 - 0 2*545.
181
L. A. WeIo and O. Baudisch, Phys. Rev. 1925, 25, 587; Phil Mag. 1925, [6]
50, 399.
"8 G. H#,gg, Z. physihal. OUm, 1985, B 29, 95,
HIM
K k
172

1352

Group VIII.

Ferric Compounds

The energy content of either form of the oxide, as measured by the heat
of solution in acids, may vary by several k.cals. per mol. according to the
exact method of preparation, owing probably to a difference in the size
of the particles; the determination of the surface by the adsorption of a
radioactive indicator such as radiothorium supports this conclusion.183"4

Ferric Hydroxides
The fully hydrated ferric hydroxide Fe(OH)3 has not been isolated; the
only known hydrated oxides have the composition Fe2O3, H2O or FeO • OH,
of which, as of the oxide, there are two different forms.174"5 The a-form,
also known as ortho-ferric hydroxide, is reddish-brown. The y-form (the
meta oxide of Krause) is yellow, and apparently the more acidic. For
further details on these crystalline forms, see references 187~9.
The hydroxide FeO-OH occurs as the mineral limonite. When it is
precipitated from a solution of a ferric salt by hydrolysis or by the addition of alkali, it soon aggregates to form a gel of variable particle-size,
which is shown by X-ray examination to be really amorphous. There has
been much investigation of the properties of colloidal ferric hydroxide,185
which has been prepared in an exceptionally pure and salt-free form by such
methods as the hydrolysis of the ethylate (see next section) or by the
action of hydrogen peroxide on a solution of the pentacarbonyl in ether.186

Ferric Alkylates
Ferric ethylate Fe(0-C 2 H 6 ) 3 has been made in (1) by the action of
sodium ethylate on anhydrous ferric chloride in absolute alcohol,190 and
(2) by treating ferric chloride with magnesium bromo-ethylate MgBrOEt,
which is itself made by the action of alcohol on ethyl magnesium bromide
C2H6-MgBr.191 It forms dark brown crystals, which can be freed from
enclosed salt by recrystallization from absolute alcohol.192 It is readily
soluble in alcohol (soly 33/20°) and monomeric in the solution by the
boiling-point. It is very easily hydrolysed, giving the salt-free colloidal
hydroxide.

Ferrites, M[FeO2], etc.
Ferric hydroxide Fe(OH)3 is amphoteric, but it is much weaker as an
acid than as a base, and while its salts with acids are only moderately
hydrolysed in water, its salts with bases, the ferrites, are only stable in
the presence of a considerable concentration of hydroxy! ion.
183
184
185
186
187
188
188
180
181
111

R. Fricke, Ber. 1937, 70, 138.
R. Fricke and O. Glemser, Z. physilcal. Chem. 1937, B 36, 27.
Abegg, B. 239-54.
W. H. Albrecht and E. Wedekind, Z. anorg. Chem. 1931, 202, 205.
R. Fricke, F. Blaschke, and C. Schmitt, Ber. 1938, 71, 1731.
Id., ib. 1738.
O. Kratky and H. Nowotny, Z. KHsL 1938, 100, 356.
P. A, Thiessen and 0. Koemer, Z. cmorg. Ohem. 1929, 180, 65.
E, Sutra, Bull Soc, 1980, [iv] 47, 68.
P, A. ThJcwflan ftnd 0. Komiar, Jg, anorg, Ohtm. 1030, 191, 74»
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The alkaline ferrites M[FeO2] can be made by dissolving hydrated ferrio
oxide (best the y-form)193 by heat in a concentrated alkaline solution,
when the ferrite separates on cooling, but only in small quantity owing to
its slight solubility. A better method is to decompose a ferrate by boiling
it with water:
4 Na2FeO4 + 2 H2O = 4 NaFeO2 + 4 NaOH + 3 O2.
The ferrite then crystallizes out in quantity.
The alkaline ferrites such as KFeO2, which is green, and NaFeO2,
which appears to occur in various forms, colourless, green, and red, are
decomposed by water slowly, or in presence of carbon dioxide at once.
The lithium salt Li[FeO2] has a rock-salt structure.194 Silver seems193*195
to form not only a normal salt AgFeO2 but also an acid salt Ag3H[FeO2]*,
both, curiously, with the same crystal lattice.
The ferrites of divalent metals can be made by precipitating a mixed
solution of a salt of the divalent metal and a ferric salt with alkali, or by
heating the divalent oxide with ferric oxide to a high temperature; thus 190
ferric oxide forms Zn[Fe0 2 ] 2 with zinc oxide above 600°, and Ba[Fe0 2 ] 2
with barium carbonate at 720°. These divalent ferrites have the spinel
structure.
A variety of more complicated ferrites, with more than one Fe2O3 to
each M2O or (more often) M"0, are known, in particular a series
MTe4O7 = MlFeO2],, Fe2O3
which seem to have the same crystal lattice as Fe2O8, since they can take
up as much as 6 Fe 2 O 3 per molecule to form a solid solution, without any
change occurring in the lattice.197 Similar compounds are formed by
monovalent bases, and it has been found that when these contain as much
as 5 Fe2O3 mols. to one M2O the crystal lattice is actually identical with
that of a-ferric oxide.198
Ammonia reduces ferric oxide at 420° to the nitride Fe2N, and it has
been shown198 that with these higher ferrites all but one of the Fe 2 O 3
groups per 2 Na are reduced in the same way, the product being
Na2O, Fe2O3 + ^Fe2N.

Ferrosoferric Oxide, Fe3O4
This is the most important of the ferrites, and may be written Fe[FeO2J2.
It is the only certain compound of, or intermediate between, ferrous and
ferric oxide.199 It is clearly ferrous ferrite Fe"[Fe"'02]2 and has the spinel
193
194
196

A. Krause and K. Piiawski, ib. 1931, 197, 301.
A. Hoffmann, Naturwiss. 1938, 26, 431.
A. Krause, Z. Ernst, S. Gawryeh, and W. Kocay, Z. anorg. Ohem. 1936, 228,

352.
196

59

J. Guillissen and P. J. van Rysselberge, Trans. Amer. Mectrochem. Soc. 1931,

197
S. Hilpert and A. Lindner, Z. physikal Ohem. 1933, B 22, 895.
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lattice common to all the ferrites of divalent metals.200 It can be made
either from a mixture of ferric oxide with ferrous oxide or metallic iron,
or by the partial oxidation of ferrous compounds, or by burning iron
filings in a suitably limited supply of air. It is a black substance melting
at 1,538°, insoluble in water and in acids. It is ferromagnetic: it occurs in
nature as magnetic iron ore, and is the material of which lodestones are
formed. It is a fairly good conductor of electricity. It also occurs in a
hydrated form, which loses its water below 100°.
If it is heated in air it can be oxidized further to ferric oxide Fe2O8.

Ferric Sulphide, Fe2S3
This can be obtained as a black precipitate by the action of a sulphide
on a solution of a ferric salt. It is very unstable; it is insoluble in water,
but soluble in acids; it is readily oxidized in moist air to hydrated ferric
oxide and free sulphur, and if heated in the absence of air it is converted
into a mixture of FeS and FeS 2 ; Biltz and others (see ref. 46, p. 1330) have
shown that this sulphide is really always metastable with respect to the
FeS+FeS 2 mixture.
[Pyrites, FeS2 is really a ferrous compound Fe[S—S], and as such is
described above, p. 1330.]

Ferric Halides
Iron forms ferric halides with all four halogens, but their stability falls
off as the atomic weight increases, owing to a growing tendency of the
halogen ion to reduce the cation, until the iodide is only stable in presence
of a large excess of ferrous salt. There is also a tendency with the lighter
halogens to auto-complex formation, which, however, falls off rapidly as
the atomic weight increases.

Ferric Fluoride, FeF 3

This can be made201 in the anhydrous state by the action of fluorine on
metallic iron or on ferrous or ferric chloride, or by heating the hydrated
fluoride in a stream of hydrogen fluoride. It is greenish, and can be
sublimed in hydrogen fluoride above 1,000°. It forms two pale pink
hydrates, with 3 and 4-5 molecules of water.202
100 c.c. of water will dissolve only 0-091 g. at 25°. When heated in
hydrogen it is reduced first to ferrous fluoride FeF 2 and then to the metal.
If heated in air or in steam it is converted into ferric oxide.
The aqueous solution has a very small conductivity and a low depression
of the freezing-point203; calcium salts give practically no precipitate of
calcium fluoride, and potassium ferrocyanide and thiocyanate give no
»°* R. W. G. Wyckoff and E. D. Crittenden, J.A.0.8. 1925, 47, 2866; the Few—O
distance id 1-80 and the Fe*-O distance 2<08 A.U.
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See O. Ruff and E. Asoher, Z. morg* QUm. 1920, 183, 193.
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reactions for iron until the solution has been acidified; moreover, the
hydrolysis is very slight, in spite of the weakness of hydrogen fluoride as
an acid, and on addition of potassium iodide scarcely any iodine is liberated.
These facts show that ferric fluoride is not a normal ferric salt or a normal
fluoride, and like the chloride it might form a complex anion [FeF4]~,
giving the salt Fe[FeFJ 3 . This, however, would not explain the absence
of the reactions for the ferric ion, which seems to indicate that the solution contains a unionized complex such as

this, however, implies that fluorine is able to co-ordinate, of which there
is no certain proof.
Ferric Chloride, FeCl 3
The anhydrous compound can be made by heating iron in dry chlorine;
it forms dark red crystals with a greenish reflex, which melt at 300° and
sublime at the same temperature, the boiling-point being probably about
310°; it can be purified by sublimation in a current of chlorine.204
In a vacuum it begins above 500° to dissociate into ferrous chloride and
chlorine. Its vapour density at 400° is that of Fe2Ol6; at 750°, with excess
of chlorine to depress decomposition, it is that of FeCl3.
Ferric chloride is very soluble in water and in a variety of inorganic
solvents, such as phosphorus oxychloride, phosphorus tribromide, and
sulphur dioxide, but it does not dissolve in phosphorus trichloride, carbon
disulphide, or stannic chloride. It is very soluble in many organic solvents: 100 g. of cold acetone will dissolve 63 g. ferric chloride, and the
same weight of methyl alcohol 143. It can even be removed from water
quantitatively by continuous extraction with di-isopropyl ether. This
must be done in the dark, or the ferric iron is reduced to ferrous. Diethyl
ether is less efficient.205
The selectivity of these solubilities indicates that the natural solubility
is low (as the melting-point suggests), and that in many solvents the solubility is greatly promoted by solvation: indeed a series of solvates such as
FeCl3, 2 C2H5OH, and FeCl3, (C2H6)20 are known. Accordingly we find
that the molecular weight in donor solvents is usually that of FeCl3: it
has this value by the boiling-point in alcohol, ether, pyridine, and acetone, and by the freezing-point in phosphorus oxychloride; in benzo,phenone by the freezing-point it is about half FeCl3 and half Fe2Cl6; in
ethyl acetate it appears from the boiling-point to be wholly Fe2Cl6, and
here its colour is very like that of the vapour, and quite unlike that of the
solution in alcohol. The electrical conductivity in most of these (nonaqueous) solvents is small.
804
IW
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It is obvious that ferric chloride is in some way complex, owing, no
doubt, to the instability of the shared sextet in
/Cl
Eef-CL
X)I
The suggested structure Fe[FeCl6] is negatived by the light absorption of
the solution, which is quite different from that of the salts M8FeCl6 which
undoubtedly contain this anion. In the vapour state, and in those solvents
in which it is dimeric, it must have a structure

Ci^ \s/

Na

like that of aluminium bromide, This has been shown by electron diffraction, the Fe-Cl distance206 being 2-17 A, theory 2*21. In this connexion it
is interesting to notice that ferric chloride can be used in many FriedelCrafts reactions in place of aluminium chloride.207"*9
Ferric chloride is extremely hygroscopic, and very soluble in water:
the cryohydric point is -—55°, and the saturated solution at 20° contains
47*9 per cent. FeCl8. It forms with water a series of hydrates which were
examined in detail by Roozeboom210: it is almost unique among salts in
giving four hydrates all of which have congruent melting-points: they are
Fe2Cl6,12H2O (m.pt. 37°); Fe2Cl6, 7 H2O (32-5°); Fe2Cl6, 5 H2O (56°),
and Fe2Cl6, 4 H2O (73-5°); the formula is doubled so as to make the number
of water molecules integral. The solution is highly hydrolysed, according
to Bjerrum211 47 per cent, at the ordinary temperature at V = 160, giving
for Kh 24-8 XlO"4 (Kh for chromic chloride 0-89 X 10~4, for aluminium
chloride 0*14xl0~4). The ferric hydroxide produced gradually becomes
colloidal, and so the hydrolysis, the colour, and the conductivity all slowly
rise.212
Ferric chloride is capable of forming complex ions of the type [FeCl4]""
and [FeCl6] , and these (or some of them) are undoubtedly produced
when hydrochloric acid is added to the solution (see later, under complexes).
Ferric Bromide^ FeBr 3
Anhydrous ferric bromide can be made by heating iron or ferrous
bromide with bromine to 170-200°. It is extremely soluble in water, and
also in alcohol, ether, and acetic acid. It forms a hexahydrate FeBr 3 ,6 H2O
(like FeCl3, 6 H2O), which is dark green, melts at 27°, and is very soluble
in water.
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Ferric bromide is less stable than the chloride, and loses halogen more
easily, as we should expect from the stronger reducing power of the
bromine ion; if its aqueous solution is boiled, it breaks up into ferrous
bromide and free bromine. It has the same tendency to complex formation as the chloride. The absorption spectrum of the aqueous solution
indicates the presence of complexes, which seem to break down when the
solution is diluted, but the addition of hydrobromic acid to the solution,
while it makes the absorption more intense, does not shift its position in
the spectrum as hydrochloric acid does with ferric chloride, which suggests
that the bromide is already mainly in the complex form in the neutral
solution.
Ferric Iodide, F e I 3
Ferric iodide cannot be isolated. It is not formed from the elements,
which only give ferrous iodide, nor by dissolving ferric oxide in hydriodic
acid, which reduces it to the ferrous state, a reaction which can be used in
analysis. Ferric iodide can only occur, if at all, in presence of a large
excess of ferrous salt.
[Ferric Carbonate
No simple carbonate can be isolated, though complexes are known.]
Ferric Salts of Organic Acids
The base being weak, all simple carboxylic salts will be too highly
hydrolysed to be isolated, and so all the known ferric salts of these acids
are complex.
Ferric Nitrate, Fe(N0 3 ) 3
This can be made by dissolving the metal in nitric acid; the acid must
not be too weak (specific gravity not less than 1-115), or the ferrous salt
is produced: it must not be too strong, or the metal becomes passive. The
nitrate is not known in the anhydrous state; it forms two hydrates, with
9 and 6 H2O. The enneahydrate Fe(NO3)3, 9H 2 O forms pale amethyst
crystals when crystallized from nitric acid, but from water it is colourless,
owing to a slight inclusion of the brown hydrolytic product ferric hydroxide;
for the same reason the aqueous solution is brown. The enneahydrate
forms mixed crystals with Al(NO3)3,9 H2O213; it melts at 47° to a red
liquid; its solubility in water is 87-3/25°. The hexahydrate has a (probably
congruent) melting-point at about 35°. No definite basic nitrates have
been obtained.
No complex or double ferric nitrates are known. Malquori214 found in
the 3-component systems formed by water and ferric nitrate with either
nitric acid, potassium nitrate, or (?) aluminium nitrate, no sign of double
or mixed crystals. In the same way Bronsted215 in his work on hydrolysis
salts showed that while the chloride forms complexes, the nitrate does not.
818
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Ferric Sulphate, Fe 2 (S0 4 ) 3

Ferric sulphate can be made in solution in the usual way and forms a
series of hydrates. Erom these by careful heating the anhydrous salt can
be got as a white powder, which dissolves only slowly in water, but does
so quickly in presence of a trace of ferrous sulphate (compare the behaviour
of anhydrous chromic chloride). The anhydrous sulphate is dimorphic,
one form being rhombic and the other rhombohedral.216
On heating it decomposes to give ferric oxide and sulphur trioxide.
It forms hydrates,217 with 12, 10, 9, 7, 6, and 3 H 2 O; the decahydrate
and the enneahydrate are the minerals quenstedtite and coquimbrite. In
solution the salt is much hydrolysed, especially on standing (owing to
the separation of the colloidal ferric hydroxide).
F E R R I C COMPLEXES
THE tendency to form complexes is naturally stronger with ferric than with
ferrous iron.

Ferric Cyanide Complexes
These are very similar, in type and in stability, to those of ferrous iron.
They consist like them of the hexacyanides, with the anion Fe(CN)6, now
tri- instead of tetravalent, and of the pentacyano- or prussi-compounds,
in which one of these six CN groups is replaced by a molecule or radical.
The ferricyanides, the salts of the acid H8[Fe(CN)6], are almost but not
quite as stable as the ferrocyanides. They are not formed directly by the
action of a cyanide on a ferric salt, but by the oxidation of the ferrocyanides: this is effected by a variety of oxidizing agents, electrolytic
oxidation, halogens, iodates, &c.; even atmospheric air will oxidize potassium ferrocyanide completely to ferricyanide in presence of decinormal
acetic acid, though not in presence of alkali.
The free acid H3[FeCy6], unlike its ferrous analogue, cannot be isolated
in the pure state. If concentrated hydrochloric acid is added to the
potassium salt, crystals of the impure acid will separate; many of its
properties are uncertain,218"19 but it has been shown220 that all three
dissociation constants, K1, K2, Kz, are those of strong acids. Like ferrooyanic acid it forms addition compounds with numerous organic nitrogen
and oxygen compounds, such as amines, aldehydes, alcohols, ethers, etc.,
which are no doubt ammonium and oxonium salts. No ferricyanic esters
are known.
The salts are usually dark red when anhydrous, yellow or brown when
hydrated, and give yellow solutions in water. The following are the
degrees of hydration of some of them: Li, 4; Na, 2; K, 0; NH4, 3; Rb, 0;
Cs, 0; Mg, 7-5 and 10; Ca, 10, 12; Sr, 14; Ba, 20; Zn, Cd, Mn, Co", Cu",
«• E. Posniak and H. E. Merwin, J.A.G.S. 1922, 44, 1965.
»» F. Wirth and B, Bakke, Z. cmorg. Chem. 1914, 87, 13.
»• A. v. Baeyer and V. Viluger, B$r. 1901, 34, 2679.
*» W. M. Gumming and D. G. Brown, J,£,C7.I, Tram. 1925, 44, 110.
"° B. V. Nokra*iov and Q. V. Zotov, J1 Appl, Oh$m* Ems, 1941, 14, 264.
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Ni, Fe", all 8. Though there are 4 alkaline or 2 alkaline earth cations in
the molecule, the hydration is high, and the increasing values from calcium
to barium (to which there is a parallel in the nitroprussides) are remarkable.
The most familiar of these salts is that of potassium, 'red prussiate of
potash', which was discovered by Gmelin in 1822; it forms dark red
prisms221; the crystal structure has been examined by Gottfried and
Nagelschmidt222: it has the six CN groups arranged octahedrally round the
iron. The potassium and caesium salts are isomorphous with the manganicyanide K3MnCy6 and the chromicyanide K3CrCy6.
Van Bever223 has examined the crystal structures of a series of divalent
ferricyanides M^[Fe(CN)6]2, 8 H2O where M" = Zn, Cd, Mn", Co", Cu",
Ni, and Fe", and finds that when on further drying the water is reduced to
2 H2O, the intensity ratios of the X-ray lines, and the cell dimensions, do
not change. It is suggested that the water is entangled in the crystals,
and does not form part of the lattice.
The alkaline and alkaline earth ferricyanides are easily soluble in water
(soF of K salt 50/25°). The silver salt is very insoluble, only 0-066 mg.
dissolving in a litre at 20°. The heavy metal salts are usually insoluble.
The ferrous and ferric salts have already been discussed among the
ferrocyanides.
The ferricyanides are less stable than the ferrocyanides, as is shown by
their being poisonous, which the ferrocyanides are not. In alkaline solution
they are strong oxidizing agents; otherwise they behave chemically like
the ferrocyanides. Like them, they form pentacyano-derivatives ('prussicompounds', see next section).

Pentacyano-ferric Complexes, Prussi-compounds
The following list shows how far the ferric pentacyano-complexes differ
from the ferrous. The first column gives the composition of the anion,
and the other two give for the ferro- and ferri-compounds the valency of
the anion (number of alkaline cations); -f indicates that the compound
exists.
Anion
[FeOy6(OH1)]
[FoCy6(NH3)]
[FeCy6(SO3)]
[FeCy 6 NOJ
[FeCy6CO]
[FeCy6NO]
Nitroprusside
[FeCy5NO]
Nitroso-

Ferrous
M3
M8
M6
M4
M8
M8

+
+
+
+
+
+

Ferric
M8
M8

+
+

M8

+

M3

+

221
For its magnetic properties see J. B. Howard, / . Chem. Phys. 1935, 3, 813, and
L. C. Jackson, Proc. Phys. &QC. 1938, 50, 797, who measures its paramagnetism down
to 142° K.
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C. Gottfried and J*. G. Nageliohmidt, Z. KHaL 1980, 73» 857,
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The correspondence is very close, except that in the ferric series there
are no carbonyl compounds (the E.A.N, of the iron in the ferric series
being necessarily 35 instead of 36) and no nitroprussides; the isomeric
FeCy5NO ion here has a different structure, which is discussed below, and
which does not appear in the ferrous series.
1. Aquo-prussi-compounds M2[FeCy5(OH2)]. These can be made like the
ferrous compounds by the hydrolysis of the ferricyanides under the
influence of light, heat, or acids: by oxidation of the ferrocyanides: or
best by the oxidation of the aquo-prusso-compounds with bromine water,
nitrous acid, or permanganate and acetic acid. They form deep violet
crystals, and the alkaline salts are soluble in methyl alcohol as well as in
water.
2. The arnmonia-pntssi-compounds M2[FeCy5(NH8)] are made by oxidizing the ammonia-prusso-series with nitrous acid and acetic acid. The
sodium salt Na2[FeCy5(NH3)], 2 H2O is a dark yellow powder, easily
soluble in water to give a brownish-red solution.224
3. The nitrito-salts M8[FeCy5NO2] can be made by oxidizing the nitroprussides with alkaline permanganate at 0°. They are dark red, and differ
from the nitroprussides in being insoluble in methyl and ethyl alcohols.
4. The nitroso-prussi-compounds. These curious substances probably
have the composition M3[FeCy5NO]: the anion is isomeric with that of the
nitroprussides, but is trivalent instead of divalent. They have been
assumed to be nitrosyl compounds; if so, on the nitrosyl structure we have
adopted, the iron must be univalent, which is very rare, and its E.A.N. 37,
which is unknown in true nitrosyls. They are more likely to be true
nitroso-compounds with the grouping Fe—N=O: such a compound should
exist in a dimeric colourless state and a blue or green monomeric one, and
the peculiar colours which these compounds show—they are dark yellow
in neutral solution, and violet in presence of acid—support this view.
They are made226"*7 by the action of nitric oxide on an aqueous solution
of the aquo-prusso-compound,225 or on an ammonia-prusso-compound.226
Their composition is assumed to be M3[FeCy5NO], but it is not certain.
They are sharply distinguished from the nitro-prussides by their colour;
they cannot be derivatives of hyponitrous acid HON=NOH since the
aquo-prusso-compound does not react with sodium hyponitrite.227
Ferric Thiocyanate Complexes22*
These are all of the type M3[Fe(CNS)6], corresponding to the ferrocyanides and the complex ferrous thiocyanates.229 They are made by
dissolving freshly precipitated ferric hydroxide in aqueous thiocyanic acid,
M
*
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adding an alkaline thiocyanate, and evaporating in a desiccator. They are
bright red salts, very soluble in water, but not very stable, and considerably broken up in solution, except in presence of excess of CNS ion: from
the aqueous solution ether will extract ferric thiocyanate Fe(CNS)3.
Transport experiments show, however, that the complex ion exists in
solution. The sodium salt Na3[Fe(CNS)6], 12 H2O gives a permanganatecoloured solution in absolute alcohol, from which it can be recrystallized.
Other salts are K, 4 H 2 O; NH4, 4 H 2 O; Cs, 2 H 2 O; the last two are very
hygroscopic.
Ferric Nitrogen Complexes:
Ammines230
The affinity of ferric iron for nitrogen is very small; the ferric ammines
are less stable than the ferrous, which is most unusual. The ferric complexes of organic amines, especially pyridine and quinoline, are more
stable than those of ammonia, and unlike the latter are stable to water.
The simple ammines of ferric salts can be made only from the dry salts
and ammonia gas; they are at once decomposed by water with the
separation of ferric hydroxide. Thus the hexammine of ferric chloride
FeCl3, 6 NH3231 has a dissociation tension of 324 mm. at 49° C.; the
bromide FeBr3, 6 NH3232 is less stable, 661 mm. at 49°; the sulphate is
also known.233
A series of urea derivatives of the type [Fe(CO(NH2)2)6]X3233 are known,
but these are perhaps co-ordinated through oxygen and not through
nitrogen.
Numerous complexes with pyridine and quinoline234"9 and with antipyrine236*239"40 have been prepared, but little is known of their constitution ; they are mostly dark red or brown substances, which are more stable
than the simple ammines, and can be prepared in water.
There are also several chelate nitrogen complexes, for example, with
dipyridyl and o~phenanthroline.241~2

Ferric Oxygen Complexes
Ferric iron has a great affinity for oxygen, and hence a strong tendency
to react with alcoholic hydroxyl groups to form compounds which are
especially stable when they contain chelate rings, but also occur when they
230
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do not (as with phenols); in the same way ferric chloride forms addition
compounds with alcohols and ethers. The colour reactions of ferric
chloride with phenols, aromatic amines, diketones, etc., have long been
familiar, and were of great service in the discovery by Wilhelm Wislicenus
and others of the cause of the tautomerism of ketoenols. These coloured
substances are ferric substitution and not oxidation products of the
organic oxy-compounds 243 ; Hantzsch and Desch 244 pointed out t h a t the
products cannot be ferric salts. Acetylacetone, for example, has a dissociation constant of only 4*7 X 10~6,245 and yet it can set free a considerable amount of hydrochloric acid from a solution of ferric chloride,
forming FeA 3 (HA = acetylacetone) which is practically a non-electrolyte
in water. Similarly a considerable amount of hydrochloric acid is needed to
destroy the colour of a solution of one of these ferric compounds.
The great majority of these organic ferric compounds are chelate, which
is always a source of stability; they include derivatives of j8~diketones, and
of compounds like salicylic acid, with three chelate groups in the molecule,
as well as ' a t o ' compounds.
Ferric acetylacetonate can be made 244 by the action of acetylacetone on
CH3N
C-ONN

H-C
C=O^

Fe

CH3/
an aqueous solution of ferric chloride and sodium acetate, or on an alcoholic
solution of ferric ethylate. I t crystallizes from alcohol or ether in garnet-red
prisms, melting at 179°. I t is readily soluble in alcohol, ether, chloroform, and benzene, but less so in water; its aqueous solution has practically no electric conductivity, and is completely decomposed on boiling
or on treatment with alkalies with separation of colloidal ferric hydroxide.
I t is, however, extremely stable to acids; only a large excess of hydrochloric acid will destroy the colour of the solution, and even then only
after some hours.
With phenyl hydrazine 246 the iron in this compound is reduced to the
ferrous state with the loss of one diketone ring, which, however, is replaced
by the co-ordination of two molecules of phenyl hydrazine:
Fe'"A3

• A2Fe"C

/NH 2 -NHO

On the other hand, ferrous acetylacetonate is oxidized by air in alcohol to
the ferric state,247""8 the third valency of the iron being satisfied by an
848
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alkoxy-group in A2Fe"'-0-Alk. In the salicylic acid derivative Hantzsch
showed that the hydrogen comes not from the acidic but from the phenolic
hydroxyl, since the methyl ester forms a coloured compound with ferric
iron, but the methyl ether does not. This is because the stability of the
compound is due to its having a relatively unstrained 6-ring:
>

A Fe.
\ J.
In the same way a number of derivatives of catechol
(7V-O-H

IJ-O-H
are known. They form two series of complex salts, one violet, of the
type (catechol = H2cat) M[Fe(cat)2], and the other red and trichelate,
M3[Fe(cat)8].249~50
The tendency of ferric iron to link through oxygen is very strong; a
whole series of poly-alcohols and hydroxy-acids, such as the sugars and
their oxidation and reduction products, have been shown to form ferric
compounds.251
FEBBIC ATO-COMPLEXES

Carboxylato-compounds2^
The ferric derivatives of monobasic carboxylic acids like acetic can be
seen from their blood-red colour to be complex. The structure and even
the composition of these complexes are uncertain; they are highly complex, usually having three iron atoms in the molecule, and they often form
colloidal precipitates. These polynuclear complexes (i.e. with several iron
atoms) are formed by the monobasic acids like acetic as opposed to the
dibasic like oxalic, clearly because the two oxygen atoms of one carboxyl
group are too near together to attach themselves to one iron atom (which
would give a 4-ring), but two or more carboxyls can be joined through two
ferric atoms with the production of an unstrained ring as in
0—Fe«~<
C-

0->Fe—O
or in other ways.
The so-called simple ferric carboxylates are themselves complexes,
a
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which usually have an unexpected formula, and when they have not, as
in the acetate of the composition Fe(O-CO-CHg)3 [ = FeAc3], the structure can be shown to be [Fe3Ac6]Ac3, by the replacement of the ionized
groups without disturbance of the complex ion.253 It is only in the chelate
form that the carboxyl group could give a stable compound with so weak
a base as the ferric.
According to Weinland254 the cations produced by the monobasic
carboxylic acids are mainly of three kinds:
[Fe3Ac6T^+: [Fe3Ac6(OH)]++: [Fe3Ac6(OH)2I+,
of which the last are the most stable, several of their salts, including the
acetate, having been isolated. The existence of cationic complexes of this
kind has been confirmed by potentiometric measurements.255"6
All the other 'ato' complexes are derived from diabasic acids, where
each covalency involves the replacement of a hydrogen atom, and accordingly they are anionic.
Carbonato-complexes
The red precipitate formed on adding ammonium carbonate to a ferric
solution is soluble in excess of the carbonate to give a blood-red solution,257 which must contain a fairly stable complex, since potassium ferrocyanide gives no reaction for the ferric ion; but no complex could be
isolated.

Ferric Oxalato-complexes
These are numerous and stable. The tendency to form them is so great
that calcium oxalate will dissolve in ferric chloride solution. Ferric
oxalate itself is complex.
The complex oxalato-salts belong to two series, the dioxalato, which are
greenish-yellow, and the trioxalato, which are emerald green, and much
the more stable.
Ferric oxalate is difficult to prepare, owing to the tendency of the anion
to reduce the cation, but it can be made268 by dissolving ferric nitrate
Fe(NOg)3 9 H2O and oxalic acid in much concentrated nitric acid, and
evaporating in a desiccator. It is a canary-yellow microcrystalline powder
of the composition Fe2(C2O4J3, 5 H2O. It dissolves in water only slowly,
forming a yellow solution of acid reaction, which gives no test for the
oxalate ion, and only a weak reaction for ferric ion with potassium iodide
or thiocyanate; it has the conductivity of at least a di-ionic salt. The
structure is probably Fe[FeOx3], but the weak reaction for ferric ion is
remarkable.
MS
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Of the complex oxalates
the trioxalato are formed by the alkalies:
their hydration is Li, 4, 5 H 2 O ; Na, x H 2 O ; K, 3 ; Rb, 3 ; NH 4 , 3 ; Tl', 3.
Some at least of the water must be attached to the oxalato group. The
salts are emerald green, both in the solid state and in solution; they are
sensitive to light, which reduces the ferric atom at the expense of the
oxalato-group, with the production of carbon dioxide. They give the
ordinary reactions for the ferric ion (the test with potassium thiocyanate
only after acidification); they give a precipitate of calcium oxalate with
calcium chloride. At the same time the freezing-points of the solutions show
t h a t the amount of dissociation of the complex is small. The concentration
of the free oxalate ion with potassium ferrioxalate K 3 FeOx 3 was found 260
to be at the ordinary temperature 12-6 x 10~4 at V = 10, and 4 7 7 X 10~4
at V = 80 (3-8 per cent.); it is thus a little more stable than the chromioxalate, for which the oxalate concentration at V = 10 is 23-2 x 10~4 but
much less so than the cobaltioxalate (1-04 x 10~4 at F = 10). The percentage present as free oxalate ion in N/10 solution is thus Fe 1-25,
Cr 2-3, CoO-I.
The trioxalato-ion is asymmetric, and resolution into the optical antimers was effected for the chromioxalates by Werner, 261 and later for the
cobaltioxalates 262 and the ferrioxalates. 263 The ferrioxalate racemizes the
most easily of the three, in less than an hour at the ordinary temperature.
The cobaltioxalate is much more stable to racemization, and the chromioxalate rather less so.
The dioxalato compounds 254 M[FeOx 2 ], with probably 2 H 2 O in the
anion, are greenish-yellow. They are difficult to crystallize: the only
alkaline salt known is K[FeOx 2 ], 2-5 H 2 O, but a pyridine and a quinoline
salt, (pyH), 2 and 2-5 H 2 O, and (quin. H), 3 H 2 O, have been prepared.
There are also269*264 a certain number of mixed oxalato-salts which are
4-covalent, containing one oxalato ring with two halogens or one sulphato
group, for example, (PyH)[FeOxF 2 ].
Tartrato-complexes2** are also known.
A number of ferric double sulphates are known, including the alums of
K 5 Rb, Cs, NH 4 , and methylammonium; there are also others, such as
KFe(SO 4 J 2 , 4 H 2 O, and (NH 4 )Fe(S0 4 ) 2 266 ; but there is no evidence for
their complexity; the alums we know are not complex. A more probable
complex is the 'acid sulphate' FeH(SOJ 2 , of which two hydrates, with
2 and 8 H 2 O, have been isolated, 267
259

R. Weinland and F. W. Sierp, ib. 1921, 117, 64.
W. Thomas and R. Frazer, J.C.8. 1923, 123, 2973.
261
A. Werner, Ber. 1912, 45, 3061.
262
F. M. Jaeger and W. Thomas, K. Ahad. Wet. Amst. 1919, 21, 673.
ass w , Thomas, J.O JS. 1921, 119, 1140.
264
R. Weinland and W. Hubner, Z. anorg. Ghem. 1929, 178, 275.
aw
Abegg, B. 385.
m
N. Sohisohkin, E. A. Baohrak, A. W. Smimowa, and T. 8. Badeeva, Z. anorg.
Oh$m. 194O1 245, 226.
• " R. Sohttriier, Z. Krut. 1902, 35, 345* 1921, 56, 333.
260

1366

Group VIII.

Ferric

Complexes

Complex Ferric Halides
These are numerous; their stability falls off as the atomic number of
the halogen increases, and there are no complex iodides.
Complex Fluorides
The large heat of reaction of ferric fluoride with hydrofluoric acid is a
sign of complex formation, and the E.M.F. and freezing-points of such
solutions support this conclusion.268 There must be complex ferric anions
in solution since in the electrolysis of a solution of the double salt
Na 3 FeF 6 the iron goes to the anode.268
A free complex acid has not been isolated, but many complex salts have
been prepared, of the types MFeF4, M2FeF5, and M3FeF6. R6my and
Busch269 find that of the salts described up to 1933 there are 3 MFeF4,
14 M2FeF5, and 6 M8FeF6. The alkaline ferrifluorides are mostly anhydrous,
except those of the pentafluoro-type (Na2FeF5, J H 2 O; K2, J, 1; (NH4)2, O;
Tl2, 3; Ag2, 2 H2O). The divalent metals cadmium, ferrous iron, cobalt,
and nickel give a series of penta-salts of the type M"[FeF5], 7 H2O, suggesting that there is one molecule of water in the anion of the pentafluoro-salts,
giving the 6-covalent complex M2[FeF6(OH2)].
Complex Chlorides
Ferric chloride is more than 1,000 times as soluble at 25° as the fluoride
(sol7 FeF 3 0-091, FeCl3 96), and this more than offsets the smaller intrinsic
stability of the chlorides, making them much easier to prepare.
If hydrochloric acid is added to a solution of ferric chloride in water,
the colour is first weakened by the removal of colloidal ferric hydroxide;
with more acid it becomes yellow from the production of the complex
chloride.270 The phase equilibrium in the system FeCl3, HCl, H2O was
worked out by Roozeboom,271 who found the three solid ternary compounds HFeCl4, 2 H2O (m.pt. 45-7°), HFeCl4, 4 H2O (m.pt. - 3 ° ) , and
HFeCl4, 6H 2 O (m.pt. —6°, metastable).
The colour of the aqueous solution indicates an equilibrium between the
two complex acids HFeCl4 and H3FeCl6 (or the anions). These acids (or
one of them) are soluble in ether. If a solution of ferric chloride in water
is shaken with ether, practically none of the salt is removed from the water,
but on addition of hydrochloric acid, as soon as the acid is more than
twice normal in the water, some of the iron is found in the ether; the partition ether/water reaches 140 for ethyl ether at 6-2 normal acid, and 1,440
for isopropyl ether at 8-normal acid.272 It is evident that the hydrogen
of the complex acid can be solvated both by water and by ether. The
M8
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solvation by the ether changes the colour: the ethereal solution has quite
a different absorption from the aqueous, especially in the ultra-violet, and
the intensity follows Beer's law, indicating that the iron is present in the
ether entirely in one form, probably as H3FeCl6.
A large number of complex ferrichlorides have been made, of all types
from MFeCl4 to M4FeCl7. The commonest type (as with the fluorides) is
M2FeCl6, and as the salts of this type almost invariably have a molecule
of water (K2, Rb 2 , Cs2, (NH4)2, Be", Mg" all have 1 H2O), we may suppose
that this forms part of the anion. This has been proved for
(NH4J2[FeCl5, H2O]
by X-ray examination, which shows it to have octahedral anions of this
composition.273 Ferrichlorides of sodium have not been isolated,274
presumably because they are too soluble.
If gaseous nitrosyl chloride is passed over sublimed anhydrous ferric
chloride at the ordinary temperature, a dark-red liquid is produced,275
from which, after evaporating off the excess of nitrosyl chloride, a brightyellow powder is obtained, of the composition FeCl3, NOCl. It is very
hygroscopic, forming a dark-red liquid in moist air, and melts in a sealed
tube at about 128°, It is obviously the salt [NO] • [FeCl4]. It is so readily
formed that if nitrosyl chloride is added to ferrous chloride at —20°,
there is a violent evolution of nitric oxide and the ferric compound is
produced276:
FeCl2 + 2 NOCl = [NO]. [FeCl4] + NO.
The ferrichlorides of organic bases are formed with unusual ease.277 AU
of them are anhydrous, and most are of the type (BH)[FeCl4]. In the same
way ferrichlorides, practically always of the M[FeCl4] type, are formed by
a large number of oxygen bases, such as the pyrones, and are frequently
used in organic chemistry for separating and identifying these bases; they
are as a rule brilliantly coloured.
While with the salts of monatomic metallic cations like the alkali metals
and alkaline earths the type M2[FeCl5], or more probably M2[FeCl5(OH2)]
is much commoner than M[FeCl4], the reverse holds good with the salts
of organic bases, which are nearly all of the tetrachloride type. This is
presumably on account of the much larger size of the organic cation,
which only leaves room for one cation to each ferric complex.
Complex Bromides
These are evidently less stable than the chlorides: no free acids have
been isolated, the number of known salts is small, and they cannot be
recrystallized without decomposition.
278
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They are all green, or almost black, in colour, and are of two types,
MFeBr4 and M2FeBr5. A series of mixed chlorobromides have been
made,278 including the rubidium and caesium salts M2[FeCl2Br3(OH2)] and
M2[FeCl3Br2(OH2)], and the organic salts (BH)[FeClBr3] and (BH)[FeCl3Br],
where B = triethylamine or pyridine. The characteristically distinct
types of the organic and inorganic salts are maintained here too, as is
also the hydration of the pentahalides, as in the pentachlorides and
pentafluorides.
No complex iodides have been prepared, presumably because the iodide
ion reduces the ferric atom (as in cupric iodide).

Hexavalent Iron: The Ferrates
Apart from certain abnormal valencies of the iron in the carbonyl, and
more especially in the nitrosyl compounds (where the valencies have
rather a different meaning from what they have elsewhere), the only
valency other than 2 or 3 which we find in isolable compounds of iron is 6,
and that only in the ferrates.279
The ferrates can be made both in the wet and in the dry way. If iron
filings are fused with nitre, the mixture glows, and on treatment with
water gives a bright reddish-violet solution, from which barium chloride
precipitates a carmine-red solid of the composition BaFeO4, 2 H2O. The
salts can also be made by oxidizing a suspension of freshly precipitated
ferric hydroxide in concentrated alkali, either electrolytically, or by treatment with chlorine or bromine; but it is only if the oxidation takes place
in alkaline solution that the ferrates are formed.
The potassium salt K2FeO4, which is deep red, is more soluble than the
barium salt; it is isomorphous with the salts of the type K2XO4, where
X = sulphur, selenium, chromium, and molybdenum but not tellurium.
The structure of the FeO4 ion must be the same as that of the others, with
the 4 oxygen atoms co-ordinated tetrahedrally to the iron which is hexavalent like the sulphur in a sulphate.
The ferrates range from violet-red to dark-red; the alkaline salts, and
those of magnesium, calcium, and zinc are easily soluble in water; the
strontium salt is less so, and the barium salt still less. They are insoluble
in alcohol. Examples of the hydration are: Ca, 2; Sr3 2; Ba, 2; Ag2, O;
Cu", 1; Pb, Zn, Co, M aU O.
Potassium ferrate K2FeO4 is fairly stable if it is kept in sealed vessels.
At 250° it decomposes to form a ferrite M[Fe111O2] with evolution of oxygen
mixed with ozone,280 The aqueous solution of a ferrate is a stronger
oxidizing agent than potassium permanganate; it will oxidize ammonia to
nitrogen in the cold. If the solution is acidified, oxygen is at once evolved,
and the iron passes from the hexavalent to the trivalent state:
4 F e O r + 20 H + = 4 Fe +++ + 3 O2 + 10 H2O.
878
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Iron Carbonyls ®
As we have seen (carbonyls, IV. 547; nitrosyls, V. 685) the valencies of
an element in its carbonyl and nitrosyl compounds have little relation to
those which it shows in other compounds. Hence these complexes are
treated separately from the rest.
Iron forms three 'pure' carbonyl compounds, Ee(CO)5, Fe2(CO)9, and
Pe3(CO)12; their compositions all follow the general rule for carbonyls
(IV. 548). The second and third are made from the first.
Iron pentacarbonyl Fe(CO)5 is made282 by the action of carbon monoxide
on iron powder, especially under pressure (commercially at 100-200° under
200 atm.). It commonly occurs in coal gas and is liable to cause blocks in
pipes; it is sometimes used as an anti-knock in petrol, but is less effective
than lead tetra-ethyl. It is a pale-yellow liquid melting at — 20° and boiling
at 102*7°; the Trouton constant is 23-7.288 The structure has been determined by electron diffraction284; the Fe—C—O groups are linear, and the
arrangement is that of a trigonal bipyramid (as usual with a shared decet,
e.g. in PF 5 , MoCl5, etc.). It has a very low electric conductivity.285 It is
stable in air in the dark, but is decomposed by light or heat, losing carbon
monoxide to form the enneacarbonyl, and ultimately going to Fe+CO 286 ;
this decomposition absorbs 54-4 k.cals./Fe.287 In alcoholic solution it is
decomposed by acids.
On exposure to light alone283 or in acetic acid solution288 the pentacarbonyl gives the enneacarbonyl Fe2(CO)9, which forms yellow nonvolatile crystals almost insoluble in water, ether, or benzene, more soluble
in alcohol and acetone. When pure it is not acted on by air. On heating
it goes over to a mixture of the pentacarbonyl and the dodecacarbonyl
(or trimeric tetra-carbonyl) Fe3(CO)12.
The structure of the enneacarbonyl was determined by X-ray analysis
by Powell and Ewens289 with unexpected results. Each iron atom carries
CO CO CO

three CO groups, and in addition the two iron atoms are joined through
the carbon atoms of the three remaining CO groups, which are acting more
281
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284
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289
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like ketones than metallic carbonyl groups. Also, as Pauling290 points out,
the two iron atoms must be directly linked, because (1) the compound is
diamagnetic, and (2) the F e - F e distance is that of a covalent link (found
2-46, theory Fe—Fe 2-52). This leads to the remarkable results (a) that
the iron is 7-covalent, an exception to the rule that the maximum covalency of iron is 6; (6) that the iron is tetravalent, which is not found elsewhere ( 2 6 + 6 + 3 + 1 = 36 = (22)1|), and (c) that the E.A.N. of the iron
in this compound is still 36.
The structure suggested by Jensen and Asmussen292 requires a resonance
+
^
+
between Felv---Feu and Feu—Felv, and so should involve an intense colour,
whereas the enneacarbonyl is only yellow.
Analogous structures must occur in the enneacarbonyls of ruthenium
and osmium, in dimeric cobalt tetracarbonyl (p. 1422), and probably also
in Roussin's salts (p. 1373).
If the enneacarbonyl is heated to 60° with any of a variety of organic
solvents—ether, toluene, benzene, bromotJenzene—it is converted without
loss of carbon monoxide into the pentacarbonyl and the trimeric tetracarbonyl Fe3(CO)12, which is also formed by the action of alkali on the
pentacarbonyl followed by oxidation with MnO2.291 This forms dark-green
prisms and is diamagnetic.298"4 It decomposes on heating above 100° to
carbon monoxide and iron, but is volatile in steam without decomposition.
It is soluble in organic solvents. Its molecular weight was found by the
freezing-point in Fe(CO)6 solution to be that of the triple polymer,295 as
the rule requires. Its structure is unknown.
The carbonyl groups in iron tetra- and pentacarbonyl can be partly
replaced by amines to give complexes with CO: Fe ratios of 2, 2|, and 3.
Thus with pyridine alone Fe(CO)5 yields Fe2(CO)4py8, and in the presence
of pyridine it gives Fe2(CO)5en2 with ethylene diamine, Fe(CO)3(NH3)2
with ammonia,296 and Fe(CO)3phen with orthophenanthroline.297
The tetracarbonyl reacts even more readily and gives Fe(CO)3py,
Fe(CO)3en as well as others of greater complexity,295 including Fe2(CO)4en8
and Fe4(CO)12en3.298
The structures of some of these may resemble those of the pure carbonyls, but the reactions usually throw little light on the constitution.
Thus decomposition with acid frequently produces ferrous salt, iron carbonyl hydride, and other products; sometimes Fe(CO)5 or Fe3(CO)12 is
formed. The interpretation is made more difficult by the widespread
a
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occurrence of disproportionation or carboiiyl exchange. The behaviour of
Fe2(CO)4en8 is of interest. It decomposes quantitatively according to the
equation298
Fe2(CO)4en8 + 2 H + = Fe++ + Fe(CO)4H2 + 3en,
suggesting that the structure is [Fe(en)3] • [Fe(CO)4]299 although the salt
cannot be prepared synthetically from these ions.301
Iron Garbonyl Hydride
When iron pentacarbonyl is treated with alkali it loses one CO and gains
two hydrogen atoms 800 :
Fe(CO)6 + 2 OH*" » H2Fe(CO)4 + COJTThe product is a volatile unstable yellow liquid, melting at —68°, and
forming a series of derivatives in which the hydrogen can be replaced
either by halogens (-Cl 2 , - B r 2 , - I 2 ) or by metals, with which it forms
both ionized and covalent derivatives. The hydride (and its ammonium
salt) can also be made by dissolving the pentacarbonyl in concentrated
ammonia. From this solution a series of salts of the ammines of divalent
metals (for example [Ni"(NH8)6]+*) have been made 301 ; they include 'acid*
salts such as [Co(NHg)6]- [Fe(CO)3COH]2. An analogous cobalt hydride
H-Co(CO)4 is also known (p. 1422).
Electron diffraction has shown284 that both the cobalt and the iron
hydride have the four CO groups arranged tetrahedrally round the central
atom as in nickel carbonyl Ni(CO)4. Hence the hydrogen must be attached
« + +
to the CO and not to the metal, and the structure must be A—G==0—H,
« + +
like that of the nitrosyl group A—N=O; NO can in fact replace COH in
both compounds, giving Fe(CO)2(NO)2 and Co(CO)8NO. The ion in the
«. +
salts must have the grouping [A—G==0].
Among the metallic derivatives of iron carbonyl hydride are a series of
mercuric compounds,302"5 which are largely covalent. They are of two
types (X-Hg)2Fe(CO)4 and the compound HgFe(CO)4. Thus mercuric
chloride reacts with Fe(CO)5 in acetone to give (Cl-Hg)2Fe(CO)4 and
carbon dioxide303-5; with mercury alkyls other than the methyl, HgFe(CO)4
is produced, along with ketones of the alkyls.302 Compounds of the first
type are often salts, and some, such as [SO4]Hg2Fe(CO)4, are fairly soluble
in water. HgFe(CO)4 is a dark-yellow solid, practically insoluble in all
solvents. It is obvious from the structure of Fe(CO)2(COH)2 that though
it can form salts, it cannot, for steric reasons, have the two hydrogens
209
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replaced by a single mercury atom. The carbonyls must be covalently
linked through the mercury atoms to large molecules; hence the infusibility and insolubility of the products: this also explains why Hieber
found307 these metallic derivatives to be commoner with Co(CO)3COH
than with Fe(CO)2(COH)2. On the other hand, no such polymerization is
necessary with the compound (CH3-Hg)2Pe(CO)4—really
CH3. Hg-O^Cv

/CbsO
Fe

CH3. H g -OssO/ ^ C ^ O
which melts at 101° and is soluble in organic solvents though not in
water.306
More complicated derivatives, whose structures are uncertain, have also
been described.303*805
Iron Carbonyl Halides
A series of these is known, with compositions Fe(CO)2X2, Fe(CO)4X2,
and Fe(CO)5X2; the structures of the first and last of these are obscure, but
/X
the second no doubt is (OC->)4FeC , with the E.A.N. 36, and divalent
iron. They can be made308 by the action of the halogen on HgFe(CO)4,
or on Fe(CO)5 the first product then being310 Fe(CO)5X2. The iodide can
also be made309 bypassing carbon monoxide at 110 atm. for 10 hours into
cold FeI 2 . They are yellow or brown powders, which are monomeric
in ethylene dibromide and in nitrobenzene. The stability increases
markedly from the chloride to the iodide; the chloride loses carbon monoxide slowly even at +10°. 308 The ease of formation increases in the same
order,312-13 and so do the volatility and solubility.311
Another series of iron carbonyl derivatives are the prusso-compounds
M3[Fe(CN)5CO], very stable salts of which the free acid has been prepared
(p. 1343), the iron here is divalent, and its E.A.N. 36.
Iron Nitrosyls
A pure nitrosyl derivative is iron tetranitrosyl Fe(NO)4.314-*15 This is
made by letting nitric oxide act on iron pentacarbonyl under pressure, at
temperatures not above 45°. It forms black crystals, which have no appreciable vapour pressure at 0°, and slowly decompose above that temperature. It is very reactive, and can be converted into a series of nitrosyl
306
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compounds of such compositions as Fe(NO), Fe(NO)2, and perhaps
(NH4)[Fe(NO)3]. It may be supposed to be a nitrosyl salt [NO]+[Fe(NO)3];
if so, the iron has the required E.A.N, of 2 6 + 9 + 1 == 36. This would also
account for the salt NH4[Fe(NO)3].
The mixed carbonyl-nitrosyl Fe(CO)2(NO)2 can be made by the action
of nitric oxide on Fe2(CO)9316 or better Fe3(CO)12317 at 85° (it does not act
on Fe(CO)5 any more than on nickel tetracarbonyl or chromium, molybdenum or tungsten hexacarbonyls). It forms deep-red crystals, m. pt.+18°,
b. pt. 110°, Trouton constant 24-0.317 Electron diffraction318 shows the
molecule to be tetrahedral, like Ni(CO)4; for distances see under cobalt,
p. 1424. Fe(CO)2(NO)2 is soluble in organic solvents but not in water; it is
quickly oxidized by air. On treatment with amines like pyridine and
phenanthroline (phthr) or with iodine, the CO groups are displaced, but
not the NO (which would disturb the E.A.N.), giving Fe(NO)2 (phthr) and
Fe(NO)2I.319
Iron nitrosyl halides are also known. Ferrous halides (like the other
divalent halides of the iron group320) take up nitric oxide, ferrous iodide
the most readily, reacting in the cold with evolution of heat and losing
iodine, to form Fe(NO)2I; the bromide reacts in the same way on warming,
the chloride scarcely at all. The products are blackish-brown, very sensitive to air and water, and sublime on heating.321 Their structure is discussed under cobalt (p. 1425); it is presumably

0

W0

OW
M/
NNO
and if so the E.A.N, of the iron is 35, and the valency 1; if, however, there
is a direct link between the iron atoms (as in Fe2(CO)9), the E.A.N, is 36
as we should expect, and the valency O.
A new type of halide Fe(NO)3Cl was made322 from ferrous chloride and
nitric oxide. It is very unstable and evolves nitric oxide at once; it is also
very volatile (it should be monomeric, as the E.A.N, of the iron is 36;
valency 2).
By the action of nitric oxide on ferrous salts in the presence of sulphides
the curious Roussin's Black Salt M[Fe4(NO)7S3] is produced, which is converted by alkalies into the less stable Red Salt M2[Fe2(NO)4S2]326 Esters of
316
317
318
319
320
321
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the red salt are formed if thiols (mercaptans) are used instead of sulphides.327"*8 A corresponding thiosulphate is also known.329
These compounds may be formulated similarly to the enneacarbonyls.330
The red salt and its derivatives are all of the type Fe(NO)2X, where X may
be - S [ K ] (the red salt), - C l , —I, 319 —S • O2H6, —S • C6H5, or —S • SO8[K]
(the thiosulphate). Of these, the chloride and the ethyl and phenyl esters
have been shown to be dimeric; the red salt itself331 and the thiosulphate332
are diamagnetic; so that we may assume that they are all dimeric and
diamagnetic. They presumably all have the structure
(ON)2Fe^

^Fe(NO)2

in which each NO group contributes as usual three electrons to the
metallic atom. In addition each iron atom gains three electrons from the
bridging groups and one from the Fe—Fe link, giving it the effective
atomic number of 2 6 + 2 x 3 + 3 + 1 = 36. The more complicated black
salt can be explained on similar lines.
Other ferrous salts, especially the sulphate, absorb nitric oxide to give
the familiar dark solution. With the sulphate 1 mol. of NO is taken up
for every Fe.323"4 A rather unstable red crystalline compound of the
composition FeSO4, NO has been isolated from the solution.325
The nitroprussides, with the formula M2[Fe(CN)6NO], have already
been discussed (p. 1343).

Valencies of Iron in Oarbonyls and Nitrosyls
The following are the technical valencies of the iron in some of its best
known carbonyl and nitrosyl derivatives:
Carbonyls: VaI. OrFe(CO)6.
2:Fe(CO)2(COH)2:Fe(CO)4(hal)2:M3[Fe(CN)5CO].
4:Fe2(CO)9.
Nitrosyls: VaI. IrFe2(NO)4I2.
2: Fe(CO)2(NO)2: Fe(NO)3Cl: M2[Fe(CN)6N0].
4:? [NO]-[Fe(NO)3].
827
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COBALT
IN practically all its compounds cobalt has a valency of either 2 or 3, the
divalent being the more stable form in the simple salts and the trivalent
in the complexes; this is a common phenomenon, but it is seldom so marked
as it is with cobalt, where the simple trivalent ion will decompose water
with evolution of oxygen, and some of the divalent complexes will do the
same with evolution of hydrogen.
The cobaltous salts are derived from a strong base, and so are little
hydrolysed. They are remarkable for their brilliant colours, being in solution often pink when cold or dilute, and blue when hot or concentrated.
The causes of these colour changes are still obscure (see later, p. 1390).
The cobaltous ion can form complexes, but not very stable ones. The
cobaltic complexes, on the other hand, are very numerous and stable,
particularly the ammines, and the great majority of cobaltic salts are
known only in the complex form; the simple cobaltic ion (standing between
the stable ferric and the non-existent trivalent nickel ions) is so unstable
that it nearly always oxidizes its surroundings.
Cobalt is the least abundant of the three metals of the triad, being
rather less than half as common as nickel. In minerals it usually occurs
along with nickel, often as arsenide; its chief source is in Ontario, on Lake
Temiskaming; the next most abundant source is at Katanga in the
Belgian Congo.

Metallic Cobalt
Cobalt is a very hard metal (harder than steel), and resembles iron
closely; it has a now familiar bluish-white tinge. Its physical properties
are given on p. f 317; the density is 8-8. It is ferromagnetic up to above
1,000°, coming between iron and nickel.
When the oxide CoO is reduced by hydrogen below a red heat it gives a
pyrophoric powder, which catches fire in air, but is not attacked by water;
in the compact form the metal is very resistant. It is less readily attacked
by dilute mineral acids than iron, as we should expect since the normal
potential to the hydrogen electrode is —0-26 volt, while that of iron in
contact with a ferrous solution is —0*44 volt.
The blue pigment smalt is made by fusing the oxide with sand and
potash, and is a double silicate of potassium and cobalt.

Cobalt and Hydrogenm
The absorption of hydrogen by metallic cobalt is small; it scarcely
begins below 700°, and the amount absorbed varies greatly with the
temperature of reduction, and the impurities.
When the product of the action of cobaltous chloride on phenyl magnesium bromide is treated with hydrogen in the complete absence of air
and water, a brown powder is obtained of the composition CoH2.334
Similar compounds FeH 2 and FeH6 (p. 1325), NiH2 (p. 1428), and (?) CrH3
888
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(VL 1001) were prepared in the same way. The preparation of this cobalt
hydride was repeated by Hieber et a?.335; the hydride separated as a black
powder very sensitive to air and moisture. On exposure for 24 hours at
180° to a pressure of 240 atm. of carbon monoxide this gave a considerable
yield of the hydride Co(CO)3COH—a larger yield than cobalt powder under
the same conditions.
This CoH2 seems to belong to the same class of compounds as copper
hydride (I. 111).
Cobalt and Carbonm
Above 1,300° carbon dissolves in cobalt, much as it does in iron. The
carbides Co3C, Co2C, and CoC2 have been described, of which the first two
seem to be fairly definite. Their structures are unknown.

Cobalt and Nitrogen
Apart from cobaltous azide Co(N3J2 and one or two double azides, no
definite nitride of cobalt seems to be known.
Cobalt and Phosphorus
Examination of the system Co—P showed337 the compounds Co2P?
CoP, and CoP3 to be formed.
MONOVALENT COBALT

Apart from the nitrosyls and Co(CO)3COH, no compound of monovalent
cobalt seems to have been isolated; the supposed Co2O has been shown338"9
to be a mixture of the metal and the oxide CoO. They may, however, occur
in solution. Treadwell340 claims to have reduced cyanide complexes of
Co" electrolytically in presence of KCN; electrometric titration of the
product with K3Fe(CN)6 showed the presence of 95-97 per cent, of monovalent cobalt (similar Fe' and Ni' compounds were described).
D I V A L E N T COBALT
THE cobaltous salts are derived from the strong base Co(OH)2; they are
numerous, stable, and all strong electrolytes. The ion has a relatively
small tendency to form complexes; it is usually pink in the more, and blue
in the less, hydrated state (see p. 1390).
Cobaltous Oxide, CoO
Cobaltous oxide can be made by heating the metal in air, or by heating
the hydroxide or carbonate. It is also formed reversibly when the metal
is heated in steam341:
„ ^
^ ^
Co
+
H
2O = CoO + H2.
886
W. Hieber, H. Schulten, and B. Marin, Z. anorg. Chern. 1939, 240, 272.
888
Qmelin, A. 345.
887
W. Biltz and M. Heimbrecht, Z. anorg. Chem. 1939, 241, 349.
888
L,
W6hler and O. BaIz, Z. Elektrochem* 1921, 27, 413.
880
G. Natta and M, Strada, Gaz. 1928, 58, 438.
040
W. D. Traadweil and D. Huber, Edv. CMm, Acta, 1948, 26, 10.
8
" P. H. lmrasi* and J1 F. Ihulti, J.A.0.8. 1929, §1, 3231.

Cobaltous Hydroxide

1377

The ratio H 2 0/H 2 in the gas assumes a constant value, which has been
shown to be 67 at 450° and 50«5 at 470°.
The most reactive form of cobaltous oxide is made by342 heating the
carbonate in vacuo at 350°: it then forms a very fine powder.
As ordinarily made cobaltous oxide is an olive-green powder. It has a
sodium chloride lattice, and so is presumably ionic in the crystal. It melts
at 1,935°343; on further heating it begins to lose oxygen at 2,800°: at about
3,150° the dissociation tension is 1 atm.344 On the other hand, it is able
to take up more oxygen. In the finely divided form made from the carbonate it can absorb oxygen even at 18°342 up to a composition of Co3O4
and beyond, but the X-ray pattern is not thereby altered, showing that the
oxygen is only superficially adsorbed. When this oxygenated material is
heated, the lattice changes over to that of Co3O4, as is shown by the X-ray
pattern. This again adds on oxygen up to a composition of Co2O3 and
beyond, but now no further lattice change occurs on heating: it seems that
cobaltic oxide Co2O3 does not exist342 and that the only anhydrous oxides
of cobalt that can exist are CoO and Co3O4 (see p. 1393).

Cobaltous Hydroxide, Co(OH)2
This compound can be precipitated in a more or less hydrated form by
adding alkali to the solution of a cobaltous salt. It is remarkable for occurring in two forms, one blue and the other pink.345 The blue form, which is
the less stable, is got by adding the alkali slowly to the cobaltous solution at
0°. On standing or warming it changes over to the pink, which can also be
obtained directly if the cobaltous solution is added to the alkali. If air is
bubbled through a suspension of blue Co(OH)2 in water, some of this is
oxidized to CoO-OH, while some goes to the pink Co(OH)2. A mixed
hydroxide of the composition 4 Co(OH)2, CoO • OH (green) is first formed,
and this is then oxidized to CoO • OH.346 On drying, each form without
change of colour gives a compound of the composition CoO, H2O, or
Co(OH)2; these forms are practically identical both in their dissociation
tensions and in their X-ray patterns, so that the difference in colour can
only be ascribed to a difference in particle-size, which is smaller for the
blue form. The X-ray diagram is quite different from that of CoO, and
shows the lattice of the hydroxide to be that of brucite Mg(OH)2.
Like ferrous hydroxide, though less readily, cobaltous hydroxide is oxidized by air to a hydrated form of cobaltic oxide Co2O3, H 2 O; this is more
rapidly produced by strong oxidizing agents such as sodium hypochlorite,
bromine, or hydrogen peroxide, which will carry the oxidation farther to
give the hydrated dioxide CoO2, aq.
Cobaltous hydroxide has some amphoteric character, and will dissolve
842
848
844
845
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in excess of alkali, especially on warming, to give a deep-blue solution,
which must almost certainly contain a cobaltous salt M2CoO2, though
nothing can be isolated from the solution but Co(OH)2. See reference 347.

Cobaltous Sulphide, CoS
Anhydrous cobaltous sulphide is a reddish solid melting above 1,100°.
When a cobaltous solution is treated with sodium sulphide it is formed as
a black precipitate, which is insoluble in water, but when freshly precipitated dissolves in acids; on standing it changes over into an insoluble form.
Two other sulphides also exist, probably both cobaltous. CoS2 has been
shown to have a pyrites structure.348 In Co3S4 each cobalt atom is linked
tetrahedrally to 4 sulphur atoms at 2-19 A349 (theory for C o - S 2-29). At
about 680° it breaks up into 2 CoS+CoS2.350

Cobalt and Selenium
X-ray powder photographs show351 that in CoSe2 the interatomic
distances are Co—Se 2-43 (theory Co—Se 2-42) and Se—Se 2-49 (theory
2-34); so this must be a pyrites structure, like that of CoS2.

Cobaltous Halides
Cobaltous salts of all four halogens are known; these salts form a
certain number of not very stable complexes, which are described later,

Cobaltous Fluoride CoF2
Fluorine acts on metallic cobalt to give a mixture of cobaltous and
oobaltic fluorides CoF2 and CoF3.352 The difluoride can also be made by the
action of hydrogen fluoride gas on cobaltous chloride at the ordinary
temperature, or by dehydrating the tetrahydrate, which is formed by
dissolving the hydroxide in hydrofluoric acid.
Anhydrous cobaltous fluoride is a pink crystalline solid with a rutile
lattice. The anhydrous compound will not react at all with ammonia,353"4
apparently because the lattice is too compact (GaF3 and InF 3 behave in
the same way). But ammines can be made from the hydrate: they contain
a molecule of water, and have the composition CoF2, H 2 O+5, 1, and
*NH 8 .
Cobaltous fluoride is only moderately soluble in water (soF l'42/25°).355
It forms two tetrahydrates and is said also to give a di- and a trihydrate.
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It is stable to water at the ordinary temperature, but at a red beat it
reacts with it to form cobaltous oxide and hydrogen fluoride.
Cobaltous Chloride, CoCl2
The anhydrous salt can be made from the elements, or by the dehydration of the hydrate. It is a pale-blue solid, which has the same crystal
lattice as magnesium chloride366—a typical ionic lattice with 6 chlorines
at the points of a regular octahedron round each cobalt. It melts at 735° 367
(MgCl2 at 718°), and boils at 1,049°. It forms a series of hydrates with
water of which the best known (with their transition points) are
6H2O

> 2H2O
52-25°

> IH 2 O.
90°

Hydrates with 1-5 and with 4 H2O are also described. The lower hydrates
are blue-violet, the tetra- and hexahydrate pink, the last going blue on
gentle warming.
The salt is readily soluble in water (soly 34-4/25°). It is also very soluble
in alcohol (56-2/20°), acetone (8-62/25°), methyl acetate (0-37/18°), acetonitrile (4-08/18°), pyridine (0-58/25°), etc. (values from Seidell). The
aqueous solution is pink, but it goes blue on warming, or on addition of
hydrochloric or sulphuric acid, or of soluble chlorides. (For further discussion of these colour changes see below, p. 1390).
Cobaltous chloride has been used as a 'sympathetic ink': on pink paper
the writing is invisible when cold, but turns blue on warming.

Cobaltous Bromide, CoBr2
This is in general similar to the chloride. The anhydrous salt is bright
green, and melts at 678°. Its molecular weight by the boiling-point in
pyridine and in quinoline358 is that of CoBr2, which is remarkable, as one
would expect it to dissolve in these solvents as the ionized bromide of a
solvated cation.
It is very soluble in water, and both the anhydrous salt and the hexahydrate are hygroscopic, forming a red liquid in moist air. The anhydrous
salt being green, the dihydrate is purplish-blue, and the hexahydrate red.
Solubility in water is 200/60°; it is very soluble in many organic solvents,
especially in the alcohols, but it also dissolves readily in acetone (65-0/25°)
and even in methyl acetate (10-3/18°).
A green basic bromide is also known, of which the crystal structure has
been determined.359
Cobaltous Iodide, CoI 2
This compound occurs in two isomeric anhydrous forms. The ordinary
a-form, made in any of the usual ways (most conveniently by heating the
8fi
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finely divided metal got from the oxalate in a stream of hydrogen iodide
at 400~450°360), is a black hygroscopic crystalline mass and forms the
usual pink solution in water. If it is heated in a high vacuum361 it melts
undecomposed at 515-520°, begins to give off iodine at 540°, and at 570°
boils with some decomposition into iodine and metallic cobalt; it sublimes
mainly as the black a-form, but to a small extent (not more than 1 per
cent.) condenses as an ochre-yellow ^-modification, which can be freed
from an admixture of free iodine by heating it in vacuo to 100°. This new
form differs from the cx-form not merely in the solid state, but also in its
solution in water, which instead of being pink (like the a-) is a pale yellow,
and if the remaining traces of iodine are removed by extraction with
chloroform is practically colourless, and remains so for months in the cold,
though it turns pink on warming. Its electrical conductivity is identical
with that of the a-form; the molecular conductivity is 57 at V = 37, much
less than that of barium iodide, but rather more than that of cadmium
iodide. If the /J-form is heated to 400° instead of 100° in removing iodine
it turns black, but does not seem to have undergone any serious change,
as it still gives a practically colourless solution in water.
The cause of this isomerism is unknown. There is, however, a similar
case in mercuric iodide.
Cobaltous iodide forms a series of hydrates; perhaps 9 H 2 0: 6 H2O,
dark-red hygroscopic: 4H 2 O, separating from a hot solution, green:
2 H2O, separating above 100°, also green. The concentrated aqueous
solution below 20° is dark red, while above 35° it is bright green.
The salt is soluble in many organic solvents, the solutions often being
blue.

Cobaltous Cyanide, Co(CN)2
This occurs in the anhydrous state, and also as a trihydrate and probably
a dihydrate. When an equivalent of potassium cyanide is added to a
oobaltous solution, an insoluble precipitate of the trihydrate is formed,
which can be dehydrated in a stream of nitrogen at 250°.362 It then forms
a blue crystalline powder which very readily takes up water. It is insoluble
in water, but easily dissolves in a solution of potassium cyanide,
ammonia, etc.; with potassium cyanide it forms in the cold a cobaltooyanide K4CoCy6, but on warming this is oxidized by the water to the
cobalticyanide K3CoCy6, with evolution of hydrogen.
Cobaltous Thiocyanate, Co(CNS) 2
This occurs with J, 3, and 4 molecules of water. The tetrahydrate forms
deep red-violet very hygroscopic crystals, dissolving in water to form a
dark-blue solution, which turns red on dilution. The change of colour
seems to be due to the complex formation.868
890
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The electrical conductivity is small, and indicates that i = 2 in 1*5 per
cent, solution, and 2*5 in 0-8 per cent, solution. This suggests the formation of autocomplexes such as [Co(OH2)6CNS]CNS.364
Cobaltous thiocyanate is soluble in many organic solvents, these solutions being always dark blue, whatever the temperature or concentration.

Cobaltous Carbonate, CoCO3
This is found almost pure in the mineral cobalt spar, and also often in
isomorphous mixtures with magnesium and ferrous carbonates.
The precipitate formed when an alkaline carbonate is added to a cobaltous solution is ordinarily a basic carbonate, owing to hydrolysis; but in
presence of an atmosphere pressure of carbon dioxide the neutral carbonate is precipitated as the violet-red hexahydrate CoCO8, 6 H2O. If
this is heated in a sealed tube at 140° it is converted into the anhydrous
carbonate, a pale red powder. The precipitated hydrated carbonate
tends342 (like cobaltous oxide) to be oxidized by air, and is pure only if it
is precipitated in an oxygen-free atmosphere. At 350° in a high vacuum
cobaltous carbonate is completely converted into cobaltous oxide.
The solubility of the carbonate in water is small, 2*73 mg./15°.

Cobaltous Formate, Co(O-CHO)2
The dihydrate is a pink salt which can be dehydrated at 140°865;
soly in water 4-06/200.366 The solution is pink.

Cobaltous Acetate, Co(O-CO-CHg)2

The anhydrous salt is pink365; the tetrahydrate is deep red, and is
isomorphous with the acetates of magnesium, manganese, nickel, and zinc.
It is easily soluble in water, giving a red solution; soF in glacial acetic
acid 16-8/25°.

Cobaltous Oxalate, Co[C2OJ2
The ordinary form is the dihydrate, which is pink; a yellowish-pink
tetrahydrate also occurs, and the anhydrous salt can be made. Cobaltous
oxalate is almost insoluble in water (2-1 mg./18°); this is perhaps a sign
that it is not complex. It is readily soluble in strong ammonia solution,
or in ammonium carbonate, with the formation of complexes.

Cobaltous Nitrate, Co[N0 3 ] 2
At low temperatures this salt forms an enneahydrate (+9 H2O), going
over at 21° to the ordinary hexahydrate, red hygroscopic crystals; this
changes at 55-5° into a trihydrate which melts at 91° and decomposes at
higher temperatures 367 ; the hexahydrate forms mixed crystals with the
corresponding nickel salt. SoF in water 103/25°.
864
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The aqueous solution is always pink, and has no tendency to turn blue,
which is taken to show that the nitrate forms no complexes; true complex
nitrates are very rare. Copper nitrate behaves in the same way.368
Cobaltous nitrate is easily soluble in many organic solvents such as
alcohols, acetone, and methyl acetate; soly in the last 16*4/15°.
[Cobaltous Nitrite
This can be made in solution, but it has never been isolated, although
complex cobalto-nitrites are known.]

Cobaltous Sulphate, Co[SO4]
The heptahydrate, which occurs as the mineral bieberite, is carmine,
and is isomorphous with FeSO4, 7 H 2 O; it is in fact a vitriol. At 41*5° it
goes over to the hexahydrate, and at 71° this changes to the monohydrate,
which is isomorphous with kieserite, MgSO4, H2O.369 All these three
hydrates are monoclinic. Tetra- and dihydrates have been described, but
seem to be doubtful.370 The hexa- and monohydrates are isomorphous
with the corresponding nickel salts, and form mixed crystals with them. 371
The soly in water is 39*3/25°. It rises with the temperature up to about
100°, and then falls off, as happens with many sulphates (compare Na2SO4),
being less at 145° than at 15°.
A basic sulphate CoSO4, 3 Co(OH)2 can be prepared, the lattice of which
has been shown to contain alternate layers of sulphate and hydroxide
ions.372

Cobaltous Sulphite
The pentahydrate CoSO3, 5 H2O is a reddish salt, only slightly soluble
in water. It readily forms double salts.

Cobaltous Sulphoxylate Co[O—S—O]
This compound,373 which is remarkable as being the only certain salt of
sulphoxylic acid, has already been described under that acid (VI. 905).
It is formed along with ammonium sulphite when sodium hyposulphite
Na2S2O4 is treated with cobaltous acetate and ammonia:
CoS2O4 + 2 NH4OH = CoSO2 + (NH4)SO3 + H2O.
The reaction can be represented as a hydrolysis of the free acid thus:
O
HO-S-OH

f

H O - S - 0—S—OH —>
+
+
/OH
H-OH
0<-Sv
^OH
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The salt is very unstable, and decomposes when attempts are made to
convert it into the sulphoxylates of other metals.
Cobaltous Chlorate, Co(ClOg)2
This salt374 forms three hydrates, with the following colours and transition points:
18-6°

6 H2O (dark red) —> 4 H2O (dark red)

62°

> 2 H2O (pale red).

It is relatively unstable; it decomposes below 100° and probably at 6X0;
the dihydrate is made by dehydrating the tetrahydrate over phosphorus
pentoxide. It is extremely soluble in water, 180*8/21°.
Cobaltous Iodate, Co(I0 3 ) 2
This forms a metastable red tetrahydrate and a blue dihydrate which at
65° goes over into the blue anhydrous salt; the changes are very sluggish.
The salt is only slightly soluble in water, 0-52/30°.

Cobaltous Per chlorate, Co( ClO4)2
The anhydrous salt cannot be prepared, but hydrates are known with
9, 7, 6, and 5 molecules of water; these are all red or dark red (the aqueous
solution of cobalts perchlorate Co(C104)3 is blue).
The salt is extremely soluble in water, soly 254*5/26°.
COMPLEX COMPOUNDS OF DIVALENT COBiLT
The divalent cobalt atom has a certain tendency to form complexes,
though nothing like so much as the trivalent; thus Gmelin's Handbuch
gives to the cobaltous ammines 37 pages, and to the cobaltic 335. The
difference is to be expected, but it is unusually marked with cobalt, the
trivalent atom being one of the most powerful of complex builders,* along
with trivalent chromium and di- and tetravalent platinum, while divalent
cobalt does not stand very high in this respect among the divalent
elements. Its affinity in these complexes is greatest for nitrogen and next
greatest for oxygen; but complex cyanides, thiocyanates, and halides
are also formed. In its divalent complexes the covalency of the cobalt
is usually 4, but sometimes 6, and other values are found (in cobaltic
complexes it is always 6).
Complex Cobaltous Cyanides
Cobalt, like iron, forms two series of hexacyano-complexes, in one of
which it is divalent, and in the other trivalent, the formulae being M4CoCy6
and M8CoCy6. But while the latter are very stable, more so than the
* The element with the greatest power of complex formation is in a sense trivalent
gold, since it forms no compounds which are not complex; but the range of its complexes is limited.
' " A, MeuMor, B$r, 1902, 35, 1418,
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corresponding compounds of trivalent chromium, manganese, iron, etc., the
cobaltocyanides are very unstable,875 not that the CJST groups are loosely
attached, but that the salts are very readily oxidized to cobalticyanides.
The potassium salt, K4CoCy6, will crystallize from mixed solutions of its
components at low temperatures; it is violet, and gives a deep red solution376"7 ; the sodium salt is similar. The aqueous solutions of these salts
are very readily oxidized by air to the cobalticyanides, and in the absence
of air they will even decompose the water with evolution of hydrogen.378"9

Complex Cobaltous Cyanates
A rather unstable potassium salt K2[Co(CNO)4] has been made.380"1

Complex Cobaltous Thiocyanates982
While the complex ferrous thiocyanates (which are few) are all of the
type M4Fe(CNS)6, the cobaltous thiocyanates are all of the 4-covalent
form M2[Co(CNS)4].
The salts are moderately stable, and can be recrystallized unchanged
from water. The solids are blue; the aqueous solution is also blue when
it is concentrated, but on dilution it turns pink; this is presumably due to
a breakdown of the complex, a conclusion which is supported by the
measurements of the transport numbers,383"4 and by the fact that an
alkaline hydroxide will precipitate cobaltous hydroxide from the solution.
These salts, like many simple thiocyanates, are readily soluble in
organic solvents; thus the sodium salt Na2Co(CNS)4, 8 H2O gives deep
blue solutions of considerable concentrations in methyl, ethyl, and amyl
alcohols, in acetone, and in aqueous ether883*385; indeed the ammonium
and potassium salts can be extracted from the aqueous solution with amyl
alcohol.386"7 The salts of the alkalies, alkaline earths, and amines are
mostly soluble, and contain rather large amounts of water of crystallization, perhaps on account of the large size of the anion; thus we have
Na, 8 H 2 O 885 ; Ba, 8 H 2 O 388 ; K, 4 H 2 O 385 ; NH 4 , 4 H2O383
The mercuric salt HgCo(CNS)4, which is anhydrous and extremely
878

W. Biltz, W. Eschweiler, and A. Bodensiek, Z. anorg. Chem. 1928, 170, 172.
A. Descamps, BuU. Soc. CHm. 1879, [2] 3 1 , 52.
877
A. Rosenheim and L Koppel, Z. anorg. Chem. 1898, 17, 67.
878
R. Peters, Z. physikal. Chem. 1898, 26, 217.
879
W, Nernst and A. Lessing, Oott. Nachr. 1902, 158.
880
J. Sand, Ber. 1903, 36, 1441.
881
R. Ripan, BuI. Soc. Stiinte CIuJ9 1929, 4, 146.
888
On the very obscure question of the structure of the complex thiocyanates see
J . W. Jeffery, Nature, 1947, 159, 610.
888
A. Rosenheim and R. Cohn, Z. anorg. Chem. 1901, 27, 289.
88
« A. Hantzsoh and Y, Shibata, ib. 1912, 73, 317.
888
A, de Sweemer, Notuurwet. Tfyds. 1983, 15, 14,
818
A. Groasmarm, Z, morg* QUm. 1908, 58, 269.
• " F . P . Trtadwtii and E. Vogt, ib. 1901, 26, 109.
" • V. Ouvdiw, Natuurmt* Tijik, 1988, 15, 177.
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insoluble, will detect (HO, 0-12, and 0*58 mg. respectively of mercuric,
cobaltous, and thiocyanate ions. 389

Gobaltous Ammines**0
The great majority of cobaltous salts will take up ammonia. If we
disregard those in which the ammonia tension is very great, we find t h a t
the number of ammonia molecules taken up does not exceed 6, and often
falls below it, the usual numbers being 6, 4, and 2. Substituted amines,
alkylamines, and substituted alkylamines,391""2 pyridine and quinoline, and
even arylamines and oximes can replace ammonia, but usually form less
stable complexes, and with lower co-ordination numbers. Certain diamines, especially ethylene diamine, form cyclic (chelate) complexes of
considerable stability.
The cobaltous ammines are not in any case of great stability, often less
stable than the nickelous, 398 and they are usually decomposed by water;
but with the more tenacious ethylene diamine molecule this does not
happen, and cobaltous hydroxide will dissolve in an aqueous solution of
the diamine, no doubt to form the ion [Co(en)J + + , though as no compound
could be isolated we do not know the value of #. 394
The hexammines are presumably fully ionized salts of the type
[Co(NH3)6]X2;
the diammines, on the other hand, appear to be non-ionized compounds of
the general form
% < /

N H s

;

x / NsTH3'

the structure of the tetrammines is not certain, and probably varies. These
suggestions are supported by the behaviour of the compounds in question,
and especially by their stereochemistry. The hexammines of cobaltous
chloride and iodide have been shown by X-ray analysis to have the
6 N H 3 groups arranged round the cobalt at the points of a regular octahedron, 395 which is the arrangement to be expected for an ion [0o(NH8)<$];
they are all paramagnetic. 39 * The diammines, on the other hand, exhibit
an isomerism (see below) which can best be explained by supposing that
the four covalencies of the cobalt lie in a plane, admitting of cis and trans
isomers:
H3Nv
/X
H3NN
/ X
cis
TfCox
and trans
/Co x
H 3 IT
\X
X/
^NH 3
389
390
S. Augusti, Oaz. 1934, 64, 33.
Gmelin, Kobalt, B. 9-45 (1930).
»w A. Tettamanzi and B. Oarli, Gaz. 1934, 64, 315 (N(CH2-CH2OH)3).
*™ W. Hieber and E. Levy, Z. anorg. Chem. 1934, 219, 225 (N(CH2-CH2OH)3 and
(C1H8)JiN-CHj1-CH8OH).
888
T. L. Davis and A. V. Logan, J.A.C.S. 1940, 62, 1276.
884
W. Traube and B. Loewe, Ber. 1914, 47, 1911.
»» P. Stoll, DiH. EuHch* 1920.
198
D, P, Mellor and R, J, QOICUOM, Prod. Boy. ®oe< N.S. WaUi, IUO9 73, 283.
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The idea that the hexammines are ionized completely and the diammines not at all is supported by the observation897"*8 that the order of
stability in the hexammines is Cl < Br < I, and in the diammines
Cl > Br > I ; this would be natural if in the former the halogen atoms are
ionized, while in the latter they form part of the fcomplex.
The evidence for the planar structure of these diammines X2Co(NRg)2399
is much the same as that given by Werner for the platinous analogues.
Many of them occur in pairs of isomers differing in colour (one blue and
the other violet or pink) even in solution. They are usually monotropic,
and the stable form, which may be either the blue or the violet, is obtained
by any slow method of preparation, but by sudden precipitation from solution or rapid breaking down of the hexammine at a higher temperature,
the metastable form is produced. In CoCl2py2 the change from one form
to the other is easy400; both give the same colour and the same (monomeric) freezing-point depression in bromoform; in water and in methyl
alcohol both give the same highly conducting solution, from which silver
nitrate precipitates all the chlorine, so that in these solvents they are
clearly ionized.
The observation that the solid form obtained depends on the solvent
(the stable violet form separates from chloroform on slow evaporation, but
the blue form is precipitated on adding ligroin) has been made with other
isomers as well. It is obvious that the same solid form must be stable in
contact with any solvent, and the explanation evidently is that in a
particular solvent the metastable form may be present in excess, and if it
is suddenly precipitated will come out as such, whereas if it is given time
it will go over into the stable one. This explanation has been shown to be
true in other cases.401
Hantzsch gives a list of these isomeric cobaltic diammines and similar
compounds, with their reactive stabilities. This list, slightly enlarged, is
as follows:
Compound
Blue
Violet

CoCl 2 (NH 3 )/
Stable
Metastable
(pink)

CoCl2py2
Metastable
Stable

CoBr 2 (NH 8 )/
Metastable
Stable

CoBr 2 py 2
Stable
[Not isolated]

Compound
Blue
Violet

CoI 2 (NH 3 )/
Stable
Metastable

Co(SCN)2py2
Only in soln.
Stable

CoCl 2 (H 2 O)/
? Unstable ?
Stable

CoCl2(CH3OH)2
Stable
[Not isolated]

The more recent evidence that many of the later transitional elements
can have this planar arrangement has greatly strengthened Hantzsch's
887

W. Biltz and B. Fetkenheuer, Z. morg, Ohem. 1914, 89, 97.
F. Bphraim, Ben 1916, 48, 628.
A. Hantzsoh, E. anorg. Ohem, 1927, 159, 278.
400
D. P. Mellor and B. 8, Morris, Proo. Boy. 8oo. N.S. Wales, 1988, 71, 536.
401
S§#, for example, the formaldehyde phonylhydrazoneas N. V. Sidgwiok and
1, K. Ewbank, J.0,5. 19Sl, 119, 4SO,
898
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conclusion. The two forms of CoCl2py2 have recently403 been shown to
differ considerably in their magnetic moments, that of the stable violet
form being 5-34, and that of the blue 4-60, at 20°. This is not easy to
explain.
Nitro-complexes
These are also far less stable in the cobalto- than in the cobalti-series.
A few are known,404"5 mostly of the type M2Co(N02)4: they are relatively
insoluble. Thus we have K2[Co(NO2)J, H2O, insoluble in cold water,
soluble in hot to give a pink solution; Tl2[Co(NO2)J, orange crystals,
slightly soluble in water, and readily oxidized to the cobaltic state.

Oxygen Complexes
The non-chelate oxygen complexes of divalent cobalt are weak. Cobaltous salts are usually hydrated, and also solvated by organic solvents such
as the alcohols; the hydrates in most cases contain 6 and the alcoholates
2 or 3 molecules of solvent.
A double cobaltous nitrate (pyH)3[Co(N03)6] has been made 407 ; it is red
and stable in air; there is no evidence that it is truly complex.
A double formate Ba2[Co(HCO O)6], 4H 2 O has been described408; it
is reddish-violet, not very soluble in water, and isomorphous with the
corresponding BaCu", BaNi, and BaZn salts.
'Ato* compounds—double salts of dibasic oxyacids—are numerous;
they are formed by sulphates, sulphites, carbonates, oxalates, etc., as well
as by /?-diketones. These, being chelate, are naturally more stable, and
many of them give evidence of complexity.

Carbonato-Compounds
These are made by the action of an alkaline carbonate or bicarbonate
solution on a cobaltous salt409""10; they are all dichelate (cobalt 4-covalent).
They are usually red salts with 4 H2O. The potassium salt
K2[Co(CO3)J, 4 H2O
loses all its water in a stream of carbon dioxide at 100-20°, and'then turns
violet.
These salts are decomposed by water, but can be recrystallized from
alkaline carbonate or bicarbonate solutions; their solubility in such solutions indicates the formation of true carbonato-complexes, but they do not
seem to be very stable.
402

J. Bersch, Ber. Wien. Akad. 1S67, 56, ii. 724.
E. D. P. Barkworth and S. Bugden, Nature, 1937, 139, 374.
404
V. Cuttica and G. Carobbi, Gaz. 1922, 52, ii. 277.
408
V. Cuttica and M. Paoletti, ib. 279.
407
Le Pinoussohn, Z. anorg. Qhem. 1897, 14, 390.
408
W. Lossen and G. Voss, Ann. 1891, 266, 45.
408
M, P. Applebey and K. W. Lane, J.O.S. 1918, 113, 611.
410
F, dt Oftrii, AUi H, 1029, [vt] % 417.
403
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Oxalato-complexes
Cobaltous oxalate, which is almost insoluble in water, readily dissolves
in a solution of an alkaline oxalate, and double salts can be made in this
way. There is thus no doubt that true complexes are formed, but transport
measurements show that they are considerably broken down in solution.411
The known salts are nearly all of the type M2CoOx2, x H2O (no Li salt;
Na, 4 H2O412; K, 6H 2 O 413 ; NH4, 6H2O414). Ephraim has obtained one
salt of the 6-covalent type (NH4)^CoOx3, 6 H2O. It forms pink crystals
and can be recrystallized from water; the concentrated aqueous solution
is dark violet.
Some obscure double sulphites and some double sulphates with no signs
of complexity have been prepared.
Chelate $-d%ketone Compounds
Cobalt forms several types of derivatives of acetylacetone (C5H8O2 = HA),
the simple cobaltous and cobaltic compounds CoA2 and CoA3, and also a
salt derived from the former, in which the divalent cobalt atom is able to
acquire the stable trichelate grouping as a monovalent anion M[CoA3].
Cobaltous acetylacetonate Co(C6H702)2 can be made415 by the action of
the diketone on cobaltous hydroxide. It forms ruby-red crystals which
sublime without melting, and give a red vapour, whose density corresponds
to the simple formula. It is soluble in water and in most organic solvents.
The 4-covalent cobalt atom is evidently co-ordinately unsaturated, and so
ready for further co-ordination; thus it crystallizes from alcohol or acetone with one molecule of solvent of crystallization, and it forms di&mmines with ammonia and pyridine. The formation of the trichelate
compound described in the next section is further evidence of this.
Sodium Cobaltous Acetylacetonate
If a cobaltinitrite M3[Co(N02)6] is treated with sodium acetylacetonate
it gives the cobaltic salt Na[CoA2(N02)2], and when this is further treated
with excess of sodium acetylacetonate the trivalent cobalt is reduced, and
the complex cobaltous acetylacetonate Na[Co"A3] is formed. This consists
of pale pink needles: it differs sharply from the simple CoA2 in being
insoluble in water and alcohol, the co-ordinately unsaturated 4-covalent
atom having been converted into a saturated 6-covalent one.416
Other j8-diketones appear to behave in the same way.
It is to be noticed that divalent atoms of the non-transitional elements
like the alkaline earths (II A) and zinc cadmium and mercury (II B) do
not behave in this way, in I I A probably because they have less tendency
*" J. Vranek, Z. Elektrochem. 1917, 23, 337.
*"
J. W. Dodgaon, Proc. Qhem. Soc. 1911, 27, 261.
418
S, Deakin, M. Soott, and B. D. Steele, Z. physikah Ohem. 1909, 69, 129.
«" F. Ephraim, Ber. 1909, 42, 3855.
«« F. Gaoh, Mon, 1900, 21, 106.
«• A. RoMnhoim and A. Garfunkd, Sir, 1911, 44, 1873.
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to covalency formation (owing to the large size and inert gas number of
the cation) and in I I B because for some reason these elements have a very
slight tendency to increase the covalency from 4 to 6.
Complex Cobaltous Halides
Double (presumably complex) cobaltous halides are known with all four
halogens, the chlorides being by far the most numerous. They are almost
confined to the alkalies and the nitrogenous organic bases, such as ammonia
and the amines; they are not formed by beryllium, nor, with the exception of one double magnesium chloride, by the alkaline earths. They are
of all types from MCoX3 to M4CoX6, but the commonest is M2CoX4. A
fairly complete list of the known salts417""19 gives the following numbers of
each type:
MCoX8

M2CoX4

M3CoX6

M4CoX6

X = F
Cl
Br
I

2
3

2
7
6
3

1
1

3
2
1

Total

5

18

2

6

A list of the salts with their colours and degree of hydration follows:
Fluorides. MCoF3: Na, H2O, pink; K, H2O, red.
M2CoF4: K, O, pink; NH4, 2 H2O, red; O, blue.
Chlorides. MCoCl8: Li, ? 5 H2O, blue; Cs, anhy. blue; 2H 2 O, violet;
Rb, 2 H2O.
M2CoCl4: NH 4 , 2 H2O, enH2 O, blue; 6 H2O, pale green; pyH O H2O,
blue; quinH O H2O, blue; 1 H2O, blue; 2 H2O, green; Rb, O H2O,
blue; 2 H2O, lilac; Cs O, blue; Mg, 8 H2O, dark blue.
M3CoCl5: Cs, O, blue.
M4CoCl6: Li, 10 H 2 O; (NH4)2(pyH)2, 3 H2O, pale blue; enH2, O, blue.
Bromides. M2CoBr4: pyH, blue; quinaldineH, enH2, 2 H2O, blue; pyH,
O and 2 H2O, both greenish-blue; quinH O, dark blue; 2 H2O bluegreen ; Cs, green.
M3CoBr5: Cs, O, green.
M4CoBr6. Li, 12 H2O, blue; enH2, O, blue.
Iodides. M2CoI4: quinH, O, green; py. H, O, blue; Cs, green.
M4CoI6: ? enH2, not got pure.
The salt Cs3CoCl5, apparently of the rare 5-covalent type, has been
shown420 to contain not the complex CoCl5 but CoCl4, the fifth chlorine
being at a distance: it may be written Cs3[CoCl4]CL
The 6-covalent complexes are very few, which is remarkable because
compounds in which a cobaltous atom is co-ordinated with 6 molecules of
417

418
See Gmelin, A. 308-461.
H. W. Foote, Am. J. SeI 1927, 13, 158.
«• E. G. V. Peroivai and W, Wardlaw, J.O.S, 1020, 1505.
«" H. M. Powell and A. F. Weill, ib. 1085, 850.
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water, ammonia, methylamine, or pyridine, or with 6 CN groups, are
known;* but it appears that these hexahalides are very soluble, and can
only be induced to crystallize out if the monovalent halide is very soluble
too: of the alkaline halides it appears that only lithium halides are sufficiently soluble, the other known hexahalides being all formed by organic
bases.421
The double chloride of cobalt and ammonium has a peculiar behaviour.
No definite double salt can be isolated; the two chlorides separate from
water as a continuous series of solid solutions, but the positions of the
solid-liquid tie-lines suggest the occurrence of a double salt of the composition (NH4)2[CoClJ, 2 H2O, forming a continuous series of solid solutions
with both its component salts.422"4 Something of the same kind seems to
happen in the system LiCl, CoCl2.425

Colour and Constitution of Cobaltous Compounds
The sharp change of colour of cobaltous salts both in the solid state
and in solution, from pink to blue and vice versa, has long been known and
has been much discussed.426""42
The colours of cobaltous compounds range from pink or red to pure blue,
and though all intermediate tints can be found, there is a strong tendency
for the extremes of colour to occur. It is found that in the pink state
the positions of the absorption bands are practically always the same, the
strongest being at 5,100 A, while in the blue state they vary somewhat, the
wave-lengths increasing a little with the molecular weight of the complex.441 The blue colour is much more intense (nearly 90 times)484 than the
pink, so that a very small amount of it can entirely mask the pink to the
* It is not uncommon for the co-ordination number of an atom to be higher in
ammines than in acidic compounds, or in the cyanides than in the halides.
4581

J. Meyer and K. Hoehne, Z. anorg. Chem. 1935, 222, 161.
» F . W. J. Clendinnen, J.C.S. 1922, 121, 801.
«8 A. C. D. Rivett and F . W. J. Clendinnen, ib. 1923, 123, 1634.
4 4
» A. Benrath, Z. anorg. Chem. 1927, 163, 396.
486
A. Ferrari and A. Baroni, Atti. R. 192S, [vi] 7, 848.
426
See Gmelin, Kobalt, A. 490-502 (1932) for an account of the work done up to
that date.
487
R. Hill and O. R. Howell, Phil. Mag. 1924, 48, 833. [This is discussed by
R. W. James, J. West, and A. J . Bradley in Ann. Rep. Chem. Soc. 1927, 24, 288.]
«" O. R. Howell, J.C.S. 1927, 158.
489
4S0
43
Id., ib. 2039.
Id., ib. 2843.
* Id., ib. 1929, 162.
488
O. R. Howell and A. Jackson, Proc. Roy. Soc. 1933, 142, 587.
488
484
Id., ib. 1936, 155, 33.
Id., J.C.S. 1936, 1268.
488
Id., ib. 1937, 621.
**« Id., ib. 973.
487
I. Rohde and E. Vogt, Z. phyaikal Chem. 1932, B. 15, 353,
488
R. J. Maowalter and S. Barratt, J.C.S. 1934, 517,
488
H. Griine and J. A. Santos, Z. Krist. 1934, 88, 136.
440
H, Dirking, Z, anorg. OUm. 1987, 233, 821.
441
A. v. Kiii and M. Riohtsr, E. phyaikal, QUm. 1940, 187, 211.
448
M. L. Sohults and 1 . 7 . LUtk, JA,C,S, 194S1 64, 2748,
42
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eye. Thus Rohde found that in a solution of cobaltous chloride in pyridine at 50°, which looks pure blue, spectroscopic measurements showed
only a tenth of the cobalt to be present in the blue form. These differences
of colour occur in the solid state, and in solutions in water and other
solvents.
In solution the pink form is favoured by dilution, by using water as the
solvent, by the absence of other salts (e.g. of alkalies), and by a low temperature ; the opposite conditions favour the blue form. It is remarkable that
while the addition of potassium or hydrogen chloride to the pink aqueous
solution of cobaltous chloride will turn it blue, the addition of zinc or
mercuric chloride to the blue alcoholic solution of the same cobaltous salt
will turn it pink. The change from pink to blue occurs much less readily
with the salts of oxy-acids (such as the nitrate or sulphate), than with the
halides or the thiocyanate (in all these points cupric compounds behave
very similarly).
In 1902 Donnan and Bassett showed443 that in the blue solution of the
chloride in water the blue colour migrated on electrolysis to the anode,
and so must have a negative charge; they assumed it to be [CoCl8]"" or
[CoCl4] . Hantzsch448 considered that the blue compound was less
hydrated, and was not dissociated, the two compounds being [Co(H2O)6]Cl2
(pink), and [Co(H2O)2Cl2]0 (blue). These two views agree in supposing that
the blue is due to a halide complex, while the pink is the colour of the
simple ion in which the cobalt is attached only to water, an undoubtedly
weaker link. They differ only as to whether the complex is ionized or not.
All the conditions that promote the blue colour would favour the formation of such complexes. Further, if the alcoholic solution of cobaltous
chloride, which is blue, and so must be supposed to contain a large proportion of the complex cobaltous anion, is treated with the chloride of mercury or zinc, which have a stronger tendency to form complex halides than
divalent cobalt, they will remove the chlorine ions, and we shall have
present the salt of the simple Co" cation and the complex mercuric or zinc
anion; hence the colour should change to pink, as in fact it is found to do.
This conclusion was supported by the transport measurements of Kohlschutter444 and Denham,446 and by the electrical and optical measurements
ofGr6h.44®-7
Much further work has been done on the absorption and other physical
properties of the solutions (see, for example, Howell,427'36 and refs. 488»442),
but no definite conclusion has been reached.
The solid phases of the complex halides are usually pink when highly
solvated, and blue when less so, which agrees with the above ideas. On
448
444
448
449
447
441

F. G. Donnan and H. Bassett, J.C.S. 1902, 81, 939.
V. Kohlschutter, Ber. 1904, 37, 1153.
H. G. Denham, Z. physikal Ohem. 1908, 65, 641.
J. Gr6h, Z. anorg* Ohem. 1925, 146, 305.
J. Grdh and R. Bohmid, ib. 1927, 162, 821.
A. Hantiioh, E. morg. OUm, 1927, 189, 278.
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Donnan and Bassett's theory all the complex halides should be blue (of
the simple anhydrous halides the colours are CoF2 pink, CoCl2 pale blue,
CoBr2 green, and CoI2 in its two forms yellow and black); the following
list, taken from Meyer and Hoehne,449 with a few additions, shows that this
is nearly always so:
Colours in the Solid State
[Co(H2O)4]F2 .
[Co(H2O)2]F2 .
[Co(H2O)6]Cl2 .
[Co(H2O)6]Br2
[Co(H2O)6]I2 .
[Co(NH 3 ) 5 H 2 0]F 2
[Co(NH8J6]Cl2
[Co(NH8J6]Br2
[Co(NH 8 )JI 2 .
[Co(H 2 0)J + + ion

red
red
pink
red
red
red
red
pink
deep pink
pink

Cs[CoCl8]
.
Rb51[CoCl4] .
.
Cs8[CoCl5]
.
.
Li4[CoCl6]
.
(enH,)2[CoCl8]
.
(NH 4 ) a (pyH) 2 [CoCl 6 ],6H 2 0

pale blue
green-blue
blue
dark blue
blue
blue

Li 4 [CoBrJ, 12 H 2 O .
(enH2)2[CoBr6]

blue
deep blue

.
.

The fact that all the hexahalides are blue and the hexammines pink certainly suggests that it is the electrical condition rather than the co-ordination number which determines the colour.
Howell427*430 examined the colours of a series of pigments, that is,
coloured insoluble crystalline compounds of cobalt; some of these are red
and others blue, and the positions of the absorption bands in the two classes
are the same as in the red and blue solutions respectively. He showed that
whenever the cobalt had four nearest neighbours the pigment was blue,
and when it had six it was red; in this way he predicted some structures
which have since been confirmed by X-ray analysis.450-1 Anhydrous
cobaltous chloride is, however, anomalous; the cobalt has six nearest
neighbours, and so it should be red, whereas it is pale blue. On cooling
with liquid air it turns red, but there is no corresponding change in the
crystal lattice.
The problem is obviously by no means solved; perhaps the most probable suggestion is that of Donnan and Bassett that divalent cobalt is pink
in a cation and blue in an anion, but a number of difficulties still remain.
COBALTIC COMPOUNDS
THE trivalent state of cobalt is excessively unstable in the simple ion and
its salts, but in the complexes it is more stable than the divalent. The
simple cobaltic salts are produced from the cobaltous only by the action
of the strongest oxidizing agents, such as electrolytic oxidation,452 or
treatment in solution with fluorine,453 ozone,454 or such reagents as sodium
bismuthate.466 They are very unstable and are readily decomposed
U9
J. Meyer and K. Hoehne, Z. anorg. Chem. 1935, 222, 161.
450 "w. H. Zachariasen, Norsk. Geol Tidskrifi, 1926, 9, 65.
«i
W, L, Bragg and G. B. Brown, Z. Krist. 1926, 63, 538.
4Ba
A. A, Noyes and T, J. Deahl, J.A.O.S. 1937, 59, 1337.
m
F, Fiohter and H. Wolfmann, Hdv. Qhvm* Acta, 1028, % 1098.
««
1. Brvumer, ib. 1929, 13, 2OS.
411
B. KitMhiraa, Bull, Init, Phytic htm, MH* Japan, 192S1 7, 1035.
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by water even in the cold with evolution of hydrogen and formation of
the cobaltous salt. The apparently simple salts are almost confined to the
fluoride, sulphate, and acetate, which probably owe their existence to the
fact that they are really complex, though it is not certain what their
structures are.
In the more definitely complex compounds such as the cobaltinitrites,
the cobalticyanides", and above all the cobaltammines, the trivalent state
of the cobalt is so completely stabilized that it is formed from the divalent
by the action of air, and even under some circumstances of water.
The co-ordination number of trivalent cobalt in its complexes is always 6.

Gobaltic Oxide, Co2O3
It is very doubtful whether this compound exists at all, though a
hydrated form Co2O3,H2O is known; the only definite compounds of
cobalt and oxygen appear to be CoO and Co3O4.456 Cobaltic hydroxide
Co(OH)3 cannot be isolated, although it presumably exists. The lower
hydrate Co2O3, H2O, or HO • CoO can be made as a brown or black powder
by oxidizing CoO or Co3O4 with a variety of oxidizing agents, such as air,
peroxides, halogens, permanganate, &c, or by precipitating a cobaltic
salt with alkali. The precipitate is readily dried at 150° to the monohydrate, but more water can only be removed by heating it to 300°, and
at this temperature it begins to lose oxygen.466
The solubility of the hydroxide in cold water has been found by means
of a radioactive isotope to be 0'01046 mg. per litre.457

Cobalto-cobaltic Oxide, Co3O4
This is quite a definite compound, which can be made by heating the
hydrated sesquioxide. It is a black crystalline substance, which is isomorphous with magnetite Fe3O4 and like it has a spinelle lattice. On
strong heating it loses more oxygen, and at 900° it is converted into
cobaltous oxide CoO. It has a remarkable power of taking up more oxygen,
apparently by surface adsorption, but without forming the sesquioxide.
It can take up water, but no definite hydrate has been isolated. It dissolves in fused sodium hydroxide, or in boiling aqueous soda to give a
blue solution.
A dioxide CoO2 has been described, but it probably does not exist.
Cobaltic Sulphide, Co 2 S 3
Cobalt and sulphur form three compounds, CoS and the stable pyrites
CoS2, which are cobaltous and have already been described, and a metastable cobaltic sulphide Co2S3.
A solid of the composition Co2S3 can be made by fusing a cobaltous compound with sulphur and potassium carbonate. It is grey, crystalline,
m

O. F. Hiittig and R. Kauiler, Z, anorg* Chem, 1029, 184» 284.
*" B. N. Caociapuotti and F. Ferla, AUi M* 1038, [vi] 28, 385.
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insoluble in water, and only slowly attacked even by strong acids. Its
chemical identity is not quite certain. If, however, a solution of a cobaltic
ammine is precipitated with hydrogen sulphide or sodium sulphide under
exactly the right conditions,458 a precipitate of Co2S3 is obtained. This,
however, is not stable, and on heating goes over even at 450° into a
mixture of the monosulphide and the disulphide.459

Cobaltic Fluoride, CoF3
This trihalide exists in the anhydrous and also in the hydrated state.
The hydrate CoF3, 3-5 H2O or Co2F6, 7 H2O can be made46*-1 by electrolysing a saturated solution of cobaltous fluoride in 40 per cent, hydrofluoric acid, when it separates out as a green powder.
Fluorine combines with metallic cobalt to form a mixture of the diand trifluorides, but not below 450°, where fluorine attacks both silica and
platinum. The anhydrous fluoride was made by Ruff462 by treating
anhydrous cobaltous chloride with fluorine, in the cold, or more conveniently at 150°.
Anhydrous cobaltic fluoride CoF3462 is a pale brown crystalline powder
which turns much darker in the presence of even minute traces of water.
In a stream of carbon dioxide it begins to lose fluorine at 250-300°, and at
350° only cobaltous fluoride CoF2 is left. It is insoluble in alcohol, ether,
and benzene. With water it gives a lively evolution of oxygen even in the
cold, and with hydrochloric acid it liberates chlorine, the cobaltous salt
being of course produced. It reacts with many elements (bromine, iodine,
sulphur, phosphorus, arsenic, carbon, silicon), fluorinating them and being
itself reduced to cobaltous fluoride.
Its crystal structure does not seem to be quite certain,462*"3 but it closely
resembles that of ferric and chromic fluorides. In the same way CoF3,
3*5 H2O, whose composition suggests that the formula should be doubled,
as Co2F6, 7 H2O, has a green chromic analogue, which has been shown by
Werner464 to be Cr2F6, 7 H 2 O; so that in all probability the cobaltic compound should have a doubled formula also, and be written Co2F6, 0 and
7 H2O. The assumption that these net formulae should be expanded to
Cow[CoF6] and for the hydrate to [Co(H2O)6]-[CoFe]5H2O, and that this
will account for the relative stability of the compound461*465 (which certainly needs explanation) is, however, not satisfactory. These formulae
still leave half the cobalt in the form of the simple cobaltic ion, so that the
instability should persist, especially in the hydrated form. The anhydrous
fluoride by itself can show instability only by losing fluorine, which it does
468
459
480
461

*••
"8
"*
«'

E. Birk, Habilitationsschrift, Hannover, 1928.
O. Hukmann and W. Biltz, Z. anorg. Ghem. 1935, 224, 73.
G. Barbieri and F. Calzolari, Atti E. 1905, [v] 14, i. 464.
E. Birk, Z. anorg. Ohem. 1927, 166, 284.
0, Buff and E. Asoher, ib. 1929, 183, 193.
F. Ebert, ib. 1981, 196, 395.
A, Werner and N. Coitetichesou, Ber, 1908, 41, 4244,
W. BUtS1 Z< anorg. Oh*m. 1927, 166, 275.
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on heating; if it can pass on one of its fluorines to another element it does
so, as we have seen. But the existence of the heptahydrate, though it
decomposes in water, suggests that it must have the whole of its cobalt,
and not only half of it, in some more stable complex form. What this is,
only X-rays can tell us.
Cobaltic Chloride, CoCl3
This is doubtful. It cannot be made by dissolving the hydrated sesquioxide in hydrochloric acid, as the chlorine ion is at once oxidized to the
element, with the production of cobaltous chloride. It is said to be formed
by treating the hydrated sesquioxide with hydrogen chloride gas in presence
of ether at —5° in the dark,466 as a green solid which becomes pale yellow
below —-60°. The ethereal solution on treatment with ammonia gives the
hexammine [Co(NH8)6]Cla.
Cobaltic Acetate
A solution of this salt can be obtained by oxidizing a cobaltous salt in
acetic acid. The solid salt is best prepared by the electrolytic oxidation of
cobaltous acetate in glacial acetic acid containing 2 per cent, of water, as
the salt is less soluble in this solvent.467
It forms apple-green octahedra, which decompose at 100°. It is trimeric
by the freezing-point in acetic acid, and on the analogy of the similar
ferric acetate may be supposed to have the formula
[Co3(O. CO.CH3)8](O.CO. CHa)3,
and to be only ionized in the acid. In water it is green, and only oxidizes
the water slowly, but it will oxidize hydrochloric acid to chlorine, ferrous
to ferric ion, iodide ion to the free halogen, etc.

Cobaltic Carbonate, Co2(COg)3
This can be got in solution by oxidizing a cobaltous salt in presence of
sodium bicarbonate with hydrogen peroxide, bromine, etc. The solution
is green. It is said468 that if hydrogen peroxide is used the compound can
be made to separate as a green powder which is stable when dry.
Cobaltic Oxalate, Co 2 (C 2 0 4 ) 3
A green aqueous solution can be made by electrolysing an oxalic acid
solution with a cobalt anode. The solution decomposes with evolution of
carbon dioxide, and no definite solid cobaltic oxalates have been isolated,
though double salts are known.
Cobaltic Nitrate, Co(N0 3 ) 3
This is known only in solution, and changes rapidly into the cobaltous
salt,
«•• D, Hibert and C. Duval, CR. 1037, 204, 780.
« T 0, Soha.ll aftd C. Thieme-Wiedtmarokter, Z. Elektroohzm. 1929, 35, 337.
«• 0, Duval, OM, 198O1 19I9 015.
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Gohaltic Sulphate
The hydrated salt Co2(SO4J3,18H2O can be made by the oxidation,
electrolytically or with ozone or fluorine, of a solution of cobaltous sulphate
in 8-normal sulphuric acid. It forms blue crystals; if it is perfectly dry it
can be kept without decomposition, but if it is moist it soon changes,
especially on warming, into oxygen and cobaltous sulphate. It gives a
stable solution in dilute sulphuric acid, but pure water decomposes it with
evolution of oxygen.
The cobaltic alums of the general formula MCo(S04)2, 12 H2O have been
made, where M = K, Rb, Cs, and NH4. They are all dark blue, and the
potassium salt, as usual, is the most soluble. It is diamagnetic.469~70 They
are decomposed by water with evolution of oxygen.
Cobaltic Perchlorate
This again can only be got in solution, by the oxidation of cobaltous
perchlorate, either electrolytically, or with fluorine.471 The solution, which
is blue, is unstable, and the salt, which must be very soluble, cannot be
made to crystallize out.
COBALTIC COMPLEXES

Trivalent cobalt has as strong a tendency as any other element, even
platinum or chromium, to form complexes, in which it can be the 'central
atom' of a cation, a neutral molecule, or an anion, and in which its
co-ordination or covalency number is always 6.472
The chief donor atoms attached to trivalent cobalt in these complexes
are (in order of diminishing strength of the link) nitrogen, carbon in the
cyanides, oxygen, sulphur (a few), and the halogens. The great majority
of the compounds are ammines in the sense that the complex has one or
more amine (including ammonia) molecules attached to the cobalt.

Cyano-complexes
A cyanide group and a halogen atom often behave similarly, but in the
cobaltic complexes they are in striking contrast to one another. With the
halogens, more than three cannot be made to combine with a trivalent
oobalt atom, and the pure complex halides are not formed. The behaviour
of the cyanide group is the exact reverse; the 6-covalent cobalticyanides
are very stable, even the free acid being known: pentaeyano-compounds
also probably occur: but of the cobaltic complexes with less than 5 CN
groups only one appears to have been made, the monocyano-tetrammine
469
470
*i?ln

R. W. Asmussen, Nordiske Kemikermode, 1939, 196.
H. Bommer, Z. anorg. Chem. 1941, 246, 275.
F. Fiohter and A. Goldach, HeIv. OMm. Acta, 1930, 13, 717.
The eluoidation of the structures of these complexes is primarily due to Werner,
B$itr$g% mr Thtorit d&r Afflnim und VaUm, 1891 j Z. anorg. Ohem. 1893, 3, 267.
For later developments see his Nm$r$ Amohauungm, 1st ed. 1905, 3rd (the last in
his lifetime) 1918, 5th (revised by F. PMEm) 1985,
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473

[Co(NHa)4(OH2)CN]Cl2, a reddish-yellow crystalline substance, which is
sufficiently stable for silver nitrate not to precipitate any silver cyanide
from its solution.
Cobalticyanides, M 3 [Co(CN) 6 ]
These are more stable than the hexacyano-complexes of trivalent
chromium, manganese, or iron, as is shown by the fact that (like the
ferro- but unlike the ferricyanides) neither the salts nor the free acid are
poisonous. The salts are formed by the oxidation of the cobaltocyanides,
a reaction which occurs so readily that a cobaltocyanide will even decompose water with evolution of hydrogen.
Free cobalticyanic acid H3CoCy6 can be got by the evaporation of its
aqueous solution as colourless very hygroscopic needles, with more or less
water of crystallization, which can be removed at 100°, but only with a
break up of the crystals. If the acid is recrvstallized from alcohol it forms
'alkyloxonium' salts, in which some or all of the hydrogens are replaced
by [AIk-OH2]"1" groups, as in (EtOHg)3[CoCy6].474 These are crystalline
compounds which are readily soluble in and hydrolysed by water. They
will give the anhydrous acid if they are warmed in vacuo. The acid also
forms an oxonium salt with cineol, whichhas been usedforits preparation.475
The salts are numerous, those of the alkalies being as a rule readily
soluble in water, and those of the heavy metals insoluble. For example we
have Li, 6 H2O,476 excessively soluble in water and soluble in alcohol;
Na, 2 H2O, easily soluble in water, insoluble in alcohol: K, anhydrous,477
almost colourless, isomorphous with potassium ferricyanide, easily soluble
in water, especially hot: Rb, and Cs476 are anhydrous and similar.
A variety of substituted ammonium salts are known, which are all
readily soluble in water.478
Cobalticyanic acid, like ferrocyanic but unlike ferricyanic,* can be
esterified in various ways. If the acid (or its alcohol compound) is heated
in a sealed tube at 100° with alcohol, a partial replacement of the acidic
hydrogens by alkyl radicals takes place,479 giving, for example,
(C8H5)H2[CoCy6],
or as it undoubtedly should be written H2[Co(CN)5(CN-C2H6)]. By the
* I t should be noticed that the E.A.N, of the cobaltic atom is the same as that of
the ferrous in any given state of covaleney: the cores being Fe" 24; Fe w 23; Co" 25;
Co" 24.
473

K. A. Hofmann and S. Reinsch, Z. anorg. Chem. 1898, 16, 379.
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continued action of methyl iodide on the silver salt a second480 and a third481
hydrogen atom can be replaced, giving [Co(ON)3(CN • CH8)3]. In this way a
mixture of about equal parts of the two isomers of the trimethyl ester was
obtained. Both are colourless, and decompose above 100°; the solubilities are in water at 7-5° a- 0-16, £- 0-44; in alcohol at 78° <x~ 0-05, /J- 1-18.
They both give off their alkyls as isocyanides, and so must be the cis and
trans isomers of [Co(CN •CH3)3(CN)3]°. The resemblance to Hartley's
isomeric tetramethyl ferrocyanides (p. 1341) is very close in every way.

Pentacyano-cornpounds
Very few compounds with five cyanide groups attached to trivalent
cobalt have been isolated. There is evidence for the existence in solution
of an aquo-ion [Co(CN)5(OH2)] ,482~8 and perhaps a nitro-pentacyanocompound,484"5 but only one type of pentacyano-compound has been
obtained for certain in the solid state. This is the carbonyl compound
M2[Co(CN)5(CO)],486 in which the CO is obviously co-ordinated as in nickel
carbonyl, the E.A.N, of the cobalt being 36 (as it is in all cobaltic complexes of a covalency of 6). The potassium salt is made by treating a
solution of cobaltous acetate and potassium acetate with gaseous carbonmonoxide in the complete absence of air. It is yellow,487 and gives a yellow
solution in water.

Isoihiocyanato-complexes
In all the cobaltic thiocyanate complexes it can be shown that the
NCS is attached to the cobalt through the nitrogen; in these compounds
it behaves like a halogen and not like a cyanide group, in that a few (here
only one or two) of these groups can be introduced into an ammine, but
no pure thiocyanates such as M3[Co(NCS)6] are known.
The ammine thiocyanates are mostly of the types of [Co(NH3)5NCS]X2
and [Co(NH3)4(NCS)2]X.
The first (pentammine) series can be made by the action of potassium
thiocyanate on the aquo-salts; they form yellow-red crystals, not very
soluble in water (soF of the sulphate 0-97/200).488
They have the peculiarity of adding on silver nitrate to form brown
compounds such as [Co(NH3)5NCS](N03)2,AgN03, which are so stable that
the silver is not precipitated by hydrochloric acid. Werner has suggested489
48

° C. E. Bolser and L. B. Richardson, J.A.G.S. 1913, 35, 377.
E. G. J. Hartley, J.G.8. 1914, 105, 521.
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E. Muller and H. Lauterbach, Z. anal. Ghem. 1923, 62, 25; E. Miiller and
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that the silver is attached to the sulphur of the NCS, the AgSON group
being co-ordinated to the cobalt like an ammonia, as
[(NH 3 ) 6 Co^-N^C-S-Ag](N0 3 ) 3 .
These compounds are oxidized by hydrogen peroxide or by chlorine,
with replacement of the NOS by NH 3 , which is evidence that it is the
nitrogen which joins the NCS to the cobalt; oxidation with nitric acid
eliminates the NCS altogether, and evaporation with hydrochloric acid
replaces it by chlorine.
The di-isothiocyanato-compounds, such as [Co en2(NCS)2]X, were first
obtained by Werner in 1900490; they occur in two series, which have been
shown491 both to be isothiocyanates, and to be cis and trans isomers.
The cis salts are yellow-red, while the trans are dark red. They can be
made, for example, by treating the dichloro-eompounds with potassium
thiocyanate. Complexes in which one of the two CNS groups is replaced
by nitrito, chlorine, or bromine are also known.
In all these diacyl derivatives, as in the pentammine-mono-thiocyanato-complexes, the thiocyanato-group is replaced by ammonia on
oxidation with hydrogen peroxide.

Cobaltic Ammines*
The affinity of trivalent cobalt for nitrogen is very strong, much stronger
than for oxygen, as is shown by the readiness with which the ammines are
produced in aqueous solution, in spite of the competition of the much
more numerous water molecules. The complexes can contain one cobaltic
atom or several joined through covalent 'bridges' of atoms; for the latter
see p. 1415. The ammonia groups can be replaced partly or wholly by other
amines (including diamines and triamines), and partly by water and by a
large number of mono- and divalent acid radicals such as those of prussic,

v°

thiocyanic (as —N=O=S), nitrous (both —Nf
and —O—N=O), and
oxalic acids, as well as the halogens.
The ammines can have any number of amine groups from 6 down to 2 (not
to 1); the stability falls off as the number of amine groups diminishes,
especially in the tri-electrovalent series of cations where this is replaced
by water (from [Co(NH3)6]X3 to [Co(NH3)3(OH2)3]X3).
Anderson et a£.491 find that [Co(NH3)6]Cl3 and [Co en3]Cl3 containing
heavy hydrogen exchange with ordinary water at a rate = k/[H + ], with
activation energies 28-4 and 28-1 k.cals.; they suggest that Co—NH3
ionizes to [Co—NH2]~+H+.
* For a full account of the cobaltammines up to 1930 see Gmelin, KoBaIt9 B. f
pp. 46-376; he enumerates some 1,500 compounds. References to this are given in
the text as (Gm. B. X), where X is the page. For a list of the solubilities in water
of a very large number of cobaltammine salts see F . Ephraim, Ber. 1023* 56, 1530,
m

A. Werner and F . Br&unlioh, Z. anorg. Ohem. 1900» 22, 95.
«* J. 8, Andtirion, H. V, A. Briaoop, and N. L. Spoor, J.G.S. 1948, 8flL
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The various groups which go to make up these almost innumerable
compounds are of four kinds: (1) the amines, ammonia and its substitution
products; (2) water: other oxygen compounds might act as donors in the
same way, but no such compounds appear to be known; (3) acid radicals,
i.e. covalently attached groups which in other compounds can behave as
ions; (4) the other ions (for example, a halogen ion or a sodium ion) which
with the complex form the neutral salt molecule.
Of the amines the simplest and most important is ammonia, but a very
large number of substituted ammonias can take its place. The principles
determining the stability of ammines in general, which apply also to those
of trivalent cobalt, are, on the one hand, that the replacement of hydrogen
in ammonia by hydrocarbon groups diminishes the strength of the link,
and on the other, that the formation of chelate rings by molecules which
have two amine groups in a position to form an unstrained ring (j3 or y)
greatly increases it; the second effect is stronger than the first, so that
ethylene diamine with two primary amine groups gives more stable compounds than ammonia itself.
Among the monamines that have actually been used are ethylamine,
allylamine, benzylamine, aniline, toluidine, pyridine, and also hydroxy!amine (the cobaltic complexes containing oximes are discussed later).
Among the diamines are ethylene diamine, propylene diamine
CH3. CH(NH2). CH2. NH2,
its diphenyl derivative «>NH CH2-CH2 NH®,492 ft S-diaminobutane4*4
butylene diamine CH3 CH(NH2) CH(NH2) CH8, trimethylene diamine
H2N CH2 CH2-CH2-NH2,493 diaminocyclopentane, and o-phenylene diamine.495"8 Another polyamine of great interest from the stereochemical
point of view is a, a', /?-triaminopropane
H2N - CH2. CH(NH2). CH2. NH2.499-500"1
The acid radicals which can be attached to the cobalt in these complexes
include those of almost all known monobasic and many polybasic acids; the
more important are: OH, F, Cl, Br, I, NO (true nitroso-, Co—N=O), NO2
/0
(in two forms, the true nitro Co—NC and the much less stable nitrito-

No
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467
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J. Frejka and L. Zahlova, Coll. Czech. Chem. Comm. 1930, 2, 639.
E. N. Gapon, Bull. Soc. 1930, [4] 47, 343.
C. J. Dippell and F . M. Jaeger, Bee. Trav. 1931, 50, 547.
F. M. Jaeger and H. B. Blumendal, Z. anorg. Chem. 1928, 175, 161.
F . M. Jaeger and L. Bijkerk, ib. 1937, 233, 97.
F. M. Jaeger, Proc. Alcad. Amst. 1937, 40, 108.
F, M. Jaeger and L. Bijkerk, ib. 40, 246, 316.
See, for example, P. Terpstra and J. ter Berg, Proc* K. Ahad. Amst. 1937, 40,
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Co—0—N=O), NO 3 , CN, CNS, acetate and similar carboxylic radicals; also
a variety of radicals of dibasic acids which can fill either one co-ordination
place on the cobalt or two, as with the CO 3 , C2O4, SO 3 , SO4, S 2 O 3 , malonato, etc., radicals.
The general strength of the links of trivalent cobalt to other atoms is in
the order given above (especially N > 0 > halogen), but it varies to some
extent not only with the nature of the donor atom, but also with that of
the whole group of which this is a part, and further t h a t of the other groups
attached to the same cobalt atom. As usual divalent chelate groups are
much more firmly attached than monovalent amine molecules or acyl
radicals. Thus the complexes [Co(NHg) 4 (H 2 O) 2 ]X 3 (Gm. B. 113, 118) and
[Co(NHs) 2 Py 2 (H 2 O) 2 ]X 3 (ib. 121) do not give cis-trans isomers, as the
groups are not sufficiently firmly fixed; but the chelate complexes
[Co en 2 (H 2 0) 2 ]X 3 do so (Gm. B. 121: en = ethylene diamine). The en group
seems to be peculiarly firmly attached, more so than its methyl homologue
CH 3 CH NH 2 (pn), since the cis-trans changes are much quicker with
CH 2 NH 2
[Co pn 2 Cl 2 ]X than with [Co Cn2Cl2]X (Gm. B. 243). The 6-ring complexes of
trimethylene diamine [Co^ 2 Cl 2 ]X (tn = H 2 N CH 2 CH 2 CH 2 NH 2 ) may
occur in one form, so this ring must be still less stable. Similar effects are
shown among the oxygen complexes in the very stable oxalato (5-ring)
complexes, and the rather less stable malonato (6-ring).
All these complexes form numerous salts; the individual properties of
most of these are not very important, but the free bases (hydroxy-compounds, [CoA6](OH)3) are interesting, particularly in their relation to the
aquo-complexes (with Co^-OH 2 ) and the hydroxy- (with Co—OH).
These complex ammine cations practically always form strong bases.
If a solution of the halide is ground with silver oxide, a strongly alkaline
solution is obtained, which absorbs carbon dioxide from the air to form a
carbonate; the hydroxides themselves are usually too soluble to be isolated, but where this can be done, as with [Co(en)3](OH)3,502 they are
deliquescent solids. The conductivities of many of them in water 503 show
them to be strong electrolytes. Since the covalency of 6 which trivalent
cobalt always shows is its maximum, it is evident that unless some
rearrangement occurs the base must be wholly ionized: the cobalt atom
cannot form an additional link with a hydroxyl. Sometimes, however,
when the base is formed the complex cation reacts with its own hydroxyl
ion. This may hydrolyse acid radicals attached to the cobalt, and when
these are halogen atoms it always appears to do so 504 ; thus attempts to
prepare the base of the 'bromopurpureo' salts [Co(NH3)5Br](OH)2 leads
only to decomposition products. 505 I n the true nitro-compounds, however,
808
808
804
806
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the strong Co—N link is not easily broken in this way, and a series of nitroammine bases such as [Co(NH3)4(N02)2]OH and [Co(NH3)3(OH2)(N02)2]OH
has been made.
The hydroxyl ion in these bases can react with a water molecule in the
cation:
[Co^OH2]OH —> [Co-OH] + H2O,
the hydroxyl expelling (or taking a hydrogen ion from) $, water molecule.
Where the cation only contains amines together with one or two water
molecules the reaction seems always to go to completion, for example:
[Co(NH8)6(OH2)](OH)3 — > [Co(NH3)6OH](OH)2
[Co(NH3)4(OHa)2](OH)3 — > [Co(NH3J4(OH)2]OH.
The possibility of this reaction was recognized by Werner, and is supported
by the work of Job, 506 Lamb,603 and King.507
When, however, the cation contains acid radicals, and its positive charge
is thereby reduced, this reaction is much less easy. Thus the dinitroaquo-triammine salts should, if they behave like the others, on treatment
with silver oxide, give the neutral covalent hydroxide:
[Co(NH3)3(OH2)(N02)2]OH

• [Co(NH3)3(OH)(N02)2]°.

The resulting solution, however, has a considerable conductivity,604 showing that some ionized base is present, but the amount of dissociation is
much less than with the pure aquo-ammines.
In the language of the acid-base theory of Bronsted thi& reaction of the
co-ordinated water with the hydroxyl ion may be written
[Co(NHs)5(OH2)]+++ z=± [Co(NHa)6(OH)]++ + H +
Acid
Base
as the dissociation of an acid. Bronsted has shown508"9 that the dissociation constant, which measures the extent to which the trivalent ion loses
a hydrogen ion, increases rapidly as the NH 3 molecules are replaced by
water. To a certain extent this is a statistical necessity: the probability
of the reaction occurring is greater the more water molecules there are in
the cation which can undergo it. But even when allowance is made for
this, the 'chemical factors' remaining are still in the same order, having
for the various ions [Co(NH3)g_x(OH2)J+++, the relative values
for a? =
ReI. JT =

1
1

2
1-5

3
3-3

4
50

indicating that in cobaltic hydroxide or the hexa-aquo-ion [Co(OH2)J+++
the reaction will go very far indeed.
™ P. Job and G. Urbain, OM. 1920, 170, 843; 1022, 174, 013.
•w
H. J. S. King, J.O.S. 1032, 1275.
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The chelate ethylene diamine ('en') derivatives were the compounds
through which Werner was first able to prove his octahedral theory;
in 1911 he resolved [Co en2(NH3)Cl]X2,510 [Co en2(N02)Cl]X511 and
[Co en3]X3512 into their optical antimers.
Many other complexes with chelate rings attached through nitrogen are
known. They include, for example, the glyoxime derivatives, with a chelate
ring of the form
JR—O—O—Iv

Il Il

H O - N N->0.
\ /
Co
They are mainly dichelate, such as [Co(DH)2(NH3)2]Br (glyoxime = DH2).
They can be made from the cobaltous derivatives by the action of air in
the presence of excess of glyoxime.513 They are green in colour.
Among the complexes in which the links are through nitrogen and
oxygen (N—M—O) are the derivatives of the o-hydroxy-azo-eompounds,
which are known to be mordant dyes; if these are treated in alcoholic
solution with cobaltous acetate in presence of hydrogen peroxide,614 dark
brown or black substances are precipitated, which are insoluble in water
and soluble in organic solvents, and are of the type (co == J of Co)

Of the other complexes with the cobaltic atom attached to nitrogen the
nitrosyls and their isomeric nitroso-derivatives are discussed later (p. 1423);
the nitro-compounds Co—N<f

will now be dealt with; their isomers, the

nitrito-complexes Co—O—N=O, though really oxygen complexes (and
hence less stable), may be discussed along with them.
Nitrito-com'pounds
Complexes containing the NO2 group occur in two isomeric forms, the
/O
nitrito Co-O—N=O and nitro Co—N^ ; the nitrito-compounds are far
more readily decomposed, and also isomerize easily to the nitro.
These facts were discovered by Jorgensen.516 He prepared a red salt
610
61

*

518

"«
»»
•"
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A. Werner, Ber. 1911, 44, 1887.
Id., ib. 2445, 3272, 3279.
Id., ib. 1912, 45, 121.
L. Cambi and C. Coriselli, Oaz. 1936, 66, 81.
M. Elkins and L. Hunter, J.O.8. 1935, 1698.
B, Adail, Z. cmorg. Ohern. 1944, 252, 272.
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[Co(NHg)5NO2]Cl2 isomeric with the already known yellow 'xanthochloride' and going over into it on standing; he suggested that the new
salt was the nitrito- and the xantho-salt the nitro-compound. The
dynamics of the change of the nitrito-pentammine chloride to the nitro- (a
unimolecular reaction with a half-life of about 11 hours at 20°) has been
examined by Adell.516
The nitrito-salt is the less soluble in water (0-5/15°), and cannot be
recrystallized from it; the solution is at first red and gives red precipitates
of nitrito-salts with ammonium nitrate, potassium chloroplatinite and
platinate, etc., but it soon turns yellow and then contains the nitrocompound only.
The salts of [Co en2(CNS)ONO]X are similar517; they are red, but change
slowly on standing and at once on heating to 70-80° into the isomeric
nitro-compounds.
The cis and trans dinitrito-salts in the series [Co en2(ONO)2]X can be
made by the action of nitrous acid on the corresponding cis and trans
diaquo-di-en salts.518"19 They show the characteristic instability of the
nitrito-compounds; they are stable in acetic acid but are decomposed by
mineral acid, reforming the diaquo-compounds with evolution of the
oxides of nitrogen. In the solid state they soon change over into the
dinitro (cis = flavo; trans = croceo) salts.
The diammino-dipyridino-salts [Co(NHg)2Py2(ONO)2]X are similar.518
The nitrito-compounds are usually made by the action of nitrous acid on
aquo-compounds; the replacement of ammonia requires more drastic
treatment, and generally leads at once to the nitro-compound.
The nitrito-compounds are easily distinguished from the nitro (1) by
losing the ONO for H2O with dilute HCl, the nitro-group reacting only
with concentrated HCl, and then being replaced by Cl; (2) by their instability, as they go over in the solid state into the nitro-isomers on standing. (See A. Werner, loc. cit.,519 pp. 24, 157, 163, 174, 194, 217, etc.)
Nitro-compounds
These are among the stablest and most numerous of the cobaltic
complexes; the pentammino-nitro-salts were discovered by Wolcott
Gibbs in 1852. They occur in all series from the pentammine type
[Co(NHg)5NO2]X2 to the familiar cobaltinitrites M3[Co(N02)6], with the
sole exception of the pentanitro-type M2[Co(NH3)(NO2)S], which, like all
the monammines, is unknown.
The mono-nitro-derivatives [Co(NHg)5NO2]X2 are yellow, and were
called the xantho-compounds, the isomeric nitrito-salts being known as
iso-xantho.
The dinitro-salts of the type of [Co(NH3)4(N02)2]X can exist in two
817

A. Womer, Ann. 1912, 386, 102.
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series, both of which are known (cis, flavo; trans, croceo). The cis dinitrosalts with two chelate en rings [Co en2(N02)2]X520 are asymmetric and were
resolved by Werner521 into their optical antimers.
The tri-nitro-series, such as [Co(NH3)3(N02)3]0, are necessarily nonionic, but they are fairly soluble in water, and the solution is practically
non-conducting even after standing, which is evidence of their stability.
In the tetranitro-series the complex is of course an anion, giving such
salts as M[Co(NHg)2(NO2)J. The structure obviously allows of cis and
trans isomers; but only one series has yet been found, long regarded
as the cis, but recently proved to be the trans by Wells,522 who showed
Ag[Co(NEy2(NO2)J, to have an octahedral crystal structure of the trans
form, with the distances C o - N 1-92 and N - O 1-25 A (theory C o - N 2-02,
N - O 1-36, N = O 1-16).
The potassium salt K[Co(NH3)2(N02)J523 forms yellow-brown crystals
with soF 1-76/16-5°. The dark yellow solution is not decomposed by alkali
or ammonium carbonate in the cold, but if it is warmed with alkali to 60°
cobaltic hydroxide is slowly precipitated.
The absence of pentanitro-compounds is noticeable because it seems to
be a general rule that though the penta-ammino-compounds are relatively
stable, the penta-ato-compounds, with 5 acid radicals in the ion, do not
occur, even where, as with these nitro-salts, the hexa-derivatives, M3[CoR6],
are stable.
The hexanitro-cobaltic salts or cobaltinitrites M3[Co(NO2J6] are familiar
from their use in separating cobalt from nickel. The lithium salt524
Li3[Co(NO2)J, 8H 2 O forms large yellow crystals, which are hygroscopic
and very soluble in water. The sodium salt625~6 can be made by passing a
stream of air through a solution of cobaltous nitrate and sodium nitrite in
50 per cent, acetic acid. Conductivity measurements show it to be a
strong 4-ionic electrolyte. The dilute aqueous solution slowly decomposes.
The potassium salt (*Fischer's salt') 527 forms pale yellow or greenishyellow crystals, soly 0-089/170528; in presence of potassium salts the solubility is much less. The aqueous solution is stable in the cold, but
decomposes on boiling with the formation of a cobaltous salt. Potassium
cobaltinitrite has been much used for the quantitative separation of cobalt
from nickel. This salt (to which there is no nickel analogue) is precipitated,
washed with potassium acetate solution, and then with 80 per cent, alcohol,
and dried at 100°. The salt has also been used for the quantitative
520
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529

estimation of potassium.
The solubilities of the cobaltinitrites in g. salt
to 100 g. water at temperature f are:
Salt

Li

Na

K

Rb

Cs

Tr

NH4

Et-NH8

very
big
ord.

0089

0-0051

00050

0-0042

0-88

31-7

Temp.

v. v.
big
ord.

17°

17°

17°

17°

0°

0°

The lead and barium salts of the type MJ[Co(NOa)6]2 have also been
prepared.530

Complexes with Donor Oxygen
These are uniformly weaker than the nitrogen complexes. The replacement of ammonia molecules by water can be carried on until 4 H2O have
been introduced, but the complex weakens as this proceeds. The peculiar
position of complexes with attached OH (hydroxo-) groups has already
been discussed (pp. 1401-2). No doubt other hydroxylic compounds such
as the alcohols could replace water in these complexes, but such compounds
do not seem to have been prepared. The great majority of the oxygen
complexes of trivalent cobalt are formed by acyl groups, mono- or divalent,
the latter (ato- or chelate) being the more stable.531
Chelate Dihetone Derivatives
Cobaltic acetylacetonate CoA3 (A = C5H7O2) was made532 by acting with
acetylacetone on a cobaltous solution that had been oxidized with sodium
hypochlorite. It forms dark green crystals, melting at 241°. It is isomorphous with the corresponding compounds of trivalent aluminium,
chromium, manganese, and gallium.533 It is easily soluble in organic
solvents including ligroin (unlike cobaltous acetylacetonate). It is monomeric by the freezing-point in benzene.532
Ammine derivatives of complexes with acetylacetone and similar
/}-diketones have been made. Thus by the action of acetylacetone on the
oompound [Co en2(OH2)(OH)]Br2 Werner534 obtained the salts [Co en2A]X2,
which can be resolved into optically active forms535; all these salts are red.
Similar derivatives of propionylacetone were made. If sodium acetylacetonate acts on sodium cobaltinitrite, 4 of the 6 NO2 groups are expelled
and replaced by 2 acetylacetonyl residues536:
Na3[Co(N02)6] — > Na[Co(NO2I2A2].
Considering the firmness with which NO2 groups are attached to trivalent
889
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cobalt this is a remarkable proof of the stability of this chelate acetyiacetone ring; salts of this complex are Na, anhydrous, red, 5 H2O, purplishred; K, anhydrous, pale brownish-red; NH 4 , Rb, and Cs salts similar.
Other diketones and keto-esters such as acetoacetic ester behave in the
same way.
It has been shown, especially by Morgan and his pupils,537"-41 that mordant dyes such as the alizarines, quinone-oximes, etc., which owe their
dyeing power to their capacity for forming chelate compounds (lakes) with
trivalent metals like aluminium, chromium, and iron, can expel NH 3
groups from a hexammine cobaltic salt, and replace them in pairs by the
chelate ring, up to the neutral compound
(

- 0 W Co.

Nitroso-j8-naphthol gives a compound of this type, which has been used
for the quantitative estimation of cobalt.542
Similarly, salicylic acid will give the tetrammine
/O
(H3N)4Co:

\Q—6=0,

X, H2O.539

Carbonato-compounds
No pure complex carbonates are known, but several carbonato-ammines
have been prepared, the CO8 apparently (like SO3) occupying sometimes
one co-ordination place (CO3) and sometimes two (COo) (Gm. B. 180, 198,
279). Thus there is a series of blue or brownish-red salts [Co(NH3)5C03]X,
usually with one H2O. They have an alkaline reaction, and also (owing to
the free valency of the CO3) form acid salts [Co(NHg)5(CO3H)]X2.
The tetrammines [Co(NH3)4COS]X are bluish-red salts made by the
action of sulphuric acid on a suspension of cobaltous carbonate in ammonia
and ammonium carbonate, on oxidation by a current of air. The series
[Co en2C03]X (also bluish-red) is similar. If the laevo-form of the cisdichloro-dien is treated with potassium carbonate,543"4 the two chlorine
atoms are replaced by CO3, giving [Coen2C03]X, and it is the dextrocarbonato-compound that is formed. The same thing happens if the
dichloro-compound is ground up in water with a small amount of silver
carbonate, but if a large amount of the silver salt is used, the product is
the laevo-form of the carbonato-compound. This is an example of the
occurrence of the Walden transformation among inorganic compounds, the
687
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transformation taking place probably with the silver salt. Similarly when
the laevo-dichloro-dien is treated with ammonia, which replaces the two
chlorines by NH 3 , giving [Co en 2 (NH 3 ) 2 ]X 3 , if the reaction is made to occur
below —33° the product is laevorotatory, but if it goes above 25° it is
dextrorotatory. 545
Many other compounds with an acidic hydroxy! group, not only formic
and acetic acids, but also di- and trinitrophenol, can replace the hydroxyl
group in the pentammines, to give compounds of the type of
[Co(NHa)5O-CO-CH3]X2 (Gm. B. 186).
Oxalato-compounds
These occur as ' p u r e ' complexes, in M 3 [CoOx 3 ], and also in ammines
(Gm. B. 186, 199, 202, 291). They can occupy in the complex either two
co-ordination places or one, but the tendency to occupy two and so form
the chelate 5-ring is very strong with the oxalato-group, and the resulting
ring is very stable. The only non-chelate oxalato-compounds are the
pentammines [Co(NH 3 ) 5 0x]X. 646 These are red salts, whose behaviour is
typical of the 1-co-ordinated ato derivatives of dibasic acids; they readily
form acid salts [Co(NHg)5(C2O4H)]X2, and the oxalato-group is much less
firmly attached than in the compounds in which it forms a ring; after
treatment with ammonia in the cold, or after warming, the solution gives
a precipitate with calcium chloride.
In all the other compounds, both the ammines and the double oxalates,
the oxalato-group forms a chelate ring, and is remarkably stable. Thus in
the formation of the oxalato-tetrammines [Co(NH 3 J 4 Ox]X and [Co en 2 0x]X
Schramm 547 has shown t h a t oxalic acid will displace from a tetrammine
salt H 2 O, OH, Cl, Br, NO 3 , NO 2 , and the malonato-group (the last two
sometimes with great difficulty). The resulting oxalato-salts are not
hydrolysed by boiling with ammonia, are stable to dilute acid, and some
of them even to cold concentrated hydrochloric or sulphuric acid. These
salts are red or carmine.
The triammine-aquo-salts [Co(NH 3 ) 3 (OH 2 )Ox]X, bluish-red easily
soluble compounds, must have the water molecule in the complex not
only because a covalency of 6 is necessary in a cobaltic complex, but also
because aqueous ammonia converts them into the corresponding hydroxocompounds [Co(NH 3 ) 3 (OH)Ox]°, blue powders which are not salts, are
insoluble in water, alcohol, and ether, but readily dissolve in dilute aqueous
acids, even acetic, with the re-formation of the aquo-salts.
The diammino-dinitro-salts of the type M[Co(NH 3 ) 2 (N0 2 ) 2 0x] can exist
as cis and trans forms, of which the cis but not the trans should be separable
into optical isomers, and this separation has actually been effected.548
848
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Cobaltioxalates
These are all of the type M3[CoOx3]. The alkaline salts are all dark
green, and easily soluble in water: Li, 6 H2O, extremely soluble and difficult to isolate, isomorphous with the corresponding hexahydrated chromiand aluminioxalates549; Na, 5 (and 4) H2O, isomorphous with the pentahydrates of the sodium alumini- chromi- and ferri-oxalates549; K, H2O.
This potassium salt is best made by oxidizing a solution of cobaltous
oxalate in potassium oxalate solution with lead dioxide. It is produced as
a racemate, which crystallizes as such only below 13°; above that temperature the dextro- and laevo-forms separate side by side. The active form
racemises in solution much more slowly than the corresponding chromic
or ferric compounds.550"1 The ammonium salt has 3 H2O, and the rubidium
salt 4 H 2 O; these high hydration numbers are no doubt due to the tendency of the oxalate group to take up water.
These cobaltioxalates are very fairly stable, as is shown by the slowness
with which they racemize; but they seem to be less stable than the
oxalato-ammines.

Dithio-oxalato-complexes
552-3

H. O. Jones showed
that if a cobaltous salt and potassium dithiooxalate K2C2O2S2 are mixed in solution an intense reddish-brown colour
is produced, which can be recognized if there is only 1 part of cobalt to
40 million parts of water. Barium chloride precipitates from the solution
the salt BaK[Co(C202S2)3], 6 H2O, from which the K salt, 2 H2O and the
anilinium salt 2 H2O can be obtained. The freezing-points and conductivities in water are those of a 4-ionic salt. These salts are remarkably stable:
the colour is not destroyed by adding potassium cyanide, or by boiling
with moderately strong hydrochloric acid.

Malonato-compounds
Pure cobaltimalonates do not seem to occur.554 The same is true of the
succinates and glutarates.547
Among the ammines, however, and especially the tetrammines, derivatives of malonic acid and other dibasic acids of that series are found; they
can be made by acting with the acid on the carbonato-compound
[Co(NHg)4CO3]X. Schramm has shown547 that malonic acid, unlike oxalic,
will not expel from a tetrammine such groups as halogens or NO3, but only
the radicals of weak acids like carbonic.
In this way a series of tetrammine (especially di-en) salts have
649
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been made from dimethyl malonic,555 succinic, and dibromosuccinic
acids.556

Nitrato~compoundsm

In general the NO 3 group is very reluctant to attach itself covalently
to a metal; double nitrates are not common, and it is doubtful whether
any of them are truly complex. True nitrato-cobaltic complexes occur, but
only when they are stabilized by the presence of several amine groups,
and even then the NO 3 is easily removed.558"*9
Nitrato-ammines are known with 1, 2, and 3 (but not more) nitratogroups attached to the cobalt. They are usually made by the action of
fairly concentrated nitric acid on the corresponding aquo-salts; the reaction
is commonly reversible, the NO 3 groups being hydrolysed in dilute solution and replaced by water molecules as they are also by ammonia on
treatment with liquid ammonia:
[Co(NH3)5(OH2)]+++ + HNO3 —> [Co(NH8)BN03]++ + H + + H2O.
The trinitrato-triammine [Co(NH3)3(N08)3]°569 forms reddish-violet
crystals, insoluble in cold water, by which it is slowly hydrolysed to the
triaquo-triammine nitrate, fCo(NH3)3(OH2)3](N03)3.
No compounds with a nitrato group attached to a cobalt in an anion are
known.

Sulphato-compounds
No cobaltic double sulphates are known except the alums (p. 1396) which
are not true complexes. Among the ammines, however, there are a few
undoubted sulphato-complexes in some of which certainly, and in most
probably, the SO4 group is only attached to the cobalt atom through one
oxygen,
Co—0—S^-K);

\o
this must be so in the pentammine [Co(NHg)5SO4]X, since the total covalency of the trivalent cobalt is always 6. The other compounds contain
4 and 3 molecules of ammonia, but also water, which is probably part of
the complexes, so that these may be written
[Co(NH3)4(OH2)S04]X
[Co(NH3)3(OH2)2SOJX
[Co en2(OH2)S04]X.
The salts are prepared by the action of sulphuric acid on the aquo- or
carbonato-compounds. They are all bluish or purple. The SO4 group is
not very firmly attached; barium chloride does not give a precipitate with
•w
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the nitrate or chloride in the cold, but it does so on boiling, when the SO4
is replaced by OH2. This looseness of attachment of the sulphate group is
no doubt partly due to its being linked only by one oxygen, and not forming a ring, and the fact that in none of the other types does it show greater
stability than in the pentammines (where it can only be linked through
one oxygen) is an indication that in the tetrammine and triammine compounds also there is no sulphato-ring.
Sulphito-complexes
These are more numerous and more stable than the sulphato-compounds,
and 'pure' complexes, such as those of the type M3[Co(SO8)3] occur, as
well as ammines like [Co(NHg)5SO3]X. It is clear that the sulphito-group
can occupy either one place in the complex (SO3) or two (SOJ); in the pure
complex sulphites it is always two: in the ammines it is sometimes one
and sometimes two.

Complex Gobaltic Sulphites
The double sulphites are mainly of the type M3[Co(S03)3]. The lithium
salt (4 H2O) can be made560 by warming lithium cobaltinitrite with lithium
sulphite solution. It forms red crystals very slightly soluble in water
(this small solubility is characteristic of all the salts of this group). It is
decomposed slowly by water and at once by alkalies to precipitate the
cobaltic hydroxide; acids form the cobaltous salt. The sodium (4 H2O),
potassium (6 H2O), and ammonium (1 H2O) salts are all red, and almost
insoluble in water.561 Owing to the presence of the easily oxidizable SO 3
groups the salts are liable to catch fire in air.
SulphitO"Cobaltamminesm-*
Two questions arise about these compounds: (1) whether the SO3 is
attached to the cobalt by two links or one,662 and (2) whether these links
are always through oxygen, or whether a direct Co—S link can occur.
Cobaltic ammines are known with 1, 2, and 3 SO3 groups to one cobalt.
Of the monosulphites the pentammines [Co(NH3)6S03]X564 must clearly
have the SO3 group 1-covalent; this is confirmed by the fact that the
chloride is converted by hydrochloric acid into the purpureo-chloride
[Co(NHg)5Cl]Cl2. These sulphito-pentammines are brown salts soon decomposed by water, which can form acid salts [Co(NH3)6S03H]X2, owing to
the presence of the negatively charged oxygen atom of the SO3.
The tetrammine monosulphites may either be [Co(NH3J4(OH2)SO3]X or
[ C O ( N H 3 J 4 S O 3 ] X H2O. The former is the more probable view since they
can have the H2O replaced by NO2,563 to give the non-electrolyte
[Co(NHg)4(NO2)(SO3)]0.
M0

G. Jantsoh and K. Abresch, Z, anorg. Chem. 1929, 179, 351.
F. L. Hahn, H. A. Meier, and H. Siegert, ib. 1926, 150, 126.
Ml
E. H. Bieaenfeld and W. Petrich, ib. 1924, 132, 99: the theoretical part is by
Bieienfeld and the experimental by Petrioh.
••» K. A. Hoftnann and S, Beinioh, ib. 189«, 16, 877.
Ml
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The tetrammines M[Co(NH3)4(S03)2] which occur in cis and trans
modifications563^5 must obviously have 1-co-ordinated SO3 groups.
The triammines M[Co(NH3)3(OH2)(S03)2]563»565 must have one monocovalent SO3, but the other may be mono- as written above, or dicovalent with the water outside the bracket. They occur in two series,
which Hofmann ascribes to cis-trans isomerism and not to any change of
the structure of the SO3 groups; this has not been proved, but the di-en
salt, where cis-trans isomerism is impossible but not the change in the
SO3, could not be got in two forms.562
The diammine (NH4)[Co(NH3)2(S03)2]562 is almost certainly dichelate.
The trisulphito-ammines such as (NH4)2[Co(NH3)3(S03)3] must have
3 SO3 groups.
The doubt whether the SO3 is linked to the cobalt through oxygen, as in

/(K

/6

Co—0—S(
^O
or through sulphur as in

and Co( )S0,
MK

Co—S->0

\o
and (for S0£)

Co

\j,/°

is raised only by the colours. Werner568 argued that since [Co On2(SOa)]X
is brown, it could not have
/O
Co:

^

0

'

which should be red like the diaquo-compound. Duff567 found that while
the sulphato-di-en salts were red, the thiosulphato (which must have

/
Co(

0

N)S0 2 ,

since they were not attacked by silver oxide) were brown. Hence, he says
the golden-brown [Co en2(S03)Br], 3 H2O must have the Co—S link.
Further, the sulphito-pentammines are brown, while the complex sulphites M3[Co(SO3J3] are red. We might accept this evidence for the Co—S
link where the SO3 occupies only one co-ordination place, but it does not
/O
justify the assumption of a CoC I 3-ring.
864
m

A. Werner and H* Grager, ib. 1898,16, 398.
K. A. Hofmann and A. Jenny, Bet. 1901, 34, 3855.
»•• Ann. 1911, 386, 81. This paper is repeatedly quoted in this seetion, and
bsoiiuie of its length (386, pp. 1-272) it is useful to mention th© page refoirod to.
™ J. O. Duff, J.0J3. 1922, 121, 450.
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Halogen-complexes
All four halogen elements can form part of cobaltic ammine complexes;
the number of such cations formed by each element, according to Gmelin,
is fluorine 4; chlorine 25; bromine 13; iodine L As there are obvious
reasons why the number of known fluorine complexes should be small, we
may take it that the stability falls off as the atomic number of the halogen
increases.
The number of halogens united to a cobaltic atom in these complexes is
F 1, 2; Cl, Br 1, 2, 3; I 1. No compound with more than three halogen
atoms attached to a trivalent cobalt is known: this atom cannot form pure
complex halides of such types as M[CoX4] or M3[CoX6]. In this it stands
alone among trivalent metals, differing even from divalent cobalt, which
gives a large number of complex halides of the M2[Co(hal)4] type with all
four halogens, and a considerable number of M4[Co(ImI)6] salts with all but
fluorine; yet we should expect an atom to form any such complexes more
easily when trivalent than when divalent. It is probably a question of the
relative affinities of the Co-hal and the Co^-OH2 links.
In these ammine complexes the halogen atoms are less firmly attached
than NO2 groups. The mono-halogen compounds are stable in solution in
the cold, but if the solution is boiled, or even warmed to 70°, the halogen
is fairly rapidly replaced by H2O. With the di-halogen compounds the
change is still easier, and hydrolysis to the aquo-compound occurs in solution fairly quickly even in the cold, often with a striking change of colour,
for example, with the [Co(NHg)4Cl2]X salt from blue to reddish-violet.
The non-ionized trihalogen compounds such as [Co(NHa)3Cl3]0 behave
in the same way.568-9
Note on Cis-trans Cobaltic Isomers
The cis and trans isomers among these complexes differ greatly in ease
of transformation; with some, only the stable series can be isolated. The
isomers differ in other properties as well, such as colour, solubility, and
stability of the complex. Examples are given in Tables I, II, and III below
(p. 1414). No differences characteristic of cis as opposed to trans
compounds in general are to be expected, since the groups concerned
differ so widely, especially in that some are neutral molecules and some
radicals. The differences of stability seem to indicate that in complexes
of the types [CoAm4(H2O)2]X3 and [CoAm4(H2O)XIX2 (Am = NH 3 or
an amine) the cis form is usually the more stable, while with [CoAm4X2]X
it is the trans.
Differences in colour are almost invariable, and in some cases have led
to different trivial names: thus in the dMtro-tetrammines
[Co(NH3)4(N02)2]X
the yellow cis forms are called flavo and orange trans croeeo.
•" E, Birk, Z anorg. Ch$m. 102O1 ISS1 111.

MB

Id., ib. 1928, 175» 412,
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In solubility in water the cis forms are more soluble (sometimes 10 times
as soluble) where the groups other than 4 NH 3 or 2 en are H2O, NH 3 ;
2 H 2 O; or 2 NO 2 ; they are less soluble when these are 2 NCS; NCS, Cl;
NCS, NO 2 ; Cl, Br. Lists from Gmelin B follow.
Cis-trans Differences
I. Colour
Gm. Bt p.

Cis

Formula

119
122
141
143
176
183

[Co 6H 2 (HJjO) 2 ]X 3

205
254-5
265
250
267
269
271
275

[Co(NH 3 ) 4 (N0 2 ) 2 ]X
[Co ena(NCS)2]X
[Co en 2 ClBr]X
[Co en 2 Br 2 ]X
[Co(NH 3 ) 4 (NCS)N0 2 ]X
[Co en 2 (NCS)N0 2 ]X
[Co en2Cl(NCS)]X
[Co en2Br(NCS)]X

[Co(NH3)3(H20)3]Cl3
[Co(NH 3 )en 2 (N0 2 )]X 2
[Co On2(H2O)NO2]X2
[Co(NH3) en 2 Br]X a
[Co(NH3)en2(CNS)]X2

Fiery red
Pale or red-violet
Darker
Red
Red-brown
Both form brick-red to
brown-red
Yellow (flavo)
Yellow-red
Grey
Violet
Brown-yellow
Brown-yellow
Blue-pink
Blue-red

Trans
Brownish-rod
Dark violet
Paler
Orange
Blue-violet
Orange (croceo)
Dark red
Green
Green
Flesh-coloured
Dark brown
Violet
Blue

II. Solubility
Om. B9 p.

Formula

Gis

Trans

119
141
205
255
265
269
271

[Co en 2 (H 2 0) 2 ]X 3
[Co(NH 3 )en 2 (N0 2 )]X a
[Co(NH 3 J 4 (NO 2 )JX
[Co en2(NCS)2]X
[Co en 2 ClBr]X
[Co en 2 (NCS)N0 2 ]X
[Co en2Cl(NCS)]X

Very sol. water
More sol.
Much more sol.
Less sol.
Slightly sol.
Slightly sol.
Less sol.

Less sol. water
Less sol.
SoF 1/5-1/10 of cis.
More sol.
Easily sol.
Much more sol.
Much more sol.

III. Cis-trans Stability
Qm. B , p.

Formula

Gis

119
166
178
176
228

[Co On2(H2O)2]X3
[Co(NH 3 ) 4 (H 2 0)Cl]X 2
[Co(NH3J4(H2O)Br]X2
[Co en a (H 2 0)Br]X 2
[Co(NHa)4Cl8]X

C%-}-alkali goes to trans
Only cis occurs
Only cis occurs
Only cis occurs
In acid cis goes to the
(in acid) more stable
trans

233
235

[Co Py 4 Cl 8 ]X
[CO 6H1Cl1]X

250

[Co On1Br1IX

Trans

Only trans known
Neutral goes to cis, aoid
sol. to trans,
Th© same

The same
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Note on Trivial Names of Gobaltammines
Many of these series have trivial names derived from the colours; these
were first introduced by E. Fr6my in 1851-2, when the constitutions were
not understood, and hence some of them do not fit the colours of all the
compounds included in the definitions. The following are some of the
more important (Am = NH 3 ).
Luteo. [Co(Am6)JX3.
Roseo. [Co(Am6)(H2O)]X3 and [Co(Am4)(H2O)2]X3.
Xantho. [CoAm6NO2]X2: [CoAm4(H2O)NO2]X2.
Isoxantho. [CoAm5(—0—N=O)]X2.
Purpureo. [CoAm5X7JX2, where X' = NO3, Cl, Br; also [CoAM6SO4]X.
Flavo. cis [CoAm4(N02)2]X.
Croceo. trans \ en. \ pn, etc.
Violeo. cis [CoAm4X2]X.
Praseo. trans J en, etc., and X' = Cl, Br.
Dichro. [CoAm3(H2O)Cl2]X.
'Erdmann's salts.' M[CoAm2(NO2)J.
'Vortmann's sulphate' is mainly
H
(NH3)4C<<

^Co(NHa)4 (S04)2) 2 H2O.
HL51
Z

Polynuclear Gobaltic Complexes511
Among the complexes formed by any element there are always some
which contain more than one atom of the element in question in the
molecule. These have usually been omitted so far, because the evidence
for their structure is as a rule insufficient to establish it with any certainty.
With some elements, however, and especially with those of Group VIII,
compounds of this kind, which Werner called polynuclear (mehrkemig),
have been examined with care, and their structures made reasonably
probable. This is especially true of the cobaltic compounds.570-1 For
example, there is a series of bright-blue cobaltic salts of the composition
[Co2(NH2)(NH3)10]X5. If these are warmed with a mixture of hydrochloric
and sulphuric acids they break up into a mixture of the hexammine and
chloropentammine chlorides, which makes their structure clear:
[(H3N)5Co^->Co(NH3)5]X5 + HCl = [(H3N)6Co]Cl3 + [Co(NH3) ,Cl]Cl2.
H H
It is evident that the bridge holding the two cobalt atoms together is the
NH 2 , which is united to onp by a normal and to the other by a co-ordinate
covalenoy.
*m™ A. Werner, Ann. 1910, 375, L
Wemei^PMfer, Nm. An*oh. 1928, pp. 269-9 L
8U4.1

Oo
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A related series is that known as the Vortmann salts
[Co2(NH8)8(OH)(NH2)]X4.
If these are treated with concentrated nitric acid they add on a molecule
of the acid to give a salt [Co2(NH3)8(OH2)(NH2)]X4(N03) which is converted by liquid ammonia into the decammine-/x-amino-salt itself. Now the
decammine salt has in the molecule 11 co-ordinated groups (including the
NH2) to 2 cobalt atoms: we have seen that probably one of them, the NH 2 ,
forms a bridge and occupies one position on each cobalt, thus raising the
co-ordination number to the 6 apiece needed for the stability of the trivalent cobalt. The nitrate made from the Vortmann salt also has 11 such
groups, and no doubt the NH 2 is acting as a bridge here too. The closely
related Vortmann salt itself has only 10 groups, and it is not an improbable suggestion that there is here a second bridge, formed no doubt by the
hydroxy] group, raising the co-ordination number for each cobalt again to
6, thus:
H
(H3N)4CoC

^Co(NH3)4
SN'
H,
J-2

This is confirmed by the observation that the OH in this compound does
not behave like an ordinary hydroxo-group: it would normally be convertible by acids with great ease into OH2, but in this salt it is not. The
resemblance of this linkage to that in a trivalent halide such as auric
bromide is obvious:
H
Br\
/Brx
/Br
/0\
>Au(
)Au(
: Co( ;Co.
Br/
\Br/
NBr
NN/
H2
These polynuclear cobalt complexes occur with one, two, or three
bridges between cobalt atoms, and there may be one set of such bridges
(2 cobalt atoms) or two (3 Co) or three (4 Co). The groups acting as bridges
are always attached by normal covalencies to one cobalt atom (as in
Co—N~>Co) and sometimes to both (Co—N-Co). Practically the only
H2
H
groups which can act as bridges in any of these complexes are NH 2 , NH,
NO2, OH, O2, 0-CO-CH3, SO4, and SeO4. Where there is only a single
bridge this is always either NH 2 or —O2—, the latter very rarely except
in the curious complexes with tetravalent cobalt which are discussed
later (p. 1420). The doubly bridged compounds have the pairs of bridges
NH2, NH 8 ; NH2, NO 2 ; NH 2 ,O • CO • CH 8 ; NH2, SO4; NH2, SeO4; NH, SO 4 ;
NH 2 , O 2 ; NH, O2 j NH 2 , OH; OH1 OH; OH1 O 8 ; OH, O. CO. CH8. In the
triply bridged complexes one bridge it always OH1 a second usually OH,

Bridged Complexes

1417

but sometimes NH 2 and rarely N O 2 ; while the third can be NH 2 , NO 2 ,
OH, O 2 or O CO-CH 8 .
One Bridge
N H 2 : see above, p. 1415.
Peroxo, as in [(NH 3 ) 5 Co—O 2 -Co(NHg) 5 ]X 4 . These salts 570 are the first
products of the action of air on an ammoniacal solution of a cobaltous salt;
thus cobaltous nitrate Co(NO3J2 gives the nitrate of the above cation; it
explodes at 200°, and its solution in acid, alkali, or water alone decomposes
in the cold. These peroxo-compounds are chiefly remarkable for the ease
with which they are oxidized to the Co"'—Co'"' complexes (p. 1420).
Two Bridges
(1) NH 2 , NH 2 . These complexes seem to be very unstable, and have
only once been made 5 7 2 ; by drying the dichloro-tetrammine cis
[Co(NH3)4Cl2]Cl
over phosphorus pentoxide the complex
/ N H

2 N

(NH3)4Co:
Co(NH 3 ), X 4
\ - H 2 N/
was obtained as an ochre-red salt.
Complexes in which only one of the two bridges is N H 2 are more stable.
(2) NH 2 , OH. These have already been described (p. 1416); they are
the Vortmann salts.573""4 Corresponding en salts, such as
/NH2V
en2CoK
/Co en2 X 4
NECK

are also known. 575
A very remarkable series of salts are those in which one of the bridges
is a nitro-group. Thus by the action of nitrous acid on the amino-ol
complexes (NH 2 , OH) the amino-nitro-complex can be made: for example
the brown salt 576
H2
^N^
^Co(NH3), X .
(NH3)4Co:
\ 0<-W
O
These compounds are extraordinarily stable; the NO 2 group is not split
off even by boiling with concentrated hydrochloric acid: this strongly
supports the view t h a t the NO 2 forms a bridge. Though they are normally
hydrated, the anhydrous salts can be made from them, so that it is not
m
A. Werner, Arm. 1910, 375, 23, 83.
"* Id., Ann. 1910, 375, 10.
m
A. Wornor, F, Salzer, and M. Piepor, ib. 54.

678

Id., Ber. 1907, 40, 4612.
«• Id., ib. 76.
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an HO that forms the bridge. Corresponding aquo-nitro salts, with the
/N02\
CoC
yCo bridge are also known.577 They are dark violet or dark grey,
and are very insoluble in water.
(3) OH, OH.578 These are Werner's 'diol' complexes, for example679
H
/CK
Am4CoK /CoAm4
MX
H

-^4»

made by dehydration of the hydroxo-aquo-tetrammine
/OH
Xa:
Am4Cox
M>H,
they are garnet-red salts, which unlike the hydroxo-salts are neutral to
litmus. The en salts are also known.680 Anionic diols have likewise been
made, such as the oxalato-complex681""2
0H\
K4 OxaCoC
Three

Nao/

Bridges

Examples are
and the triol complex

/CoOx 2

/NH2V
(NH 3 )3Co~-OH->Co(NH 3 ) 3 X 3 683
NHO/

/0H\
584-5
(NH3)3CofHO™Co(NH3)a Xa »
which can be made from the chloro- or bromo-aquo-triammines with
aqueous sodium hydroxide. They are red salts. The evidence for the
structure, especially of the last-mentioned series, is (1) that hydrochloric
acid gives [Co(NHg)3(H2O)Cl2]X, showing that each cobalt atom is
attached to 3 ammonia molecules; (2) all the three X groups ionize;
(3) the salts are neutral to water, and so cannot be aquo- or hydroxo-salts.
The OH bridges are easily broken. Nitrous acid converts the triol into
a nitro-diol,686 and acetic acid into the acetate-diols.587
677
878
876
881
888
888
888
888

A. Werner and E. Welti, Ann. 1910, 375, 128.
P . Pfeiffer, Z. anorg. Chem. 1901, 29, 130.
68
A. Werner, Ber. 1907, 40, 4434.
° Id., Ann. 1910, 375, 83.
B . G. Durrant, J.C.S. 1905, 87, 1781.
E. G. V. Peroival and W. Wardlaw, ib. 1929, 2628.
684
A. W©mer, Ann, 1910, 375, 91.
Id., Ber. 1907, 40, 4838,
E. Birk, Z. anorg, Ohem. 1928, 175, 411.
A. Werner, A, Grtln, and E, Binclschedlor, Ann* 1910, 375, 123,
M* A. Wtm©r,lb. 115.
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Trinuclear Complexes
These complexes have a series of 3 cobalt atoms united by two bridges.
The bridges may be double, as in
OH2

0K

r/

0K

\}/ \n

X1

en2CoK
,Cox
/Co en2
NECK t NH(K
OH,
red or brownish-red salts.588"9 The bridges may also be triple; there are
numerous salts known of the complex cation
/ O H N
/0HN
(NH3)3Coi-HO^CofHO-^Co(NH3)3 X3.

\OH/

These are green salts.

\OH/

690

Quadrinuclear Complexes
These are almost confined to the salts of the dodecammine hexol ion
and of the corresponding hexa-en complex.
The dodecammine compounds were made591 by the action of alkali or
aqueous ammonia on the di-aquo- or the chloro-aquo-tetrammine sulphate
in the cold. Their constitution was established by Werner,592 who showed
that when they are treated with cold concentrated hydrochloric acid,
enough chlorine is evolved to reduce one cobalt atom out of four from the
trivalent to the divalent state (forming cobaltous chloride CoOl2), while
the other three atoms appear as the tetrammine cobaltic salt. Later593
he resolved the bromide
Co(NH3)J

Br6

into its optically active forms, giving a further proof of the correctness of
the structure, and also affording the first example of an optically active
molecule containing no carbon. The en salts are very similar592; the nitrate
(N0 3 ) 6 and the bromide, iodide, and thiocyanate all have three molecules
of water, but the chloride appears to be anhydrous. The salts decompose
slowly in water in the presence of a little alkali to form cobaltic hydroxide
Co2O3, H2O, and the green salts [Co en2(H20)OH]X2.
688

A. Werner, ib. 41.
A. Werner and G. Jantsch, Ber. 1907, 40, 4430.
890
A. Werner, Awn. 1910, 375, 141.
801
S. M, Jttrgensen, Z. anorg. Ohem. 1898, 16, 184.
608
A. Werner, Ber, 1907, 4O1 2118,
«w Id., ib, 1914, 47f 8090,
689
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TETRAVALENT COBALT
THE evidence for the occurrence of tetravalent cobalt is of a very singular
kind. It is entirely confined to one small group of complexes, consisting
of some (not all) of the binuclear peroxo-compounds, but in this group it
seems to be very strong. As there are no indications of tetravalency in
nickel and practically none in iron, its occurrence with cobalt is surprising,
and the evidence for it clearly needs careful scrutiny.
As we have seen, normal peroxide compounds of trivalent cobalt occur
in which the O2 group is exerting two valencies to the two cobalt atoms in
the molecule as Co—O2—Co, giving a salt [(H8N)5Co—O2—Co(NHg)6]X4.
But in addition to these salts, which are brownish-black, another series of
deep-green salts can be made by oxidation,694"5 differing only in having an
electrovalency of 5 instead of 4; they still contain the pentammine group,
and so must have the structure [(H8N)5Co—O2—Co(NH8J5]X5. But if so,
the two cobalt atoms are exerting between them 2 covalencies to the
oxygen and 5 electrovalencies, or 7 in all, and so must be tri- and tetravalent respectively. The remarkable point is, of course, that a valency of
4 for cobalt is only known in this very peculiar position, in the group
Co"'—O2-Coiv, which may be combined with a second and even a third
bridge (see later). But in these binuclear peroxides this is the prevalent
form; of the five series of peroxo-compounds that have been prepared,
three exhibit this abnormal valency.596
Werner fully recognized the exceptional nature of these compounds, and
he has examined them with such care, both by analysis and by determination of their oxidizing power, that there can be no doubt that the compositions assigned to them are correct; but further work on them by modern
methods is much to be desired. There must obviously be resonance
between the trivalent and the tetravalent cobalt atoms, and this must be
favoured by the presence of the peroxide group. This resonance should
have a marked effect on the colour, increasing the sharpness and the intensity of the absorption bands. Unfortunately many of these cobaltic
complexes already have such intense colours that the further effect of a
possible resonance is difficult to detect. The compounds themselves are
enumerated in Werner's N. Ansch. (ed. Pfeiffer), 1923, pp. 274-81).
1. The decammine salts [(H3N)5Co-O2-Co^(NH3)S]X5594-5 as already
described are made by the oxidation of the trivalent peroxo-salts; they
are bright deep-green, and the peroxide oxygen is much more firmly held
than in the trivalent peroxides (perhaps on account of the resonance).
2. The hexammine salts
Cl

Cl2

UO—Co—-O2—Co

, (^N)1 W 8 ) J
a n 1«M !table than tba otheri,

X597
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3. The octammine
(H3N)4Cc/

^Co(NH 3 ) 4

A.£

is formed along with the trivalent Vortmaim salt by oxidizing ammoniacal
cobaltous nitrate solution and saturating with sulphuric acid. These salts
are intense green; they are rather easily reduced, and on warming with
sulphuric acid give off the excess of oxygen quantitatively.598
4. The 4 N H 3 groups on each cobalt in the last compound can be replaced
by 2 en groups; the 4-en compound produced598 is deep green.
5. These tetra-en salts will go over into an isomeric red form, which has
a trivalent cation and is written by Werner599
HX
en,Co\

/Co en«

No/

or, the nitrate

enaCow(

)€o j1 en, (N03)3) 2 H2O

\NH/
HNOo

6. Another type which can be got from the above, and are intense
brown, are

/

i m

\ /Co en 1 X^
2
XO2X

I en 2 Co v

7. A hexammine salt
/NH 2 \
(H3N)4Co^
3C<

M

8. The corresponding dibromide„
9. The salt

( H 1 N W / OHN
H 9 O/

O9/

# (NH 8 ) 3 -

^OH

X8.

10. These tetravalent cobalt salts can also occur with three bridges
instead of one or two. The so-called melanochloride, which is got by
oxidizing an ammoniacal solution of cobaltous chloride, contains the salt
(H 8 N)A^OH-^Coiv(NH s ) 3 CL.
\02/
»M G. Vortmaim, Mon. 1885, 6, 404.
m

A. Wernor and A. Myliue, Z. cmorg. Ghem. 1898, 16, 24«.
»•' Id., Ib. 187.
»•• A. Werner, Ann. 1910, 37B, 1-141.
'•• Id., ib. 7>.
»•• Id., ib. 61, 70.
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These salts are also made by the action of ammonium chloride on the
tri-tetravalent octammine salt described under 1. These salts have an
intense green colour, and a neutral reaction to litmus.600
It has recently been found601 that both the decammine and the octammine salts (1 and 3 above) have magnetic moments of 1-6 to 1*7 Bohr
magnetons.
Cobalt Carbonyl Complexes
The various valencies of the elements in their carbonyl and nitrosyl
oomplexes have so little relation to those in other compounds that these
complexes are better discussed separately.
There are two 'pure 3 carbonyls of cobalt, Co2(CO)8 and Co4(CO)12, both
of which comply with the 'inert gas rule' (IV. 548). Their structures are
unknown, but it is possible that the first is similar to Fe2(CO)9 (p. 1369) but
with one of the three Unking CO groups absent; if the two cobalt atoms
are directly linked, this would make them trivalent and 6-covalent, with
the B A N . 36.
The 'tetracarbonyl' Co2(CO)8 can be made by the action of carbon
monoxide at 1-200 atm. and at 150-200° on finely powdered cobalt602: or
in presence of copper (or some other metal that can take up sulphur or
halogens) on cobalt sulphide CoS or on a cobaltous halide (best CoI2).604*607
This last is the best method. It forms orange crystals which are quickly
oxidized by air. Its molecular weight was determined by the freezingpoint in benzene605 in which, as in other organic solvents, it is readily
soluble. At 50° or above it loses carbon monoxide to form the 'tricarbonyl' Co4(CO)12,602 very unstable black crystals easily oxidized by air,
and much less soluble than the first compound, though it can be recrystallizfcd from hot benzene; its molecular weight was found by the freezingpoint in iron pentacarbonyl.605
Co2(CO)8 forms the volatile hydride Co(CO)3COH with great ease, for
example on treatment with bases:
3 Co2(CO)8 + 4 H2O = 4 Co(CO)3COH + 2 Co(OH)2 + 8 CO.
It is also formed in the preparation of this carbonyl if moisture is present,
and it can be made by heating cobalt powder with carbon monoxide and
hydrogen, or cobaltous oxide with carbon monoxide.603 In fact the reaction
2 Co(CO)3COH V=^ Co2(CO)8 + H2
is reversible. The best way of making the hydride607 is by saturating a
solution of cobaltous nitrate in water at 0° with carbon monoxide in
presence of potassium cyanide. This gives a yellow solution of the salt
600
601
A. Werner, Ann. 1910, 375, 104.
L. Malatesta, Gaz. 1942, 72, 287.
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Mond,
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1910, 97, 798.
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W. Hieber, H. Sohulten, and R. Marin, Z. anorg, Ghem. 1939, 240, 261.
«°* H. Sohulten, ib. 1939, 243, 145.
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K[Co(CO)4]. On the addition of hydrochloric acid the hydride Co(CO)3COH
is liberated and carried off by the carbon monoxide stream, from which it
can be frozen out at —78°.
The hydride608 forms pale-yellow crystals with an unpleasant smell,
boiling-point extrapolated +10°, melting-point —26-2°. The vapour has
a deep-yellow colour.607 It begins to decompose a little above its meltingpoint. Electron diffraction609 shows that it has a tetrahedral structure,
which proves that like the iron analogue it has the hydrogen attached
to the oxygen; the Co—C distances are for three of the carbons 1-75 and
for the fourth (in - C O H ) 1-83 (theory for C o - C 2-09 A).
The hydride forms metallic derivatives like an acid606'610; for steric
reasons these are more numerous than those of the iron carbonyl hydride
(p. 1371); they liberate the hydride when treated with dilute hydrochloric
acid. The derivatives of the alkalies (like the compound K[Co(CO)4] mentioned above) are salts giving yellow solutions.607 Those of many of the
heavy metals are covalent, and can be formed directly; thus if cobaltous
bromide or even metallic cobalt is heated with zinc under a high pressure
of carbon monoxide, a 100 per cent, yield of the compound Zn(Co(CO)4J2
is obtained. Cadmium and mercury will do the same, and will combine
directly with the tetracarbonyl under 200 atm. at 180°. Gallium, indium,
and thallium (which last forms both a thallous and a thallic compound)
behave in the same way, but not copper, silver, germanium, or lead. Tin,
however, gives pale-yellow crystals of Sn[Co(CO)J4, the only known molecule with 16 CO groups.
These so-called 'mixed' carbonyl derivatives are all crystalline, soluble
in benzene and ligroin but not in water, and monomeric by the freezingpoint in benzene. They are stable up to 70° (though Co2(CO)8 decomposes
at 50°), but liberate the hydride with dilute hydrochloric acid Nitric
oxide converts them into Co(CO)3NO, and halogens into the metallic
halide and Co2(CO)8.
Co2(CO)8 reacts also with bases like pyridine and phenanthroline, and
even with alcohol, displacing some of the CO groups and forming for
example Co2(CO)5py4 and Co2(CO)5CH3 • OH, this last forming black crystals
which give a blood-red solution in alcohol, and are almost insoluble in
water or organic solvents other than glacial acetic acid, in which they are
shown by the freezing-point to be monomeric.605
Except for an unstable compound Co(CO)I2 which is an intermediate
product in the reaction of cobaltous iodide with carbon monoxide under
pressure607 cobalt (unlike iron) forms no carbonyl halides.
Cobalt Nitrosyls
There are no 'pure' nitrosyls of cobalt, but we have the carbonyl
nitrosyl, the nitrosyl halides, and certain nitrosyl ammines.
oos W i Hieber and H. Sohulten, Z. anorg. Ohem. 1037, 232, 29.
fl0i
B. V. G. Ew©ns and M. W. Lister, Trans. Far, Soe, 1989, 35, 881,
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Cobalt

Cobalt carbonyl nitrosyl Co(CO)3NO can be made by the action of
nitric oxide on the carbonyl Co2(CO)8 at 40°611-12 or better607'613"14 by
passing it through the solution of K[Co(CO)4] made (p. 1423) by treating
a cobalt salt in water with carbon monoxide in presence of potassium
cyanide. It is a dark-red mobile liquid, monomeric in the vapour611; it is
diamagnetic.615 Electron diffraction616 shows that the M—C—O and
M—N—O groups are linear and tetrahedrally arranged. This compound,
Fe(CO)2(NO)2, and Ni(CO)4 are obviously similar in structure, and are isoelectronic (as they are with the hydrides Co(CO)3COH and Fe(CO)2(COH)2).
The atomic distances found in these compounds,616 and their boiling- and
melting-points are given below:
M-C
Fe(CO)2(NO)8
Co(CO)8NO .
Ni(CO)4

M-- N

Obs.

Gale.

Obs.

OaIc.

C-O

N-O

1-84
1-83
1-82

2-00
2-02
219

1-77
1-76

1-93
1-95

115
1-14
M5

1-12
MO

C=O
1-22

C=O
MO

N-O
1-36

N=O
M5

N=O
105

Other calculated values: C - O
1-43

Fe(CO)2(NO)2
B. pt.
M. pt.

110°

+ 18°

Co(CO)8NO

Ni(CO)4

78-6°
~M°

43°
-23°

The NO groups appear to be more firmly held than the CO, since it is
the latter that are replaced by amines: for example, Co(CO)3NO gives with
o-phenanthrohne Co(CO)(NO)phthr.615
There is also a series of nitrosyl pentammines, derived from cobaltous
salts. Nitric oxide acts617"18 very readily in the cold on an ammonical
solution of a cobaltous salt to give two isomeric series of salts, one red and
the other black, of the composition [Co(NH3)5NO]X2. The red salts are
probably618 true nitroso-compounds, with the group Co—N=O: they are
not hyponitrite derivatives, since they do not give hyponitrous acid615;
with hydrochloric acid they do not evolve nitric oxide, but form the
ohloro-compound [Co(NH3)5Cl]Cl2; and they are diamagnetic, like all the
ammines of trivalent cobalt. The black isomers, on the other hand,
evolve nitric oxide with hydrochloric acid, being converted into cobaltous
chloride; and they are paramagnetic. We may conclude that they are
fll

* R. L. Mond and A. E. Wallis, J.G.S. 1922, 121, 34.
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nitrosyl compounds with the structure [(NH3)5Co—Ns=O]X2, which,
however, is unusual in that the E.A.N, of the monovalent cobalt atom
is 38.619*620.
The nitrosyl halides Co(NO )2hal are formed (as with iron) by the action
of nitric oxide on cobaltous halides.621 They are most readily formed by
the iodides, and least by the chlorides; with bromine and chlorine metallic
cobalt or zinc must be added to remove part- of the halogen. The meltingpoints are Co(NO)2Cl 101°, Co(NO)2Br 116°, Co(NO)2I 131°. They are
stable substances, and sublime unchanged in carbon dioxide, hydrogen,
nitric oxide, or even air. They are somewhat soluble, the chlorides most,
in water (with some hydrolysis) and in organic solvents, but not enough
for their molecular weights to be determined. We may suppose them to
be dimeric, like auric chloride or its alkyl derivatives:
+

•+-

+

-t-

+

+ /^0\ + /O0\ +

+

+•

This makes the cobalt monovalent and 4-covalent, with the usual E.A.N.
for a nitrosyl of 36. When the iodide is treated with pyridine it loses a
molecule of nitric oxide and forms a solid of the composition Co(NO)I,py6,
which it is almost impossible to formulate; with o-phenanthroline it
forms an addition compound Co(NO)2I(phthr.), which may be written in
the monomeric form as the salt
'+

+

+1+

/NI
;Co(
+ +
^N
OSSEN'
where N stands for the nitrogen atom of the amine.
In this the cobalt is monovalent, with the E.A.N. 36.

0^N\

Valencies of Cobalt in the Carbonyls and Nitrosyls
The values of the valencies and the covalencies of the cobalt in the chief
types of these complexes are:
Covalency
CO2(CO)8 .
Co(CO)3COH
Co(CO)3NO
4[(NHa)6Co-N= =0]X2
(Co(NO)ahal)2

6 (E.A.N. 38)

It is to be noticed that with an E.A.N. of 36 the valency of the cobalt is
necessarily 1 if it is 4-covalent, and 3 if it is 6-covalent.
•»
J. L. Milward, W. Wardlaw, and W. J. B. Way, J.0,£. 1038, 283.
flao
A, W©m©r and P. Karrer, HeIv. QKvm. Aota, 1918, 1 64,
•" W. Hiebor and B. Marin, Z. anorg. Ohm* 1900» 340, 241,

NICKEL 6 2 2
NICKEL has a valency of 2 in nearly all its compounds, and in all its simple
salts, but there is a small group of unstable compounds, entirely confined
to the complex cyanides M[NiCy3] and a few of their derivatives, in which
it is undoubtedly monovalent. In the carbonyl Ni(CO)4 and in the
remarkable cyanide K4[Ni(CN)4] it is non-valent. On the other hand,
there are certain hydroxides in which the valency may probably be 3,
and possibly, but not probably, 4 as well. The general relations of these
valency states have already been discussed.
Nickel is rather more than twice as abundant as cobalt in the earth's
crust, the proportion being 1 part in 10,000; in the whole mass of the
earth the proportion is no doubt greater: nickel is nearly always found in
iron meteorites, and there must be a considerable concentration in the
central iron core of the earth: Sonder623 guesses it to be about 3 per cent.;
in the sun's atmosphere the ratio Fe/Ni is 17 (in the earth's crust it is 510).
Nickel is found chiefly in combination with sulphur, arsenic, and antimony (millerite, NiS: kupfernickel NiAs); its chief source is an igneous
dike of pyrrhotite (FenS^+1) at Sudbury in Ontario, which contains
3-5-5 per cent, of nickel and 0-2-8 per cent, of copper.
The commercial separation of nickel is usually effected by one of two
processes. The first (the Mond process) depends on the formation and
decomposition of nickel carbonyl; the ore is converted into oxides, and
these are reduced by \^ater gas at 250-350°, at which temperature the
ferrous oxide and cuprous oxide are not reduced. Carbon monoxide is
then passed over the mass at 50°, and the nickel converted into the
carbonyl (b. pt. 43°), which is passed through tubes heated at 150-200°,
where it is decomposed.
The method now used for the Sudbury nickel is the Orford process,
known as Hops and bottoms smelting' (Kopfbodenschmelzen). The ores
are fused with nitre cake (sodium hydrogen sulphate) and coke, and so
converted into a mixture of sulphides with sodium sulphide. Two layers
are formed in the melt; the upper consists of a double salt of sodium
sulphide, ferrous sulphide, and cuprous sulphide (with about 3 per cent,
of the nickel present) and the lower, of the uncombined nickel sulphide
with about 10 per cent, of the copper. After solidification the silvery
upper layer is cut off from the black lower layer; for complete separation
the process is repeated.
Nickel occurs to a small extent in animals and plants; the amount is
from 0'1 to 3 parts per million of dried substance, which is from 1/1,000
to 1/30 of the amount in the rocks, and from 5 to 15 times as much as the
cobalt content of these organisms.
Niokel, of which 45,000 tons were produced in 1933, 20,000 of them in
898
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Canada and the U.S.A., is used for coinage purposes, for various alloys
(German silver contains 10-20% of nickel, 40-70% copper, and 5-40%
zinc: constantan, which has an abnormally small temperature coefficient
of electrical conductivity, 40% nickel and 60% copper: nichrome, used for
electrical heating, 60% nickel and 40% chromium); it is also used very
largely for electroplating.
Cobalt and nickel were the first observed case in which the chemical
order of the elements was not that of the atomic weights; the whole
behaviour of the elements shows that the natural order is Fe—Co—Ni:
the valency table given above in the summary is sufficient evidence of
this; but the order of the atomic weights is Fe 55*84; Ni 58-69; Co 58-94.
This inversion was recognized quite ea^y in the history of the Periodic
Table, and the original object of Moseley's determination of the wavelengths of the shortest X-rays of the elements was to see whether those of
nickel a,nd cobalt would come in the order of the atomic weights or in that
of the chemical properties. We now know that the inversion is due to the
predominance of the lighter of the two main isotopes of nickel (58, 67*5 per
cent.; 60, 26-7 per cent.), while cobalt is practically if not absolutely
pure 59.

Metallic Nickel
Nickel is a hard silver-white metal, melting at 1,452° C, with a vapour
pressure of 3»52xl0~4 mm. at 1,310° C, and a heat of sublimation of
101-64 k.cals. at 0° K.624; it can receive a high degree of polish; it is ferromagnetic, but less so than iron.625 Its electrical conductivity is 13-8 per
cent, and its heat conductivity 15 per cent, of those of silver.
In the compact form nickel is very stable to air and water, perhaps
because it is covered by a layer of oxide, since the fine powder is pyrophoric.626"7 Nickel wire will burn in oxygen. Dilute acids dissolve it,
but more slowly than iron. The normal potential to the hydrogen electrode of nickel is —0-25 volt (cobalt —0-26, iron —0-44).
Nickel, especially the metal, is a very powerful catalyst; the salts are
much less effective. Nickel and platinum are the best known metallic
catalysts, and recent experience shows that the third metal of Group
VIII C, palladium, comes near them. Nickel is especially useful for the
hydrogenation and dehydrogenation of organic compounds,owing perhaps
to the considerable solubility of hydrogen in this metal. Our knowledge
of this activity is largely due to the work of Sabatier in the years from
1897 onwards. As its efficiency depends on the extent of its surface, the
oxide is reduced with hydrogen at the lowest convenient temperature,
from 150° to 250°; it is often spread on a carrier such as silica gel, coke,
pumice, asbestos, etc. A very finely divided metal made by reducing
nickel chloride with the Grignard reagent in ether is also very active. The
«2* H. L. Johnston and A. L. Marshall, J.A.C.S. 1940, 62, 1382.
See G. Le Cloro and A. Michel, CM. 1939, 208, 1583.
m
G. Tammann and W. Kdster, J5. anorg* Chem. 1922, 123» 190.
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E. Frioke and W. Bchweckondiek, Z. Eklctroohem. 1940P 46, 90.
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activity of the metal may be increased by the addition of other metals,
and of oxides such as thorium dioxide, alumina, and magnesia. In organic
reductions nickel is as effective for removing oxygen as for adding hydrogen. It is very largely used for the hardening of fats, that is, for the
conversion of liquid oleic acid and its esters into the solid stearic compounds, in the manufacture of margarine; for this purpose the finely
divided oxide is suspended in the oil, and reduced at 180° with hydrogen:
or the formate can be used, which is converted into the metal at 250°.628
Nickel" and Hydrogen
Nickel, like the other two members of Group VIII C, has a considerable power of absorbing hydrogen. Taylor and Burns629 give the following
values of the volume of hydrogen absorbed by one volume of various
metals at 25°:
Cu
0-05

Ee
0-05

Co
0-05

Ni
4-15

Pd
753-3

Pt
4-05

At higher temperatures hydrogen has a measurable solubility in the metal,
especially in the liquid state. The mean values given by Abegg680 for the
solubility at 1 atm. pressure, in mg. of hydrogen to 100 g. nickel, or in
volumes of hydrogen at N.T.P. per volume of nickel (which happen to be
numerically the same) are:
at 212° C.
0-16

1,400° (solid)
1-54

1,465° (liquid)
3*50

1,600° C.
3-87

At 400° and 600° 0. they are 0-328 and 0-542.631
When anhydrous nickel chloride acts on phenyl magnesium bromide in
an atmosphere of hydrogen a black powder of the composition NiH 2 is
produced, which may be a definite hydride,632-4 and may be formed from
an unstable Ni(C6Hg)2. It is an active reducing agents See further
references 635~7.
Nickel and Garbon
Molten nickel will dissolve as much as 6*25 per cent, of carbon, but no
compound seems to be formed.
Nickel and Nitrogen
The solubility of nitrogen in nickel at 450° is only 0-07 per cent., but a
nitride Ni3N can be made638 by heating nickel or its fluoride or bromide
828
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in ammonia at 445°; it has a hexagonal close-packed lattice of nickel
atoms, with nitrogen atoms in the interstices. It is stable to alkalies,
but is attacked by acids.
Nickel and Phosphorus
A tensimetric and X-ray study of the system nickel-phosphorus639 shows
the existence of NiP 3 , NiP2, Ni 3 P, and probably Ni6P5.
Non-valent Nickel
Nickel is of course non-valent in the carbonyl Ni(CO)4, but another
compound has been prepared in which also its valency must be zero. This
is the salt K4[Ni(CN)4] obtained by reducing the monovalent nickel salt
K2[Ni(CN)3] with potassium in liquid ammonia.640 It is a yellow solid,
copper-coloured when dry, which blackens at once in air, and decomposes
water with evolution of hydrogen. Metallic calcium can be used for
making it in place of potassium.641
This compound can be regarded as the carbonyl Ni(CO)4 in which the
4 neutral CO groups have been replaced by 4 monovalent cyanogen ions.
MONOVALENT N I C K E L

Nickel is unusual among the transitional elements in forming a few
isolable compounds in which it is definitely monovalent.
The supposed oxide Ni2O642 and sulphide Ni2S have been shown not to
exist. The X-ray diagram given by the former contains no lines except
those of nickel and nickelic oxide NiO.643

Nickel Monocyanide, NiCN
When the red solution of the salt K2NiCy3 (made by reducing the
ordinary double cyanide K2NiCy4) is* acidified, the colour disappears, and
the compound NiCN is precipitated in orange flocks.644"5 It gradually
oxidizes in air to give a mixture of the green dicyanide Ni(CN)2 and the
oxide NiO. It absorbs carbon monoxide to give a yellow compound which
is apparently (Ni(CN)CO)x, and it dissolves in potassium cyanide solution
to re-form the red salt K2NiCy3.
This salt K2NiCy3644""6 is the best known of these monovalent nickel
compounds. It is made by reducing a cold saturated solution of potassium
nickelicyanide K2NiCy4 with potassium or sodium amalgam in an atmosphere of hydrogen, and precipitating with alcohol; the reduction can also
be carried out (in potassium cyanide solution) with zinc, stannous chloride,
alkaline hypophosphite, or by electrolysis.647 The product is a dark-red
639
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oily substance, which rapidly decomposes in air with change of colour.
K2Ni(CN) 3 is diamagnetic.648 This must mean either (1) there is no unpaired
spin, or (2) the unpaired spin exists, but is quenched because of some interor intra-atomic interaction. As there is no theoretical reason to think that
(2) is true, Mellor and Craig suggest the formula
CN CN
NC-Ni-Ni-CN
CN CN
with linked atoms of divalent nickel. It dissolves readily in water to give
a red solution, the colour of which is so intense that | mg. of nickel can
be detected in this way in presence of excess of cobalt. The extinction
coefficient e is 10 times as great as that for the nickelicyanide K2NiCy4.
The solution is very unstable. It evolves hydrogen slowly in the cold,
and rapidly and quantitatively on boiling, to give divalent nickel. The
cold solution in absence of air precipitates a fine powder of metallic nickel.
If it is shaken with air it rapidly oxidizes to divalent nickel, and at the
same time a certain amount of hydrogen peroxide is formed. In alkaline
solution and in the absence of air the compound is more stable; if the
solution is made up with boiled out water and a layer of ligroin run onto
the surface to exclude air, it can be kept unchanged for days.646
Potassium nickelocyanide K2NiCy3 is of course a very vigorous reducing
agent. It will reduce silver nitrate, lead chloride, or mercuric chloride to
the metal. The solution readily absorbs both carbon monoxide and nitric
oxide, giving carbonyl and nitrosyl derivatives; see below, p. 1451.
DIVALENT NICKEL

This is the predominant valency of nickel, and the valency which it
has in all its simple salts.
The hydrated nickelic salts are green, sometimes with a yellow or bluish
tinge. Their colour in solution is always green, and it is remarkably little
affected by concentration or temperature, especially as compared with the
cupric, or still more, the cobaltous salts. It was in connexion with this
work that A. Beer discovered in 1852 the law that goes by his name.649
The anhydrous salts are mostly yellow, but the iodide NiI 2 is black, and
the thiocyanate Ni(CNS)2 chocolate. The ammines are mostly blue. AU
the simple nickelic salts are paramagnetic.
Nickel Oxide, NiO
Pure nickel oxide cannot be made by heating the metal in oxygen;
below 400° the product still contains metallic nickel, and at 400-480° it
oontains up to 3 per cent, of the sesquioxide Ni8O8. The monoxide oan,
•*• D. P. Mellor md D, P. Craig, Proo. Boy. Soc. N, S. WaUs, 1948, 76, 281.
A. Boor, Fogg. Ann. 18/52, 86, 78.

141

Nickelic Hydroxide

1431

however, be made by heating the hydroxide or carbonate in absence of
air to 600°, or the nitrate to 1,000°.
It forms a green powder, and is found in nature as the mineral bunsenite,
in dark green opaque crystals. It is isomorphous with cobalt monoxide
CoO, and has a sodium chloride lattice.650"1 It melts at 1,9900C.652; its
vapour pressure at this temperature is low, but it becomes considerable
at 2,350° C.; the dissociation pressure of oxygen is low even at these
temperatures.
Nickel oxide is practically insoluble in water, but if it has been prepared
at not too high a temperature it is easily soluble in acids; strong ignition
converts it into grey octahedra, whose solubility in acids is small.
The finely powdered oxide has the power of taking up more oxygen even
in the cold, and turns black in so doing; this behaviour is further discussed
later under trivalent nickel (p. 1449).
Nickelic Hydroxide, Ni(OH) 2
This separates from a solution of a nickel* salt on addition of alkali as
an apple-green precipitate, soluble in acids, ammonia, and ammonium
salt solutions. It is very difficult to wash free from salts, especially from
anions, and is best made by the action of alkaline hydroxide on the nitrate,
or of water on an ammine. It is isomorphous with the cobalt compound
Co(OH)2, and its lattice is of the cadmium iodide type. It readily takes up
more water, and when it is precipitated may contain as much water as
corresponds to Ni(OH) 2 ,1-5H 2 O; but on heating or in a vacuum this
excess is steadily lost until Ni(OH)2 remains, and the Debye X-ray patterns do not indicate the existence of a higher hydrate.653 On further
heating the last molecule of water is slowly lost (at 230° under 10 mm.
pressure), but this process is irreversible, and if nickel oxide is treated
under any conditions with water the product gives no Ni(OH)2 X-ray lines,
but only those of the monoxide.651
Nickel hydroxide is almost insoluble in water; the solubility product is
about 10~18, which means that the saturated solution is about 10~6
normal654 (about 0-1 mg./litre).
Nickel hydroxide dissolves in aqueous ammonia to give a blue solution;
no solid ammine can be isolated from this, but the relation between the
NH 3 concentration and the amount of nickel dissolved suggest that the
substance formed is the tetrammine [Ni(NH3)J(OH)2.655
* The phrase * nickel salt' when not otherwise qualified may be taken always to
mean a salt of divalent nickel.
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Nickel Sulphide, M S
This is precipitated by ammonium sulphide from a nickel solution
which is neutral or weakly acidified with acetic acid, but not in presence of
hydrochloric acid. It forms a black precipitate, which seems to change
over after it has separated into a form insoluble in acids; for though it is
not formed in presence of hydrochloric acid, it will not dissolve in hydrochloric acid when once it has been precipitated in neutral solution.
Nickel sulphide occurs in three forms, of which the a- is amorphous and
unstable in air: the /?- is the form usually prepared synthetically, and seems
to be the most stable of the three: the y-form is rhombic, and is identical
with millerite.656
The ordinary black form is practically insoluble in water, the solubility
product being 1*4 XlO"24, so that the saturated solution is 1-2 XlO"12
normal.857 There is another sulphide Ni3S2, whose crystal structure gives
N i - S as 2-28 A (theory for N i - S 2-28).658
For indications of possible compounds NiTe and NiTe2 see reference 659.
Dihalides of Nickel
These are formed by all four halogens.
Nickel Difluoride, N i F 2
The anhydrous salt is best made660 by the action of gaseous hydrogen
fluoride on dry nickel chloride, or by heating the double ammonium
fluoride (NH4J2[NiF4]. It forms brownish-green crystals which have a
rutile lattice. It can be sublimed in a stream of hydrogen fluoride above
1,000°. Probably661 the only stable hydrate is NiF 2 , 4H 2 O. This forms
pale-green crystals which do not lose their water of crystallization even
over sulphuric acid. The change of lattice from the anhydrous to the
hydrated form is evidently slow, for the solubility of the anhydrous salt
in water is 0-02 in the cold, while that of the tetrahydrate at 25° (it is but
little affected by temperature) is 2-50661; yet the hydrate being the stable
form must be less soluble than the anhydrous salt. Anhydrous nickel
chloride, manganous fluoride MnF2, and cadmium fluoride show a similar
reluctance to hydrate.661
Nickel fluoride NiF 2 is a very stable substance; it is scarcely attacked
by concentrated hydrochloric, nitric, or sulphuric acid even on boiling.
It reacts on heating with electropositive metals like sodium, but not with
electronegative elements like chlorine, bromine, iodine, sulphur, phosphorus, or arsenic.660
m
667

G. K. Levi and A. Baroni, Z. Kriat. 1935, 92, 210.
L. Bruner and J. Zawadski, Z. anorg. Ghem. 1910, 67, 454.
**» A. Westgren, ib. 1938, 239, 82./
••• W. Klemm and N. Fratini, ib, 1943, 251, 222.
••• O. Buff and E. Asohar, lb. 1929, 183, 198.
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Nickel Chloride, NiCl 2
This can be made in the anhydrous state by burning nickel in chlorine
or by heating the hydrated or the ammoniated salt. It forms yellow crystals
which are isomorphous with the dichlorides of Mg, Mn, Co, Fe, Cd, In, Ru,
Rh, Pd, Ir, and Pt: it has a cadmium chloride lattice.662 For its paramagnetism see references 663~4. It sublimes under 1 atm. pressure at 993°, and
melts in a sealed tube at 1,001°.665 The sublimed anhydrous salt, like the
fluoride, dissolves in water extraordinarily slowly.
Nickel chloride forms several hydrates, all of thetn green, and the lowest
yellow-green; according to recent work666-7 the monohydrate is doubtful,
but the compositions and transition points of the others are:
7

> 6
-33-3°

> 4 —> %2 —> ?
+28-8°

64°

%

?

SoF 67-8/26°.
Nickel chloride is much less soluble in organic solvents than cobaltous
chloride CoCl2.
Nickel chloride acts like cuprous chloride in catalysing the oxidation
of hydrogen chloride by air to chlorine (Deacon process).

Nickel Bromide, MBr2
This is very like the chloride. The anhydrous salt can be made by the
action of bromine on metallic nickel at a red heat, or in ethereal solution
in the cold, or on a solution of nickel carbonyl in carbon tetrachloride, or
by the dehydration of the hydrate. It forms yellow crystals with a
cadmium chloride lattice. It can be sublimed at a rather high temperature
(in quartz or porcelain vessels, but scarcely in glass).
It forms a series of hydrates: an ennea-hydrate (9 H2O) going below
—2-5° into a hexahydrate, which changes at +28-5° into the trihydrate 668 ;
soF 33/25°.
It also dissolves (0-36 per cent, at 25°) in methyl alcohol, in ethyl
alcohol, acetone (0*0081 per cent, at 20°) and quinoline.
Nickel Iodide, M I 2
This again is similar. It can be made from the elements, or by solution
of the hydroxide in hydriodic acid. The anhydrous salt is black, and looks
like elementary iodine; it has a cadmium chloride lattice.669 The only
known hydrate is NiI2, 6 H2O5 soF 144/25°.
«fla L. Pauling, Proc. Nat. Acad. 1929, 15, 709.
P . Laurent, J. Phys. Radium, 1938, [vii] 9, 331.
«*4 H. B . Nettleton and S. Sugden, Proc. Boy. Soc. 1939, 173, 313.
SIR ^ 1 Fischer and K. Gowehr, Z. anorg. Chem. 1935, 222, 303.
••• H. Benrath, ib. 1982, 205, 417.
*" E. Boy®, ib. 1983» 216» 99,
« • Abflgg, p . SlS.
••• J. A. A. Katiliww, Z. Krkt, 1984, 88, 20,
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Nickel Cyanide, Ni(CN) 2
The anhydrous salt can be made 670-1 from the hydrate; it is brownishyellow, almost insoluble in water (see below) and quite in methyl acetate,
but it dissolves in alkaline cyanide solutions to give complex cyanides
(p. 1438). The addition of hydrocyanic acid or potassium cyanide to nickel
acetate solution precipitates an amorphous green hydrated cyanide of
variable water content672; the one certain hydrate is Ni(CN)2, 4 H2O,
which forms bluish plates.672 The solubility of nickel cyanide in water
(from E.M.F. measurements) is 0-059/18° (5*35XlO"4 moles per litre:
solubility product 1«53 X 10~10).673
Nickel cyanide forms an ammine of the composition Ni(CN ) 2 ,NH 3 ,H 2 0
(the water is easily removed), which has the remarkable property of forming solid compounds with benzene and some other organic substances.674""5
If the aqueous solution is shaken with benzene bluish-white crystals
separate, of the composition Ni(CN)2,NH8,C6H6. This compound is
remarkably stable; it can be kept in vacuo over sulphuric acid for weeks
without change, and treatment with alcohol or ether only removes the
benzene very slowly; it is, however, expelled by boiling with water, by
alkaline or acid solutions, and by potassium cyanide. This power of a solution of nickel cyanide in dilute ammonia to absorb benzene has been made the
basis of a method for the quantitative estimation of benzene in coal gas.676~8
Very similar compounds are formed with pyrrol, thiophene, furfurane,
and other organic compounds.679

Nickel Thiocyanate, Ni(CNS)2
This can be made in a hydrated form by dissolving nickel carbonate in
thiocyanic acid, or by the action of barium thiocyanate on nickel sulphate.
The anhydrous salt (made from the hydrate at 150°) is a chocolate amorphous powder. It is soluble in water (soly 55*0/25°), from which it separates680
below 15° as a tetrahydrate (large green crystals), and above 25° as a
yellow hemihydrate Ni(CNS)2, 0-5 H2O.
A number of double nickel thiocyanates have been made from their
components, and can be recrystalHzed from water or sometimes alcohol;
examples681 are Na2[Ni(CNS)4], 8 H2O, pale green; K4[Ni(CNS)6], 4 H2O,
blue; (NH4J4[Ni(CNS)6], 6 and 4 H2O. They are not true complexes.680"1
Various double salts of organic bases are also known.
670

W. Biltz, W. Eschweiler, and A. Bodensiek, Z. anorg. Chem,il92Sf 170, 163.
E. Hertel, E. Rissel, and F . Riedel, ib. 1929, 178, 202.
672
K. A. Hofmann and F . Hochtlen, Ber. 1903, 36, 1149.
573
K. Masaki, Bull Chem. $oc. Japan, 1931, 6, 143.
•7* K. A. Hofmann and F . Kiispert, Z. anorg. Chem. 1897, 15, 204.
«7fi K. A. Hofmann and H. Arnoldi, Ber. 1906, 39, 339.
•7« L. M. Dennis and E. S. MoCarthy, J.A.C.&. 1908, 30, 233.
877
E. 8. McCarthy, J . Qasbel 1912, 55, 891.
178
E. Sfcook, Farben Ztg, 1980, 35, 897.
179
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Abegg, p. 680,
A, do Swoomer, Natuww, Ttfdsolw* 1932, 14, 231.
*" A. BoMtihftfm and B . CoIm1 Z. morg. Ch«m, 1901,27, 280; B*r. 1901,33,1111.
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Nickel Carbonate, NiCO 3
If sodium carbonate is added to a nickel chloride solution, the basic salt
is always produced, except in an atmosphere of carbon dioxide under
pressure.682 Even then the precipitate is a solid solution of nickel
chloride in nickel carbonate, which may contain as much as 33 per cent,
of the chloride.683
The purest carbonate that has been obtained is a pale green substance
insoluble in water, but m<jre soluble in carbon dioxide solution, i.e. as the
acid carbonate NiH2[CO3]2; from this solution crystals of NiCO3, 6H 2 O
separate on exposure to the air.684

Nickel Formate, Ni(O- CHO)2,2 H2O
This salt begins686 to decompose below 200° mainly to carbon dioxide,
hydrogen, and metallic nickel. It is less soluble in water than the corresponding cobaltous salt, and is insoluble in concentrated formic acid.

Nickel Acetate, Ni(O- CO• CH3)2
The anhydrous salt is a pale yellow powder686-7; the tetrahydrate forms
apple-green monoclinic prisms, isomorphous with the cobaltous salt;
soly in water 17*0/16°, in glacial acetic acid 10/25°, in alcohol 0. The aqueous
solution precipitates nickel hydroxide on boiling.

Nickel Oxalate, NiC2O4
Metallic nickel does not dissolve in oxalic acid solution, but the hydroxide
does, and from this solution, or from the solution of a nickel salt treated
with an alkaline oxalate, nickel oxalate separates in greenish-white flocks,
which dry at 100° to MC2O4, 2 H 2 O; it loses its water at 150°.
If it is heated in vacuo nickel oxalate begins to decompose below 320°
into nickel and carbon dioxide, a reaction sometimes used to prepare
finely divided nickel for conversion into the carbonyl, or for catalytic
purposes.
Nickel oxalate is even less soluble in water than the cobaltous salt;
HOF 0-3 mg./18° (0-04XlO"6 equivalent normal 688 : the soly of cobaltous
oxalate is 2-1 mg./18°). The electrical conductivity of the saturated solution at 18° indicates only 39 per cent, ionization, and points to complex
formation, perhaps of the salt Ni[NiOx2].689-90
The oxalate is soluble in strong acids (with decomposition), and in
ammonia through the formation of an ammine.
682
688
984
fl8B
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A. Ferrari and C. Colla, Atti R. 1929, [6] 10, 594.
J . Krustinsons, Z. anorg. Chem. 1933, 212, 45.
E. Muller and A. Luber, ib. 1930, 187, 209; 190, 427.
J . Kendall and H. Adler, J.A.C.S. 1921, 43, 1470.
F . Ephraim, Ber. 1913, 46, 3103.
H. Bassett and W. L. Bedwoll, J.C.S. 1933, 877.
B . Soholder, E. Gadenne, and H. Niemann, Ber. 1927, 60, 1510.
R. Boholdar, ib. 1625.
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Nickel Nitrate, Ni(N0 3 ) 2

Nickel nitrate can be obtained in the anhydrous state (which is by no
means always possible with the nitrates of polyvalent metals), but only
by heating the hydrate with a mixture of 100 per cent, nitric acid and
nitrogen pentoxide.681 It forms a pale yellow powder, which decomposes
at 105° and is very hygroscopic.692
Nickel nitrate forms a series of hydrates, of which the transition points
are 698 :
9 —> e —> 4
>2 —> ?
-3°

54°

854°

The hexahydrate, which is emerald green, and isomorphous with the
cobaltous salt, has the high soly of 94*2/25°.
Double Nitrates of Nickel
It is practically certain that these double salts are not really complex,
or at least do not contain the nickel in a complex anion; the other metal is
always trivalent or tetravalent, so that if any complex nitrate is formed,
which is doubtful, it is not the nickel that has formed it.
The two most important series of double nitrates containing nickel are
(1) with trivalent metals, of the type MgM^(NOg)12, 24 H2O, in which
the nickel can be replaced by Mg, Mn", Co" and Zn, and Mw can be Bi,
Ce, La, Nd, Pr, Sm, and Gd. The nickel salts of this series are pale green.
(2) There are two double nitrates with tetravalent metals, of the type
NiMw'(N03)6, 8 H2O, where M" - Th and Ce"". These salts are olivegreen, and form mixed crystals.694"5
Nickel nitrite Ni(N02)2696 probably does not exist697"8; a basic salt
(? Ni2O(NO2J2) can be made. The complex double nitrites are discussed
o n p . 1446.

Nickel Sulphate, NiSO4
The anhydrous salt is greenish-yellow; it appears to be quite insoluble
in cold water, and it is only very slowly hydrated by it; this behaviour is
common with anhydrous nickel salts (for example NiF2, NiCl2, and (see
below) Ni(I03)2)3 and it is also not uncommon with anhydrous sulphates.
The solubilities of anhydrous nickel sulphate in methyl and ethyl alcohols,
with which it does not form alcoholates, are 0-061 and 0-017 per cent,
respectively at 15°.699
With water it forms a series of hydrates whose transition points are
691
692

«9j>
694

«96
«9«
117

•••
•»•

A. Guntz and F . Martin, Bull Soc. 1909, [4] 5, 1004.
A. Seyewetz and Brissaud, CR. 1930, 190» 1131.
A. Sieverts and L. Schreiner, Z. anorg. Cfiem. 1934, 219, 105.
R. J. Meyer and R. Jacoby, ib. 1901,27, 359; Ber. 1900,33, 2135.
V. Cuttica and A. Tocohi, Oaz. 1924, 54, 628.
C. Duval, O.B. 1926, 182, 1156.
L. L© Bouoher, Anal &oo> Espan. Fi$. Quim. 1929, 27, 145, 358.
J . J . EiTera, ib. 1930, 28, 858,
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difficult to determine because the solutions supersaturate with greatest
gase; the most probable are700~2:
7

^ 6a
31-5°

> 6 jS
53-3°

> 5 ? 4 ? 3 ? 2 ? 1 H 2 O.
ca. 110°

It is possible701 that the only stable hydrates are the hepta-, the two
hexahydrates, and the monohydrate, and that the rest, with 5, 4, 3, and
2 H2O, all of which certainly exist, are metastable. For the optical
activity of the solid hexahydrate see reference 703, and for the magnetic
properties reference 704.
The heptahydrate is a vitriol, and forms unbroken series of mixed
crystals with the corresponding salts of Mg, Mn, Fe, Co, and Zn; soly
40*5/25°. The two hexahydrates are quite definite, and are enantiotropic:
the <x~ is bluish-green and tetragonal; the /?- is green and monoclinic. The
/J-form is isomorphous with the magnesium salt.
Like the other vitriols, nickel sulphate forms double sulphates of the
series MyVT(SOJ2, 6 H2O (schonite series: 'Tutton's salts'), in which
M' = K, Rb, Cs, NH 4 , Tl' (not Na): M" = Mg, Fe, Co, Ni, Cu, Zn, Cd, etc.;
these salts are all isomorphous, and give unbroken series of mixed crystals
with one another. The ammonium salt is used for electroplating. The
only double salt formed by sodium is Na2Ni(SO4J2, 4 H2O. The corresponding potassium salt is known both anhydrous and with 6 H 2 O;
soF 6<79/25°.706

Nickel Sulphite, M(SO3)
The hexa- and tetrahydrates form greenish crystals which are practically
insoluble in water, but dissolve in sulphur dioxide solution.706 A few dark
green insoluble double sulphites are known.707*"8
Nickel Chlorite, Ni(C10 2 ) 2 ,2 H 2 O
This salt 709 explodes violently even at 100°. It is very soluble in water,
and the solution rapidly decomposes on warming, precipitating Ni(OH)2
and evolving oxides of chlorine.
Nickel Chlorate, Ni(C10 3 ) 2
This forms a hexa- and a tetrahydrate, with a transition point at 39°.
The hexahydrate consists of dark green rhombic crystals, sol7 131/18°. The
700
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hydrates begin to evolve chlorine and oxygen at 140°, but if they are quite
dry, or in presence of alkali, they are much more stable.710

Nickel Bromate, M(Br0 3 ) 2 , 6 H2O
This forms green octahedra, isomorphous with the corresponding bromates of magnesium, cobalt, and zinc, soly 28/ord. temp. They lose nearly
all their water at 130°, but above this temperature begin to decompose.

Nickel Iodate, Ni(I0 3 ) 2

This salt, soly only 0*55/18°, is peculiar in many ways, and may have
a complex structure. The anhydrous salt occurs in two forms, and so does
the dihydrate; there is also a tetrahydrate, which is probably metastable.
The solid phases supersaturate easily, and only come to equilibrium
slowly; thus the anhydrous salt showed no sign of hydration after being
3 months in contact with water.711

Nickel Perchlorate, Ni(C104)2
This salt occurs in the anhydrous form, and hydrates with 9, 7, 5, 4, and
2 H2O are described. Goldblum712 found only an enneahydrate going over
into a pentahydrate somewhere between 0° and —23°; the cryohydric
point is - 4 9 ° ; soF 104/180.718
DIVALENT NICKEL COMPLEXES

The tendency of divalent nickel to form complexes, taking the average
for all kinds of addenda,714 is much the same as that of the neighbouring
elements iron, cobalt, copper, etc., when in the divalent state, and so is
not very etrong, nothing like so strong as that of trivalent cobalt. The
maximum covalency of 6 is not very often reached, and lower values,
especially 4 and sometimes 3, are more common. The chief co-ordination
numbers are: in the cyanides 4, in the ammines 4 and 6, in the nitrocompounds 6, and in the fluorides and chlorides 4 and 3.
Complex Nickel Cyanides
These are perhaps the stablest of the nickel complexes; they are all of
the same type M2[Ni(CN)4] (in sharp contrast to the very widespread
[A(CN)6] type), and the 4 CN groups lie in the same plane with the nickel,
at the corners of a square of which it is the centre.
They are made by dissolving nickel cyanide in an alkaline cyanide
solution, or by adding excess of an alkaline cyanide to a solution of a
™
J. Amiel, Off. 1934, 198, 1033.
711
A. Meusser, Ber. 1901, 24, 32.
«• H. Goldblum and F. Terlikowski, Bull $oc. 1912, [4] 11, 103, 140.
»"
B. Salvador!, Qaz. 1912, 42, i. 458.
m
For th© ammines tee H. M. Dawion and J. MoCrae, J.O.S. 1900, 77, 1239;
H. M. Dawion, ib. 1900, 89, 1000 s H. J. S. King, A. W. Cruse, and F. G. Angell,
ib, 198S1 29SS.
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nickel salt. The stability of the complex (in contrast to the weakness of
most nickel complexes) and the fact t h a t it contains 4 CN groups are shown
in many ways. When potassium cyanide solution is added to nickel
cyanide the evolution of heat is considerable, and it continues until
2 KCN have been added for every N i ; this-conclusion is supported by
electrometric titration, and by the electrical conductivity. The solution
gives none of the reactions for nickel, not even with an alkaline sulphide,
though the solubility product of nickel monosulphide NiS is only 6-2 x 10~22
at 20° 715 ; the complex is not affected by acetic acid, though it is broken
up by strong mineral acids. The solid salts and the solution are diamagnetic, which is a theoretically necessary result (Pauling) of the plane
structure of the anion. The association constant of the complex
jr

[Ni(CN)H
™[Ni ++ ].[CN"] 4
has been found by E.M.F. measurements 716 to be 5-6 XlO 13 at 25° (this
means t h a t if the concentration of the complex is normal, t h a t of the
free divalent nickel ion N i + + is 2-8 X 10~3 normal).
The solid nickelicyanides always form hydrates, and are mostly yellow
or reddish-yellow. Their aqueous solutions have the same colour, but the
addition of excess of potassium cyanide (at any rate with the potassium
salt) turns it a deep red, possibly through the formation of an [Ni(CN) 6 ] 4 "
ion, though there is no other evidence for this.
Among the individual nickelicyanides we have Na 2 [Ni(CN) 4 ], 3 H 2 O ;
K, anhydrous (pale yellow) and 1 H 2 O (large orange prisms), sol y 69*5/25°.
The ammonium salt readily loses ammonium cyanide. The barium salt
Ba[Ni(CN) 4 ], 4 H 2 O is isomorphous with the corresponding pallado- and
platinocyanides, 717 which have also been shown to have a plane structure
of the anion. 718 " 19

Nickel Ammines
Divalent nickel produces numerous ammines with ammonia and many
organic amines and diamines.
The fifty-four ammines (i.e. ammonia compounds) of simple divalent
nickel salts given in Abegg 720 are distributed as follows:
INH3
2NH3
3NH3
4NH3
5 NH 3
6 NH 3
3
10
2
9
4
26
The nickel ammines closely resemble those of divalent cobalt. In genera]
the stability of a hexammine molecule [M(NH 3 ) 6 ](hal) 2 (as measured by the
dissociation tension of ammonia) is greater with nickel than with any other
divalent metal. The stability of the ammines to water (the strength of the
715
L. Moser and M. Behr, Z. anorg. Ghent. 1924, 134, 49; I. M. Kolthoff, J. Phys.
Ohem. 1931, 35, 2720.
716
K. Masaki, Bull Chem. Soc. Japan, 1931, 6, 233.
717
H, Brasseur, A. de Bassenfosse, and J. Pi6rard, Z. Krist. 1934, A 88, 210.
7
« R. a. Diokinaon, J,A.0.8. 1922, 44, 774, 2404,
719
H. Bmtwnur and A, de Rassenfosse, Bull j$oo,fram, Min. 1938, 61, 129.
790
pp. 089-96 (1930),
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N i - N as compared with the Ni—O link) is also considerable, and several
tetrammines and even some hexammines can be recrystallized from dilute
aqueous ammonia.
The question whether this stability is greater with nickel or with divalent
copper is not easy to answer; it has been found by King,721 who measured
the degree of dissociation of the complex ion in water by the freezing-point
method, that Ni(NH3)^+ is more stable than Cu(NH3)^+, although with
the hexapyridine ions the difference is in the opposite direction. But the
tetrammine seems to be the stable form with copper, and the hexammine
with nickel, which makes a direct comparison difficult. The strength of
the ammine varies of course with the nature of the co-ordinated groups:
the simple ammines (NH3 compounds) of nickel, though they can be
recrystallized from aqueous ammonia, are decomposed by water, but the
en compounds are not. Measurements of the paramagnetism in 0*1 to 0*4
normal solution indicate722 that the order of increasing stability is for
nickel, pyridine < NH 3 < en < phenanthroline; for copper it is practically the same.
The resemblance between the ammines and the hydrates is obvious, and
has been emphasized by Pfeiffer,723 who, by the use of naphthalene-asulphonic acid (HA) prepared the whole series of salts:
[Ni enz]A2
reddish-violet
[Ni e%(OH2)2]A2
pale blue-violet
[Ni ew(OH2)4]A2
pale blue
[Ni(OH2J6]A2
pale green
As we have seen, the hexammines are the most frequent of these compounds, and after them the tetrammines and the diammines. Some
nickel salts, especially those with large anions,724"6 can take up more than
6 molecules of ammonia, even as much as 16 or 18: a salt has been prepared
which has the composition Ni[Pt(SCN)6], 18 NH 3 , 727 although in a vacuum
it loses 8 of these 18. Whether these extra ammonia molecules are attached
as double or triple NH 3 molecules, or fill up interstices in the crystal lattice like the water in a hetero-poly-salt (VI. 1042), cannot be decided without X-ray analysis.
Wyckoff728 showed that the salts [Ni(NH3)6]Cl2 and [Ni(NH3)6](N03)2
have lattices just like that of potassium platinichloride.
Anhydrous nickel salts take up ammonia very slowly, as do also cobaltous salts; the presence of a little water makes the reaction go more
quickly, presumably by breaking up the lattice.
721
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* C. D. Russell, G. R. Cooper, and W. C. Vosburgh, J.A.C.S. 1943, 65, 1301.
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The stability of the solid hexammines depends greatly on the anion;
with twelve hexammines, all [Ni(NH3)6]A2, but with different anions, the
temperature at which the dissociation tension of the ammonia is 1 atm.
ranges from 36° for the formate and 84*5° for the thiocyanate to 245° for
the perchlorate.729
As regards the influence of the amine, it is found730 that among the alkylamines (apart from the diamines) as the number and size of the alkyl
groups increase, the number and stability of the amine groups in the
complex diminish.
The chelate ammines formed by ethylene diamine (cen}) and other
diamines, such as a, a'-dipyridyl ('dipy') and o-phenanthroline ('phth'),
are more stable than the open-chain complexes; the en complexes are not
decomposed by water, and the attraction of the nickel ion for en is so strong
that it will take it away from zinc or cadmium salts.731 The cations are
usually trichelate, sometimes di~, and only rarely monochelate. The
trichelate compounds have been resolved into their optical antimers in
the case of the dipyridyl derivatives [Ni(dipy)3]X2 by Morgan and
Burstall732; in water the active salt racemizes spontaneously with a halflife period of about 15 minutes at 17°; the solid salt is more stable and can
be kept for days. This slowness of racemization is evidence of the stability
of the complex cation, and is supported by freezing-point and conductivity
measurements that have been made on many of these chelate salts. The
trichelate ethylene diamine compounds could not be resolved,733 perhaps
because the trien complex is rather less stable, and so racemizes too quickly
to be resolved.
Further evidence of this stability of trien complexes is given by the fact
that they are not attacked at all by potassium cyanide, which converts
the simple nickel cations quantitatively into K2[Ni(CN)4]. The dien complexes do react with KCN, but only so far as to rearrange themselves into
the trien compound and the nickelicyanide734:
3 [Ni ^ 2 ( O B y 2 ] - ~~-> 2 [Ni e n , ] " + [Ni(CN)J-.
There are other signs that the stability of a chelate group is greater when
the nickel has three of them: thus [Ni erc2Br2]° changes to
[Ni erc3]Br2 + NiBr2735;
in the same way the bis-dipyridyl salt disproportionates into a mixture of
the tris and the simple nickel salt736; the corresponding bis-phenanthroline
salt does not, however, do this.
729
780
781
782
788
784

F . Ephraim, Ber. 1913, 46, 3103.
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F . Ephraim and B . Linn, ib. 1913, 46, 3742.
A. A. Griinberg, Z. anorg. Chem. 1926, 157, 201.
G. T. Morgan and F . H. Burstall, J.C.S. 1931, 2213.
W. R. Bueknall and W. Wardlaw, ib. 1928, 2739.
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Various other diamines, besides ethylene diamine, have been used for
making these chelate ammines; the methyl derivative a, /^-propylene
diamine CH3-CH(NH2) CH2* NH 2 (pn) gives complexes very similar to
those of ew,734'736 but differing very markedly in solubility: thus while
[Ni ew3]S04 is only slightly soluble in water, [Ni pn 3 ]S0 4 is so soluble that
it is difficult to get it to crystallize out. (This result of introducing an
unsymmetrical methyl group may be compared with its effect in changing
the melting-point of benzene +6° to that of toluene, —95°.)
The dipyridy] and o-phenanthroline derivatives732'736-7 are, as we have
seen, very stable. The tmen salts are nearly always anhydrous, while the
[Ni(dipy)3]X2 and [Ni(phth)3]X2 salts always have water of crystallization,
often 6 molecules. This may be the result of the large size of the cation.
For further ammine derivatives see references 738~9. The simple monoximes
are also to some extent capable of co-ordination, though much less than the
amines (probably because the unshared electrons on the nitrogen are partly
occupied in back-co-ordination to the oxygen). The aldoxime compounds
are all of the type [Ni(RCH :NOH)4](hal)2740; they are decomposed by
water or ammonia. Ketoximes also seem to combine, but no definite
compounds could be isolated.741
Among the stablest and best known of the N,N-chelate complexes of
nickel are those derived from the dioxime of an a-diketone, the mother
substance being glyoxime
HC
CH

I

I

;

NOH NOH
the nickel derivatives have the general structure
23,—(j

I

(^—J^,

Il

HO—N\^
HO—N^

/N-^O

J^1 (J__

(J J\i

I

\N-*O'

«

in which it is obvious that the passage of the hydrogen from the OH to
the ->0 involves only a tautomeric change of the easiest kind. The
best known of these compounds is the dimethyl glyoxime derivative
(R = CH3).742 It can be made from dimethyl glyoxime and nickel acetate
in alcoholic solution. It forms scarlet or dark red crystals, which on
heating do not melt, but sublime above 250°, especially in vacuo; it is
practically insoluble in water (soF about 0-02 mg. cold and 0-12 mg. hot);
it is only slightly soluble in organic solvents. It is not affected by acetic
787
788
788
?

F. M. Jaeger and J. A. Dijk, Proo. K. Akad. Amst. 1935, 38, 972.
H. Glaser and P. Pfeiffer, J. prakt. Chem. 1939, ii. 153, 300.
I. Lifaohitz, J, G. Boi, and K. M. Dijkema, E. morg. Ohem. 1939, 242, 97.
*° W. HI©b©r and F. Leutert, Ber. 1927, $0, 2296,
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acid, ammonia, or hydrogen sulphide, and only slowly by ammonium
sulphide (this may be partly due to its insolubility), but mineral acids
decompose it back to the nickel salt and the glyoxime, and it is at once
and completely converted by potassium cyanide into the glyoxime and the
nickelicyanide. Tschugaev made a series of homologues, from methyl-ethyl,
methyl-propyl, etc., glyoxime, which are similar in their general properties,
but have accessible melting-points (Me—Et 280°, Me—Pr 144°), and are
remarkably more soluble than the dimethyl compound, the methyl-ethyl
derivative being about 50 times as soluble in alcohol or benzene as the
dimethyl.743
In the quantitative estimation of nickel by means of this compound,
the precipitation is carried out in presence of ammonia or sodium acetate
(to neutralize the liberated acid); the precipitate is washed with water
and dried to a constant weight at 110-120°. By suitable modifications of
the process the precipitation of other metals can be avoided.744
Tschugaev originally745 supposed that in these complexes the nickel is
attached to the oxygens of the two oxime groups, giving an (improbable)
7-ring; later he assumed a 6-ring with the N—Ni—O group, and finally,746
a 5-ring with the nickel linked on all sides to nitrogen, as shown above.
This was strongly supported by Pfeiffer,747 from the behaviour of the
monoxime compounds, especially those of benzil. Of the two isomers the
a- forms a complex with nickel and with cobalt748 but not the /?~, and it
has been shown that the structures are
^.C

I

Cd>

I

P

<D-C

C4>

Il

» .

HO-N
O
NOH O
which agrees with the N—Ni—O grouping and the 5-ring, but not the
O—Ni—O and the 6. The conclusion is further supported by all the
evidence that nickel (and cobalt) co-ordinates with nitrogen more strongly
than with oxygen.
Compounds of this type have been of value in establishing two important
theoretical points in the behaviour of nickel. It was shown by Pauling in
1931,749 that the application of wave-mechanics indicates that while the
normal arrangement of atoms round a 4-covalent central atom is tetrahedral, with transitional elements, where one or more of the electrons used
in the links may belong to the d-subgroup of the incomplete electron group
of the atom, the four attached atoms may he in a plane with the central
atom, and where this happens, since the d-electrons are largely responsible
for the magnetic moment, this will be altered, and in particular a 4-covalent
nickelic atom of this kind will be diamagnetic.
748

E. G. Cox, E. Sharratt, W. Wardlaw, and K. C. Webster, J.C.S. 1936, 129.
746
Abegg, pp. 442, 444.
L. A. Tschugaev, Ber. 1907, 40, 3498.
74
« Id., J.G.S. 1914, 105, 2187.
747
P. Pfeiffer and J. Eioharz, Ber. 1928, 6I1 103.
" See L. A. Tachugaov, ib. 1908, 41, 1078.
" • L. Pauling, J.A.O.S. 193I113, 1807.
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To test these conclusions Sugden 750 investigated these nickel glyoxime
derivatives. He showed t h a t the benzyl-methyl-glyoxime compound
having two rings of the structure
<J>—CH2-C

-C-CH3

Il

Il

HO—N\
/N->0
> <
W
NN
(where we may fairly assume that the interchange of —OH and ~>0 is
instantaneous) occurs in two different forms, a-, m. pt. 168°, jS~ m. pt. 76,
which are interconvertible. This is only possible if the two rings lie in
the same plane, where there are the alternatives of the phenyl in the upper
ring being on the side of the phenyl in the lower, or on the side of the
methyl—in other words, of cis and trans isomerism. The planar structure
of the complex (as anticipated by Pauling) was therefore established. It is
curious that Tschugaev himself had shown751 that the nickel compound of
monoethyl glyoxime occurs in two interconvertible forms, but he attached
no special importance to this.
Finally, Sugden showed that these compounds were diamagnetic, thus
confirming the second part of Pauling's prediction.
Later Cavell and Sugden762 found that the nickel compounds of methylspropyl and methyl-^-butyl glyoxime both occur in two interconvertible
forms, and that these also are diamagnetic. They further showed from the
dipole moment that the #-chlorophenyl n-butyl derivative is planar. For
further work on compounds of this type see the references 743>7634# The
magnetic properties are discussed below (p. 1445).
Nickel can also form addition compounds with the dioximes, analogous
to its en cations, with rings of the structure
Ki—O

\J—Iv

I
H(T

I
X

NT

X)H

They have either one (M(DH2)X2) or two (Ni(DH2J2X2) chelate rings,
where X may be a halogen, or half of SO4, (COO)2, etc. The monochelate
compounds are pale green when anhydrous and dark green when hydrated;
the second type are blue or dark green. They are not very stable—remarkabH less so than the corresponding en compounds—being decomposed by water, aniline, or alcohol to give the much more stable substitution products Ni(DH)2.756
Another compound containing the N—Ni—N group as part of a ring
780

S. Sugden, J.C.S. 1932, 246.
J. Buss. Phys. Ghent. Soc. ISlO, 42, 1466.
»" H. J. Cavell and S. Suguen, J.C.S. 1935, 621.
"* G. Ponzio and E. Biglietti, Qm. 1938, 63, 159.
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is the derivative of phthalocyanine. The molecule of this remarkable blue
pigment has at the centre four nitrogen atoms symmetrically (or almost
symmetrically) disposed in a plane, and carrying two hydrogen atoms. In
the nickel derivative the two hydrogens are replaced by the nickel, which
becomes attached to all 4 nitrogens in a way which may be written
N\
/N
> i ( .
W
NN
A careful study of the crystal structure by Robertson756 has shown that
the whole molecule, including the nickel, is planar, and the compound was
found to be diamagnetic.
A series of chelate compounds is known in which the nickel is attached
to nitrogen and oxygen; they are less stable than the N,N-complexes, as
the co-ordination of nickel is weaker to oxygen than to nitrogen. They
include the derivatives of a-diketones such as benzil O'CO-CO*O, and
even their hydrazones, such as
<D<C—C.<D

Il I

.«

O N-NH2
Another example is the nickel derivative of salicylaldoxime
/rO 0\
^rNi.

—orXH

H

,o—

V

which has been shown757 to have a plane structure, and also to be diamagnetic.
A singular reaction for producing chelate compounds of this kind has
been discovered by Pfeiffer and his co-workers.759 They found that
o-hydroxyaldehydes and ketones will condense in presence of nickel with
en or o-phenylene diamine to give dichelate compounds in which the two
chelate rings are also united to one another: thus with en and salicylatehyde is formed:

The magnetic properties of some of these dichelate nickelic complexes
are peculiar. We have seen that many are planar and diamagnetic, as
Pauling's theory suggests. Others, however, are found to be paramagnetic,
786

J. M, Robertson, J.O.S. 1935, 815.
™
E. G. Cox, F. W. Pinkard, W. Wardlaw, and K. O. Webstar, lb. 459.
f
" T. W. J, Taylor, N. H. Callow, and C, R, W. Franota, ib. 1939, iS7.
'» P. Pfmfior, E. Brdth, 1. Ltibbe, and T. ltuaaki, Am, 19IS11OS1 84,
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to about the same extent as the M ion. Quite small differences will
determine a compound to belong to one class or the other; it is even
stated764 that the nickel complex of salicylaldehyde methyl-imine
C6H4(OH)CH=N CH2 occurs in two forms, one dia- and the other paramagnetic. It is a natural assumption commonly made766 that the paramagnetic compounds are tetrahedral, but in no case has this yet been
established. See references 760~6.
Another N—Ni—O ring is that produced by dicyano-diamidine, the
so-called Grossmann reagent.767 This gives with nickel a remarkable
insoluble complex of the structure
H 2 N-C-Ov

/0-C-NH2

H 2 N-C=N<

>N=C—NH2

Il \ ^ N i/^
N

INl

Na w
which can be used for the quantitative estimation of nickel.768
Complex Nickel Nitrites
(Nitro-complexes)
Our knowledge of this remarkable group of complexes is largely due to
Ferrari and Colla.769"75
AU these compounds, without exception, contain the group [Ni(NO2J6]4"";
they are all anhydrous, brownish-red, stable in air to temperatures above
100° and sometimes 140°, recrystallizable from water and insoluble in
alcohol. There can be no doubt that they are true complex salts,772 and
/O
that they are nitro-compounds, Ni—NC . No isomeric nitrito-compounds Ni—O—N=O are known.
They dissolve readily in water to give greenish solutions, which are
decomposed by boiling or by treatment with hydroxyl ion or hydrogen
sulphide, this last precipitating the nickel completely, so that the complex
must be more dissociated than that of the nickelicyanides Ni(CN)^. They
are formed both by monovalent (Li, Na, K, Tl') and by divalent (Sr, Ba1
780
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Cd, Hg, Pb) metals. The crystal structure of the strontium, barium, and
lead salts has been shown to be the same, and to correspond to that of
potassium platinichloride K2PtCl6, that is, to have the 6 NO2 groups
arranged round the nickel at the points of an octahedron.773
A peculiarity of these salts is the readiness with which mixed compounds are formed, of the type M2M''[Ni(N02)6], where M' = K, Rb, Cs,
NH 4 , Ti', and M" = Mg, Ca, Sr, Ba, Zn, Cd, Hg, Pd: these are the so-called
'triple nitrites\769~72»775 They are yellow, red, or brown salts, all anhydrous, which are isomorphous with one another, with the corresponding
cupri- and cobaltonitrites, and with the simple cobaltinitrite K3[Co(N02)6].

Nickel-Oxygen Complexes
The co-ordination of nickel to oxygen is weak. Apart from the hydrated
Ni + + ion there is little evidence of its occurrence except in chelate compounds, and even these are few and usually unstable. The ' ato' complexes,
formed with the radicals of dibasic acids, are almost confined to the carbonato- and oxalato-compounds.

Carbonato-Complexes
Precipitated nickel carbonate, although unlike cobalt carbonate it will
not dissolve in sodium bicarbonate, dissolves in excess of potassium
carbonate, and no doubt carbonato-complexes are present in the solution.
Several of these double carbonates have been isolated. They are all of
the di-ato type M2[Ni(CO3J2], H2O. Examples are Na2[Ni(CO? ) 2 ], 10 H2O,
and K, 4 H 2 O; both of these salts are green. Their stability is small, and
they are decomposed by water.
OxalatO'Gompounds
Nickel oxalate dissolves somewhat in boiling potassium oxalate solution,
and on cooling a pale-green slightly soluble salt K2[NiOx2] 6 H2O (or perhaps 4 H2O776) separates; when this is heated it loses water, giving first a
di- and then a monohydrate, and finally at 200° becoming anhydrous: the
green colour darkens as the water is lost. This seems to be the only certain
double oxalate of nickel.
By polarographic measurements on the solution Sartori777 estimated the
value of the dissociation constant
[NiOx 2 I
[Ni++].[Ox""l2
to be 5 x 1013, almost identical with the-value obtained (with the same form
of constant) for the cyano-complex.
Dithio-oxalato-Gomplexes
When potassium dithio-oxalate K2C2O2S2 acts on a solution of a nickel
salt, an intense purple colour is produced which is stable on boiling, and
"• S. E. Brinkley, J.A.C.S. 1089, 61, 905,
" ' Q. Sartori, Gem, 1984, 64, 8.
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a purple-black crystalline solid of the composition KgN^CgSgOg^ can be
made to separate out. 778 The colour is so intense that it will detect one
part of nickel in 40 million of water. Robinson and Jones779 showed by
freezing-point and conductivity measurements that the potassium salt is
a strong ternary electrolyte. The nickel can be precipitated from the
solution by alkaline hydroxides and sulphides, but only slowly, though
potassium cyanide decomposes it at once.
Cox and his colleagues780 have shown that this compound and the
palladium and platinum analogues all have planar anions, the structure of
which must be
r<K y S \
yS\
^Ol
K2

i /A\ A

The nickel derivatives of oxy-acids like malic, tartaric, citric, and
salicylic781 are either ill-defined, or show little signs of complexity.

Complex Nickel Halides
The tendency to complex halide formation falls off with nickel in the
order Cl > Br > I, and presumably even more fluorides than chlorides
would be known if an equal amount of attention had been paid to them.
The sharp fall in the co-ordination number from 4 with fluorine to nearly
always 3 with chlorine is to be noticed.

Complex Fluorides
Only a few of these have been prepared, if we exclude those of the heavy
metals, where we are not sure which the co-ordination centre is.
The known complex fluorides of divalent nickel are nearly all of the
type M2NiF4. Only the potassium and ammonium salts seem to be known.
K 2 NiF 4 forms green quadratic tables 782 ; it dissolves easily in water, only
slightly in methyl or ethyl alcohol. While there is no doubt that the
anhydrous salt exists, an investigation of the system KF-NiF 2 —H 2 O
showed783 that no definite double salts occurred as solid phases, but
that there is a continuous series of solid solutions containing all three
components.
The behaviour of the system N H 4 F - N i F 2 - H 2 O 7 8 3 shows that
(NH4J2NiJ^4, 2 H2O exists, and the corresponding anhydrous salt can be
got by fusing its component salts together.784
778
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Complex Nickel Chlorides
Unlike the fluorides these are almost all of the tricovalent type MNiCl3.
No complex acid has been prepared, and nickel chloride, unlike cobaltous
chloride, is much less soluble in water in presence of hydrochloric acid.
With lithium LiNiCl3, 2 and 3 H2O occur and probably also Li4NiCl6,
10 H2O,785 which is practically the only known complex halide of divalent
nickel of the 6-covalent type. KNiCl3, 5 H2O, CsNiCl3, and perhaps
Cs2NiCl4 are known. NH4NiCl3 has been made, but ammonium chloride
forms a series of mixed crystals with nickel chloride, and this may merely
be one of them.
Double chlorides of organic bases (alkyl and arylamines, pyridine, quinoline, etc.) are more frequent; nearly all of these are of the type (BH)NiCl3.786
Complex Bromides
Hydrobromic acid turns a nickel bromide solution greenish-yellow, but
the only double salt isolated is CsNiBr3, yellow crystals stable in air, but
decomposed by water or alcohol. Ammonium bromide forms mixed
crystals with nickel bromide,787 as happens with the chlorides.
Complex Iodides
Nickel iodide forms a blood-red solution in concentrated hydriodic acid,
but no salt can be isolated except a very complex compound of unknown
constitution containing acetone.788
COMPOUNDS OF T R I V A L E N T N I C K E L

There is a small number of nickel compounds in which the valency of
the element is almost certainly 3, and possibly, but not probably, more.
The only undoubted members of this group are the black hydrated oxides
which are formed by the alkaline oxidation of divalent nickel, and are used
as strong oxidizing agents, as catalysts, and in the construction of secondary
cells. Much recent work seems to have proved that no anhydrous oxide of
nickel with more oxygen than NiO exists; but higher oxides certainly
occur in the hydrated state, although their constitution, and hence the
valency of the nickel in them, is not yet fully determined. Attempts to
prepare salts of trivalent nickel, such as a chloride or sulphate789,790 have
all failed.
Higher Oxides and Oxide-Hydrates of Nickel
It has been stated that by heating the oxide, carbonate, or nitrate of
divalent nickel to high temperatures in air, higher oxides of nickel,
especially the sesquioxide Ni2O3 are obtained; and that if nickel salts are
oxidized in neutral or alkaline solution, these oxides are produced in the
786
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H. Benrath, Z. anorg. Chem. 1932, 205, 417,
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G. F. Campbell, Z. anorg. Chem. 1895, 8, 126.
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hydrated form as black precipitates. Recent work,791"3 however, has shown
that the higher oxides do not exist in the anhydrous state.
The most decisive results are those of Hiittig and Peters, 793 who showed
that the behaviour of this oxide is very like that of the hydrated cobalt
sesquioxide Co2O3, H2O (see under cobalt, p. 1393). They obtained this
sesquioxide (of the composition M 2 O 3 , 4*25 H2O) by oxidizing a (divalent)
nickel salt in solution with alkali and bromine, filtering, and drying the
black precipitate over sulphuric acid in the cold. When heated under
10 mm. pressure it loses water down to M 2 O 3 , H2O at 138°, and at this
temperature gives off oxygen and water until the monoxide MO is left.
This is exactly what Co2O3, H2O does at 148-157°. A Debye X-ray
diagram showed only the lines of M 2 O 3 , H3O, and MO, and mixtures of
the two sets for the partially decomposed material.793'796"7 Hence the
substance cannot (as was suggested794"5) contain a hydrated dioxide, or an
intermediate oxide such as M 3 O 4 .
The K edge of the X-ray absorption798 of the nickel in these compounds
showed the usual increase of the shift (the difference of wave-length from
that for the pure metal) with the rise of valency, the shifts for MO, M(OH)2
and M 2 O 3 , H2O being 0-81, 1-10, and 1-82 X.U. (1,000 X.U. = 1 AU.).
Finely divided hydroxide M(OH)2 will take up oxygen in the cold from
sodium hypochlorite as a superficial layer, without affecting the crystal
lattice; on heating the oxygen seems to go into the lattice. 799

Nickel Peroxide-Hydrate
The highly oxidized black precipitates prepared in the ways already
mentioned often contain more oxygen than corresponds to M 2 O 3 , and this
has been ascribed to the presence of a dioxide MO 2 . The compounds of
course always contain water, no anhydrous oxide above MO being known,
and no oxide with an oxygen content as high as that of MO 2 , H 2 O. 799-800
Howell found794 that if the precipitate is heated under the mother liquor
there is a fairly rapid loss of oxygen, until the ratio corresponding to
M 2 O 3 is reached, after which the loss is very slow. Clark and his colleagues801 could get no definite X-ray patterns from these highly oxidized
products, and concluded that they were amorphous.
These hydrated oxides of nickel, with an O :M ratio equal to, or greater
than, 3:2, which undoubtedly exist (they are the depolarizers in ' alkaline'
accumulators such as the Edison), might all be formulated as peroxides
791
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without assigning to the nickel any valency greater than 2, and as there
are no other compounds of nickel which indicate for it a higher valency
than 2, this conclusion is not impossible. It seems, however, more likely
that the nickel has a valency of at least 3 in these oxides, and this for two
reasons, the shift in the K edge in the X-ray absorption spectrum found
by Cairns and Ott, and the very close resemblance found by Hxittig
between the behaviour of the hydrated sesquioxides of nickel and cobalt,
Ni2O 3, H2O and Co2O3, H2O. On the other hand, the existence of tetravalent
nickel in the highest oxidation products is very doubtful. It is more likely
that the excess of oxygen over that required for Ni2O3, so far as it is not
merely an absorbed layer on the surface, is held in the form of peroxide
links.
Nickel Carbonyl Compounds
The chief of these is nickel tetracarbonyl, Ni(CO)4, the first of the metallic
carbonyls to be discovered.802 It is made by passing carbon monoxide
over finely divided metallic nickel at a temperature below 100°. It is a
colourless liquid melting at —25° and boiling at +43°. It is miscible with
benzene, but almost insoluble in water (soly 0-018/10°). On heating it
decomposes below 100° into carbon monoxide and nickel, and the benzene
solution does the same on boiling, but in the cold the compound is not
acted on by dilute acids or alkalies. It is diamagnetic. It is highly poisonous, four parts by volume in 10,000 of air being lethal to animals; the
amount of carbon monoxide which it contains is quite insufficient to
account for this, and the toxicity must be due to the nickel. The parachor
is 259-9, at 8-20°, giving 19-9 as the atomic parachor of nickel.803
The decomposition of the vapour at 100-128° is804 mainly a homogeneous reaction, with a heat of activation of 10-25 k.cals. Alone or in
benzene solution the carbonyl reacts with the oxides of nitrogen, and the
more readily the more oxygen they contain,805 giving among other more
obscure products the curious compound Ni(NO)OH, H2O (see p. 1453).
Ni(CO)4 obviously has the 4 CO groups acting as donors in the coordination to the nickel giving (mainly) the formula Ni(^-CS=O)4; hence
the valency is, strictly speaking, zero. The E.A.N, is 36, that of krypton.
The molecule has been shown by electron diffraction806 to be tetrahedral, as we should expect since the nickel has a valency octet; the
grouping Ni—C—O is linear. This is supported by the infra-red spectrum. 807-8 The conclusion drawn809 from the Raman spectrum that the
molecule is planar has been shown810 to be incorrect.
802

L. Mond, C. Langer, and F. Quincke, J.C.S. 1890, 57, 749.
F . W. Laird and M. A. Smith, J.A.C.S. 1935, 57, 266.
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* C. E. H. Bawn, Trans. Far. Soc. 1935, 3 1 , 440.
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J . C, W. Fraser and W. E. Trout, J.A.C.S. 1936, 58, 2201.
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L. O. Brockway and P . C. Cross, J . Chem. Phys. 1935, 3, 828.
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C. R. Bailey and R. R. Gordon, ib. 1938, 6, 225.
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B. L, Crawford and P. C. Cross, ib. 525.
808
A, B. F, Dunoan and J, W. Murray, ib. 1984, 2, 086.
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Carbonyl Derivatives of Monovalent
Nickel
Divalent nickel compounds do not take up carbon monoxide, but the
red solution of the monovalent K 2 Ni(CN) 3 absorbs the gas (with loss of its
red colour) extraordinarily quickly 811 " 12 (70 c.c. at 0° in less than 30
seconds). 812 The colour changes from deep red to orange yellow. The
resulting (like the original) solution has a strong reducing power (for
example it will reduce ammoniacal silver solution to the metal) which it
soon loses on exposure to the air. With sulphuric acid it gives a grey
precipitate which with hydrogen peroxide assumes the greenish colour of
nickel dicyanide Ni(ON)2.
This easily oxidized carbon monoxide compound has not yet been
isolated, but the carbon monoxide absorbed (at 0° or below) by a solution
of known Ni' content, is the average 15-5 litres (70 per cent, of a g. mol.)
per gram-atom of nickel 812 ; since there is always some oxidation of the
nickel by the water with the liberation of hydrogen, We may take it that
this shows that the composition of the compound is K 2 Ni(CN) 3 CO. If it
is monomeric the E.A.N, of the nickel is 35, so that we should expect it to
be dimeric.
The orange nickel monocyanide which is precipitated from the red
solution on acidification is also able to take up carbon monoxide on
vigorous shaking. The precipitate turns to a yellow colour, and finally to
the green of the dicyanide Ni(CN) 2 : the gas above the liquid was found to
contain nickel carbonyl.
In the tetracarbonyl the valency of the nickel is zero; in the other
carbonyl compounds (if they are monomeric) it is 1.
Nitrosyl
Compounds
Nitric oxide, like carbon monoxide, is absorbed by monovalent but not
by divalent nickel. 813 The solution of the potassium salt K 2 Ni(CN) 3
absorbs nitric oxide with a change of colour from red to deep wine-red,
the product probably being of the composition K 2 [Ni(CN) 3 NO]. Further,
when potassium thiosulphate acts on a solution of nickel (Ni") acetate
in aqueous alcohol in an atmosphere of nitric oxide, the gas is absorbed,
the liquid turns deep blue, and a blue oil separates which solidifies to a
bluish-green powder looking rather like chromium sesquioxide, which has
the composition K3[Ni(S2Og)2(NO)], 2 H 2 O. 813 This gives in water a blue
solution which is slowly oxidized by air; it is decomposed by acids or
alkalies at once>but by sodium carbonate solution only on boiling.
A good deal of light has been thrown on these phenomena by the work
of Anderson. 814 * 15 Following up an observation of Reihlen's 816 he showed
811

A. Job and A. A, Samuel, CM. 1923, 177, 188.
W. Manchot and H. Gall, Ber, 1926, 59, 1060.
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W. Manchot, ib. 1926, 59, 2445.
814
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that nitric oxide acts on a solution of Ni(CO)4 in benzene to give a blue
powder OfM(NO)OH, x H2O (x = 1-52); this is volatile in a high vacuum,
but decomposes below 90°; it is very soluble in ethyl and methyl alcohol
and water to give a blue solution with an alkaline reaction, which decomposes slowly.
This substance (whose molecular weight is of course unknown) is clearly
a base, of which Manchot's compounds K2Ni(CN)3NO and #
K3[Ni(S A) 2 NO], 2 H2O
can be regarded as complex salts.
The valency of the nickel in all these nitrosyl compounds, if they are
monomeric, is zero.

THE PLATINUM METALS
AS already explained, there is a very sharp difference between the first
J \ triad of Group VIII and the others, due mainly to the facts that in the
second and third triads simple ions practically do not occur, and that the
higher valencies become increasingly important. The relation between
the remaining two members of each of the vertical series VIII A, VIIIB,
and VIIIC is apparent as soon as we pass the first triad; the second triad
differs much less from the third than it does from the first. We shall
therefore discuss the six platinum metals in the order ruthenium, osmium:
rhodium, iridium: palladium, platinum.
The abundance of these elements in the earth's crust in parts per
million (g./ton) is Ru, Os, Rh, Ir about 0-001; Pd 0-01; Pt 0-005.
For the magnetic behaviour of compounds of the platinum metals see
Mellor.817
*" D. P. Mellor, Proc. B.S. N. S. Wales, 1943, 77, 145.

GROUP VIII A (8)
R U T H E N I U M A N D OSMIUM

T

HESE elements resemble one another in many respects, and especially
in their power of assuming a large number of different valencies. Of
these ruthenium has 9, all from zero (in the carbonyl) to the group valency
of 8 in the tetroxide. Osmium does not go so far as this, but it can have
valencies of 0, 2, 3, 4, 6, and 8. The properties of the two elements in each
of these various valencies may be briefly compared; they show & close
resemblance in many even quite small details, and the usual increase in
stability of the higher valencies as we pass from ruthenium to osmium.
Valency = 0
Ruthenium has one compound in which it has this valency, the carbonyl
Ru(CO)5: the osmium analogue Os(CO)6 has recently been discovered.
Valency = I
With ruthenium there is some sign of this valency occurring in solution:
with osmium there is none. [The absence of this lowest valency with
osmium, while it occurs, or may occur, with the lighter ruthenium, is the
usual effect of the rise of atomic number.]

Valency = 2
With ruthenium this is a valency of some importance. No simple compounds have been isolated, but ruthenium compounds, and quite probably
the divalent ruthenium ion, must occur in the blue solution got by reducing
trivalent ruthenium compounds. They are, however, far less stable than
the ferrous ion and its compounds.
The divalent ruthenium complexes are confined to a few types, but all
these are fairly stable, and some are very stable, far more so than the
weak complexes of ferrous iron; apart from a carbonyl compound
Ru(CO)2Cl2, which is presumably 4-covalent, they are all 6-covalent,
which is very unusual for the complexes of a divalent atom.
With the ammines there is a sharp distinction between the chelate
diamine derivatives, and the simple monamine compounds. The chelate
compounds are all trichelate. The others all have a co-ordination number
of 6, which, however, is never made up of 6 amine groups, but only of
5, 4, or 2 (not 3), at least one of the remaining places being filled up by a
sulphite residue, (SO3)", (SO3H)', or (SO2)0, as in the compound
[Ru(NHa)4(SO3H)2]0.
The anionic complexes are either cyanides, or nitrosyl compounds, or
both. The pure oyanides are all of the ferrooyanide type M4[Ru(CN)6];

they are very stable, and as with the ferrooyanides the aoid can be isolated.
The nitrosyl compounds (disouesed later, p, 1434) are peculiarly numerous
with ruthenium; there are over eighty enumerated in Grnelin, They all
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Valencies

have only one nitrosyl group; properly interpreted they all contain
divalent ruthenium. They include a fairly stable group of the type
Ru(NO)(hal)3 (hal = Cl, Br, I); and many complexes. The ammines have
1, 2, 3, or 4 but never 5 amine groups; the anions include such complexes
as M2[Ru"(NO)Cl5], M2 [Ru"(N0) Ox2Cl], and the cyanides, which are all of
the nitroprusside type M2[Ru"(NO)(CN)5].
The divalent osmium compounds are rather fewer. The binary compound OsCl2 can be isolated; it must be highly complex: it is a brown solid
unaffected by boiling with water. There is also a compound Os(CO)3Cl2,
almost but not quite corresponding to Ru(CO)2Cl2; the complexes are
almost confined to the three types M4[Os(CN)6], very stable: M2[Os^(NO)X5]
the only nitrosyl compound formed by osmium (hal = Cl, Br, I): and
M4[Os(SOg)3]. These complex sulphito-compounds, the one class of divalent osmium complexes to which ruthenium has no exact analogue, are
especially common with osmium, occurring in the valencies 2, 4, and 6.
Valency = 3
With ruthenium this is the most important of the valencies. The
'simple' compounds, such as the chloride RuCl8 and the cyanide Ru(CN)8,
are no doubt really complex. The complex salts include ammines, nearly
all with a co-ordination number of 6, of the types
[RuAm6]X3, [RuAm5R]X2, [RuAm4R2]X, and [RuAm3R3]0;
R is always a radical, and not H2O. The complex haHdes are formed by
chlorine and bromine, not by fluorine or iodine. All types occur from
M[RuX4] to M4[RuX7] (structure unknown); they are not very stable, and
the bromides less so than the chlorides. There are also complex nitrosalts M2[Ru(N02)5], which are stable enough to be recrystallized from water.
This state is less stable with osmium, and the compounds are very
limited in number. There is one binary compound OsCl3, subliming at
350°, and changing at 560° to OsCl2+OsCl4. It dissolves in water but
only ionizes slowly. There are two types of complexes, the halides
M8[OsCl6] and M3[OsBr6], which decompose easily, and the nitrocompounds M2[Os(N02)5], of the same odd type as with ruthenium.
Valency = 4
The ruthenium compounds of this valency are few but stable. The
simple compounds include the very stable dioxide RuO2, and of the halides
only the tetrachloride RuCl4 and an oxy-halide RuCl3OH, made by the
reduction of ruthenium tetroxide with hydrochloric acid. There is also
a sulphate*.
Of the complexes the ammines are few and uncertain, probably all
having the co-ordination number of 6. The complex halides are numerous
and definite; they are only formed by chlorine and bromine, and are all
either M8[Ru(hal)8] or Ma[Ru(hai)fiOH]; they are fairly stable.
With osmium tetravalenoy is muoh the most stable state, as trivalenoy
is with ruthenium. The binary compounds inolude the tetrachloride OsF1,

Valencies 4 to 7
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black, non-volatile, soluble in water: OsCl4, which only dissolves in water
as it hydrolyses: a hydroxy-chloride OsCl3OH.
There is a tetraiodide, and a dioxide (the disulphide, diselenide, and
ditelluride have a pyrites structure, and so contain divalent ruthenium).
The complex salts are also numerous, though they are all anionic, and
there are practically no ammines; they are all 6-covalent and are usually
quite stable. The hexahalides M2[Os(hal)6] occur both pure and mixed,
with (hal)6 represented by F 6 , Cl6, Br6, I 6 , Cl5Br, Cl3Br3, Cl5OH, Br5OH,
and Cl5NH2. There are also sulphito-compounds.
Valency •— 5
With ruthenium this is only found in the fluoride RuF 5 , boiling-point
273°, which is hydrolysed by water.
Osmium forms no pentavalent compounds at all.
Valency = 6
With ruthenium this valency only occurs in the ruthenates M2RuO4 and
their derivatives, which correspond to the ferrates. The ruthenates are
made by oxidizing ruthenium with potassium permanganate or nitrate;
the corresponding chloro-ruthenates M2[RuO2Cl4] by the action of hydrochloric acid on ruthenium tetroxide. The chlorine in the latter compound
is easily hydrolysed.
For osmium the valency of 6 is the next most important valency after
that of 4. There is a hexafluoride OsF6 (b. pt. 204°, hydrolysed by water
at once), and a phosphide OsP 2 ; all the other hexavalent compounds are
complexes. They include the osmates M2OsO4, which can be made by the
alkaline oxidation of metallic osmium, or the alkaline reduction of osmium
tetroxide; they are red or brown salts, easily soluble in water, stable when
dry but decomposing when wet. They give two series of so-called osmyl
derivatives, the * osmyl' salts, of the type M2[OsO2X4] (like the ruthenium
compounds) where X = Cl3 Br, CN, NO2, £0x, £S0 3 : and the 'osmyloxy5 salts M2[OsO2-O-X2], where X = Cl, Br, NO2, and | 0 x . AU these
salts are stable when dry, but decompose in solution. It should be noticed
that there is no real analogy between the osmyl group and the uranyl
group except the formal one that both are XO 2 ; the osmyl group is always
a constituent of a complex anion, whereas the uranyl group is itself a
cation.
There are also the very curious 'nitrilo-halides' M[OsNBr4], M2[OsNCl5]
and M2[OsNBr5] which are made by the reduction of the osmiamates
(octovalent osmium derivatives) M[OsO3N] with halogen hydride.
Valency = 7
With ruthenium this is entirely confined to the perruthenates M[RuO4],
corresponding to the permanganates; they are stable in air when dry, but
the green aqueous solution changes on standing to the orange ruthenate
M8[RuO4], with precipitation of the dioxide RuO8 and evolution of oxygen,
Osmium forms no heptavalent compounds at all.
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Valency = 8

This is the group valency.
With ruthenium this is found only in the tetroxide RuO4, made by the
oxidation of the metal, or of a ruthenate M2RuO4 with chlorine. It melts
at 27°, sublimes easily, and is somewhat soluble in water. It is an unstable
substance, readily reduced (usually to a trivalent or tetravalent ruthenium
compound, or to a ruthenate) by light, hydrochloric acid, or heat.
There are a fair number of octovalent osmium compounds. There is the
tetroxide OsO4, melting at 40° and boiling at 130°. It behaves in water as
the anhydride of a very weak acid, such as H2[OsO4(OH)2]; it is much less
easily reduced than ruthenium tetroxide. There is an octofluoride OsF8
(the only known compound AB8), melting at 34«4° and boiling at 47-5°;
very reactive, and hydrolysed by water.
There are several complex acids derived from the tetroxide, such as
M[OsO4(OH)], and M2[OsO4F2]. There are also the curious osmiamates
M[OsO3N], easily formed from the tetroxide with ammonia in concentrated
alkali; they are derived from OsO4 by replacing one oxygen atom by an
NH group, the hydrogen of which is acidic.

RUTHENIUM
RUTHENIUM is usually regarded as the rarest of the platinum metals, and
this is true of the proportions in the platinum ores, but in the earth's crust
ruthenium is no rarer than rhodium, osmium, or iridium.
The chemistry of ruthenium is peculiarly obscure; it is so rare that only
small quantities are available, and it occurs in nine valency states, often
going very readily from one to another. The atomic weight is among the
least certain,818 since no really suitable compounds for its determination
are known.
Metallic
Ruthenium
Ruthenium is a hard white metal, melting at about 2,500° and boiling
at about 3,700°. It occurs in four modifications, with the following transition points: 819
y. p
^y
a
> 3#
1030-1040°

1200°

ca.1500°

Its specific resistance is 7*46 x 10~6 at 0°; it is not a superconductor.
Though it is not oxidized by air in the cold, ruthenium combines with
oxygen on heating more readily than any other platinum metal except
osmium. The powdered metal is converted by ignition in air into the
dioxide RuO2. The metal is insoluble in acids, even in aqua regia, but if
potassium chlorate is added to the solution it is oxidized explosively. It is
dissolved by fused potash to give the ruthenate K2RuO4, and is converted
by chlorine into the trichloride RuCl8.
The metal is a powerful catalyst, especially for oxidations, and is sometimes used technically for this purpose, in spite of its high price.
Ruthenium and Hydrogen
Compact ruthenium takes up no hydrogen, but as a fine powder it
absorbs a large amount, which is not removed in a vacuum in the cold, and
is presumably held on the surface in the atomised condition.820

Ruthenium and Carbon
Carbon dissolves in molten ruthenium. According to Moissan821 the
carbon crystallizes out again on cooling, but if the solution is kept for an
hour at 2,500° a purple crystalline carbide is said to be formed; it was not
analysed.822
Ruthenium and Nitrogen
It is very doubtful if any nitride exists.823
818
K. Gleu and K. Rehm, Z. anorg. Chem. 1938, 235, 352.
819
F. M. Jaeger and E. Rosenbohm, Proc. Acad. Amst. 1931, 34, 812; Rec. Trav.
1932,
51, 37; F. M. Jaeger, Z. anorg. Cfiem. 1931, 203, 98.
880
E. Miiller and K. Schwabe, Z. physikal. Chem. 1931, 154, 143; Z. Mektrochem.
1929,
35, 181.
811
H. Moissan, OM. 1900, 142, 191.
Ml
J. 0. MoLennan, J. F. Allen, and J. O. Wilhelm, Tram. Boy. Soo. Canada,
1931, [3] 25, iii. 15.
» ' lee W. Manohot And W. J. Manohot, Z, anorg, Ohm. 1936, 226, 411.
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Ruthenium and Phosphorus
The phosphide RuP is stable in contact with phosphorus vapour under
1 atmosphere between 900° and 1,100°; it is black, very resistant to
alkalies, and scarcely attacked even by aqua regia.824
Monovalent
Ruthenium
Apart from certain carbonyls and nitrosyls all attempts to isolate monovalent ruthenium compounds especially the monohalides826"*6 have failed.
Monovalent ruthenium may, however, exist in solution. The blue solution obtained by reducing a solution of trivalent ruthenium827""8 is now
generally admitted to contain the divalent form (see next section). But
Manchot claims820"80 that if a ruthenium dihalide or trihalide is treated in
solution with a hypophosphite, a colourless or pale yellow solution is
obtained, which evolves hydrogen, and has a very high reducing power.
He concludes that this contains monovalent ruthenium. This has, however, been denied.831
DIVALENT RUTHENIUM
SCARCELY any simple compounds of divalent ruthenium are known, but
there are a variety of complexes, and the divalent atom can undoubtedly
exist in solution, though whether as a simple or a complex ion is not
certain.
If the solution of a compound of trivalent ruthenium, say the trihalide,
is reduced electrolytically or in other ways, the reddish-brown liquid
becomes pure blue. This blue colour was observed by Fourcroy and
Vauquelin as early as 1804, and was at first attributed to osmium. The
nature of the blue substance which this solution contains has been much
disputed, but there can be little doubt that it is some form of divalent
ruthenium. The evidence for this is the quantitative determination of the
amount of reducing agent needed to convert the trivalent ruthenium into
the blue form, which has been carried out with a variety of reducing
agents: with sodium amalgam,832"4 with hydrogen and platinum black,835~6
with a chromous solution,837"8 and by cathodic reduction.839 This is sup884
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ported by a determination of the amount of potassium permanganate
needed to convert the ruthenium in the blue solution into the ruthenate. 840
The exact nature of the blue compounds is uncertain, but in a hydrochloric acid solution there is no doubt a complex chloride present, which
may be H[RuCl3] or H2[RuCl4]; in any case it is evidently not very stable,
since the ruthenium can be precipitated slowly by various anions such as
those of the alkalies, hydrogen sulphide, and hydrogen peroxide; potassium permanganate oxidizes the compound at once. As often, the oxidation is much more rapid in alkaline than in acid solution; the precipitated
dihydroxide Ru(OH)2 is oxidized by oxygen almost immediately. The
blue solution is not colloidal: it does not give the Tyndall effect, and it is
not precipitated by salts.
The simple compounds of divalent ruthenium are few. The supposed
oxide RuO has been shown841~2 not to exist.
The hydroxide is undoubtedly produced (probably hydrated) as a brown
precipitate darkening in the air through oxidation to Ru(OH)3, when the
blue solution is treated with alkaline hydroxide; but it has not been
obtained in the pure state.842-5
The monosulphide RuS does not exist, but the compounds RuS2, RuSe2,
and RuTe2, which do, have been shown to have pyrites lattices (with S - S
ions), and so to contain divalent ruthenium,
Ruthenium Bisulphide, R u S 2
Tensimetric and X-ray examination shows846 that the disulphide is the
lowest and the only certain sulphide of ruthenium; the supposed higher
sulphides are probably mixtures of the disulphide with free sulphur. It
can be made from the trichloride and sulphur at 400°,847 or by the action
of hydrogen sulphide on the trichloride either wet or dry, or from the
elements at 1,200°.84ft It forms grey-blue crystals, which are shown by
X-ray analysis847 to have a pyrites lattice, with a Ru—S distance of
2-31 A. It begins to decompose into its elements about 1,000°; it is easily
oxidized by air on warming, or by nitric acid.
The selenide RuSe2 and the telluride RuTe2 are shown by X-ray
measurements848 to be the only compounds formed by the elements in
question. They have a pyrites lattice, and are very similar in every way
to the disulphide.849
The dihalides must undoubtedly occur in the blue solutions, and the
840
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dichloride and dibromide have been separated, though not in the pure
state. If the blue solution in hydrochloric acid is evaporated down, a
dark blue or blue-black solid of intermediate composition is left behind,
but this has usually been found to give the vapour pressure of the
trihalide.
Gall and Lehmann, however, 835 by the reduction of the chloride obtained
a dark blue substance which on analysis gave the ratio Ru:Cl as 1:2*1,
and formed an intensely blue solution in water and in alcohol. In the same
way by the reduction of ruthenium tribromide in absolute alcohol with
hydrogen and platinum black they obtained a black crystalline substance
in which the ratio R u : B r was 1:2*04. With the tri-iodide R u I 3 a blue
solution was formed, but no solid could be separated from it.
Ruthenium dicyanide, Ru(CN) 2 . If potassium cyanide is added to the
blue RuCl 2 solution a grey-green precipitate is formed, which is easily
soluble in excess of potassium cyanide, and may be the dicyanide. 850
A dithionate RuS 2 O 6 is said 851 to be formed by the action of sulphur
dioxide on a solution of the divalent sulphate RuSO 4 . I t is a yellow powder,
easily soluble in water, and begins to give off sulphur dioxide at 80°. I t
needs further investigation.
These are the only simple compounds of divalent ruthenium t h a t are
known, but the complexes, especially the cyanides, ammines, and nitrosylderivatives (p. 1484), are numerous.
COMPLEXES OP DIVALENT RUTHENIUM
T H E S E complexes are reasonably stable, and some of them very stable;
they nearly all have the co-ordination number of 6. On theoretical grounds
we should expect t h a t 6-covalent complexes of divalent ruthenium would
be diamagnetic like the ferrocyanides, and those of trivalent paramagnetic
like the ferricyanides, and so far as the compounds have been examined
this is so. But these divalent complexes are limited in extent in a very
peculiar way. They comprise complex ammines, with 6 nitrogen atoms
attached to the ruthenium when they are chelate, but never more than
5 when they are not: the cyanides, of the type M 4 [Ru(CN) 6 ], like the ferrocyanides: and an extensive series of nitrosyl derivatives, never having
more than one NO in the molecule, which are discussed in a later section
(p. 1484).
Complex Cyanides of Divalent
Ruthenium
These compounds are all of the type M 4 [Ru(CN) 6 ], corresponding to the
ferrocyanides; they can be made (1) by converting ruthenium into the
ruthenate by fusion with potassium hydroxide and nitrate, and treating
the product in boiling aqueous solution with potassium cyanide, 852 or
(2) by evaporating ruthenium trichloride in a water bath with excess of
880
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potassium cyanide until it becomes colourless.
In either case the excess
of potassium cyanide acts as a reducing agent.
Ruthenocyanic acid, H4[Eu(CN)6].854 The complex is so stable that it is
possible to isolate the free acid, which is precipitated by ether from an
acidified solution of the potassium salt: colourless plates, stable when dry,
easily soluble in water and alcohol.
The sodium salt Na4[Ru(CN)6], 0 and 3 H2O is made855 from sodium
ruthenate and sodium cyanide: it is colourless. The potassium salt has
3 H2O which it loses in vacuo at 110°. The aqueous solution is decomposed
by mineral acids with evolution of prussic acid.
Various other salts are known, such as Ca2A,863 very soluble in water:
Sr2A, 15 H 2 O: Ba2A, 6 H2O, moderately soluble in water.
The ferric-potassium salt Fe^K[Ru(CN)6] is 'ruthenium purple', which
can be used as a pigment. It is in fact Prussian Blue Fe^KfEV(CN)6] in
which the ferrous atom is replaced by divalent ruthenium856 (see above,
p. 1339).
AMMINES OF D I V A L E N T R U T H E N I U M

Hexammines
The hexammines are all trichelate, and are only known in the derivatives of dipyridyl and tripyridyl, examined by Morgan and Burstall.
The dipyridyl salts are made857 by the direct action of a, a'-(2,2'-)
dipyridyl on ruthenium trichloride or a complex of trivalent ruthenium
such as ruthenium red (a chloro-ammine) or a complex halide like M[RuCl4],
at a high temperature (250°) in the absence of a solvent, or more slowly
in aqueous or alcoholic solution. The ruthenium is reduced to the divalent
state by part of the dipyridyl:
2 RuCl3 + 8 C10H8N2 =( 2 [Ru(C10H8N2J3]Cl2 + C20H14N4 + 2 HCl
C10H8N2 is dipyridyl: the product C20H14N4 is a new tetramine, whose
constitution is not yet known. The ready occurrence of this unusual
reduction suggests that the tri-dipyridyl complex is exceptionally stable
with divalent rather than trivalent ruthenium. These salts are remarkably
stable; the chloride is not affected by heating to 300° or by boiling with
concentrated hydrochloric acid or 50 per cent, potassium hydroxide, and
the optically active bromide (see below) does not racemize in solution at
all in the cold, and only slowly at 90°.
The free base [Ru(dipy)3](OH)2, 8 H2O consists of red hygroscopic
crystals, very soluble in water; it is strong enough to expel ammonia from
its salts and absorb carbon dioxide from the air to form a solid carbonate.
The salts, which are all red, contain a large amount of water of crystallization, presumably because of the large size of the cation: thus we have
8M

J. L. Howe and E. D. Campbell, ib. 1898, 20, 32.
F. Krauss and G. Sohrader, Z. anorg. Ohem. 1927, 165, 70.
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[Ru(dipy)3]Cl2, Br 2 ,1 2 , (C104)2, (NO3J25 all with 6 H 2 O: (OH)2, 8H 2 O: CO3,
10 H 2 O: tartrate, 6 H2O. They retain their water of crystallization
rather firmly: the chloride loses it only at 200°, and the carbonate goes
in vacuo to the hexahydrate. The perchlorate, in spite of its large watercontent, is only slightly soluble in water.
The tartrate was resolved by Burstall by fractional crystallization into
its optical antimers, and the activity persisted after conversion into the
bromide: it has the high value usual among such compounds, [M] being
7,205°. The aqueous solution of the bromide is quite stable in the cold,
and only racemizes slowly at 90°.
The tripyridyl complex of divalent ruthenium was made858 by heating
the base with ruthenium trichloride, metallic ruthenium being present
as well to act as a reducing agent. The chloride [Ru(tripy)2]Cl2, 4 H2O
(again a hydrate) is a red soluble salt, not affected by treatment with concentrated hydrochloric acid or concentrated alkaline hydroxide. Attempts
to resolve it through the tartrate were not successful.
Lower Ammines: Ammonia
Compounds
The ammonia complexes of divalent ruthenium also form a remarkable series. They are known to us only through the work of Gleu and
Breuel.859-60 Although their co-ordination number is always 6 they never
have 6 NH 3 groups but 5, 4, or 2,* and of the remaining places in the
sixfold complex at least one is always occupied by a sulphite radical of
one kind or another.
When sodium bisulphite acts on the 'purpureo' salts of trivalent
ruthenium [Ru(NHg)5Cl]X2, the ruthenium is reduced to the divalent
state, and one NH 3 is expelled giving a mixture of two colourless products,
an almost insoluble tetrammine [Ru''(NH3)4(S03H)2], and a readily soluble
diammine Na4[Ru''(NH3)2(S03)2(S03H)2]. If the first of these is heated
with dilute acid it undergoes a remarkable change:
[Ru^(NHa)4(SO3H)2]+ 2 HCl = [Ru"(NH3)4(S02)Cl]Cl + SO2 + 2 H2O.
The chlorine in this last complex is not very firmly held: it is to some
extent replaced by H2O in aqueous solution, and if the solid is treated with
aqueous ammonia it is replaced by NH 3 , with the formation of the pentammine complex Ru"(NH3)5S03.860
The behaviour of the sulphurous residues in these complexes is peculiar.
They can occur in three forms, [SO2]0, [SO3H]", and [SO3]", all three of
/O
which can occupy one co-ordination place (SO3 as M—O—Sv ), and the
* The triammine (NH8 )3 form seems to be as unstable here as it is found (see
pp. 1471, 1487) to be in the nitrosyl ammines.
888
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/ 0 \
last also two, as MC yS<~>0. The last two of these groups are familiar
in complexes, but the first, SO2, has never been found in any complexes
but these. Gleu and Breuel point out that the occurrence of SO2 as a group
replacing H2O or NH 3 in complexes is to be expected, especially in view
of the similarity of SO2 and H2O as solvents861 (VI. 898) (i.e. of the
strong donor properties of sulphur dioxide), and they suggest an analogy
to carbon monoxide in the carbonyls. This analogy goes far, since not
only is ruthenium among the elements which readily form carbonyls, but
in these sulphito-compounds, as in all its divalent 6-covalent complexes,
it has the E.A.N, of 54 (krypton).
The colours of these compounds should be noticed:
A. Hexammines: all red.
B. Pentammines860:
[Ru(NHg)5SO3], 2 H 2 O: colourless.
[Ru(NHa)5SO2]Cl2, Br2, (N0 3 ) 2 , S2O6, SO4, 2 H 2 O: all red.
C. Tetrammines.859
[Ru(NH3J4SO3H)2]: colourless insoluble.
[Ru(NH3)4S02Cl]Cl, red: ]S0 4 H red: -Br]Br, brown, very slightly
soluble: —(OH2)](N03)2, yellow: —(OH2)]S206, pale yellow.
D. Diammines.859
Na4[Ru(NH3)2(S03)2(S03H)2], 6H 2 O, colourless, slightly soluble.
Ammonium salt, 4 H2O, colourless, readily soluble.
TRIVALENT RUTHENIUM
THIS is on the whole the stablest state of ruthenium, but even here the
simple salts scarcely exist. The trijialides, other than the trifluoride, can be
got in a more or less pure state, and there is also a cyanide. For the redox
potentials of the ruthenous ion see reference 862.
The complexes are numerous, comprising ammines of co-ordination
number 6, with from 2 to 6 amine groups attached to the ruthenium:
complex halides of every type from MRuX4 to M4RuX7, and a few nitroand oxalato-compounds. The complete absence of complex cyanides of
trivalent ruthenium is remarkable, in view of the stability of the divalent
cyanides, of the ferricyanides, and of the simple tricyanide.
Ruthenium Sesquioxide, Ru 2 O 3
Recent work has shown that this does not exist: see under RuO (p. 1461)
and RuO2 (p. 1475).
Ruthenium Trihydroxide, Ru(OH) 3
This is certainly contained in the black precipitate formed by the action
of alkalies on a solution of ruthenium trichloride. It is very difficult to
801
G. Jander and K. Wiokert, Z. physikal. Ohem, 1930, A 178, 57.
••• F. P. Dwyer, J. B. Humpoktz, and E, S, Nyholm, Proo. B.S, New £. WaUt9
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wash it free from alkali, and the substance is very unstable, being easily
oxidized by the air to the tetravalent state and reduced by hydrogen
below 4O0.863"6

Ruthenium Trihalides
Attempts to prepare the trifluoride RuF 3 have all failed.867 The other
trihalides are known.
Ruthenium Trichloride, RuCl 3
This substance, which is the easiest simple compound of trivalent
ruthenium to obtain in the pure state, is used as a standard for the determination of the valency of ruthenium in other compounds.
It can be made by the action of chlorine on the metal at 450°, a reaction
which is catalysed by the presence of carbon monoxide, apparently through
the formation of an intermediate carbonyl compound868; at 600° it is
deposited on the sides of the tube in crystals. It can also be made from
ruthenium tetroxide by the combined action of chlorine and carbon
monoxide, or by heating it in hydrochloric acid to 110°: from the trihydroxide Ru(OH)3 and hydrochloric acid: by the reduction of the tetrachloride RuCl4: or by the oxidation of the blue RuCl2 solution. The best
method is either by the action of chlorine (containing some carbon monoxide) on the metal at 700-800°, or by evaporating a solution of ruthenium
tetroxide in hydrochloric acid in a current of hydrochloric acid gas.
It forms black opaque leaflets, which have a layer-lattice (V. M. GoIdschmidt). On heating it volatizes with considerable decomposition; the
dissociation pressure of chlorine at 450° is 24 mm. When it is prepared
from the elements at a high temperature the chloride is almost completely
insoluble in water, but the trihydrate which is made from the tetroxide
and hydrochloric acid is hygroscopic, and gives brown or reddish solutions
in water, which at first contain no ionized chlorine.831 This latter form is
the * water-soluble' trichloride of Remy,869 which is used as a standard in
the determination of the valency of ruthenium in its compounds.
The aqueous solution of ruthenium trichloride readily hydrolyses,
especially on warming, precipitating the black hydroxide Ru(OH)3.
Ruthenium Tribromide9 R u B r 3
Hydrobromic acid acts on ruthenium tetroxide in the same complicated
way as hydrochloric, giving a variety of products which include the
tribromide and the tetrabromide and their complexes. Ruthenium tribromide free from these other substances can be made867*870-1 by dissolv888
A. Gutbier, G. A. Leuchs, and H. Wiessmann, Z. anorg.885Chem. 1916, 95, 185.
884
F. KrauBS and H. Kiikenthal, ib. 1924, 132, 316.
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ing the trihydroxide Ru(OH)3 in hydrobromic acid and evaporating the
solution. It forms dark hygroscopic crystals, but it has never been got in
the pure state. It dissolves in water and in aqueous hydrobromic acid
to form a brown solution: the acid solution goes red on standing, probably
owing to the formation of the complex ion [RuBr5]". The aqueous solution readily hydrolyses. On addition of alkaline bromides it gives complex
bromides (p. 1473).
Ruthenium Tri~iodide9 R u I 3
This is made by treating ruthenium trichloride with potassium iodide,
or by adding potassium iodide to the solution of ruthenium tetroxide in
hydrochloric acid, or directly from the tetroxide and hydriodic acid
solution, which is perhaps the best method of preparation.867*872
It is a black substance,870 not hygroscopic, and not more than slightly
soluble in any solvent. It is easily oxidized with the separation of iodine.

Ruthenium Tricyanide, Ru(CN)3, 5 H2O
If chlorine is passed into the colourless solution of potassium ruthenocyanide K4[Ru(CN)6], this turns yellow and then reddish-brown, and the
addition of sulphuric acid to the solution precipitates a blackish-green
substance which after drying has the composition Ru(CN)8, 5 H2O. It is
stable and does not decompose in a vacuum below 250°; it is insoluble in
water, and with ammonia gives an (also insoluble) diammine
[Ru(NH3J2(CN)3(H2O)]0.^
No ruthenicyanides (of trivalent ruthenium) are known.
? Ruthenium Sulphite, Ru 2 (S0 3 ) 3
When the pale red solution of tetravalent ruthenium sulphate Ru(S04)2
is reduced with sulphur dioxide and alcohol added, a blue precipitate
separates from the blue liquid, which after drying at 80° has the composition Ru2(SOg)3.874 The solution seems to be colloidal, as it is precipitated
by the addition of any salts.
This substance is obscure. The blue colour strongly suggests that the
ruthenium is divalent.
COMPLEXES OF TRIVALENT RUTHENIUM
are numerous, but somewhat limited in their types. They are
especially common among the ammines, and also, though in a less degree,
among the complex halides (no complex halides of divalent ruthenium
are known). There are also some nitro- and oxalato-salts, and a few
derivatives of /S-diketones. There are no complex cyanides.

THESE
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Ammines
With the exception of the curious compounds 2 RuX 3 , 7 NH 3 (X = Cl,
Br, I), whose constitution is not understood, these are all hexa-, penta-,
tetra-, or triammines, and all these classes are of about the same stability.
They all seem to have a co-ordination number of 6. No chelate ammines
have been made except of the tetrammine class, but this may be only an
accident.
Hexammines
These are known as 'Luteo* salts, the name being taken over from the
chromic and cobaltic salts of the analogous composition, to which it was
given on account of their yellow colour. The ruthenium salts are colourless, which illustrates the danger of using these significant trivial names for
elements other than those for which they were invented.
The hexammines875 are all of the type [Ru(NH3)6]X3, and are the final
products of the action of ammonia on the ruthenium trihalides. They are
all colourless, and in this differ from their chromium and cobalt analogues,
but resemble those of rhodium.876
The salts are extremely stable; they have a neutral reaction in water,
and are very resistant to acids, showing that they hold the NH 8 groups
with great firmness. Even concentrated mineral acids have no action in
the cold; boiling concentrated hydrochloric acid removes only one NH 3 ,
forming the pentammine, and fuming sulphuric acid dissolves the salt, but
does not break up the complex except on heating.
On the other hand, these hexammines are very sensitive to alkalies,
and react with them to give coloured products which are not yet understood. With sodium hydroxide the solution evolves ammonia and turns
yellow, and then on the addition of hydrochloric acid (but not of hydrobromic or sulphuric) bright blue; this suggests divalent ruthenium, but
a blue colour is also given by nitric acid. Neither of these blue colours is
formed by the pentammines.
A delicate colour test is the formation of 'ruthenium red' (below, p. 1472)
on continued boiling of the ammine with alkali; this is given by the
pentammine as well.
Solutions of these luteo-salts are precipitated by nearly the same anions
as the hexammines of trivalent chromium and cobalt (I, C2O4, CrO4,
Cr2O7, Pe(CN)JT, Fe(CN)J*, ClO4).
An example is the sulphate [Ru(NH3)6]2 (S04)3, which crystallizes from
dilute sulphuric acid as the acid salt [Ru(NH 3 ) 6 ]S0 4 ,HS0 4 in large yellow
crystals. Both the normal and the acid sulphate are exactly parallel to
the salts of the hexammines of trivalent cobalt, rhodium, etc.
Pentammines
These are of the forms [Ru(NH8)6(0H2)]X3 (scarcely known) and
[Ru(NHa)5R]X8, where R may bo any monovalent radical suoh as hydroxyl
111
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(only in solution), chlorine, or NO3. They are known as purpureo-salts,
but the chloro- (R = Cl) compounds are intensely yellow, and the bromocompounds orange-red.
The chloro-salts are formed875 almost quantitatively by boiling the
luteo-sulphate with concentrated hydrochloric acid. The chloro-chloride
(—Cl]Cl2) thus obtained forms deep yellow crystals which are easily soluble
in hot water.876 The bromo-compound is less easily formed, and is less
soluble in water.
The pentammines like the hexammines are stable to acids, but they are
decomposed by alkalies with loss of ammonia, though the resulting solution
gives no trace of a blue colour on treatment with concentrated hydrochloric acid. The chloro- or bromo-salts will dissolve in ammonia solution
on warming, no doubt with the formation of hydroxo-salts
[Ru(NH3)5OH]X2,
which, however, are much too soluble to be isolated. On careful acidification in the cold, colourless, very soluble salts which must belong to the
'roseo' (aquo) series of the type [Ru(NHg)5(H2O)]X3 will separate.
A weak alkaline solution of the purpureo-salts gives on warming the
intense red of ruthenium red, but a much weaker alkali can be used (even
an equivalent of ammonia) and the reaction is much more rapid, than with
the hexammines.
All the three compounds
[Ru(NH3)6]a(S04)3, 5H2O, [Ru(NH3J6](SO4)SO4H, and [Ru(NH3J5Cl]Cl2
were found to be paramagnetic, with moments of 2-0-2-1 Bohr magnetons 875 ; the theoretical value, allowing for electron spin alone, is 1-73.
(The 6-covalent ammines of divalent ruthenium are diamagnetic.)
Tetrammines
Tetrammines of trivalent ruthenium877"80 are formed by ammonia,
ethylamine, pyridine, and ethylene diamine, the last being the only en
compound of trivalent ruthenium yet described. The most convenient
method of preparation878 is by the oxidation of the sulphito-tetrammine of
divalent ruthenium [Ru(NHg)4(SO2)Br]Br (see above, p. 1464) with bromine, which gives the bromide [Ru(NHg)4Br2]Br, H2O, from which the
other salts can be prepared. These form the so-called praseo-series, the
bromine atoms in the cation being, as will be shown later, in the trans
positions. They are very stable to acids, and can be boiled with hydrobromic acid without change; the two bromine atoms in the ion are not
removed by silver nitrate, which excludes the possibility of an aquostructure [Ru(NHg)4(H2O)2]Br3. Unlike the praseo-salts of cobalt they are
not hydrolysed to aquo-salts by boiling with water. Like the hexammines
87« Id.f ib. 1938, 235, 352.
8
" G. T. Morgan and F. H. Burstall, J.C.8. 1936, 41.
878
K. Gleu and W. Breuel, Z. anorg. Ohem. 1938» 237, 326.
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and pentammines these salts are paramagnetic, with a moment of about
2 Bohr magnetons. The evidence that they are trans (praseo) and not cis
(violeo) compounds is given below, p. 1471.
[Ru(NH3J4Br2]Br, H 2 O: brilliant violet-red prisms, more soluble in
water than the purpureo but less than the luteo-salts. Other salts of this
dibromo-cation are [M]Cl, H2O, red octahedra: [M]Br3, dark brown, very
slightly soluble; [M]NO3, brownish-red; [M]SO4H easily soluble in water,
a monobasic acid; [M]2SO4, pale red, neutral, less soluble; [M]2S2O6,
brownish-orange, slightly soluble. The corresponding praseo-cobaltic
salts are but little known.881
The bromides are darker than the dichlorides, and there are some small
differences in behaviour, but in general the resemblance is very close.
Of the dichloro-compounds [Ru(NHg)4Cl2]X879 the trans series can be
made like the dibromo-salts from the sulphito-tetrammines of divalent
ruthenium with hydrochloric acid and chlorine. The cis are made by
treating the hydroxo-pentammines with oxalic acid, the (obviously cis)
oxalato-tetrammine so formed being decomposed by boiling for a short
time with excess of concentrated hydrochloric acid.
[Ru(NH3)5OHr —> [Ru(NH3J4Ox]' —~> [Ru(NH3)4Cl2]'
This preparation is a conclusive proof of the cis structure. These cis salts
are entirely different from the previously described trans series in solubility, crystalline form, water of crystallization, and chemical reactions.
It is curious that the chelate oxalato-group, when once it has become
attached, is more firmly fixed to cobalt than to the other elements;
treatment with hydrochloric acid will split it off from ruthenium and
chromium, but not from cobalt. In the same way the conversion of the
hexammine into the pentammine by hydrochloric acid occurs with
ruthenium and chromium, but not with cobalt. In both these reactions the
ruthenium salt reacts less easily than the chromium, and so in a sense
it comes between chromium and cobalt, but nearer to chromium.
The 3/4 H2O of the chloride is reduced on heating to 2/3 H2O, which is
held very firmly; this water, however, is not constitutional, since the
nitrate and dithionate are anhydrous. The two chlorine atoms in the complex are removed fairly easily by silver nitrate (no doubt with the formation of a di-aquo-salt), and there is no sign that this replacement goes in
two stages, as there is with chromium and cobalt.
The salts are paramagnetic, with a moment of about 2 Bohr magnetons.
Comparison of the Cis and Trans Dichlorides
The two series are not interconvertible. With ruthenium both are
orange and practically identical in colour (with cobalt there is a distinct
though not very great difference). Stability to acids and to oxidation is
the same for both; but the chlorine in the oomplex is held much more
m
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firmly in the trans compound, which scarcely gives it up to silver nitrate
on boiling, than in the cis, which reacts in the cold; a similar difference is
found elsewhere, as in the cis and trans forms of the platinous diammine
[Pf(NHg)2Cl2].882 The solubility is on the whole greater with the cis.
In the cis compounds ruthenium holds the chlorine much more firmly
than cobalt; it is in accordance with this that the cis cobaltic salts go quite
easily over into the trans, while the cis ruthenium salts will not go over
at all, not even when the solution is boiled, or the dry salt heated to 140°.
Trivalent rhodium gives no tetrammines, but trivalent iridium does, and
as these closely resemble the violeo-ruthenium salts, they also must be cis.
Video (cis)
Dibromo-tetramminesm
The ciVdibromo-tetrammines are difficult to make with any metal.
With cobalt they are known only in the di-en complexes. The cis dibromides of ruthenium can be made, like the chlorides, through the oxalatocompounds. The bromine in the complex is removed by silver nitrate in
the cold, though only slowly. The salt is quite stable to acids, and can be
heated to boiling with concentrated hydrobromic acid without change,
though on long boiling it seems to be converted into the triammine
[Ru(NHs)8Br3]°.
Like the dichlorides, the cis and trans dibromides are not interconvertible. Both series are reddish, and the colours are scarcely distinguishable in solution, but in the solid state the trans is more violet, and the cis
more brown. The stability to acids is about the same in both, but the
trans hold their halogens more firmly. The cis halides and nitrate are
more soluble than the trans, but the trans sulphate is more soluble than
the cis.
As compared with the dichloro-compounds the dibromides are darker,
but otherwise there is very little difference between the two series, and in
particular very little in the firmness with which the complex halogen is
held.
TriamminesB7d
The triammines, which are all of the type [Ru(NH3)3hal3]°, were first
obtained by Gleu and Breuel,879 who showed that the violeo-chloride,
[Ru(NHg)4Cl2]Cl, is decomposed by prolonged heating with concentrated
hydrochloric acid up to the boiling-point, with the separation of a red
precipitate of the triammine [Ru(NHg)3Cl3]0; this forms red crystals
which can be recrystallized from much dilute hydrochloric acid, but as it is
not a salt it is far less soluble than most of these ammines. As it is much
easier to make from the cis dichloro-compounds than from the trans, it
probably is itself a cis compound. The corresponding bromide is much less
easily made. 880
These seem to be the only two known triammines of trivalent ruthenium.
They are examples of the instability so common among triammines.
••• H. X), K, Dww and F. W. Chafctftwi^, J.0J, 19SS, 198.
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Ruthenium Red
It was discovered by JoIy in 1892883 that if ruthenium trichloride is
treated with ammonia, the product forms an intensely red solution which
will dye animal fibres red: he called it * ruthenium red \ Gleu and Hubold884
found that it had very remarkable properties as a redox indicator: the
brilliantly red solution is stable to acids and alkalies, but in acid solution the
colour is turned yellow by even weak oxidizing agents such as ferric chloride,
and restored by strong reducing agents like titanous chloride; the reaction
is so delicate that it will detect one drop of nj 1,000 eerie sulphate solution
in 100 c.c.; the colour of ruthenium red itself can be detected in solutions
more dilute than one iir a million.877
The structure and even the composition of this substance are doubtful;
every formula proposed is open to attack, 877 ' 880 and all that we can be sure
of is that the molecule must contain two ruthenium atoms.
Ammines of the Trihalides
These again are substances of uncertain structure. All the three trihalides of ruthenium when treated in the dry state with ammonia take
this up with the production of highly coloured red or violet solids, which
have been said883'885 to have the composition 2 RuX 3 ,7 NH 3 , but at least
the first two are more probably RuCl3, 3 NH 3 , and RuBr3, 3 NH 3 . 877 ' 896
They dissolve in water, the first being converted into ruthenium red, and
the other two giving very similar substances. They are not very stable
and seem on treatment with acid to lose the ammonia and be converted
into oxides.
It is difficult to see how they can be formulated, as they are certainly
not identical with the insoluble triammines [Ru(NH3)3X3] already
1
described.
Nitro-complexes
These are of the type M2[Ru(N02)5]; they are prepared887 by treating
ruthenium trichloride with excess of the alkaline nitrite; they are reddishorange. The sodium and potassium salts are very soluble in water, and
stable enough to be recrystallized from it unchanged.
Oxygen Complexes
These seem to be confined to jS-diketone derivatives and oxalatooompounds.
The acetylacetonate RuA 3 is made 888 by warming ruthenium trichloride
with acetylacetone in potassium bicarbonate solution. The liquid turns
red, and the RuA 3 is precipitated as a blood-red powder. It is insoluble in
888
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water but soluble in nearly all organic solvents giving red solutions, and
it can be recrystallized from benzene or chloroform. Cryoscopic determinations in bromoform solution give the simple molecular weight of RuA3.
It sublimes on heating, and gives a red vapour which burns in air. It is
decomposed by concentrated hydrochloric acid. It forms mixed crystals
with the aluminium analogue AlA3, which separate from a solution of the
two substances in benzene.
The oxalato-salts are of the type M3[RuOx3]. The potassium salt is
made by the action of potassium oxalate on the pentachlororuthenate
K2[RuCl5(H2O)], and the others are prepared from this or in a similar way.
The free acid must be present in the solution obtained by boiling
ruthenium trihydroxide Ru(OH)3 with oxalic acid, since this has the characteristic green colour of the ion; but it has not been isolated. The sodium
(5 H2O), potassium (5, 1, -| H2O), and ammonium (3 H2O) salts are very
similar889; the water in the last two is no doubt attached to the oxalatogroups.
Complex Halides of Trivalent
Ruthenium
These are formed by the chlorides and rather less easily by the bromides,
but they are not known with the fluorides (there is no RuF 3 ) or iodides.
With many of them there is a doubt whether the water they contain is
to be taken as part of the complex or not. This must be decided on the
evidence in each case (and ultimately by X-ray analysis), which generally
is in favour of assigning to the complex a covalency of 6 if possible (e.g.
[RuX4(OH2J2] and [RuX5(OH2)]). They are, however, most conveniently
classified by the halogen: ruthenium ratio, which is not in doubt. On this
basis they are of four different types, from MRuX4 to M4RuX7; the last
of these is confined to the salts of certain organic amines.

Tetrahalides, M[Ru(hal)4], x H 2 O

The free acid of the chloro-series, H[RuCl4], 2 H2O, can be made 890 by
boiling ruthenium tetrachloride solution with alcohol and evaporating
down. It is remarkable for occurring in two forms, which differ even in
solution. As first prepared it forms very hygroscopic reddish needles,
giving a red solution. Repeated treatment with alcohol converts this into
a green form, also very soluble, which gives a green solution. If this is
warmed with hydrochloric acid it is reconverted into the red form. The
suggestion that the green form is a mixture of ruthenium compounds in
different valency states has been disproved by mixing solutions of
ruthenium di-, tri-, and tetrachlorides, without its being produced. The
isomers are no doubt the cis and trans forms of the diaquo-complex
H[RuCa4(OH8)J.
The salts of the tetrachloro-series891 are made from the ammonium salt,
which is itself prepared by reducing ammonium ruthenate with stannous
889
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chloride in hydrochloric acid solution. They are all red or reddish-brown
salts, with at least two molecules of water of crystallization, which can
never be removed without decomposition, and so must form part of the
complex anion, as in M[RuCl4(OH2)2]. None of these salts have been found
to occur in two forms like the acid. The complex does not seem to be very
stable, since, at least in the ammonium salt, the chlorine is fairly rapidly
removed by silver nitrate.
The corresponding bromides892 are similar, but less stable.
Pentahalides
The properties of the pentachlororuthenates (Deville, 1859) have been
much disputed.893-5 Gutbier and Niemann896 find that there are two
potassium salts, K2[RuCl5(OH2)] and K2[RuOl6]. The aquo-salt is formed
by the reduction of ruthenium tetrachloride solutions with alcohol, stannous chloride, etc., in presence of potassium chloride; it forms red crystals,
which dissolve in water to form a red solution. If this aquo-salt is heated
to 180-200° it loses water and is converted into the anhydrous salt
K2[RuCl5]. This consists of black prisms which readily dissolve in water
to give a stable yellow solution. This salt changes only slowly into the red
aquo-compound if its solution in dilute hydrochloric acid is boiled, or if
the solid is allowed to stand in hydrochloric acid for hours.
Rubidium and caesium give similar aquo-salts, but their anhydrous
salts are not known.
The aquo-bromides M2[RuBr5(OH2)] are known of potassium, rubidium,
and caesium; they are brown or red-brown. The anhydrous bromides
M2[RuBr5] have probably897 never been made.
Hexahalides
»
These are only known with the chlorides.
Sodium hexachlororuthenate Na3[RuCl6], 12 H2O is made 890 by reducing
ruthenium tetrachloride with alcohol in presence of sodium chloride; it
forms large deep red crystals, which readily lose 10 H2O in air in the cold,
and the last 2 H2O at 130°. It is extraordinarily like the corresponding
rhodium compound in colour, crystalline form, and behaviour.890 The
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potassium and ammonium salts both have 1 H2O and are red; they are
made by saturating the aquo-pentachloride M2[RuCl5(H2O)] with hydrogen
chloride gas at O0.890
Heptahalides
These are only known among the numerous ruthenihalides of organic
bases, perhaps on account of the large size of the cation. These salts 898-906
are of all types from M2[RuX5] to M4[RuX7], but there are no tetrahalides
M[RuX4].
These salts are all brown, reddish, or black, the bromides being on the
whole darker than the chlorides. Their structure is not known. According to Omelin907 the number of salts obtained from 29 bases were
(X = Cl and Br) M2[RuX5] 47, M3[RuX6] 38, M4[RuX7] 20.
TETRAVALENT RUTHENIUM
state of the ruthenium atom is evidently very stable in a limited
number of molecules; the compounds in which it occurs are quite definite,
but there are fewer of them than of trivalent or even probably of divalent
ruthenium. They include some binary compounds, as an oxide, sulphide,
and chloride (no other halide), and the salts of one or two oxyacids such
as sulphuric. The complexes again are quite definite but not numerous.
They include one or perhaps two ammines, complex halides (bromides as
well as chlorides), and a few ato-compounds.
THIS

Ruthenium Dioxide, R u O 2
X-ray investigations have shown908 that the only oxide of ruthenium
produced by heating the metal in oxygen, or by dehydrating the hydroxide,
is the dioxide RuO 2 ; it is in fact the only oxide other than the volatile
tetroxide RuO4 that exists.
It can be made by roasting ruthenium disulphide in air, or heating the
metal in pure oxygen at 1,000°; by heating ruthenium trichloride in
oxygen to 600-7000909; by precipitating the trihydroxide Ru(OH)3 with
alkali from solution of ruthenium trichloride, and after exposure to air
completing the oxidation with hydrogen peroxide910; or by igniting the
tetravalent sulphate Ru(S04)2.911
It is stable up to a red heat, and forms beautiful blue apparently homogeneous crystals; but analyses show that the composition is seldom
exactly that of the dioxide, and the blue colour certainly suggests the
presence of some lower valency of ruthenium, probably 3. At higher
temperatures the dioxide breaks up into its elements, the dissociation
pressure of oxygen being about 50 mm. at 950°.
Acids have no action on the dioxide in the cold, but it is reduced on
heating with hydrogen or carbon monoxide.
fl 8
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Ruthenium Tetra-hydroxide, Ru(OH) 4
There is no doubt that hydrated ruthenium dioxide exists, though its
composition is not quite certain. Wohler909 obtained a hydroxide of the
composition Ru(OH)4 by reducing a solution of the tetroxide in water with
mercury light or with hydrogen peroxide, or by decomposing a ruthenate
M2RuO4 with alcohol or nitric acid or carbon dioxide. Oharonnat912
claims to have got solid Ru(OH)4 by air-oxidation of Ru(OH)3. It may be
doubted whether the hydroxide M(OH)4 of any element has ever been got
pure.
Chlorides of Tetravalent
Ruthenium
Tetravalent ruthenium is almost unique in forming no binary halide
except with chlorine. Even so, the anhydrous halide is not known, but
only the pentahydrate RuCl4, 5 H2O, and a hydroxy-chloride Ru(OH)Cl3.
These are among the various products of the decomposition of ruthenium
tetroxide by aqueous hydrochloric acid. This is a very complicated process, which is probably913"17 expressed by the following reactions:
I. RuO4
+ 6 HCl —> H2RuO2Cl4 + Cl2 + 2 H2O
II.
H2RuO2Cl4 + 2 HCl —> RuCl4
+ Cl2 + 2 H2O
III a. RuCl4
+ H2O —> Ru(OH)Cl3 + HCl
III b. RuCl4
—> RuCl3
+ 1/2 Cl2
To prepare the hydrate RuCl4, 5 H2O, a solution of the complex oxyohloride H2RuO2Cl4 in hydrochloric acid is heated with a stream of chlorine
passing through it, and then evaporated over phosphorus pentoxide. The
hydrate forms large red crystals, excessively hygroscopic, and gives off
most of its water in a stream of chlorine at 100°. It is hydrolysed in dilute
J
aqueous solution, with precipitation of the hydroxide.
The hydroxychloride Ru(OH)Cl3 is made by evaporating the solution of
the tetroxide in concentrated hydrochloric acid to dryness; it is dark red
and very soluble in water. 917 ' 18 In solution it is reduced by stannous
chloride or by heating with alcohol to the trichloride RuCl3.
The work of Ruff and Vidic919 throws some light on the absence of the
other tetrahalides. They consider that when ruthenium tetroxide is heated
to boiling with a halogen hydride the tetrahalide is the first product in
every case; this is certainly so with chloride, where the change to the
trihalide is very slow: with bromine, though no tetrabromide was isolated,
it probably occurs, but the change to RuBr 3 is much quicker. With
hydriodic acid the tri-iodide is formed at once, and there is no sign that a
tetraiodide RuI 4 really exists.
lfl
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Tetravalent Ruthenium Sulphate,
Rn(SO^)2
This salt is contained in the bright red solution produced920 by the
action of concentrated sulphuric acid on barium ruthenate. It is also
formed923 by the oxidation of the pyrosulphite (next section) Ru(Sa06)2.
It is not affected by dilution with water, but the whole of the ruthenium
is precipitated as disulphide RuS 2 by hydrogen sulphide.
Tetravalent Ruthenium Pyrosulphite, Ru( S2O5) 2
This compound is made921 by the action of air on the so-called hexasulphide RuS6 (probably a mixture of the disulphide RuS2 and sulphur)
which is precipitated by hydrogen sulphide from a solution of a tetravalent ruthenium salt.
It is a reddish-violet powder which turns black and metallic-looking at
110°. When freshly prepared it dissolves in water as a reversible colloid,
but after it has been heated it is black and insoluble.
COMPLEXES OF TETBAVALENT BUTHEOTUM

These are almost confined to the complex halides, though a few ammines
and an oxalato-compound are known. The ruthenium has a covalency of
6 in all of them,
Ammines
Apart from a few doubtful examples mentioned in a dissertation in
1904922 and not confirmed since,923 the only ammine of tetravalent
ruthenium that has been described is the (covalent) pyridine compound
[Ru(Py)2Cl4]0 obtained924 by oxidizing a ruthenium trichloride solution
with hydrogen peroxide and then adding pyridine hydrochloride. It
separates from an acid solution of pyridine hydrochloride in yellow crystals,
very slightly soluble in water (as it is not a salt), and insoluble in chloroform ; it is easily soluble in concentrated hydrochloric acid to give a pale
red solution, which turns deep green on heating.

Oxalato-compound
The only compound known is the trichelate salt K2[Ru^(C2O4)8], made
by oxidizing the trivalent K3[Ru^(C2O4) 3] with air or hydrogen peroxide.925
It forms black crystals, and is black in concentrated aqueous solution, but
on dilution changes colour owing to hydrolysis.
Complex Halides of Tetravalent
Ruthenium
These compounds are quite definite and fairly numerous. They are
formed by chlorine and bromine with about equal ease, but not by
fluorine or iodine. Unlike the complex halides of trivalent ruthenium they
020
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all have the co-ordination number of 6; they are of only two types
M2[RuX6] and M2[RuX5OH], and are usually anhydrous.

Hexahalides, M2[RuX6]
Potassium hexaehlororuthenate K2[RuCl6] can be made by fusing
ruthenium with potassium chlorate, and adding excess of potassium
chloride to the dissolved product 920 : or by passing chlorine through a
solution of the trivalent ruthenium salt K2[RuCl5(OH2)].926 On heating it
loses chlorine at 520° to give the trivalent salt K2RuCl5. It consists of
small dark brown crystals, forming mixed crystals with potassium chloroplatinate, and it is isomorphous with the corresponding osmium, iridium,
palladium, and platinum salts.927 It dissolves readily in water to give a
yellow solution which soon turns black owing to hydrolysis. The other
alkaline hexachlorides are similar, but become less soluble as the atomic
weight of the alkali metal increases, until the caesium salt Cs2[RuCl6]914
(dark purple crystals) is almost insoluble in cold water: it is decomposed
by hot.
The hexabromides are similar, but they are darker in colour, and rather
more easily hydrolysed.

Hydroxo-pentahalides, M2[RuX5( OH) ]
The potassium chloro-salt of this series has been disputed, but it was
shown by Charonnat928 that however it is made it always has the composition K2[RuCl5(OH)], and contains tetravalent ruthenium.929 It is best
made by the action of hydrochloric acid on ruthenium tetroxide, or by
reducing potassium ruthenate with alcohol and hydrochloric acid.930-2
It forms red-brown crystals fairly soluble in hot water to give an orange
or red-brown solution, which decomposes easily, especially oii warming,
and forms a black precipitate; it is more stable in presence of hydrochloric
acid. If it is dissolved in concentrated hydrochloric acid, the hexachloride K2RuCl6 crystallizes out. It is not liable to oxidation, but it is
readily reduced, for example by potassium iodide to the tri-iodide RuI 3 .
The other hydroxo-pentachlorides are similar, and so are the bromine
compounds M2[RuBr5(OH)].
PENTAVALENT RUTHENIUM: RuF 5
PENTAVALENT ruthenium is found so far as we know only in one compound, the pentafluoride RuF 5 933 ; this is the more remarkable since this
"• J*. L. Howe, J.A.C.S. 1904,26, 544; J. L. Howe and L. P. Haynes, ib. 1925, 47,
2924.
••» B. Weinlajad, Komplexverbindungen, Enke, Stuttgart, 1919, p. 146.
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is the only binary compound of ruthenium and fluorine known, and almost
the only known compound containing both ruthenium and fluorine.
Ruff988 considers that when fluorine acts on metallic ruthenium a small
quantity of a lower fluoride may be formed, but he did not isolate it.
Ruthenium pentafluoride is very difficult to prepare; it attacks glass,
even when quite dry, so that platinum vessels must be used, and at the
temperature (290°) at which the ruthenium reacts, the platinum does so
too, forming the tetrachloride PtF 4 which contaminates the ruthenium
pentafluoride. These difficulties were, however, overcome, the pentafluoride being finally purified by distillation in a stream of nitrogen at 260°.
Ruthenium pentafluoride forms a dark green transparent mass, which is
excessively sensitive to moisture; it fumes in air, and quickly decomposes
even over phosphorus pentoxide in a vacuum. It melts at 101°, and boils
under 1 atm. pressure at 270-5°.
It is decomposed by moisture, and on treatment with water forms
hydrofluoric acid and ruthenium tetroxide (easily detected by its smell),
while a black precipitate of a lower oxide of ruthenium is produced.
Organic solvents act on it only superficially.
Ruthenium pentoxide, Ru2O5, has been shown not to exist; the tetroxide
on reduction goes at once to the dioxide.909'911'934
HEXAVALENT RUTHENIUM
THE compounds of hexavalent ruthenium are nearly all derivatives of
ruthenic acid H2[RuO4], and consist of the salts, one or two ammine
derivatives, and an acid chloride. There is also a phosphide RuP 2 .
Ruthenates, M 2 [RuO 4 ]
The potassium salt is made by fusing metallic ruthenium or a compound
with potassium hydroxide and either the nitrate986 or the permanganate.985
It forms hygroscopic black crystals with a green reflex. It is easily
soluble in water to give a deep orange solution, which is very unstable,
and often decomposes of itself within 15 minutes of its preparation; the
salt is decomposed by acids and reduced by most organic compounds.
While the potassium salt has a molecule of water of crystallization, the
sodium salt987 is anhydrous; otherwise this salt, and those of rubidium
and caesium,986 behave very like the potassium salt. The salts of the
alkaline earths are also similar.
When the potassium salt is treated with ammonia a substance is obtained
with the composition of an ammonium ruthenate (NH4J2[RuO4], but with
quite different properties. On the addition of ammonia the red colour
changes to yellow, or in higher concentrations to greenish-brown, and the
984
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solution is no longer decomposed by heating or by acids. Also the
'ammonium salt' which is isolated in this way is quite unlike the alkaline
ruthenates: it consists of small black crystals which are scarcely soluble
in water and only slightly in concentrated sulphuric or nitric acid, though
they dissolve readily in concentrated hydrochloric acid. If triethylamine
is used instead of ammonia, a solid of the corresponding composition
(Et3NH)2[RuO4] is obtained, which is exactly like the ammonia product
in appearance and behaviour. It is clear that these are not true ruthenates,
and they are probably not salts at all; they may well have the constitution [RuO2(NHg)2(OH)2]0. This conclusion is supported by the fact936 that
if the ammonia compound is dissolved in excess of concentrated hydrochloric acid and evaporated, a soluble brown mass is obtained of the
composition RUO 2 (NH 3 J 2 CI 2 , 2 H2O, which is reconverted into the original
'salt' by warming with ammonia. The chloride (which retains its water
of crystallization up to 120° when it decomposes) gives in water a brown
solution with a strong acid reaction, from which silver nitrate precipitates
all the chlorine, suggesting that the structure is [RuO2(NHg)2(H2O)2]Cl2,

Tetrachlororuthenates
These compounds are the acid H2[RuO2Cl4] and its salts. The free acid
( + 3 H2O) can be made938 by the action of chlorine and hydrochloric acid
on ruthenium tetroxide. It forms brown very hygroscopic crystals, very
soluble in water and in alcohol. It loses most of its water in a stream of
hydrogen at 100°; it melts at 120° and decomposes above that temperature. The solution has an acid reaction; it is stable if it is concentrated or
if it is acidified, but in dilute solution it is hydrolysed. Concentrated
hydrochloric acid converts it into the hexachlororuthenate H2[RuCl6],
and ammonia reduces it to compounds of trival'ent ruthenium.'
The rubidium salt Rb2[RuO2Cl4] is made939 by the action of rubidium
chloride on a solution of ruthenium tetroxide in hydrochloric acid, the
ruthenium being reduced by the acid from the octovalent to the hexavalent state. It consists of dark purple crystals, which are at once decomposed by water. The caesium salt is similar.
Ruthenium Diphosphide, R u P 2
This is formed from its elements at temperatures above 650°, and is
stable in presence of 1 atm. of phosphorus vapour up to 900°.M0
HEPTAVALENT RUTHENIUM
THIS occurs only in the perruthenates. The analogy between the
ruthenates and the manganates and rhenates, and between the perruthenates and the permanganates and perrhenates, is obvious, the anions
having the same relations of valency and structure, but a difference in the
088
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size of the core of the central atom, the number of unshared valency
electrons being:
X = Mn, Re
X = Ru .

.

M 2 XO 4

MXO 4

9
10

8
9

This is in accordance with the general tendency of the elements of the
second long period in the table as compared with those in the first (and
third), to attract more electrons from the outermost into the penultimate
group, i.e. into the outermost group of the core; this appears too in the
structure of the isolated atoms, the two outermost electronic groups
being in iron 14, 2 and in ruthenium 15, 1.
Potassium perruthenate K[RuO4] is the primary product of the fusion
of metallic ruthenium with potassium nitrate and excess of potassium
hydroxide941""2; it is also formed slowly along with the dioxide when a
solution of the ruthenate K2RuO4 is diluted, and rapidly if it is acidified.041
It is best made by passing chlorine into a concentrated alkaline solution
of potassium ruthenate until the orange solution turns green.
KRuO 4 forms black crystals which are not isomorphous with potassium
permanganate.948 They are stable in air, but in a vacuum at 440° they are
converted into K2RuO4-J-RuO2H-O2. The aqueous solution, which is dark
green, is unstable, and soon decomposes with formation of the orange
ruthenate and precipitation of ruthenium dioxide. If alkali is added to
the solution, oxygen is at once evolved, and the ruthenate formed.
OCTOVALENT R U T H E N I U M
THIS valency is only found in the tetroxide RuO 4 ; attempts to make an
octofluoride RuF 8 corresponding to the osmium compound OsF8 have
failed, although it may possibly be formed,933
Ruthenium tetroxide was first prepared by Claus944 in 1860, by passing
chlorine into a solution of potassium ruthenate, when the volatile ruthenium
tetroxide distilled over. It can be freed from chlorine by washing with
water. Special care must be taken to prevent any trace of the vapour
from escaping into the air, as it is excessively poisonous. It can also be
made935 by fusing ruthenium powder with potassium hydroxide and permanganate, and decomposing the powdered product (which contains
ruthenate, manganite, and manganate) with sulphuric acid in a stream of
carbon dioxide, which carries the tetroxide over. The reaction is:
3 K2RuO4 + 2 KMnO4 + 4 H2SO4
—> 3 RuO4 + 4 K2SO4 + 2 MnO2 H2O + 4 H2O.
•«
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Ruthenium tetroxide occurs in two forms, one yellow and the other
brown or orange. The tetroxide comes over as a yellow vapour, from which
long yellow needles of the unstable form separate. This form melts at
25-5°, to a brown liquid, from which the brown form, m. pt. 27°,941»944
solidifies. If this is heated it sublimes, condensing again in the original
yellow form.
Ruthenium tetroxide has a strong smell like that of concentrated ozone;
it is extremely poisonous, but it does not attack the eyes so violently as
osmium tetroxide.
It begins to volatilize at 7°, and it readily sublimes,* but if it is heated
above 100° it is liable to explode violently, leaving a residue of the dioxide
RuO 2 ; in contact with oxidizable organic substances like alcohol it may
explode at a lower temperature. In the cold it is stable when dry. It
dissolves in water to give a golden yellow solution, which begins in a few
hours to decompose with the formation of a lower oxide of ruthenium;
the solution can, however, be kept unchanged for years (it has been kept
for 5 years) if a few drops of chlorine water are added to it; with this
stabilized solution it has been shown that the solubility is 2*21/26° and
2-28/750.946
Ruthenium tetroxide is in general an unstable substance. It is decomposed by sunlight: it is reduced as we have seen by hydrochloric acid,
mainly to chlorides of tetravalent and trivalent ruthenium, and by
hydrogen peroxide to ruthenium dioxide; the addition of alkaline halides
to its solution in aqueous hydrogen halide gives rise to complex halides.
Alkalies dissolve it with the formation of a ruthenate M2RuO4, or if the
tetroxide is in excess of a perruthenate MRuO4 (presumably with the
liberation of oxygen); in all these reactions the valency of the ruthenium
l
is reduced.
The links in RuO4 (which is monomeric in the vapour) are presumably
in resonance between Ru->0 and R u = O ; but the observed shortness of
the Os—O links in the obviously analogous OsO4 (p. 1504) suggest that the
doubly linked state predominates.
R U T H E N I U M CARBONYLS
Ruthenium Pentacarbonyl, Ru(CO)5, is made946 by heating finely divided
ruthenium with carbon monoxide under 200 atm. pressure at 180°, or
more easily by the action of carbon monoxide on ruthenium tri-iodide
RuI 3 at 170° under 1 atm.
It is a liquid freezing at —22° to colourless crystals, and having a vapour
pressure of 50 mm. at 18°. It dissolves readily to form a colourless solution in organic solvents such as alcohol, benzene, chloroform, etc., but it is
insoluble in water. On standing the liquid soon turns yellow, evolves
* Its boiling-point seems to be unknown.
848
Ml

H. Remy, Z. angiw. Oh§m, 1920, 39, 1061,
W. Manohot and W. J. Manohot, M, anorg, Cham. 1936, 226, 388.
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carbon monoxide, and deposits orange crystals of the enneacarbonyl
Ru2(OO)9, especially in sunlight, or on warming to 50°. It reacts with
halogens with evolution of carbon monoxide to form carbonyl halides such
as Ru(CO)Br.
The volatility of this compound shows that it is monomeric, and it no
doubt has the same structure as its iron analogue Fe(CO)5 (p. 1369), with
the five groups arranged in a trigonal bipyramid. The valency of the
ruthenium is zero, and the E.A.N. 44+10 = 54 (krypton).
Ruthenium Ennea-carbonyl, Ru2(CO)9, is formed946 by the loss of carbon
monoxide from the pentacarbonyl at any temperature above its meltingpoint (—22°) and rapidly at 50°. It is best made by warming the benzene
solution.
It forms yellow-green crystals, very like iron ennea-carbonyl (p. 1369) in
appearance. In air it is stable in the cold, but it decomposes at 150°; it
can be sublimed in carbon dioxide. It is soluble in organic solvents; it
reacts with iodine to give Ru(CO)2I2, and nitric oxide expels the carbon
monoxide to form the peculiar compound ruthenium pentanitrosyl
Ru(NO)6, of unknown structure.
The structure of the enneacarbonyl is no doubt the same as that of tha
iron compound, and has three CO groups on each Ru, while the two
ruthenium atoms themselves are joined by 3 more, with the grouping
Ru—Ru

TThis makes the ruthenium tetravalent and 7-covalent, with the krypton
B.A.N. of 54.
Ruthenium Tetracarbonyl, Ru(CO)4 ? The nature and even the composition of this substance are doubtful. It separates in small quantities as a
by-product when the enneacarbonyl is formed from the pentacarbonyl,946-7
and also when the ennea- is treated with alkali. It is insoluble in benzene
and ether, soluble in alcohol and acetic acid. It dissolves in aqueous acids,
the solution in hydrochloric acid being yellow, and that in hydrobromio
acid first green and then bluish-red.
It is a very obscure substance, but it has some resemblances to iron
tetracarbonyl (p. 1370).
Ruthenium Carbonyl Halides
Apart from one compound of uncertain composition, these are of two
types, Ru(CO)hal and Ru(CO)2(hal)2.
Ruthenium Monocarbonyl Bromide, Ru(CO)Br, which is the only compound of the type known, and appears to contain monovalent ruthenium,
is made047 by the action of carbon monoxide on ruthenium tribromide
under 350 atm. at 180°. It forms colourless orystals which decompose at
•" W. Manohot and B. Enk, Bw. 1930, 6S1 1895.
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200° to give Ru(CO)2Br2 with separation of the metal. It is insoluble in
all solvents except aqueous acids, which decompose it. It is presumably
polymerized, but we do not know how, or how much.
Ruthenium Dicarbonyl Bichloride, Ru(CO)2Cl2, is made by heating
ruthenium trichloride in carbon monoxide above 210°,948 some phosgene
being formed at the same time,949 or by treating the dichloride RuCl2 with
carbon monoxide at the same temperature.950 It is a yellow fairly volatile
product, insoluble in water; it reduces ammoniacal silver. Nitric oxide
expels CO from it, presumably to form the compound Ru(NO)Cl2.951
Ruthenium Dicarbonyl Dibromide, Ru(CO)2Rr2, is very similar to the
dichloride. When ruthenium tribromide is heated in carbon monoxide,
best at 280°,948*951 this compound is formed as a pale orange sublimate. It
is insoluble in water and in all the other solvents that were tried. Nitric
oxide expels carbon monoxide from it reversibly to give Ru(NO)Rr2.
Ruthenium Dicarbonyl Di-iodide, Ru(CO)2I2. This is made952 in the same
way as the last, by heating up to 250° either the tri-iodide RuI 3 in carbon
monoxide or the ennea-carbonyl with iodine. It is insoluble in water and
organic solvents; it burns in oxygen to carbon dioxide, iodine, and
ruthenium dioxide. If it is heated in carbon monoxide it is converted into
the pentacarbonyl Ru(CO)6. Concentrated hydrochloric acid has hardly
any action upon it, but nitric oxide at 180° converts it into Ru(NO)I2. It
reduces ammoniacal silver solution.
In these compounds the carbonyl group is no doubt attached as usual
to the metal by a co-ordinate link as in Ru^-C=O, and the halogen atoms
oovalently linked. The monomeric structure would thus be
Br\
XfeO
(I) Br—Ru«~C±=0
(II) )RUC
BK
XS=O
Ru monovalent.
Ru divalent.
E.A.N. of Ru 47.
E.A.N, of Ru 50.
They are probably polymerized, but presumably by the formation of links
in which the ruthenium acts as acceptor, so that its valency is not altered,
and is 1 in type I and 2 in type II. If so, Ru(CO)Br is perhaps the only
isolated compound of monovalent ruthenium.
The dihalogen compounds (type II) must be co-ordination compounds
of the binary dihalides of ruthenium, all of wrhich except the difluoride
exist.
RUTHENIUM NITROSYL COMPOUNDS
RUTHENIUM forms more nitrosyl compounds than any other element (more
than 80 are given in Gmelin). With the exception of the one 'pure' nitrosyl
described below, none of them has more than one NO in the molecule.
•« W. Manohot and J. Kdnig, Ber. 1924, 57, 2131.
"* W. Manchot and G. Lehmann, ib. 1930, 63, 1224.
"° H. OdI and O. Lehmann, ib, 1926, 59, 2895.
m
W, Monohot and H. Sohmid, Z, morg. Ch§m. 1934, 216, 102.
"I W. Manohot and W. J. Manohot, lb. 1036» 336, 389.
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Ruthenium ? Pentanitrosyl, Ru(NO)5. This compound953 is made by the
action of nitric oxide under pressure on ruthenium ennea-carbonyl
Ru2(CO)9, the best yield being got by heating under 320 atm. for 50 hours,
at temperatures rising from 100° to 190°. It forms red cubic crystals,
insoluble in water, ether, or benzene, but slightly soluble in alcohol. It
slowly loses nitric oxide in the air, especially if it is moist, and it decomposes on warming. It is reduced by hydrogen at 220° to metallic ruthenium
and ammonia.
It is very difficult to purify, and though the percentage of metal is that
required by Manchot's formula (calcd. for Ru(NO)5 40-40 per cent., for
Ru(NO)4 45-87, found 40*60), the nitrogen found was for some reason less
than half the theoretical amount. It is therefore possible that the compound is not Ru(NO)5 (which seems impossible to formulate), but Ru(NO)4
corresponding to Fe(NO)4 (p. 1372), and like this a salt (NO)+[Ru(NO)3],
with the E.A.N, of 54.
The other ruthenium nitrosyl compounds contain only one NO group
in the molecule, and are of two kinds, the 'simple' compounds Ru(NO)X2
and Ru(NO)X3 (X being a halogen or other acid radical) and the 6-covalent
complexes derived from the complex cyanides, ammines, or halides by
replacing one group (never more) by NO.
Ruthenium Nitrosyl Halides
These compounds are closely analogous to the carbonyls (p. 1483), the
replacement of a CO by an NO involving the addition of a halogen atom
to maintain the valency:
Monovalent ruthenium
Ru(CO)hal.
Ru(NO)hal2.

Divalent ruthenium
Ru(CO)2hal2.
Ru(NO)hal3

Dihalides
Ru(NO)Br2 it$ made from the corresponding carbonyl compound
Ru(CO)2Rr2 by heating it in a stream of nitric oxide at 230° for 40 hours.
The reaction is reversible.
It is a dark brown powder insoluble in water and organic solvents. It
is very resistant even to concentrated sulphuric acid; on heating it decomposes with evolution of nitric oxide and bromine.954 No chloride of this
type is known.
Ru(NO)I2 is made in the same way as the bromide954 by heating
Ru(CO)2I2 for 30-40 hours at 230° in nitric oxide, the reaction, as with the
bromide, being reversible. It is a velvet black powder, insoluble in water,
methyl and ethyl alcohol, and acetone, slightly soluble in chloroform. It
is rather less stable to sulphuric acid than the bromide: it resists the dilute
acid, but is rapidly decomposed by the concentrated acid with evolution
of nitric oxide.
888

Xd., Ib. 410.

"« W. Manohot and H, Schmidt, ib. 1034, 216, 101.
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These two compounds seem to be the only nitrosyl derivatives of monovalent ruthenium.
Trihalides
The trichloride Ru(NO)Cl3, 5 H2O is present in the characteristic red
solution got by fusing ruthenium with potassium hydroxide and nitrate,
and treating the product with hydrochloric acid. It is also formed by
evaporating a solution of ruthenium tetroxide in hydrochloric acid with a
large excess of nitric acid,955 or by the action of liquid nitrogen tetroxide
on a ruthenium trichloride solution at 0°, or from the double salt
Na2[Ru(NO)Cl6] by dissolving it in alcohol and letting the sodium chloride
crystallize out.
It forms monoclinic crystals, red in transmitted and black in reflected
light. In a vacuum, or in air at 100°, the pentahydrate gives off 2 H2O,
and at 120-150° it loses two more, leaving Ru(NO)C13,H20, a brick-red
substance which only dissolves very slowly in water; the last molecule of
water is only lost with partial decomposition at 360°. At 440° the compound decomposes with violence.
It is easily soluble in water to give a raspberry-coloured solution which
forms the complex salts M2[Ru(NO)Cl6] with alkaline chlorides. Alkaline
hydroxides and carbonates on heating precipitate from the solution the
gelatinous trihydroxide Ru(NO)(OH)3.
The bromide Ru(NO)Br3, 5 H2O is very similar to the chloride, and
isomorphous with it.956"7
The iodide Ru(NO)I3956 is made by warming the chloride with hydriodic
aoid; it is a black powder, slightly soluble in water, and forms no hydrate.
Chlorine expels the iodine to give the trichloride.

Ru(NO)(N03)3
This substance has not been isolated, but it is presumably present in the
brilliant red solution produced when ruthenium nitrosyl trichloride is heated
with excess of concentrated nitric acid, or the hydroxide Ru(NO)(OH)8
(see below) is dissolved in this acid.955*958 Dilute hydrochloric acid on
boiling converts it into the chloride Ru(NO)Cl3.
? Ruthenium Nitrosyl-hydroxide,
Eu(NO)(OH) 3
When alkali acts on the chloride Ru(NO)Cl3955 or on the tetrammine
[Ru(NH8)4(NO)(OH)]Cl959 a very unstable brownish-yellow powder is
deposited, which is easily decomposed by heat, and gives in concentrated
nitric acid a red solution, presumably of the trinitrate. This precipitate is
assumed to be the trihydroxide, the base of the trihalides.
•» A, JoIy1 OM. 1889, 108, 854.
Id., in M. Fremy's Emyd. de Ohm. 1000, III, 17, L 180.
»" H. Dufet, BuU. Soo. Min. 1880, 13, 471.
•" A. WsiMr, B$r. 1007, 40, 2620.
• " A . JoIy, O.M. 1800,111,97«.
m
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Complex Nitrosyl Cyanides, M 2 [Ru(CN) 5 ](NO)]
These salts are the ruthenium analogues of the nitroprussides.960 The
sodium salt is made by heating the rutheno-cyanide Na2[Ru(CN)6] with
fairly strong nitric acid and evaporating to dryness. A very insoluble dark
reddish-brown solid remains, which can only be purified by washing with
water. It has two molecules of water of crystallization, which are lost
over phosphorus pentoxide. Ammonium or alkaline sulphides give a red
or reddish-blue coloration, which is destroyed by excess of the reagent.
The potassium salt K2[Ru(CN)6(NO)], 2 H2O is similar. The resemblance
to potassium nitroprusside, also with 2 H2O, giving the same colour
reaction with sulphides, discharged in the same way by excess of sulphide,
is obvious.961
Ruthenium Nitrosyl Amrnines
These complexes have one NO group and from one to four but never
five amine groups attached to the ruthenium. They can be classified by
the number of amine groups present. The approximate number of known
compounds in each class, according to Gmelin, is
Tetrammine Trianvmine Dicmvmine Monammine
36
1
8
5

Tetrammine Nitrosyl
Compounds
The tetrammine salts of the type of [Ru(NH3)4(NO)(OH)]X2 are
made962-8 by treating the complex nitrosyl chlorides M2[Ru(NO)Cl6] with
ammonia. The corresponding aquo-compounds [Ru(NH8)4(NO)(OH2)]X8
are evidently very unstable. They are only known with the tetrammines,
not with the en compounds, and they decompose with the greatest ease,
even on solution in water, going into the hydroxo-compounds:
[Ru(NH3)4(NO)(OH2)]X8 —> [Ru(NH3J4(NO)(OH)]X2 + HX.
The aquo-cobaltic compounds behave in the same way.
These hydroxo-compounds are yellow and are of neutral reaction in
solution.
The tetrammines are essentially of two types, [RuAm4(NO)(H2O)]X8
and [RnAm4(NO)R]X2. Am is usually NH 8 , sometimes | en, and rarely
anything else. R can be OH, Cl, Br, I, NO8, \ SO4 (for references see
Gmelin, pp. 35, 52-3, 64, 68-9, 70, 75-7, 83-4).
The tetrammine compounds in general are stable to alkaline hydroxides,
but the ruthenium is precipitated as sulphide by alkaline siilphides. The
en compounds as usual tend to be more stable than those of ammonia,
and the NH 3 group is readily replaced by ew.964
The only triammine is the salt [Ru(C16H11N8)(NO)Cl2]Cl965 of the
960 w , Mouohot and J. Dusitig, Z. anorg. Chem. 1933, 212, 111.
961
Ma
Id., Ber. 1930, 63, 1226.
A. JoIy, CE. 1888, 107, 994.
988
A. Werner, Ber. 1907, 40, 2014.
9M
A. Werner and A. P. Snsirnoff, H$lv, QUm. Aota, 1920, 3, 787.
988
G. T. Morgan, J,C.S. 10S5, 569.
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'tridentate' a, a', a"-tripyridyl molecule; this clearly makes the unstable
triammine type possible. The salt is soluble and has 4 and 1 H2O.
The diammines nearly always have either ethylene diamine or dipyridyl. They do not occur in the aquo form: they are all of the type
[RuAm2(NO)R3], and accordingly are all non-electrolytes.* Not being
ionized they are very slightly soluble in water, and silver nitrate does not
remove the halogen. They show, however, a readiness to undergo a
reversible replacement of one halogen by another which is in general
characteristic of halogen atoms covalently attached to ruthenium.
The monammines are very few, and all contain a pyridine molecule as
the amine, and all but one (a very unstable salt) have two oxalato-groups
for the four R radicals. Here again no aquo-compounds are known, so
they are all monovalent anions M[Ru py(NO)RJ.
The chloride K[Ru py(NO)Cl4], which is yellowish-red, is very unstable,966 and is decomposed by water with the separation of potassium
chloride. The dioxalato-salts, which are red, are much more stable 967 ; the
ammonium salt has been resolved into its optical antimers.966
Complex Nitrosyl Halides
These are all derived from the trihalides, and all have a co-ordination
number of 6. The simple type is M2[Ru(NO)hal6], but there are one or
two in which two halogens are replaced by an oxalato-group. The simple
type is formed by all three halogens chlorine, bromine, and iodine. It will
be remembered that no complex halides of divalent ruthenium are known.
The complex chlorides M2[Ru(NO)Cl5] are dark red salts, giving reddishviolet solutions in water. The best known is the potassium salt, which
was prepared by Glaus in 1847, and possibly by Berzelius in 1828. It can
be got by fusing ruthenium with potassium hydroxide and nitrate, and
dissolving the product in hydrochloric acid, or by mixing very concentrated solutions of potassium chloride and ruthenium nitrosyl trichloride
Ru(NO)Cl3968: or by the action of potassium nitrite on ruthenium trichloride solution. It forms dark red almost black crystals. It is a remarkably stable substance especially to heat; soly 12-0/25°. Its conductivity
in water is that of a strong tri-ionic electrolyte; on electrolysis the coloured
ion which contains the ruthenium migrates to the anode.966 The compound is not easily reduced, but hot concentrated alkaline hydroxide
precipitates the oxide. The sodium salt readily dissolves in absolute
alcohol, sodium chloride crystallizing out while the nitrosyl trichloride
Ru(NO)Cl8 remains in solution.
The potassium rubidium and caesium salts are isomorphous. The sodium
* For references see Gmelin: [Ru en(NO)Cl8]°, p. 57; [Ru en(NO)I3]°, p. 71.
[Budipy(NO)Br8]°, p. 67; [Ru(py)a(NO)Cl,0A]° (oxalate), p. 84.
m

R. Charonnat, Am1 OMm. 1031, [10] 16, 201.
•" Id., OM. 1924, 178, 1428.
»« ,T. L. How©, J,A,C,S, 1804, 16, 310.
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salt forms a trihydrate; the others (K, NH4, Rb, and Cs) form dihydrates,
in which the water is presumably attached to the anion as
[Ru(NO)Cl5(OH2)2]''
(the covalency maximum of ruthenium is 8).
The complex bromides M2[Ru(NO)Br5] and iodides M2[Ru(NO)I5] are
similar.
The potassium oxalato-chloride, K2[Ru(NO)Ox2Cl],H20, is prepared by
treating the chloride K2[Ru(NO)Cl5] with potassium oxalate and heating.
It forms dark red very soluble crystals, soly 47/20°. On heating with
hydrochloric acid it is converted into the pentachloride: the ruthenium is
precipitated by hydrogen sulphide but not by potassium hydroxide.
Silver nitrate or lead acetate give pale red precipitates of the corresponding complex salts, which only slowly go over into silver or lead
chloride.966
The potassium oxalato-iodide, K2[Ru(NO)OxI3], aq. This is made by
adding potassium oxalate solution slowly to a boiling solution of the
pentaiodide K2[Ru(NO)I5]. It forms black crystals stable in air, which
lose their water of crystallization at 100°, and are easily soluble in water.

OSMIUM
OSMIUM resembles its predecessor in Group VIII A, ruthenium, in many
respects, and especially in its power of assuming a large number of valency
states. Ruthenium has 9; osmium has 6: 0, 2, 3, 4, 6, and 8. The two
elements show a close resemblance in many respects, even in small details,
but there is a tendency for the stability to pass from lower to higher
valencies as we go from ruthenium to osmium (see above, p. 1455).

Metallic Osmium
Like ruthenium, osmium is a very hard and infusible metal, not attacked
by acids unless they are oxidizing agents. It is bluish-white in colour; it
has a density of 22-5, and so is the heaviest of known solids. It has the
highest melting-point of any of the platinum metals, 2,700°.
Its most remarkable quality is its tendency (much stronger than that
of ruthenium) to combine with oxygen to form the volatile tetroxide. The
massive metal is stable in air in the cold, but the powder is slowly oxidized
by air even at the ordinary temperature, and has a perceptible smell of
the tetroxide; any dust or grease in the vessel containing the powder
becomes covered with a black deposit of osmium dioxide formed by the
reduction of the tetroxide. (Ruthenium is not acted on by air until it is
heated, and then only forms the dioxide; the production of the tetroxide
requires a stronger oxidizing agent than elementary oxygen.)
Osmium and its compounds are excellent catalysts, often more effective
than platinum, especially for hydrogenation.
Finely powdered osmium, such as is obtained by reducing the dioxide
at low temperatures, absorbs a large amount of hydrogen; in the compact
form, however, the metal absorbs none, so that the action appears to be
superficial.969
D I V A L E N T OSMIUM
THE compounds of divalent osmium are few and nearly all complex.
The monoxide OsO has been described, but it does not really exist. On the
other hand, osmium (like ruthenium, p. 1461) forms a disulphide OsS2, a
diselenide OsSe2, and a ditelluride OsTe2, which have the pyrites structure,
and so must contain divalent osmium.
Osmium Bisulphide, OsS 2 9 7 ( M
Numerous sulphides of osmium have been described, but the only one
that certainly exists is the disulphide OsS2. The elements combine at
temperatures above 600° with the evolution of much heat, and if excess
of sulphur is used and the excess removed by solvents, the disulphide
remains.970 The vapour tensions indicate no other compound.971
»•• See E, MtUler and K. Sohwabe, Z. physikal Chem. 1931, 154, 143; Z. Elektro*
chem. 1029, 35, 181.
•»•
L. Wdhler, K. Ewald, arad H. G. Kr&Li, Ben 1988, 66, 1089.
971
B. Juza, Z. anorg, Ohm,, 1984, 21% 130.
• " I. OfUdAl, Z. physihal, Ohm. 19SS1 135, 298.
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Osmium disulphide is a black solid, or if prepared above 1,000° it is
dark blue-grey.971 It forms cubic crystals, which have a pyrites structure.972""3 On heating it dissociates into its elements, the dissociation
tension being 490 mm. at 1,094°.971 It is insoluble in alkaline hydroxide
or sulphide solutions, and in acids other than nitric, which dissolves it even
in the cold, and when the liquid is boiled osmium tetroxide distills over.
Osmium Diselenide and Ditelluride
These substances OsSe2 and OsTe2 also appear to be the only compounds
of their respective elements.970 They are oxidized by air or nitric acid to
osmium tetroxide, but other acids, and alkaline solutions, have no action
on them. Like the disulphide they have a pyrites structure.974
Divalent Halides
The dichloride OsCl2 is made by heating the trichloride in vacuo to
5QQO 975. Jj]16 remaining solid is purified by boiling with dilute hydrochloric
acid and then with water, which do not act on the dichloride. It is dark
brown and insoluble in water; it is not acted on by hydrochloric or sulphuric acid, but nitric acid or aqua regia slowly converts it into the
tetroxide.
No dibromide has been prepared in anything like purity, and the supposed di-iodide has not been confirmed.

Complex Salts of Divalent Osmium
These are relatively few; they comprise a very stable group of osmocyanides, and a sulphito-complex (and some mono-nitrosyl complex halides
discussed later, p. 1510).

Complex Cyanides
These are all of the type M4[Os(ON)6], and so belong to the group of the
ferrocyanides and the ruthenocyanides.
The free acid is said to be precipitated from a solution of the potassium
salt by hydrochloric acid in presence of ether (Claus, 1854; Martius).976
The salts are numerous; the potassium salt 977 K4[Os(CN)6], 3 H2O can be
made by fusing the complex chloride (NH4)2[OsivCl6] with potassium
cyanide, or by evaporating potassium osmate K2OsO4 with potassium
cyanide solution and igniting the residue. It forms colourless quadratic
tables, which on heating first lose water and then decompose. Various
other salts have been prepared.976"7
978

A. K. Meisel, Z. anorg. Ohem. 1934, 219, 141.
L. Thomassen, Z. physikal Ohem. 1929, B 2, 349.
878
O. Buff and E. Bornemann, Z. anorg. Ohem. 1910, 65, 454.
878
A. Martiui, Ann. 1881, 117, 861.
877
F. Krauw and G. Sohradtr, J. prakt. Ohm. 19S8, [ii] 119, 879.
974
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Sulphito-complexes
A sulphite-compound Na4[Os(SOg)3], 6H 2 O has been prepared978 by
treating the ester of osmic acid (see later, p. 1500) with sodium sulphite in
dilute alcohol. It is blackish-brown in colour. The formation of complex
sulphito-compounds is characteristic of osmium in various states of valency
(divalent, tetravalent, hexavalent), and is not shared by ruthenium to
anything like the same extent.
T R I V A L E N T OSMIUM
IN the very small number of trivalent derivatives it forms, osmium is in
strong contrast to ruthenium, of which the trivalent state is the most
important and the richest in compounds. The derivatives are nearly all
complex, and as with divalent osmium the only binary compound is the
chloride OsCl3; there are only two kinds of complex salts, the halides (few,
and nearly, if not quite, all 6-covalent) and a well-marked series of nitrosalts, all of the 5-covalent type M2[Os(NO2)S].
Osmium Trichloride, OsCl 3
This is formed (along with the tetrachloride) by chlorinating osmium at
a very high temperature, and is best made 979 by decomposing the tetravalent salt (NHJ2[OsCl6] in a stream of chlorine at 350°. It is a brown
hygroscopic powder, which sublimes above 350°, and at 560-600° decomposes into OsCl4 which volatilizes away, and the dichloride OsCl2 which
remains behind. It is easily soluble in water and alcohol. The dark brown
aqueous solution has a faint acid reaction, but with silver nitrate it gives
at first a scarcely visible turbidity, which increases slowly on standing,
and rapidly on heating, so that evidently the compound dissolyes in water
in the first instance without ionization of the chlorine. The aqueous
solution is stable even on boiling (as is also the alcoholic) and is not attacked
by weak reducing agents such as ferrous sulphate, sulphur dioxide, or
formaldehyde. Alkalies and ammonia precipitate an oxide only on boiling.
Boiling with concentrated nitric acid converts the trichloride into the
tetroxide.
Complex Nitro-salts, M 2 [Os(NO 2 )J 980
The potassium salt can be made by treating K2OsCl6 with excess of
potassium nitrite. Other salts are known; they are orange, most of them
easily soluble in water, and the aqueous solution stable for some time in the
cold. The silver salt forms rather insoluble golden yellow crystals. There
is a strong but not universal tendency to hydration:
Cation
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Complex Halides of Trivalent Osmium
The only certain type of these is M3[OsX6], and only the chloride has
been obtained in the pure state. K3[OsCl6], 0 and 3 H2O can be made 981
by the action of chlorine on a mixture of osmium and potassium chloride
at temperatures higher than those which form K2OsCl6: or from potassium
osmiamate K[OsO3N] in solution in hydrochloric acid. It is a red-brown
solid, very soluble in water and alcohol, and giving in water a cherry-red
solution which very easily decomposes.
The bromide K3OsBr6 has been made, at least in solution,982 by the
electrolytic reduction of K2OsBr6 in hydrobromic acid solution in an
atmosphere of carbon dioxide. Titration of the resulting yellow-brown
solution showed that all the osmium is reduced to the trivalent state. On
evaporation dark red-brown octahedra separate.
T E T R A V A L E N T OSMIUM
THIS is the valency in which osmium gives the largest number of compounds, and of the most diverse kinds: in this respect it corresponds to the
trivalent state of ruthenium. The general characteristics of tetravalent
osmium have already been described (p. 1456). For the redox potentials of
Os111—Oslv see references 083_4.

Osmium Dioxide, OsO2
This is the lowest oxide of osmium that has been shown to exist.986-8
It is not easy to obtain it in the pure state, because in presence of water
it readily goes over into a highly absorbent colloidal form. It can be
made 985 by the moderated reduction of osmium tetroxide, or by treating
K2[OsCl6] with sodium carbonate, or probably better by heating the
metal in nitric oxide, or in a stream of osmium tetroxide vapour.986
Osmium dioxide varies considerably in properties according to the
method of preparation, but probably does not occur in different modifications. 987 When it is made by removing water from the hydrate at a low
temperature, it is a black pyrophoric powder; if at a high temperature it
forms dark brown crystals, which are much less reactive. The crystal
structure is the same as that of ruthenium dioxide (p. 1475). It is easily
reduced by hydrogen to the metal, and (unlike RuO2) is oxidized to the
981
C. Claus and Jacoby, BuIL Acad. Petersb. 1863, [iii] 6, 158; J. prakt. Chem.
1863, 90, 78.
982
W. R. Crowell, R. K. Brinton, and R. F . Evenson, J.A.C.S. 1938, 60, 1105.
988
F . P . Dwyer, H. A. McKenzie, and R. S. Nyholm, Proc. R.S. New S. Wales,
1947, 80, 183.
984
F. P. Dwyer, J , E. Humpoletz, and R. S. Nyholm, ib. 242.
986
O, Ruff and H . Rathsburg, Ber. 1917, 50, 484.
988
L. Wdhler and L. Metz, Z. anorg. Chem. 1925, 149, 301.
987
F. Krauo and G. Sohmder, ib. 1928, 176, 394.
881
0. RuII and F, W. Tiohiroh, Bw* 1913, 46, 946.
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tetroxide by heating in air. It is converted by hydrochloric acid into the
corresponding (tetravalent) chloride, but the reaction
OsO2 + 6 HCl = H2OsCl6 + 2 H2O
seems to be reversible.
Osmium dioxide forms a dihydrate OsO2,2 H2O.985'988 This can be made
by reducing a solution of the tetroxide, or by precipitating K2OsCl6 with
alkali. It occurs as a brown powder or as blue-black crystals, but it very
easily assumes the colloidal form, and then is very difficult to purify from
adsorbed salts. A monohydrate also occurs.985
Halides of Tetravalent Osmium
The binary halides OsF4, OsCl4, and OsI4 have been made, though not
the tetrabromide; an oxychloride which is probably Os(OH)Cl8 is also
known.
Osmium Tetrafluoride, OsF 4
This compound is formed989 by the combination of metallic osmium
with a defective supply of fluorine in a platinum apparatus at 300°. The
tetra- hexa- and octofluorides are all formed, and the last two can then be
distilled off in a current of nitrogen, leaving the tetrafluoride OsF4 behind.
Osmium tetrafluoride is a black non-volatile substance. It dissolves
readily in water with a certain amount of hydrolysis, accompanied presumably by the formation of some of the hexafluoro-acid H2OsF6, the
sodium salt of which can be obtained by adding hydrofluoric acid and
sodium fluoride to the solution and evaporating.
Osmium Tetrachloride, OsCl 4
This is made 990 by the action of chlorine on metallic osmium ^tt 650-700°.
It forms black crusts which on heating in a vacuum or in chlorine sublime
away without residue. It is apparently insoluble in all ordinary solvents,
exoept oxidizing acids like nitric. With water it only dissolves slowly as it
reacts; the products of the reaction are obscure, but they certainly do not
inolude hypochlorous acid, which is formed under these conditions by
iridium tetrachloride; the ultimate product is the dioxide OsO2.
Osmium Tetraiodide9 OsI 4
This compound is made991"*2 by evaporating a solution of the hydrated
dioxide in hydriodic acid. It forms violet-bjack octahedra with a metallic
glance. It is very hygroscopic, and gives with water a brown solution,
which is stable in the cold, but evolves hydrogen iodide on warming. It is
remarkable that the tetrafluoride and tetraiodide are very soluble in water,
while the tetrachloride is practically insoluble.
•880* 0. Buff and F, W. Tsohiroh, Ber. 1918, 46, 929.
• w 0. Ruff and F. Bornemamx, Z. anorg. Chem. 1910, 65, 446.
• H. MoTBht and 0. WfcohJn, ib. 1398, 3, 174.
"* A. Roianheim and E, Samrath, ib. IS99, Jl 1 122,
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Oxy chloride of Tetravalent Osmium, OS(OH)CI 3 9 9 3 "" 4
The vapour of osmium tetroxide is passed into hydrochloric acid of
density 1 • 17: on evaporation and cooling a very deliquescent mass of brown
needles is obtained. These could not be purified for analysis, but it was
shown that the osmium was tetravalent, that the ratio Os: Ol was approximately 1:3, and that the crystals on heating give off water. Hence the
formula is very probable, especially as the compound with alkaline
chlorides or bromides gives M2[Os(OH)Cl5] or —Br6], and with HCl or
HBr, H2OsCl6 or H2OsBrJ* and their salts.
COMPLEXES OF TETRAVALENT OSMIUM

Hexammines
Nearly all the numerous complex salts of osmium in all its valencies
have the osmium in the anion: the element has a much stronger tendency
to combine in its complexes with acid radicals like the halogens than with
neutral molecules like ammonia. Complexes with osmium in the cation
include a series of tetrammine derivatives of hexavalent osmium of the
curious type [OsO2(NH3)JX2, and one or two compounds of the tetravalent
element. Also a thiourea derivative of the composition
[Qs(CS(NH2)2)6]Q4,4H20
can be made by heating a solution of Na2[OsCl6] with thiourea: the solution
turns brilliant red, and after cooling and adding hydrochloric acid and an
alkaline chloride this compound separates in brown tables. They are
readily soluble in water, giving a solution of so deep a red that it will
detect osmium tetroxide or tetrachloride in a dilution of 1 in 100,000.
The formulation of this compound as the chloride of a tetravalent base
is supported by the high conductivity of the aqueous solution, and the fact
that its freezing-points indicate a value of 3*6 to 4*0 for the van 't Hoff
factor i.995

Complex Acids of Tetravalent Osmium
These are very numerous. The complex ions are all divalent, probably
all 6-covalent, and all have as their chief acidic constituent either sulphitogroups, or halogen atoms, or both. As with ruthenium (p. 1464) the SO3
groups can occupy either one place on the osmium (open-chain) as
Os-0—S(

or two (chelate) as

Os^

,

yS~>0.

In these salts the covalency is probably 6, but it may be 8; in the absence
•M
914

H. E<§my, J. prabL Chem. 1921, [2] 1Oi, 341.
F, KrauM and D. Wilken, Z. anorg, Oh$m. 1924» 137, 352.
»» L. Tiohugaavp ib. 19Sd1 148, 05.
SUM
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of X-ray data we cannot distinguish between the two, or say, for example,
whether the osmium in M6Os(SO3J5 has a covalency of 6, with one chelate
and 4 open-chain SO3 groups, or of 8, with 3 and 2.
Type M8[Os(S03)6]i«>2
The sodium salt, with 8 and 3 H2O, is made by allowing the osmyl
compound Na6[OsO2(SOg)4], 5H2O to stand with sodium bisulphite solution for weeks. It forms brown crystals, very slightly soluble in water,
which decompose on boiling with concentrated hydrochloric acid. The
potassium salt, which is strictly an acid salt, K6H2[Os(S03)6], 2H 2 O, is
similar.

Type M6[Os(SO3),1"»
The sodium salt, N%[Os(S08)5], 5H 2 O, is made in the same way, but
by prolonged heating; the potassium salt (also with 5 H2O, perhaps one
H2O to each SO3) has been made by heating K2OsCl6 with potassium
sulphite. It is a colourless powder (the sulphite complexes of osmium seem
to be usually colourless, and the halides deeply coloured) which is decomposed by HOL

Type M7[OsCl(SO3) 5f™
The sodium salt (6 H2O) is made from Na2OsCl6 and sodium sulphite in
water at 60°. It is pale violet: its solution decomposes on boiling.

Type

M 6 [OSCI 2 (SO 3 )JWX 8

The sodium salt (10 H2O) is made in the same way, but at a lower
temperature and more slowly; it is brownish purple.

Type M8[OsCl4(SO3)JKa*
. The potassium salt is made in the same way as the sodium salts described
above, but with potassium hydrogen sulphite, and at the ordinary temperas'* J. D. McCulIough, Z. Krist. 1936, 94, 143.
»97 F. Puche, CR. 1936, 202, 1285.
988

R. Gilchrist, Bur. Stand. J. Res. 1932, % 282.
••• O. Ruff and F . W. Tschirch, Ber. 1913, 46, 932.
iooo L, Wintrobert, Ann. CUm. Phys. 1903, [vii] 28, 58.
iooi p . K r a u s 8 a n d D. Wilken, Z. anorg. CUm. 1924, 137, 360.
1008
A. Rosenheim and E. A. Sasserath, ib. 1899, 2 1 , 132.
1008
A. Gutbier and K, Maisch, Ber. 1910, 4 3 , 3235.
10
°* A. Gutbier and P . Walbinger, ib. 1911, 44, 309.
100
« A. Gutbier and L. Mehler, Z. anorg. Chem. 1914, 89, 333.
1008
A. Gutbier and K. Maisch, Ber. 1909, 42, 4240.
1007
A. Gutbier, N. Pfanner, and O. Edelhauser, ib. 1913, 46, 2098.
« • • W , B . Cromwell and H, L. Baumbach, J.A.CS. 1935, 57, 2607.
1009
A. Gutbier, L.„Mehler, N. Ff&rmer, and O. Edelhauser, Z. anorg. Chem. 1914,
89, 813*
1010
L. Wintrebert, Ann. CHm. Phys. 1903, [vii] 28, 133.
*•« H, D&hlmann, Diss., Brauniohweig, 1982, p. 22.
»•» L« Briziwd, CR. I860, 123, 182? Ann. Chim. F%«. 1000, [vii] 2 1 , 875.
1011
A. Roaonhoim, Z. morg, Oh$m. 1900, 24, 420.
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ture. Oa heating with hydrochloric acid it is reconverted into K2OsCl6.
It is clear that these chloro-sulphites are the successive products of the
replacement of chlorine in the hexaehlorides by SO 3 ; this might be used
as evidence in favour of the open-chain position of the SO3.
COMPLEX H A L I B E S

These are especially numerous: they include the types M2[OsF6],
M2[OsOl6], M2[OsBr6], M2[OsI6], M2[OsCl5Br], M2[OsCI3Br3], M2[Os(OH)Cl5],
M2[Os(OH)Cl3Br2], M2[Os(NH2)Cl5].
Hexafluorides, M 2 [OsF 6 ]
The potassium Salt can be made 999 by the careful evaporation of a
solution of osmium tetrafluoride in hydrofluoric acid which has been
neutralized by potassium hydroxide. It forms yellow regular crystals.

Hexachlorides, M2[OsCl6]1003-6^008
The free acid H2[OsCl6], aq. no doubt occurs in solution, and has probably been got in the solid state. Gilchrist998 found that when the pale
yellow solution of osmium tetrachloride in 20 per cent, hydrochloric acid
is boiled, it first turns brown and then red. On evaporation a crystalline
mass remains which is probably (though it was not analysed) the free
acid. On treatment with ammonium chloride it gives the ammonium salt
(NHJ2[OsCl6].
A variety of salts of the acid are known. The potassium salt can be
made1000"1 by heating a mixture of osmium and potassium chloride in
chlorine, or by adding potassium chloride and alcohol (as a reducing agent)
to a solution of osmium tetroxide. It is a red salt, stable in air; on heating
it begins to lose chlorine at 600°, the dissociation tension reaching one
atmosphere at 855°; the ultimate products are chlorine, metallic osmium,
and potassium chloride. The anhydrous sodium salt1002 is dark red, but it
forms an orange dihydrate. The ammonium salt (dried at 140-150° in a
stream of nitrogen) has been used for determining the atomic weight of
osmium.998 In general the salts are all brownish-red, and give orange
solutions in water.997 The caesium salt is the least soluble of the alkaline
salts [salt of strong acid].
Hexabromides, M2[OsBr6]ioo7,ioo9,io22
Gilchrist998 has obtained a crystalline mass which appears to be the free
acid by the method used for the chloride. The salts are numerous, and
1014

O. Ruff and F . W. Tschireh, Ber. 1913, 46, 929.
W. Biltz and H. Ehrhorn, Z. anorg. Chem. 1939, 240, 117«
" w W. Gibbs, Am. Chem. J. 1881, 3, 238.
1017
A. Rosenheim and E. A, Sasserath, Z. anorg. Chem. 1899, 21, 139.
1018
A. Werner and K. Dinklage, Ber. 1901, 34, 2702.
1016
L. Wintrebert, Ann. CHm. Phys. 1903, [vii] 28, 64, 86.

1015

io« Id., ib. pp. 76, 114.
«» A, WOTW and K. DinWago, B$r. 1908, 39, SOO.
*°" A. Outbid, ib. 1918, 46, 2101.
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exactly similar to the chlorides except in colour: the bromides are darker,
the solids being usually black and the aqueous solutions dark purple.
The hexachlorides and hexabromides have the same crystal structure as
the corresponding platinichlorides with which they are isomorphous.996
Hexa-iodides, M 2 [OsI 6 ]
The potassium salt of the acid was obtained1010 by the action of hydriodic
acid on K2[OsO3(NOg)2], & reaction which involves reduction as well as
Hubstitution. It forms blackish-violet octahedra, rather slightly soluble
in water, but more so than the hexachloride or hexabromide. The solution is violet, and soon decomposes on warming, even if it contains excess
of hydriodic acid. The ammonium salt (blue-black octahedra) is similar.
The mixed halide types M2[OsCl5Br]1001 and M2[OsCl3Br3]1001'1011 are
also similar.
Hydroxy- and Amino-halides
These complex acids can have one (but only one) of the six halogens
replaced by a hydroxyl, or by an NH 2 group. The products seem little
if at all less stable than the hexahalides, but fewer salts are known. (The
corresponding ruthenium compounds M2[Ru(OH)Cl6] and M2[Ru(OH)Br6]
are known (p. 1478).)
Hydroxy-chlorides, M 2 [Os(OH)Cl 5 ]
These salts are made1001 by adding the alkaline chloride to a feebly acid
solution of the oxychloride Os(OH)Cl3; they are red in colour. They are
not very stable, and usually cannot be recrystallized from water without
decomposition. The salts include a silver salt1011 which forms greenishblack insoluble crystals.
Hydroxy-bromides, M 2 [Os(OH)Br 5 ]
The only known example1001 is the salt (CH3-NHg)2[Os(OH)Br6], made
from methyl-ammonium bromide and the oxybromide Os(OH)Br3; it
forms pale brown needles.
Hydroxy-chlorohromides, M2[Os( OH)Cl 3 Br 2 ]
The methylammonium salt of this mixed oxyacid was made by
Krauss1001 by treating the oxychloride Os(QH)Cl3 with methylammonium
bromide. It forms pale pink plates, which are easily soluble in water, and
slightly soluble in alcohol.
Aminochloride9 K 2 [Os(NH 2 )Cl 5 ]
This, the only known salt, is made1012 by reduoing potassium osmiamate
K[OHO 8 N] with stannous ohloride at 60°; deep yellow ootahedra, stable
up to 110°, and moderately soluble in water to give a greenish-brown
solution, which slowly hydrolyses.

Hexavalent Complexes
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THIS is the next most important valency of osmium after that of 4 (see
p. 1457). There are two binary compounds, the hexafluoride and the
diphosphide, and a considerable number of complex salts, all of which are
in some sense derivatives of osmic acid H2OsO4.

Osmium Hexafluoride, OsF 6
This is made along with the tetra- and octofluorides by the combination
of its elements at about 250°.1014 (For details see the octofluoride, p. 1505.)
If the resulting solid is distilled in dry nitrogen at 50° and 20 mm., the
octofluoride evaporates away, and the hexafluoride is just able to sublime
a short distance, while the tetrafluoride remains behind.
Osmium hexafluoride is a pale green crystalline substance, which melts
between 50° and 120° (all transparent vessels are attacked by it), and boils
at 202-205°. It is very hygroscopic, and is at once decomposed by water
into osmium dioxide, osmium tetroxide, and hydrogen fluoride.
Osmium Diphosphide, OsP 2 1015
The study of the system osmium-phosphorus at temperatures from 500°
to 1,000° shows that the elements begin to combine above 500°, and that
the diphosphide OsP2 is the only compound formed.
Osmium diphosphide is a grey-black powder, which decomposes into its
elements in vacuo at 1,000°. It is stable to air and to aqueous acid or
alkaline solutions, but it dissolves in alkali on fusion. Its structure, and
hence the valency of the osmium in it, are unknown.
Complexes of Hexavalent
Osmium
These include the osmates M2OsO4 (if we call these complex) and the
chloro-osmates M2[OsO2Cl4] to both of which there are ruthenium analogues ; but the rest of the rather numerous hexavalent osmium complexes
belong to types that are peculiar to osmium: they are not formed by
hexavalent ruthenium, and hexavalent iridium forms no complexes, while
hexavalent rhodium does not exist at all. The hexavalent osmium complexes are of four types:
1. Osmic acid and the osmates M2OsO4.
2. The osmyl (OsO2) complexes: these include the ammines
[OsO2(NHs)4]X2,
the cyanides M2[OsO2(CN)4], and the substituted osmates M2[OsO2X4],
where X = Cl, Br, NO2, | 0 x , SO3Na.
3. The oxy-osmyl (OsO3) salts M2[OsO3X2], where X = Cl, Br, NO2, £0x.
4. The nitrilohalides M[OsN(hal)4] and M2[OsN(hal)5].
Osmates, M 2 [OsO 4 ]
These salts can be made*023 by fusing osmium with potassium hydroxide
(best with the addition of potassium nitrate), or by reducing osmium
"Ii K. Miiller, JB. Ehktroohmi, 1022, 28, 307.
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tetroxide in alkaline solution with alcohol or potassium nitrite. The
alkaline salts are red or brown, and are easily soluble in water to give a
red solution, but insoluble in alcohol or ether. The dry salts are stable
in the cold, but when heated in air they form osmium tetroxide; when wet
or in solution they decompose. The aqueous solution slowly absorbs
oxygen from the air, no doubt to give osmium tetroxide or a derivative.
The osmates are less stable than the corresponding ruthenates, mainly on
account of the greater stability of the octovalent state with osmium.
Werner suggested1024 that the dihydrate of the potassium salt should be
written K2H4[OsO6], on the analogy of telluric acid H6[TeO6], but according to Patry 1028 X-ray analysis shows that the crystal lattices of the salts
K2OsO4, 2 H2O and K2TeO4, 2 H2O are different.
Cyclic osmic esters of the form
E 2 C—0\
R 2 C-Q/

)OsO2»

and even dicyclic esters like
R 2 C-Ox
/ O - C R2
I
Os

R2O-O/

\o-CR2

1029-30

can be made
by the action of osmium tetroxide in ethereal solution on unsaturated hydrocarbons such as indene (brown crystals) and
dihydronaphthalene (olive-green crystals). When these compounds are
warmed with sodium chlorate they are hydrolysed to the corresponding
diols (glycols) with the re-formation of the osmium tetroxide. This would
appear to be the explanation of the effect of a small quantity of the
tetroxide in causing the conversion of unsaturated hydrocarbons into
diols by sodium chlorate.1031*1036*1045 There must, however, be a more
1024

A. Werner, Neuere Ansch. 1923, p. 110.
loss y , Krauss and G. Schrader, J. prakt. Ghem. 1928, [2] 120, 36.
ioaa j # Verhulst, Bull. Soc. CHm. Beige, 1933, 42, 359. See also Struhturbericht,
Bd. I l l , 1933/5, p. 507.
loa
* J . L. Hoard and J . D. Grenko, Z. Krist. 1934, 87, 100.
i°*8 M. Patry, CR. 1936, 202, 1517.
i° M R. Criegee, Ann. 1936, 522, 75.
1080
Id., Z. angew. Chem. 1938, 5 1 , 519.
« " K. A. Hofmann, Ber. 1912, 45, 3329; K. A. Hofmann, O. Ehrhardt, and
O. Schneider, ib. 1913, 46, 1657.
10M
R. Criegee, B. Marchand, and H. Wannovius, Ann. 1942, 550, 99.
loss p , Walden, Z. anorg. Chem. 1910, 68, 315.
"•* K. A. Hofmann, Ber. 1912, 45, 3329.
*•» K. A. Hofmann, O. Ehrhardt, and O. Schneider, ib. 1913, 46, 1657.
i°»« J. Boeseken, Bee. Tr<w. 1922, 4 1 , 201.
1087
H. v. Wartenberg, Ann. 1924, 440, 102.
iOBi p . Krauss and D. Wilken, E. cmorg. Chem. 1925, 145, 151.
»»• B. Fritzmaain, ib. 1927, 163, 105.
" " D. M. Yoit and B. J, White, J . X . O S . 1028, 50, Bl.
iNi E, Ogawa, Bull iSoo. Japan, 1031, 6, 320.
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general cause than this, since the oxidation potential of a potassium
chlorate solution is definitely raised by adding a trace of osmium
tetroxide. 1031 ' 1034 " 6 Recently it has been shown 1032 that the tetroxide
reacts with potassium or caesium hydroxide in methyl alcohol to give the
tetramethyl osmate (M0) 2 0s v l (0-CH 3 ) 4 , which is converted by warm
acetic acid into the acetate MO Os vi O(0- CO CH 3 ) 3 .
Osmyl
Complexes
These all contain the osmyl group OsO 2 . Apart from one remarkable
tetrammine (below) they all have this group in a complex anion, nearly
always of the type M 2 [OsO 2 X 4 ].

Cyano-osmyl Salts, M2[OsO2(CN)J1025
The potassium salt is made by the action of potassium cyanide on
osmium tetroxide. The complex is remarkably stable: it is not decomposed by hydrochloric or sulphuric acid, even on boiling; the excess of
potassium cyanide is decomposed by this treatment, but the complex ion
remains unchanged.

Nitro-osmyl Salts, M2[OsO2(NO2)J1025
The potassium salt can be got by passing nitric oxide into a solution of
osmium tetroxide and potassium nitrite, or by the action of the nitrite on
potassium osmate. I t forms orange prisms, which are unstable; the solution soon decomposes, and even the dry salt blackens in a few days. 1019
Tetrammines
[OsO2(NH3)JX2
The oxalate of this tetrammine is formed 1016 ' 1020 by the action of
ammonium oxalate on potassium osmate. I t forms yellow-orange crystals,
moderately soluble in water.
Sulphito-o&myl
Salts, M 6 [ O s O 2 ( S O 3 ) J
These salts 1017 * 1022 appear at first sight to be different in type from the
rest, b u t they can be written in the same form as M2[OsO2(SO3M)4], which
is only a way of expressing that the sulphite groups are attached to the
central atom by one valency <inly. The sodium salt ( + 5 H 2 O) can be got
by the action of sulphur dioxfde on osmium tetroxide in alkaline solution.
I t forms brownish crystals, fairly soluble in water at 50°; they cannot,
however, be recrystallized from water as the solution at once begins to
decompose.
Oxalato-osmyl
Salts, M 2 [OsO 2 Ox 2 ] 1 0 2 0
Numerous salts of this type have been made. In the dry state they are
stable up to 170° or above, but in water they soon decompose. The sodium
1048
H. D. Kirschmann and W. R. Crowell, J.A.C.S, 1933, 55, 488.
1048
A. Langseth and B. Qviller, Z. phyaikal Ghem. 1934, B 27, 79.
M
* * L. O, Brookway, Bm, Mod. Phya. 1936, 8, 200.
" « B. Cri©gi©, Ann. 1986, 532, 75.

1502

Group VIII.

Hexavalent

Osmium

salt is made by heating a solution of osmium tetroxide in sodium oxalate
for 40 hours under reflux; it forms greenish-red dichroic crystals, soly 7 at
ordinary temperature. The potassium salt is similar but less soluble,
soly 0-75/15°. The salts of the alkaline earths seem to be especially unstable
in solution. The silver salt is stable when dry, and can be heated alone
or in hydrogen to 160° without decomposition.
Chloro-osmyl SalU, M2[OsO2Cl4]1019'1027
The potassium salt (2 and 0 H2O) is made by the action of hydrochloric
acid on osmyl or oxy-osmyl salts, or on potassium osmate.1019 It forms
garnet-coloured crystals easily soluble in water and fairly stable when dry.
The ammonium salt is obtained from this, and is isomorphous with it, but
is rather less soluble.
It has been shown1027 that the crystal lattice of the potassium salt
closely resembles that of potassium chloroplatinate, so that presumably
the osmium in the anion is 6-covalent and octahedral.
The potassium and ammonium bromo-osmyl salts M2[OsO2Br4]1019 are
similar, but are difficult to prepare. If too little hydrobromic acid is used
the oxy-osmyl bromide M2[OsO8Br2] is formed, and if too much, the hexabromide M2[OsBr6].
Oxy-osmyl Complexes1020
These are derived from the osmyl salts by replacing two acid radicals
by one oxygen, and so are of the general type M2[OsO2-O-X2], where X
can be chlorine, bromine, NO2, or half an oxalate radical. Only a few of
these salts have been prepared1020; their structure is unknown. The halides
are made from the nitrocompounds by treatment with hydrogen halide;
with more of this the osmyl tetrahalide M2[OsO2(ImI)4] is formed.
The ammonium salt of the chloro-acid (NH4J2[OsO2-O-Cl2] is a yellow
powder, stable up to 150°, which is very slightly soluble in water; the
bromo-salt is similar. The nitro-salts seem to be the most stable members
of this group; the potassium salt K2[OsO2-0(N02)2], 3 and O H2O, can
be made by the action of potassium nitrite on a solution of osmium
tetroxide, or from the tetranitro-osmyl salt K2[OsO2(NO2)J and potassium
osmate. It forms brown slightly soluble crystals, and decomposes slowly
in solution. Hydrochloric acid converts it successively into
K2[OsO2-O-Cl2], K2[OsO2Cl4], and K2[OsCl6];
hydrobromic acid behaves in the same way. The other salts, which are
yellow or brown, are very similar. They hydrate strongly: K, 3H 2 O;
Sr 3 H 8 O; Ba 4 H 2 O; Ag H2O.
The oxalato-derivative K8[OsOjI'O'C8O4], 2H 2 O was made by letting
the tetroxide stand in potassium oxalate solution for months in the oold.
It decomposes at 123° and is very slightly soluble in water.1080
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Nitrilo-halides
These singular compounds were discovered by Werner.1018,1021 They
are of two types, M[OsN(hal)4] and M2[OsN(hal)5]. They are thus the
complex halides derived from the unknown compound OsN(hal)3, which
must be supposed to contain hexavalent osmium. They are made by treating the octovalent osmiamate M[OsO3N] with hydrogen halide, which
both substitutes and reduces, the free halogen being evolved.
The only known tetrahalide salt K[OsNBr4], 2 H2O1018 separates in
ruby-red crystals when K[OsO3N] is treated with hydrobromic acid in the
cold, bromine being evolved. It is excessively soluble in water to give a
cherry-red solution, which rapidly decomposes by itself, but is quite stable
in presence of excess of hydrobromic acid. When it is boiled with an alkaline hydroxide no ammonia is evolved.
The nitrilo-pentachlorides are better known. Werner and Dinklage
showed1018 that the red crystalline solid produced with evolution of
chlorine when an osmiamate is treated with hydrochloric acid has the
composition M2[OsNCl5]; they called it nitrilopentachloro-osmate. The
yield is increased by adding potassium chloride, as required by the equation
K[OsO3N] + KCl + 6 HCl = 3 H2O + Cl2 + K2[OsNCl6].
The other salts were obtained from this. They are red crystalline substances, and are fairly stable when dry; in water they give red solutions
which soon decompose, especially if they are warmed, with the separation
of a black precipitate, but they do not evolve ammonia even when boiled
with sodium hydroxide. They are more stable in presence of acid; the
crystal lattice is of the CU type.1026 The structure may be
Cl
K2 N±rps^Cl
Pentabromo-nitrilo-salts
These salts, M2[OsNBr5], were made1021 by adding the alkaline bromide
in suitable excess to the mother liquor from the formation of the tetrabromo-potassium salt in the reaction described above. An ammonium
salt ( + 1 H2O), a rubidium salt (anhydrous), and an acid caesium salt
Cs3H[OsNBr5]2 were prepared. They are all red or brown solids, giving
red solutions in water which soon decompose.
OCTOVALENT OSMIUM
FOR the general characteristics of this, the group valency, see p. 1458;
its greater stability in osmium than in ruthenium is very marked.
Osmmm Tetroxide, OsO 4
Osmium tetroxide, OsO4, is the usual product of the oxidation of metallio
osmium and many of its oompounds by atmospheric air and other oxidising
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agents; the ease with which it sublimes from the osmium-iridium alloy
when that is heated in air is very important for the isolation of osmium.
I t is most easily prepared by heating metallic osmium to redness in air.
I t is a colourless or yellow solid, melting at about 40° and boiling at
about 130°; the best values seem to be
M.pt.
v. Wartenberg®
Krauss&
.
Ogawac
.

.
.

.
.

a = 10»7, 6 =

B.pL
129°
134°
131-2°
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.
.
1038

,c=
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The critical temperature is 404-801037*1041: the Trouton constant 21-5 1041 :
the parachor 157-7.1041 The substance has been said 1038 to occur (like
ruthenium tetroxide) in two modifications, but this is improbable. 1041 The
vapour has a characteristic and penetrating smell (which has given its
name to the element) and attacks the lungs and throat.
Osmium tetroxide has a normal molecular weight in the vapour at 246°
and 286° (Deville), and in solution in phosphorus oxychloride from the
freezing-point (Walden). 1033 In benzene solution the dipole moment is
practically zero, 1043 as the volatility would lead us to expect. Electron
diffraction measurements 1044 showed t h a t the 4 oxygen atoms are tetrahedrally arranged round the osmium, which is supported by the absorption
spectrum and the Raman spectrum, 1043 and t h a t the Os—O distance is
l-66±0-05 A. This distance is remarkably short. The theory for Os—O
is about 2-04; the observed length is about that to be expected for a triple
O s = O link, but as we saw with ruthenium tetroxide there is no reason
to expect the occurence of more than double links in these tetroxides.
Osmium tetroxide is diamagnetic (Faraday) and its electrical conductivity
in the liquid state is less than 10~ n .
I t behaves as a normal non-associated substance (or nearly so) in solution both in water and in carbon tetrachloride; the partition between
these two solvents does not vary more than 50 per cent, for large changes
in concentration.1040*1046 I t is very soluble, especially in non-associated
solvents; at 25° the sol y is in water 7-24 and in carbon tetrachloride 375. 1046
Its solubilities are like those of an organic hydroxy-compound such as
phenol, and it can be salted out of its aqueous solution by inorganic salts.
The vapour pressure of the carbon tetrachloride solution does not indicate
any serious degree of association.
The aqueous solution 1039 is neutral to litmus, but the oxide in it certainly
behaves as an acid, though a very weak one. This is shown by the electrical
conductivity, which is perceptible, though not much greater than t h a t of
water, and also by the effect of alkalies upon the solution. The value 1040 of
the partition coefficient CCl4/water is cut down from 12 in pure water to
8*8 in 0*028 normal alkali, and to 2-12 in 0'06-normal. Thii shows t h a t it
" « U H. Ancfenon and T). M, Yonfe, J,A*Ot®t 103I1 60» 1822.
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is being held back by the alkali, and indicates that if we assume the acid
to be H2OsO5, its first dissociation constant must be 8 x 10~13, much smaller
even than the second dissociation constant of carbonic acid, which is
6 x 10"*11, so that it is not surprising that the acidic character of the solution was at first overlooked; this constant implies that a salt NaHOsO5
would be some 30 per cent, hydrolysed in decinormal solution. Strong
alkalies should be able to form definite salts with the solution, and it has
been found that when alkali is added to the solution it turns yellow, and if
it is concentrated enough salts such as K2[OsO4(OH)2] (p. 1509) can be
isolated.
Osmium tetroxide is a strong but not violent oxidizing agent. It
oxidizes hydrochloric acid of a density greater than 1-6, with the formation of chlorine and H2[OsCl6], the osmyl halides being intermediate
products; but a more dilute hydrochloric acid does not reduce it though it
reduces ruthenium tetroxide, showing that the osmium compound is the
more stable, as we should expect. The reaction is reversible. Hydrobromic acid behaves in the same way; see references 10*1-2,1045,
Osmium tetroxide will also oxidize organic substances, being itself
reduced to the dioxide OsO2, aq., or even to the metal; hence its use in
biology as a stain. In organic oxidations it has the advantage that it
does not cause substitutions, as nitric acid and the halogens are liable
to do.
Osmium Octofluoride, OsF 8
This is produced
along with the tetra- and hexafluorides, by the
action of fluorine gas on heated osmium, the apparatus being made of
platinum. With an active osmium powder and plenty of fluorine at 250°,
the only products are the hexa- and the octofluoride1048; the latter (about
35 per cent.) is then distilled off and condensed in solid carbon dioxide and
alcohol, or in liquid air.
Osmium octofluoride forms fine yellow needles, which melt at 34-4° to
a yellowish-red liquid boiling at 47 -5°1047; the density of the solid at —183°
is 3-87, giving a molecular volume of 88*71048; the Trouton constant is 22-1.
The vapour density at 100° is that of OsF8 within 3 per cent. The vapour
begins to decompose into fluorine and a lower fluoride above 225°, but no
considerable decomposition occurs below 400°.
The vapour is colourless, has a peculiar and characteristic smell, fumes
in air, and attacks the eyes and nose violently. It has no action on platinum,
gold, silver, or copper except on heating; with most metals it reacts in the
cold, for example with magnesium, aluminium, chromium, manganese,
iron, nickel, zinc, and mercury, and still more readily with phosphorus,
arsenic, antimony, and lead; it also attacks warm glass with evolution of
silicon tetrafluoride. In water it gives a colourless solution, which, however, has lost the ootofluoride smell, and only smells of the tetroxide, so
that presumably it is more or less completely hydrolysed. In sodium
hydroxide solution onmium ootofluoride givei the oharaoterlitio yellow1047-8
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red colour of the 'perosmates', such as M2[OsO4(OH)2] (see later,
p. 1509).
Osmium octofluoride has a very remarkable reaction with alkaline
fluorides1047; they combine with it with unusual ease to form a salt-like
addition product which can also be obtained by passing fluorine over a
heated mixture of osmium powder and the alkaline fluoride. This addition
compound is so stable that in the preparation of the octofluoride the
product must be kept out of contact with alkaline fluorides, which would
hold it back; it is also much less easily reduced by alcohol or hydrazine
hydrate than the octofluoride itself. The sodium compound is a white
substance which when treated with sodium hydroxide solution evolves
ozone and forms a greenish-yellow solution. Unfortunately these addition
compounds have not been analysed.1047

[Osmium Tetrasulphide, OsS4
Berzelius and others claimed that this is formed by the action of hydrogen
sulphide on osmium tetroxide. But recent work1049 indicates that the
product is of uncertain composition, and contains oxygen.]
Structures of Osmium Tetroxide and Octofluoride
The tetroxide is shown by electron diffraction to have a tetrahedral
structure with remarkably short links from the osmium to the oxygen.
These links might be either single co-ordinate links or double links: if they
are all of one kind we have the two alternative structures

Atomic structure
of Os

0

O

t

Il

0<~0s->0
1
O

O=Os=O
Il
O

2.8.18.32.8.8

2.8.18.32.8.16

The absence of a volatile tetroxide of iron might be used to support the
second formula, on the ground that ruthenium and osmium, but not iron,
can have covalencies of 8; more probably, however, the absence of FeO4
is due to the instability of this highest valency with the lighter element, and
the tetroxide is a resonance hybrid of the two forms, the shortness of the
link indicating, as with ruthenium (p. 1482), that the doubly bonded form
predominates.
In either case the core is the same, having a pseudo-inert-gas form lijse
that of the central atom in all the XO4 ions of A elements in their group
valency, such as the zirconates, tantalates, tungstates, permanganates,
and perrhenates; the electrovalency, which is always equal to 8 minus the
l0
<*
lMI
l0

O. Ruff aaid F. W. Tsohiroh, Ber. 1013, 46, 929,
P. H©nkel and W, Kiemm, £. anorg. Ohm. 1985, 222, 67.
» R. Juza, E. anorg. Oh*m. 1984, 21% 187.
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group number, has fallen to zero, and the RuO4 and OsO4 molecules are
uncharged, giving us the series
Group

4
ZrOf

5
TaO?

6
WOJ

7
MnOi
ReOi

8
KuO40
OsO40

With the octofluoride the question is whether the osmium is covalently
saturated. The covalency rule gives 8 as the maximum covalency for
elements after the end of the first long period; but there always is a possibility that a further increase to 10 takes place somewhere lower down in the
Table. If the maximum for osmium is 8, then in the octofluoride the osmium
is covalently saturated, and in that case we should certainly expect the
compound to show the same kind of inactivity that we find in carbon
tetrafluoride and in sulphur and selenium hexafluorides. In fact, however,
its behaviour is quite different, and it is as reactive—for example, with
water, alkalies, or lead—as a covalently unsaturated halide such as, say,
silicon tetrachloride or tellurium hexafluoride. This suggests that the
osmium is not exerting its maximum covalency in the octofluoride, and so
is able to form co-ordinate links as an acceptor, giving, for example, with
water, F8Os^-OH2.
This conclusion, which is admittedly very uncertain, is supported by the
behaviour of the octofluoride with alkaline fluorides like sodium fluoride,
Though the products have not been analysed, it can scarcely be doubted
that they are addition compounds of a composition such as NaP, OsF8, or
2 NaF, OsF8. We cannot suppose that the fluorine atoms are attached to
one another, and so the only probable structure for the compound would
seem to be NafOsFo] or Na2[OsF10], which would imply that a covalency
of 10 is possible for osmium. It is very unsatisfactory to have to base an
argument for an extension of the covalency limits on un-analysed compounds such as these, and it is to be hoped that they will be examined in
more detail.
Complexes of Octovalent Osmium
The complex salts derived from osmium tetroxide are the osmiamates,
in which one of the oxygen atoms in OsO4 is replaced by the NH group or
its ion, and a few rather unstable so-called 'osmenates\ formed by the
addition of the tetroxide to alkaline hydroxides and fluorides.
Osmiamates, M[OsO 3 N]
The constitution of the osmiamates, which are very readily formed by
the action of concentrated ammonia on a strong solution of osmium
tetroxide in alkali,1050'1052 was finally established by Werner in 1901.1053
He pointed out that the suggested structure
/NO
0—0s(
X)[M]
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was improbable (1) on account of the ease with which they are formed
(rapidly on slight warming of the tetroxide with aqueous ammonia);
(2) because they give off nitrogen when heated alone1051; potassium
osmiamate evolves nitrogen in vacuo above 200°, giving a mixture or
compound of potassium osmate and osmium dioxide:
2 K[OsO9N] =• N2 + K2OsO4 + OsO2.
(3) Thirdly, and most conclusively, the osmiamates when treated with
hydrochloric or hydrobromic acid are converted with the loss of all the
oxygen but not the nitrogen into nitrilo halides such as M2[OsNCl5]; we
cannot suppose that the acid reduces the NO group to nitrogen. All these
facts go to show that the nitrogen is combined only with the osmium. If
one oxygen atom on the osmium is replaced by an NH group we shall get
an acid of the required composition H[OsO3N], which could give a monovalent ion OsOoN"

r °
O=Os=N

"

O

1

0«~Os->N

or

-

O

J

We should expect the three oxygen atoms and the nitrogen to occupy the
points of a distorted tetrahedron: the crystal structure of the potassium
salt KOsO3N was examined by Jaeger,1065 who found that these four atoms
are at the corners of a tetragonal bisphenoid.
Free osmiamic acid is known only in solution, which is yellow and keeps
for days if it is dilute. It is a strong acid. If a concentrated solution of
osmium tetroxide in strong caustic potash is treated with strong ammonia
solution at 50°, the brown colour of the solution soon disappears, and
yellow crystals of the potassium salt separate out:
OsO4 + KOH + NH3 = K[OsO3N] -f 2 H2O.
On heating in air the solid darkens at 140° and then explodes gently;
concentrated hydrochloric acid converts it into the nitrilo-chloride
K2[OsNCl5]. It is remarkable that the aqueous solution can be heated with
potassium hydroxide up to its boiling-point without decomposition, and
without liberation of ammonia.1052'1054
The sodium salt is so soluble that it cannot be made in this way, but
must be prepared from the silver salt. The other salts are similar; the
rubidium and caesium salts are increasingly insoluble (strong acid salts),
and those of barium and zinc very soluble.
1050
1081
0M

J. Fritsche and H. Struve, J. prakt. Chem. 1847, 41, 97.
A. JoIy, CE. 1891, 112, 1443.
* L. Brizard, Ann. OMm. Phys. 1900, [vii] 21, 373.
"w
A. Werner and K. Dinkiage, Ber. 1901, 34, 2698.
10M
L. Tmhugmv and F, Butkewitioh, E. mnorg. Ohem. 1928, 172, 232.
*«• F, M. Jaeger and J. E. Zanitra, Proo. AmA. Amst 1982, SS, 010.

Osmium

Carbonyls

1509

Per-osmates or Osmenatesim~7
These salts are all of the compositions 2MOH, OsO4, or 2MF 5 OsO 4 .
They are undoubtedly complex salts, and are clearly of the type M2[OsO4X2I,
where X = OH or F. The covalency we ascribe to the osmium in them
depends on the view we take of the Os—O links: if these are single the
covalency is 6: if they are double it is 10. (It is at least probable that the
unanalysed compound of osmium octofluoride with alkaline fluorides1047
has the corresponding structure M2[OsF10].)
The salts are got by adding freshly made solid osmium tetroxide to a
saturated solution of alkaline hydroxide or fluoride at —10°. The salts are
very soluble in water (the caesium less so than the potassium salt) and in
alkalies, and are decomposed by acids. The solid salts are stable under the
mother liquor, but when they are exposed to the air they lose osmium
tetroxide. They are yellow or brown. They could not be purified or
analysed in the ordinary way, but the valency of the osmium and the
ratio osmium: alkali metal were determined. These results make their
composition (apart from water of crystallization) certain.
OSMIUM CARBONYLS
OSMIUM forms two 'simple' carbonyls, several kinds of carbonyl
halides, and probably a carbonyl hydride. AU three types are formed
together1059"60 when carbon monoxide acts under pressure on osmium
halides (iodide most, chloride least easily) in presence of metallic copper
or silver to take up the halogen.
Osmium penfacarbonyl, Os(CO)5, is a volatile liquid of m. pt. —15°; it is
monomeric.1060
Osmium enneacarbonyl, Os2(CO)9, is the chief product of the reaction;
it forms yellow crystals melting at 224° and subliming above 130°. It is
soluble in indifferent solvents (the ruthenium compound is also volatile,
fusible, and soluble, but the iron analogue is not). No compound [Os(CO)J3
(as with iron and ruthenium) could be obtained.
The hydride is no doubt the volatile substance formed in small quantities in the above reaction. It does not seem to have been analysed, but it
is presumably Os(CO)2(COH)2.
Several types of carbonyl halides have been described. Manchot1068
obtained as the chief product of the reaction of carbon monoxide on
osmium dichloride in the absence of a metal a compound Os(CO)3Cl2,
obviously polymerized (we should expect a trimer): colourless, m. pt.
269-273°, decomposing at 280°; it is insoluble in water and most acids.
When heated with oxygen or copper it gives osmium tetroxide.
10M

L. Tsehugaev, CE. 1918, 167, 162.
F. Krauss and D. Wilken, Z. anorg. Chem. 1925, 145, 151.
ioBs w . Manohot and J. K6nig, Ber. 1925, 58, 229.
1089
W, Hieber and H, Fuohs, Z. anorg. Oh$m, 1941, 248, 256.
" " W. Hiobcr and H, Stallmann, Z. Ehktroohtm. 1948, 49, SSS,
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Hieber and Stallmann1060, in presence of copper or silver, got two other
types of halide, Os(CO)4X2 (perhaps the same as Manchot's compound)
and a dimeric [Os(CO)4X]2. They also obtained the tricarbonyl halides
Os(CO)3X2; the chloride, bromide, and iodide were made.1061
The valency of the osmium is zero in the penta-carbonyl and in the
hydride if this is Os(CO)2(COH)2; in the enneacarbonyl, if it has the same
structure as the iron analogue, it is 4; the E.A.N, of the osmium in all
these compounds is 86.
OSMIUM N I T R O S Y L S
THE only nitrosyls of osmium are the complex halides M2[Os(NO)X5],
where X =* Cl, Br, I.1062 This is in striking contrast to ruthenium, which
gives a very numerous series of nitrosyl derivatives. The potassium salts
of this type are made1062 by prolonged heating of the trivalent osmium
salt K2[Os(NOa)5] with a solution of the halogen hydride. The chloride
K2[Os(NO)Cl5] is a very dark red crystalline substance, giving a red solution in water, which is very stable and only slowly oxidized by nitric acid.
The bromide and iodide are similar but black. The three potassium salts are
isomorphous with one another and with the ruthenium salt K2[Ru(NO)Cl5].
In these complexes the osmium has the E.A.N, of 86, and it is divalent,
as ruthenium is in nearly all its nitrosyl derivatives.
1061

W. Hieber and H. Stallmann, Ber. 1942, 75, 1472.
io62 L> Wintrebert, Ann. CHm. Phys. 1903, [vii] 28, 129.
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RHODIUM AND IRIDIUM
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HODIUM is in sharp contrast to the preceding pair of elements, with
their many valencies, since in nearly all its compounds it is trivalent.
This is far less true of iridium: its trivalent compounds are still the most
important group, but it also has valencies of 1, 2, 4, and 6.
Valency — 1
Rhodium has none.
Iridium has only one type of monovalent compounds, the monohalides,
which are made by heating the higher halides: IrCl, IrBr, and IrI are
known. These are non-volatile solids not attacked even by concentrated
sulphuric acid.

Valency = 2
There probably are no simple compounds of divalent rhodium, though
the oxide RhO and the sulphide RhS have been described. Certain
ammines and arsine derivatives are said to occur.
Divalent iridium forms a few compounds. The solid dihalides IrCl2,
IrBr2, and IrI 2 have been made, like the monohalides, by heating the
trihalides, and there is a monosulphide IrS; there are also a few ammines
and a series of complex cyanides of the ferrocyanide type M4[Ir(CN)6].

Valency = 3
This is the chief valency both for rhodium and for iridium (as it is for
cobalt in the covalent state).
With rhodium it is the valency of the element in all its compounds with
only a few exceptions. As is usual with the platinum metals, the apparently
simple compounds are no doubt really complex, which explains why so
many of them (the hydroxide, chloride, and sulphate) occur in isomeric
forms. We have a sesquioxide Rh2O3, a hydroxide Rh(OH)3, occurring in
a soluble and an insoluble form, a fluoride RhF 8 which is a red powder, a
non-volatile trichloride in several forms, a cyanide, hydrated and obviously
complex, decomposed only by strong alkali, and several salts, including a
sulphate, which are probably auto-complexes.
The recognized complexes are practically confined to the ammines,
halides, and cyanides.
The ammines all have a co-ordination number of 6; every type occurs
from the hexammines [RhAm6]X3 to the monammines M2[RhAmR5].
The great diversity of amines, diamines, oximes, etc., which form these
compounds, and the stability of the products, recall the corresponding
complexes of trivalent oobalt.
The oomplex halides are formed by all the halogens except fluorine, but
the bromides are less stable than the chlorides, and very few iodides are
known.
mill

uu
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The complex cyanides are all of the type of the ferricyanides,
M3[Rh(CN)6],
and are extraordinarily stable, not being affected even by boiling with
concentrated sulphuric acid. They can be made by fusing metallic rhodium
with potassium ferrocyanide, but they are not formed by the action of
potassium cyanide on rhodium tricyanide, or on a solution of the trichloride RhCl3. Complex oxalato-salts are also known.
With iridium again this is the most stable valency, though it is not so
exclusively stable as it is with rhodium. The apparently simple salts are
like those of trivalent rhodium: there is an oxide Ir2O3, a sulphide Ir 2 S 3 ,
a trichloride and a tribromide (the last two occurring in anhydrous and in
hydrated forms, of which only the hydrated are soluble in water, probably
being complex acids), and a few salts such as the sulphate.
The complexes are again similar to those of trivalent rhodium. The
ammines are less various than those of rhodium, but there are more types
of complex anions (there are signs that in each pair, and indeed in each
vertical triad of Gp. VIII, as the atomic weight increases the cations
become less stable and the anions more stable).
The anions are all of the type M3[IrX6], where X = Cl, Br, I, NO2, CN,
| S 0 3 , | S 0 4 . The range of types given by trivalent rhodium in its complex
halides is replaced by the uniformly 6-fold anionic complexes of trivalent
iridium.

Valency = 4
There is only one rhodium compound which may be of this valency, and
its composition is uncertain. This is a fluoride, which is undoubtedly
higher than the trifluoride, and must be either RhF 4 or RhF 6 .
With iridium there are a few tetravalent compounds, but only a few.
There is a dioxide and a disulphide: tetrahalides are given probably by all
four halogens, and all of them are solids except the tetrafluoride IrF 4 ,
which is an easily hydrolysed oil; the other halides are insoluble except in
the hydrated forms which are probably complex acids (like the halides of
trivalent iridium). There are also a few complex salts, a few tetrammines
of the type of [IrAm4Cl2]X2, and a few hexahalide salts M2[IrCl6].
Valency = 5
Here again there is only one possible rhodium compound, the higher
fluoride mentioned above, which may be the pentafluoride RhF 5 .
Iridium has no pentafluoride compound. The supposed pentafluoride
has been shown to be an oxyfluoride of hexavalent iridium.
Valency ===== 6
There are no hexavalent rhodium compounds.
Iridium has very few oompounds in this valency; there is a hexafluoride
IrF 01 an oxyfluoride IrF4O derived from it, and possibly an oxide IrO 8
and a sulphide IrS 1 .

RHODIUM
like ruthenium, is-one of the rarest of elements, occurring to the
extent of about 1 part in 109 in the earth's crust, but it is rather more
abundant than ruthenium in platinum ores, where, however, it seldom
reaches 5 per cent. It was discovered along with palladium by Wollaston
in 18031063; he gave it the name from the rosy colour of many of its salts.
Rhodium is trivalent in nearly all its compounds and in all its numerous
complexes; there are, however, signs of the existence of divalent rhodium,
and also of higher valencies than 3, though it is not certain what these are.
The resemblance of rhodium to cobalt is close, and the differences are what
we should expect. Cobalt is nearly always trivalent in its covalenfc compounds: the rhodium compounds are practically all covalent, and so
rhodium is almost confined to a valency of 3.
Trivalent rhodium has the strong power of complex formation that is
common in trivalent transitional elements, not so strong perhaps as that
of chromium and cobalt, but no weaker than that of ruthenium in this
valency. Ifc forms all the usual kinds of complexes, ammines, halides,
cyanides, ato-compounds: its co-ordination number in the cations is
always, and in the anions usually, 6.
RHODIUM,

Metallic Rhodium
Rhodium is a white ductile metal melting at 1,966°.1064™5 It absorbs
oxygen when melted, and on solidification expels it with 'spitting', like
silver.1006 At a red heat it is slowly oxidized by air or oxygen to the
sesquioxide Rh2O3, which at a much higher temperature breaks up again
into its elements. Chlorine at a red heat converts it into the trichloride,
but it is extremely resistent to fluorine (see under RhF 3 , p. 1517).
Compact rhodium is insoluble in all acids, even aqua regia, but in fine
division (as sponge or as black) it dissolves. If it is fused with potassium
bisulphate it dissolves to form the sulphate Rh 2 (SOJ 3 . Metallic rhodium
can be obtained from any of its compounds by ignition in hydrogen, but
it must be allowed to cool in a stream of carbon dioxide or the adsorbed
hydrogen will catch fire on exposure to air.
Rhodium is used as an alloy with platinum (generally containing
10 per cent, of rhodium) along with pure platinum in thermocouples.1067"-8
It is also used for making crucibles and similar vessels.1069 Recently it has
been found possible to deposit electrolytically on silver a very thin film
of rhodium which does not affect the appearance (not only because of its
thinness, but also because the colour of rhodium is very like that of silver),
ices Published a year later: Phil. Trans. 1804, 94, 419.
1064 w. F. Roeser and H. T. Wensel, Bur. Stand. J. Res. 1934, 12, 519.
«* C. R. Barber and F. H. Sdhofield, Proc. Roy. Soc. 1939, 173, 117.
*°««
W. H. Swaager, Bur. Stand. J". Res. 1929, 3, 1029.
l
°«» F. B. Oaldwall, ib. 1983, 10, 373.
"1011
" J. S. Aokon, ib. 1934, 12, 249.
Set, for oxamplo, Gf, Trdratl and F, W§v»r, Naturwui, 1931,19« 519.
10
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but stops it from tarnishing through the formation of a black layer of
silver sulphide. 1070
Rhodium, like palladium and platinum, has a strong catalytic power,
especially in forms which have a large surface, such as the sponge or black,
made by the reduction of trivalent rhodium salts* with ammonium formate :
or still more in the colloidal form, which is made by reducing the chloride
(usually as the complex salt Na 3 RhCl 6 ) with hydrazine hydrate, 1 0 7 1 or
with titanous chloride and alkali, 1072 especially in the presence of a protective colloid like gum arable. The colloidal metal has a strong bactericidal
action even in quantities much too small to be poisonous to man. I t
absorbs in the cold up to 2,900 times its volume of hydrogen, and it is
particularly remarkable t h a t it absorbs 346 volumes of carbon monoxide
at 13° and 1,820 at 60° (if the density of the metal is taken as 12-1, this is
0*7 mol. of CO to 1 Rh), which suggests a definite chemical reaction with
the carbon monoxide. 1073 Kahl and Biesalski 1074 have compared the
catalytic activity of colloidal rhodium with t h a t of colloidal palladium and
platinum, and find t h a t the order varies with the reaction: thus for the
combination of hydrogen and oxygen, or the reduction of ethylene, it is
Pd > Pb > R h ; for t h a t of a solution of sodium chlorate P t > R h > P d ;
and for t h a t of potassium nitrite R h > P t > Pd. I t is curious t h a t the
stability of the colloidal solution is not increased by dilution but rather
diminished, and concentrations up to 2 and even 10 per cent, can be
obtained. 1071
Rhodium sponge and rhodium black in the same way behave like
platinum black; they catalyse the combination of hydrogen and oxygen,
the oxidation of alcohol to acetic acid, the conversion of chlorine water
into hydrochloric acid and oxygen, and the decomposition of formic acid
into hydrogen and carbon dioxide at the ordinary temperature. I t is
singular that their activity is not destroyed by the presence of sulphur,
but may even be increased by it (Rredig). 1076
Rhodium and
Hydrogen
Hydrogen is not perceptibly absorbed by compact rhodium at any
temperature between 400° and 1,000°; its adsorption by colloidal rhodium
has already been mentioned. I n this way rhodium behaves to hydrogen
much more like platinum than like palladium, 1076 " 7
* When the valency of rhodium in its compounds is not specified, it may be
assumed to be 3.
1070 ^ J 1 0 colour and the methods of its electrolytic deposition are discussed by
G. Grube and E. Kesting, Z. Elektrochem. 1933, 39, 948.
1071
A. Gutbier and E. Leutheusser, Z. anorg. Ghent. 1925, 149, 181.
*07» Id., ib. 1927, 164, 287.
1078
C. Zenghelis and B. Papaconstantinou, GM. 1920, 170, 1058.
l07
* G. Kahl and E. Biesalski, Z, anorg. Ghem, 1936, 230, 88.
1071
Bm ako T. Blaokadder, Z. physihah GUm. 1912, 8 1 , 885.
" " A, Gutbier and O. Maisoh, Ber. 1919, 02, 2275.
» " L B. Adftdurov and N. I. Ptvnl, J. Phyi. Ohm%, 800, Bus*, 1987, 9, 592.
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Rhodium and Carbon
Fused rhodium dissolves up to 1-^8 per cent, of carbon, but this separates as graphite on solidification.1066
Rhodium and Nitrogen
Nitrogen is not perceptibly absorbed by rhodium at any temperature
from 400° to 1,000°.
DIVALENT RHODIUM
THE evidence for divalent rhodium depends entirely on the existence
of some of the following compounds: the monoxide, monosulphide, and
dichloride and certain complex sulphito-salts. Unfortunately with all
these compounds there is some doubt about the composition or the constitution, or both.
Rhodium Monoxide, R h O
1078
This is said
to be formed from the sesquioxide at 1,113-1,121°
(above which it loses oxygen), but its existence is very doubtful.1079 See
further, p. 1516.
Rhodium Monosulphide, R h S
Here again recent confirmation is lacking. Rhodium monosulphide is
said to be formed by heating the metal with sulphur, or by igniting the
precipitate of Rh(SH)3 which is formed when hydrogen sulphide acts on
a solution of a trivalent rhodium compound; and to be a bluish-white
mass with a metallic lustre, which burns when heated in air, leaving a
spongy mass of rhodium behind. This may, however, be a mixture of the
metal with a higher sulphide.
Rhodium Dichloride, RhCl 2
Wohler and Miiller1078 claim to have shown that when rhodium trichloride is decomposed by heat, lower chlorides RhCl2 and RhCl are
formed, just as they say that the lower oxides RhO and Rh2O are formed
in the thermal dissociation of rhodium sesquioxide. The product of the
partial decomposition of the trichloride they ground up and separated into
fractions by washing with benzene. When the decomposition had taken
place at 950-955° the heaviest fraction was found to have the composition
of the dichloride RhCl2, and when at 965-970°, of RhCl. The dissociation
tensions of these fractions showed that this reached one atmosphere for
the trichloride at 948°, for the dichloride at 958°, and for the monochloride
at 964°. Here, as with the oxides, the existence of the lower compounds
seems very doubtful in view of the absence of X-ray or any other evidence
of homogeneity, and of the very small differences (of the order of 1 per cent.)
in the dissociation temperatures.
Sulphito-compounda. When sodium sulphite is added to a solution of
10TI

L. WGhler and W. Mtiller, E, morg. QUm, 1025, 149, 125.
" " A, Gutbior, A, HtlttlLnger, and O. Mataeh, ib. 1015, 9S1 225,
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rhodium trichloride yellow quite insoluble precipitates are formed,1080
with the compositions of mixtures of such salts as Na2[Rh"(S03)2] and
Na4[Rh^(SOg)2SO4]; they are not oxidized by iodine, which is very
remarkable if they contain divalent rhodium. As they cannot be purified
they do not much strengthen the evidence for divalent rhodium.
There is better evidence in a series of complexes of divalent rhodium
with amines1081 and arsines.1082 The ammines mostly contain pyridine, as
[Rhpy6](hal)2. The arsine complexes are of the 6-covalent type
Rh(AsR3J4Cl2; they are very soluble, even in petrol ether, and in alcohol
give no precipitate with silver nitrate in the cold.
TRIVALENT RHODIUM
is the most stable state of the element, and that from which the
great majority of its compounds are derived. The strong tendency which
both the second and the third triads (the platinum metals) have, as compared with the first, to assume a covalent or complex form, is very evident
here. The simple salts can rarely be isolated in a pure state, and clearly
are very ready to form auto-complexes; this is probably why so many of
them occur in different isomeric modifications, for example, the hydroxide,
chloride, and sulphate; the recognized complexes, on the other hand, are
relatively stable and easily prepared.
In solution the simple trivalent rhodium salts are usually red, and they
have a peculiar and characteristic bitter taste.

THIS

Rhodium Sesquioxide, Rh 2 O 3
This is the product, and probably the only product, of heating the metal
or its nitrate or chloride in air or oxygen to 600-1,000°. For the details
of the system R h + O up to 1,050° see Schenck.1083 It is a grey crystalline,
mass, insoluble in acids. According to Gutbier,1079 if it is heated it is
completely broken up into its elements at temperatures above 1,150°. The
view of Wdhler and Muller1078 that the breakdown occurs in two stages,
with the intermediate formation of RhO and Rh2O, is improbable. A
further objection is that the heats of formation of the three oxides1084
when calculated per gram-atom of oxygen, give Rh2O3, 22-8; RhO, 21*7;
Rh2O, 22*7 k.-cals., which suggests that they are mixtures of the sesquioxide with the metal.
Rhodium Tri-hydroxide, Rh(OH) 3
This seems to occur in two different forms or states. If excess of alkali
is added to a solution of the rhodichloride Na3RhCl6 it is precipitated as a
black probably amorphous mass, said by some to be insoluble in acids,
«••
H. Riehlen and W. Huhn, ib. 1033, 214, 189.
1081
F, P. Dwyer and R. S. Nyholm, Proc. Boy. Soc. N.S. Wales, 1942, 76, 275.
*«" Id., ib. 1942, 76, 133.
10
« R, Sohtnok and F. Finkener, Ber. 1942, 75, 1962.
*»" L. Wtfhlor and N. Joohum, Z. physikal. QUm, 1083, 167, 109,
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1085

though others
have no difficulty in getting it to dissolve. If the potassium hydroxide is slowly added in defect, yellow crystals separate of the
composition Rh(OH) 3 , H 2 O. This form is soluble in acids, and also in
caustic potash, in which it forms a yellow solution, which on treatment
with chlorine turns blue, probably owing to the formation of a rhodate
K2Rhvi04.
The hydroxide readily adsorbs alkali. If it is precipitated in the cold
from the rhodium trichloride solution with baryta, the base is much more
easily removed. 1085
Rhodium
Sulphides
The best investigation of the sulphides of rhodium is that of Biltz and
his co-workers, 1086 made by phase-rule methods, by the measurement of
dissociation tension, and by X-ray analysis, of the system rhodiumsulphur. The results apply, of course, to the compounds which are produced by the direct combination of the elements at high temperatures (up
to 1,100°); other compounds may be obtainable at lower temperatures
from solution. These authors conclude t h a t the only compounds so formed
are Rh 2 S 5 , Rh 2 S 3 , Rh 3 S 4 , and Rh 9 S 8 , and that these do not form solid
solutions with one another. [The strong tendency of sulphur, in contrast
to oxygen, to form long chains must be remembered.] I n particular they
get definite evidence, both tensimetric and from X-ray diagrams, t h a t no
RhS is formed, and no RhS 2 , and nothing with a true pyrites structure
such as Rh"S 2 should have, although Rh 2 S 3 has a pseudo-pyrites structure.
I t has also been shown that the highest selenide 1087 and telluride 1088
of rhodium have the compositions Rh 2 Se 6 and Rh 2 Te 6 , corresponding to
the pentasulphide Rh 2 S 5 .
The hydrosulphide Rh(SH) 3 is said to be produced by passing excess of
hydrogen sulphide into a solution of a trivalent rhodium salt at 100°; it
is a black precipitate, insoluble in ammonium sulphide (NH 4 ) 2 S.
Trihalides of
Rhodium
AU four of these are known, although our information about some of them
is scanty. They show signs of auto-complex formation, which certainly
occurs in the chloride.
Rhodium Trifluoride,
RhF31089
Fluorine is remarkably slow to react with metallic rhodium or with
rhodium trichloride; the reaction does not occur at all below 400°, and to
get anything like complete fiuorination it must be carried out at 500-600°,
108* ^. Krauss and H. Umbach, Z. anorg. Chem. 1929, 180, 42.
1086
R. Juza, O, Hulsmann, K. Meisel, and W. Biltz, ib. 1935, 225, 369.
l0
** L. Wohler, K, Ewald, and H. G. Krall, Ber. 1933, 66, 1838 (corrected with
respeot to the tailurid© by th© next refer@no©).
1011
W. Bite, £. crnorg. QUm, 1987, 233, 282.
ion o. Buff and E. Aieh«r, lb. 1920, 183, 190.

1518

Group VIII.

Trivalent Rhodium

and even then the product has a slight excess of rhodium. At these
temperatures vessels made of fluor spar must be used. The formation of
the non-volatile trifluoride is accompanied by that of a small quantity of
a higher fluoride, which is volatile and must be a tetra- or a pentafluoride
B h F 4 or R h F 5 (see later, p . 1527).
Rhodium trifluoride is a red powder, which is not at all hygroscopic,
and keeps without change for an indefinite time if it is dry. Above 600°
it volatilizes to some extent, but this seems to be due to the formation of
the higher fluoride. I t is isomorphous with the trifluorides of aluminium,
iron, cobalt, and palladium, all of which form layer lattices. 1091 I t forms
a hydrate RhF 3 , 6 H 2 O. 1 0 9 0 I t is very stable to water, acids, and bases,
more so than cobalt trifluoride, though rather less than ferric fluoride.
Ft is practically insoluble at their boiling-points in water or concentrated
hydrochloric, nitric, sulphuric, or hydrofluoric acids, or in 33 per cent,
sodium hydroxide. Fusion with sodium carbonate converts it into rhodium
aesquioxide and sodium fluoride. I t is attacked by hydrogen at 70°, and
by water (with hydrolysis) at 250°. I t gives no visible reaction with
iodine, sulphur, or carbon, but it burns if it is heated with metals.

Rhodium Trichloride, RhCl3
Chlorine begins to combine with rhodium at 250° (150° lower than
fluorine) with the formation of the trichloride. This compound has 1 0 9 2 a
peculiar behaviour, which indicates that it can occur in several forms,
some of them certainly complex. As obtained from its elements it is a
red powder, insoluble in water and acids; by dissolving the hydroxide in
hydrochloric acid and evaporating, a hydrate RhCl 3 , 4 or 3 H 2 O (perhaps
both) is got, which is very soluble in water. This hydrate loses its water of
crystallization in a stream of hydrogen chloride gas at 180°, b u t the
anhydrous product so formed is still very soluble in water, and so is
different from that which is prepared directly from the elements. If,
however, this soluble anhydrous chloride is heated to a higher temperature
it becomes insoluble. This, however, is not all. Meyer has shown 1093-4
that the dark red hydrated chloride RhCl 3 , 3 H 2 O when dissolved in water
gives a brown solution which is quite stable in the cold, and gives with
silver nitrate only a slight turbidity (E.M.F. measurements confirm the
absence of chlorine ion). But if this brown solution is heated nearly to
boiling it suddenly becomes yellow, and now silver nitrate will precipitate
the whole of the chlorine. This loss of colour does not occur with concentrated solutions, and there may be an equilibrium between the two forms,
1090

J. Meyer and H. Kienitz, Z. anorg. Chem. 1939, 242, 281.
J". A. A. Ketelaar, Nature, 1931, 128, 303.
1098
B, Cabrera and A. Duperier (Proo. Phys. Soc. 1939, 51, 845) measure the
magnetic susceptibility of EhCl8, as well as of OsCl8, IrCl8, and PtCl8, and disouss the
renults,
1091
J, Meyar and M, Kawozyk, Z. anorg. Qh®m* 1930, 228, 297.
1091
J. Meyer and H. Kienitz, ib. 1939, 242, 281,
1091
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the (brown) form which gives no chlorine ions being favoured by a higher
concentration, and so presumably more condensed. Attempts to isolate
the yellow form have failed; if the yellow solution is evaporated down it is
the original brown-red modification which separates, probably because
the equilibrium goes over to this side as the concentration increases.
The change in colour of the solution is, however, accompanied by a
marked increase in the electrical conductivity, which (at N/1,000) is about
doubled. This is like the behaviour of the sulphate Rh 2 (SO 4 ) 3 (below).

Rhodium Tribromide, RhBr 3
This is very difficult to isolate, either by direct synthesis 1095 or by the
action of hydrogen bromide on the chloride. 1093
Rhodium Tri-iodide,
RhI3
This is similar to the other halides, but it is very insoluble, even when it
is prepared in aqueous solution. One way of separating rhodium from
iridium depends on this. 1096 If a solution of the mixed chlorides is boiled
for some time with hydriodic acid, the rhodium salt alone is precipitated.

Rhodium Cyanide, Rh(CN) 3 ,3 H 2 O
This can be made 1097 by decomposing K 3 [Rh(CN) 6 ] with concentrated
sulphuric acid at 100°. I t loses 1 H 2 O at 145°, and then decomposes.
Strong ammonia replaces half the water, giving 4 Rh(CN) 3 , 7 NH 3 , 7 H 2 O.
The cyanide will not dissolve in potassium cyanide to give a complex
cyanide; strong potassium hydroxide solution dissolves it, but only with
decomposition.
Oxy-salts of Trivalent
Rhodium
These are often, but not always, auto-complexes.
Rhodium
Sulphates
The * simple' sulphate Rh 2 (SOJ 3 aq. exists in 1098 two forms, a yellow and
a red, of which the red is certainly complex, and the yellow probably n o t ;
they are related in the same way as the yellow and red trichlorides mentioned above. Roth of these form double salts.
If rhodium tri-hydroxide Rh(OH) 3 is dissolved in cold sulphuric acid,
and the solution precipitated with alcohol, a yellow salt Rh 2 (SOJ 3 , 15 H 2 O
is obtained; this holds the last three molecules of water zeolitically (i.e.
in solid solution), but it gives definite hydrates with 12, 9, and 6 H 2 O,
the last again losing its 6 molecules gradually like a zeolite. From the
aqueous solution of this salt barium chloride precipitates all the SO 4 at
once, and potassium hydroxide the rhodium, so there is no evidence of
complexity here. If the solution is boiled down, a new red-brown form
1096
A. Gutbier and A. Htittimger, ib. 1016, 95, 247.
ION v, V. Labediniki, Ann. ImL Platine, 1027, 5, 364.
« " F. Kmm* md H. Umbaoh, U. anorg, Ohvm, 1029,179, 350.
» " Id., ib. 18Or 48.
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Rh 2 (SO 4 ) 3 , 4 H 2 O (in which all the water is zeolitic) separates; this is
formed at once if the trihydroxide is dissolved in hot sulphuric acid. This
red form is evidently complex; the freshly made solution gives no precipitate with barium chloride or potassium hydroxide, and the conductivity is low, but about doubles itself in the course of 12 hours or so. This
increase corresponds to the reaction Rh[Rh(SO 4 ) 3 ]
> Rh 2 [SOJ 3 if we
assume that the equivalent mobility of these ions is a,bout constant. Hence
the red modification must be complex and the yellow simple. At the same
time such a formula for the complex salt as [Rh'"]-[Rh/"(SQ4)3] while it
accounts for the absence of reaction for SO 4 does not explain why there
is no reaction for Rh"'; there may, however, be an error here, since the
hydroxide Rh(OH) 3 precipitated by alkali is soluble in excess. Chromic
sulphate behaves in precisely the same way. 1099 Of the alums 1100 the
caesium salt CsRh(SO 4 J 2 ,12H 2 O was prepared by the action of caesium
sulphate on a cold saturated solution of yellow rhodium sulphate. I t had
all the characteristics of an alum; it gave the reactions of trivalent
rhodium and of SO 4 , and gave no sign of complexity. On dehydration
hydrates with 6, 3, and O H 2 O were formed, all of which also behaved as
simple and not as complex salts. On the other hand, when caesium sulphate was added to a cold solution of the red rhodium sulphate at the
same concentrations as before, no alum was formed. I t is to be noticed
that though these double sulphates are certainly not complex in the
ordinary sense, they become less soluble in water as the amount of
water of crystallization gets less. At complete equilibrium it is obvious
that the anhydrous salt must be more soluble than any stable hydrate;
hence these double sulphates, though they are not complex, must be slow
to reach equilibrium with the solution, a phenomenon which is common
with sulphates, especially those of cations of high valency.
True complex rhodium sulphates also occur. Krauss found that if the
solution of the alum is boiled and evaporated down, a new double sulphate
of the composition CsRh(SO 4 J 2 ,4H 2 O separates as a dark yellow powder:
the water is zeolitically attached. This substance is shown to be complex
by the fact t h a t barium chloride precipitates no barium sulphate, but in
very concentrated solution gives a yellow precipitate of the complex
barium rhodio-sulphate.
He has also obtained an acid of the composition H[Rh(SO 4 J 2 ], 8 H 2 O,
by allowing a cold saturated solution of the alum to evaporate with sulphuric acid; but there is no sign that this is complex.
A trivalent rhodium sulphite and nitrate have been obtained, but not
in the pure state.
COMPLEXES OF TRIVALENT RHODIUM
TRIVALBNT rhodium has a strong tendency to form complexes like other
trivalent transitional elements. These are formed especially with ammonia
1019
F. Krauss, H. Qu©r©ngiss©r, and P. Mayer, E. anorg* Chmn. 1920, 179, 418.
1100
F. Krauss and H. Umbaoh, ib, 182, 411.
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and the amines, and with the halogens chlorine and bromine, and to some
extent iodine. The covalency is almost invariably 6, the ammines always
having this value, and the halides usually, but sometimes 5, and sometimes apparently (but probably not really) 7. Other complexes are the
chelate derivatives of a-dioximes (glyoxime compounds) and a certain
number of ato-derivatives, including cyanides, and nitro- oxalato- and
malonato-complexes.

Complex Rhodium Cyanides
Though the trivalent hexacyano-complex [Rh(CN)6]'" is of quite exceptional stability, very few of its salts have been prepared. The potassium
salt K8[Rh(CN)6] can be made1097 by fusing metallic rhodium with
potassium ferrocyanide, or better by fusing the pentammine
[Rh(NH3J5Cl]Cl2
with potassium cyanide, but it cannot be made by the action of potassium
cyanide either on the (insoluble) simple cyanide Rh(CN)3, aq., or on a
solution of rhodium trichloride. On the other hand, the complex, when it
has once been formed, is extraordinarily stable. The solution is not affected
by acids, not even if it is boiled after the addition of concentrated sulphuric
acid; the complex can only be decomposed by heating the dry salt above
100° with concentrated sulphuric acid, when a yellow solution is formed,
from which the cyanide Rh(CN)3, aq. separates as a yellow-brown (not
red) mass.
For more salts of this acid see reference n o 1 .

Complex Thioeyanates
These seem to be certainly complex. They all have a 6-co-ordinated
rhodium atom. Potassium thiocyanate reacts1101 with the rhodiochloride
K3[RhCl6] to give the very stable K3[Rh(CNS)6]; from its solution sulphuric acid liberates the free acid H3[Rh(CNS)6] (apparently anhydrous),
which can be extracted with amyl alcohol. A silver salt and a hexammine
cobaltic salt were also made.
Ammines of Trivalent Rhodium
These all have the co-ordination number 6, but they are of every type
from [RhAm6]X3 to M2[RhAmR5], the series being completed by the pure
complex halides M3[RhR6] (Am = amino-group; R = halogen or other
monovalent radical). As usual ammonia forms more stable compounds
than its substitution products, except when these are diamines which
can form stable chelate rings.
Hexammines
The simplest of the hexammines are the compounds [Rh(NHg)6]X8, the
so-called luteo salts, which here are colourless.
" " Q, A, Barblori, AtH M, 108I1 [vi] IS, 483,
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Many chelate derivatives are known, made with ethylene diamine1102'1105
1,2-diamino-cyclopentane1103 and the corresponding cyclohexane compound,1105-8 dipyridyl,1104 and in a few examples triaminopropane.1109
AU these amines form trichelate complexes of the [Rh ew3]X3 type, and
the stability of this form is so great that the mono- and dichelate compounds do not seem to be formed at all. With the chelate sulphamide
/NH 2
molecule O2SC
, on the other hand, where the co-ordinating power
of the NH 2 is no doubt weakened by the presence of the SO2, the dichelate
form is produced, still with a co-ordination number of 6, as a di-aquocomplex,1110 but not the trichelate.
The trichelate ethylene diamine compounds of trivalent rhodium were
among the first 6-covalent complexes to be resolved into their optical
antimers; this was effected by Werner1102 in 1912 by means of the camphornitronate and the tartrate. Other trichelate compounds of trivalent
rhodium have since been resolved, such as the diamino-cyclopentane1103
and the diamino-cyclohexane1106 derivatives, and also the oxalato- and
malonato-compounds to be described later.
Pentammines
A few aquo-pentammines [Rh(NH3)5(H20)]X3 (roseo-compounds) have
been made by the action of silver oxide on the chloro-pentammines. The
bydroxo-compounds [Rh(NH3J5OH]X2 can be made1111 by the action of
concentrated ammonia on the aquo-pentammines. They are fairly stable
and closely resemble the corresponding iridium compounds, but like
many hydroxy-compounds they readily revert to the aquo-form.
The chloro-compounds, such as [Rh(NH3)gCl]Cl2, can be made1112 by
the action of ammonia on a hot solution of ammonium chloride and
rhodium trichloride. The salt is rather slightly soluble in water, and almost
insoluble in strong hydrochloric acid; soly at 25° 0-83 in water, 0-086 in
2*6 per cent, and 0-007 in 10-6 per cent. HCl.1113 It can thus be used
to separate rhodium from its mixture with palladium, iridium, and
platinum.1114
xioa
iio3
uo«
«w
1106

"°»
nos
1109
1110
1111

nil
w"
»"

A . Werner, Ber. 1912, 45, 1228.
p . M. Jaeger and H . B. Blumendal, Z. anorg. Ghem. 1928, 175, 161.
^ . M. Jaeger and J . A. van Dijk, Proc. K. Akad. Amst. 1934, 37, 284.
Id., ib. 1937, 40, 2.
F . M. Jaeger and L. Bijkerk, ib. 116.
F . M. Jaeger, Bull. Soc. CUm. 1937, [v] 4, 1201.
y . M. Jaeger and L. Bijkerk, Z. anorg. Ghem. 1937, 233, 97.
P . Terpstra and J. ter Berg, Proc. K. Akad. Amst. 1937, 40, 602.
F . G. Mann, J.O.S. 1933, 412.
B. E. Dixon, ib. 1935, 779.
V - v . Lebedfoiiki, Ann. ImU Platme, 1986, 13, 9.
Pf, F, Shamtaohuiimi, ib. 1927, 5, 864.
V, V, Xribtdiniki, ib, 1936, 13, 78.
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has measured by conductivity the rate of the reversible
[Rh(NHa)6X]X2 * = ^ [Rh(NH3J5OH2]X3

where X = Cl or Br, At equilibrium at 84° the fraction aquo/(aquo+halo)
is 20 per cent, for chlorine and 12 per cent, for bromine.
Tetrammines
Among these are the sulphamide compounds of Mann1110 already
/NH2
referred to. Sulphamide O2Sv
, owing to the presence of the SO2
group, is a distinctly acidic substance, and its hydrogen atoms are easily
replaceable. With a solution of trivalent rhodium it gives a diaquocompound of the formula
OH9
/ N H \ 1 /HNv
Na 0 2 S(
)Rh(
)S0 2
NNB/ 1 \ N H /
OH29
L

(if we call the sulphamide sH2 this salt would be written Na[Rh(H2O)2(S)2]).
It could occur in two stereomeric forms, a trans which is symmetrical, and
a cis which would be resolvable. Mann was able to resolve his product
through the a-phenyl-ethylamine salt, and this showed that it is the cisform. It is found to be quite reasonably stable: in solution the active salt
does not racemize in the cold, and even at 100° only does so to about 30
per cent, in an hour. Though a cis compound, this will not take up a third
chelate sulphamide group (as an en complex would), which shows that the
sulphamide forms a less stable chelate group than the en> presumably on
account of the influence of the SO2. The replacement of the hydrogen in
this complex is unusual (compare the glyoxime compound); it gives the
complex a negative instead of a positive charge.

Triammines
Two simple triacido-triammines are known which are not ionized.
The compound [Rh(py)3Cl3]° is made1116 by treating sodium rhodiochloride Na3RhCl6 with pyridine. As a non-salt it is soluble in chloroform,
and separates from it with a molecule of chloroform of crystallization.
The
Triammino-tribromide
[Rh(NH3)3Br3]° is made1117 by heating the bromopentammine bromide
to 210°, when the change
[Rh(NH8J6Br]Br2 —> [Rh(NH3)3Br3f + 2NH 3
goes quantitatively. This compound is insoluble in water, acids, and
alkalies.
" u J.A.O.S, 1989, 6I 9 690.
" " M. Dol<*pin«, Butt. Soc, 101O1 [Iv] 4S 9 235.
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Diammines

Some di-pyridine complexes have been prepared by Delepine.1116 The
chloro-compound M[Rh(py)2Cl4], like the corresponding iridium compound, occurs in a cis and a trans form, the cis being orange and moderately
soluble in water, and the trans red and only sparingly soluble. Other
dipyridine compounds were made, one of which contains a nitratogroup, M[Rh(Py)2Cl3NO3].

Monammines
A certain number of these are known, such as (NH4J2[Rh(NH3)Cl5],
which is made by treating sodium rhodiochloride solution Na3RhCl6
with ammonium chloride and ammonium acetate; the potassium salt is
also known. They are not very stable, and the halogen atoms are easily
hydrolysed.1118

Complex Nitro-salts
These, so far as they are known, are all of the type M 8 [Rh(N0 2 ) 6 ]. m9
The sodium and potassium salts have been made, and are remarkable for
being colourless when pure. For their crystal structure see reference n 2 ° .

Oxime Complexes of Trivalent Rhodium
The oxime group normally has far less co-ordinating power than an
NH 2 , but the dioximes of a-diketones form chelate complexes of great
stability. Thus dimethyl glyoxime
CM3—C

Il

C—CH3

Il

(DH2)

NOH NOH
will combine with trivalent rhodium1121 much as it does with trivalent
cobalt, forming dichelate complexes with the two remaining places in the
6-fold complex occupied either by ammonia or by chlorine, giving
[Rh(DH)2(NH3)2]X and M[Rh(DH)2Cl2]. With the oxime as with the
sulphonamide the products are only dichelate, and in both classes there
is replacement of the hydrogen atoms (here only one H per ring). The
products are more stable than the corresponding cobalt compounds, but
less than those of palladium; if a solution containing the chlorides of
palladium and rhodium is treated with the glyoxime, the palladium is
precipitated, but the rhodium remains dissolved. This reaction can be
used to separate rhodium from palladium.1122
1117

E, Birk and H. Kanrai, Siebert Festschrift, 1931, 19.
ius y t y t Lebedinski, Ann. Inst. Platine, 1933, 11, 5.
»«• E. Lddte, CB. 1890, 111, 106.
»•• Q, B. Boki and L. A, Popova, Bull Acad. Sci. U.M.8.8. 1945, 89.
1111
L. Tiohugaov and W. Lcbedinaki, Z. morg. OUm. 1913, 83, 1.
» " M, Wtodiif and V. Thuringsr, B. anal. Ohm* 191S1 S3, 660,
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Oxalato-Salts
These are stable and well defined, and both the dichelate (but 6-covalent) and trichelate types are known. Leidi61123 obtained the salts
Na3[Rh(C204)3], 6 H 2 O:K, 4-5 H2O, and NH4,4-5 H2O. They were resolved
into their optical antimers by Werner in 19141124 through the strychnine
salts. Prom the product he obtained the active forms of the salts of
sodium (4 H2O), potassium (H2O), rubidium (H2O), and barium, 3 and
O H2O. These salts are all red or orange-red. They are very stable in
solution, and racemize much more slowly than the corresponding chromioxalates; they can be warmed in solution on the water-bath without
sensible change in rotatory power. For the crystallography of these and
the silver salt see Jaeger.1125
The dichelate oxalato-compounds were made by Delepine1126 from potassium oxalate and the aquo-pentachloro-salt K2[RhCl5(H2O)], which gave
the dichelate salt K3[Rh(C204)2Cl2] in the cis form (1 H2O, dark green),
from which the trans form (4 H2O, yellow, like the iridium compound) can
be obtained by boiling in solution with dilute hydrochloric acid.
The malonato-Bolts are similar1125; the salt K3[Rh(mal)3], 5 H2O was
resolved.1127
Sulphur Complexes
Complexes with ethyl sulphide, such as Rh(SEt2) 3 X 3 , can be made by
heating the trihalides with ethyl sulphide in alcohol; they have the m. pts.
X 3 « Cl3 126°, Rr 3 107°, I 3 98°.112*
Complex Halides
Complex halides are formed by trivalent rhodium with all the halogens;
the fluorides have only recently been discovered; the bromides seem rather
less stable than the chlorides, and iodides are scarcely known at all. As
commonly happens the halides are more variable in type than the ammines,
and three mononuclear forms are known: (1) M2[RhX6] (no compounds of
the type M[RhX4]) usually containing one or more molecules of H2O,
one of which may be assumed to complete the 6-fold co-ordination of the
complex, though some of the pentachlorides are anhydrous; (2) M 3 [RhX 6 ];
(3) M4[RhX7] (structure unknown); there are also several polynuclear
compounds described, most of which are of uncertain individuality, but
one of them (4) is well marked, M3[Rh2X9].
All the fluorides so far prepared (K, Rb, and Cs1129) are of the same type,
M3[RhF6]. Among the chlorides M3[RhX6] is much the commonest
1128

E. Leidte, Ann. OUm. 1889, [vi] 17, 309.
ii24 A t Werner, Ber. 1914, 47, 1954.
P. M. Jaeger, Proc. K. Akad. AmM. 1917, 20, 263.
1186
M. Delepine, Anal Fi@. Quim. 1929, 27, 485.
1187
F. M. Jaeger, Bee. Trav, 1919, 38, 800.
ll
« F. P. Dwyer m& B. S. Nyholm, Proo, B£. N*w 8. WaIu9 imt
«•• J. Moyor and H, Kiwilti, E, morg. Gh*mt 1989, 342, 811,
1186
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type, and M2[RhX5] the next commonest; M4[RhX7] and M3[Rh2X9] are
confined to a small number of salts of organic bases. Thus we have the
pentachlorides K2[RhCl6], with 0, 1, and 3H 2 O 1130 ; the ammonium,
rubidium, and caesium salts all crystallize with one molecule of water, no
doubt as aquo-salts.1131 Among the hexachlorides M3[RhCl6] the best
known is the sodium salt Na3[RhCl6], usually with 9 H2O, but it can be
got with 121131; this salt is easily crystallized from water or dilute acid,
and is often employed in place of rhodium trichloride as a source of trivalent rhodium compounds. In vacuo over sulphuric acid this dries sharply
to a di-hydrate.1132 Other hexachlorides are the lithium salt, with 12 H 2 O:
the potassium rubidium and ammonium salts, all with one H 2 O: alkalineearth salts are also known, such as Ra3[RhCl6]2, 7 H2O.1138
A large number of complex rhodium halides of organic bases have
been made,1134""5 using primary, secondary, tertiary, and quaternary alkylammoniums, as well as other bases such as pyridine and its homologues.
Among the chlorides the great majority were of the type M3[RhCl6]. These
salts are usually anhydrous; they are all red or reddish-brown in colour,
fairly easily soluble in water, and readily recrystallizable from dilute
hydrochloric acid without decomposition.
The heptachlorides appear to include a curious ethylene diamine salt of
the composition RhCl3(ew, 2 HCl)2,1134 of which there is a bromine analogue.1136 This has been shown1137 to be probably a crystal aggregate of the
en hydrochloride and the non-ionized form of the trichloride; if this last
(the brown form) is added to a solution of the en hydrochloride the conductivity is not increased.
There is further the binuclear type M3[Rh2Cl9], of which the tetramethyl
and tetraethyl ammonium salts have been made.1135 Several bromides of
this type are known1136: there is also a corresponding chloro-bismuthate
M3[Bi2Cl9].1138 The structure of these salts is unknown.
The complex bromides are on the whole similar to the chlorides, but there
are certain definite differences in the particular types that are favoured,
especially in the fact that the type M3[RhX6], which is the commonest
among the chlorides, is relatively rare among ihe bromides, while the
binuclear type M3[Rh2X9] is much more frequent with the bromides,
occurring even with inorganic cations. See further, references n36-7,ii39-4o
1180
O. T. Christensen, J. prakt. Chem. 1887, [2] 35, 164, 179; K. Seubert and
K.118Kobbe, Ber. 1890, 23, 2557.
1 M. Detepine, Bull. Soc. CHm. Beige, 1927, 36, 108.
8
"1188
* F. G. Mann, J.G.S. 1933, 417.
F. M. Jaeger and J. A. van Dijk, Proc. K. Akad. Amst. 1934, 37, 284.
1184
O. v. Fraenkel, Man. 1914, 35, 119.
1185
A. Gutbier and H. Bertsch, Z. anorg. Chem. 1923, 129, 67.
"*•
J. Meyer and K. Hoehne, ib. 1937, 231, 372.
1187
J. Meyer, M. Kawkzyk, and K, Hoehne, ib. 232, 410.
"*' A, Gutbier and M. Mtiller, ib. 1928, 128, 187.
"•• P. Poukno, O.M. 1980P 190, 689.
»*» Id., Ann, OMm, 1985, [xi] 4, 567,
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RHODIUM WITH VALENCIES OF 4 OR MORE
THE general conclusion on this obscure question is that it is fairly certain
that in its compounds with fluorine and with oxygen, but in no others,
rhodium can have a valency greater than 3, though we do not know what
this is; the indications are that it is probably 4, and possibly 6 as well.
The evidence for these states of valency is of three kinds: (1) the higher
fluorides; (2) rhodium dioxide and its hydrates; (3) the existence of tetraand hexavalent rhodium in electrolytically oxidized solutions, and of a
hexavalent 'rhodiate* M2[RhO4] in certain alkaline solutions.

Higher Fluorides of Bhodium
Ruff and Ascher1141 found that when rhodium is fluorinated at 500-600°
though the main product rhodium trifluoride is not volatile, a small
quantity of a sublimate is formed. By special arrangements some 50100 mg. of a red-brown sublimate were collected, and this was found to
be volatile enough to go surprisingly far through the apparatus. It was
shown to contain rhodium and fluorine; it gave blue-violet solutions in
water and liberated chlorine from aqueous hydrochloric acid. The product
was almost impossible to analyse (partly because the calcium fluoride tube
which must be used is attacked), but the results, though not constant, were
enough to show definitely that if rhodium or its trifluoride or trichloride
is heated in fluorine at 500° a fluoride higher than RhF 3 is produced, presumably either RhF 4 or RhF 5 .
Rhodium Dioxide and its Hydrates
The supposed formation of a dioxide RhO 2 by the oxidation of the metal
or in other ways has been disproved1142; no pure oxide of rhodium with
more oxygen than the sesquioxide Rh 2 O 8 can be made. A hydrated oxide
with more oxygen than corresponds to Rh 2 O 3 can be prepared, but when
this is dehydrated it loses oxygen along with the water, and the sesquioxide
remains. The occurrence of the higher oxide of a metal in the hydrated,
but not in the anhydrous form is not uncommon: compare palladium1143
and platinum.1144
The hydrated dioxide RhO2, 1-2 H2O is formed (along with a large
excess of oxychloride) by the action of chlorine on a solution of the
hydroxide Rh(OH)3 in excess of alkali. Rut it can only be obtained in
any quantity by the electrolytic oxidation of this alkaline solution, when
a blue solution is formed, from which a precipitate separates, which always
contains more oxygen than corresponds to the formula Rh2O3, aq., but
never quite as much as is required for RhO2, aq. After prolonged washing
to remove the alkali, a dark olive-green powder remains, which when
dried has the composition RhO 2 ,1-2 H2O. Even when the water in this
1141

O. Ruff and E. Aeoher, Z. anorg. CUm. 1929, 183, 200.
»*» L. Wflhler and K. F. A. Ewald, ib. 1931, 201, 145.
1141
L. Wahler and J. Kdnig, ib. 1905, 46, 828.
u## L. WChlor, ib„ 1904, 40, 449.
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was removed over phosphorus pentoxide in a vacuum at the ordinarytemperature, the whole of the extra oxygen was lost with the water, and
only the sesquioxide Rh 2 O 3 remained.
Higher Rhodium Valencies in Solution
When a solution of trivalent rhodium is exposed to oxidizing agents its
colour changes from green to blue (Glaus, 1860). This happens, for example,
when chlorine acts on an alkaline solution of Rh(OH)31145 or sodium
hypochlorite on the salt Na8[RhCl6].1146
Grube1147"8 has found that on electrolytic oxidation a trivalent rhodium
solution, which is originally yellow, turns green and finally blue, and by
measuring the amount of oxygen given off as compared with the current
passed he proved that oxidation takes place in the solution. A solution of
trivalent rhodium sulphate can be oxidized electrolytically1148 to a valency
(as found by analysis) of about 4-5; with rhodium perchlorate the valency
was found to be as high as 5*8. From a solution in which the valency of
the rhodium is about 6, alkalies precipitate a blue substance, which
redissolves in excess of the alkali to form a blue solution; when the
rhodium is about 4-valent, the precipitate is green, and so is its solution
in excess of alkali. Even by purely chemical oxidation with chlorine or
sodium hypochlorite he was able to reach a valency of nearly 6.
Preliminary measurements of the E.M.F. gave the results:
Rh* + 0
> Rhiv at + 140 volts
iv
Rh + 20 —> Rhvi at + 146 volts.
These results suggest that in acid solution tetravalent rhodium must
be largely converted into trivalent and hexavalent.
Taking all the evidence together, we have good reason to think that 3 is
not the highest valency possible for rhodium, but very little idea what the
higher valencies may be.
RHODIUM CARBONYLS
1149
RHODIUM has lately been shown
to form 2 or 3 'simple* carbonyls,
as well as a hydride and the halides [Rh(CO)2X]2.
If the anhydrous binary halide is heated with carbon monoxide under
pressure in presence of copper or silver, three carbonyls and a hydride are
formed. The carbonyls are [Rh(CO)Jn, [Rh(CO)3]^, and [Rh4(CO)nJn; their
molecular weights are unknown; we should expect the first, m. pt. 76°, to
be dimeric, and the second, decomposing at 150°, to be tetrameric. The
formula of the third, which decomposes at 220°, is very strange. The
volatile hydride, m> pt. —11°, has the expected composition Rh(CO)4H.
il

" E, P. Alvarez, OM. 1905, 140, 1341.
»*• E. Dema^ay, ib. 1885, 101, 951.
G. Grub© and E. Keiting, 2. Mkhtrodhem, 1938, 39, 948.
««• O. Grube and B. Qu, ib. 1987, 43, 897.
»*• W, Hiobor and H. Lagally, £t merg. Ohm, IUB, 311, 96.
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The carbonyl halides are formed when the binary halide is heated with
carbon monoxide under pressure but with no metal added; the chloride
was first made (but wrongly formulated) by Manchot.1150 All three
halides are typical covalent compounds, soluble in organic solvents, and
sublime easily. The chloride was shown by^ the freezing-point to be
dimeric in solution (the E.A.N, for Rh(CO)2Cl would be 50, so that tfye
rule would require it to be pentameric).
Rh(CO)2Cl is orange-yellow; m. pt. 123°.
Rh(CO)2Rr is red-brown, m. pt. 118°.
Rh(CO)2I is ruby-red, m. pt. 114°.
H50 W . Manchot and J. K6nig, Ber. 1925, 58, 2173.

IRIDIUM
was discovered along with osmium by Temiant in 1804, and was
so called from IplBios (rainbow-coloured) owing to the brilliant colours of
many of its compounds. It is always found in nature in the metallic state,
usually as a natural alloy with osmium ('osmiridium'), but sometimes also
in native gold.
In its compounds it has a series of valencies, 1, 2, 3, 4, probably 5 and
6, but it is only in the valencies of 3 and 4 that it forms more than a few
compounds (see summary above, p. 1511). Like its neighbours it does not
seem to ionize at all, and its apparently simple compounds are no doubt
really complex.
Metallic
Iridium
Iridium is a silver-white metal, very hard, with the highest meltingpoint (2,450°)1151 of all the platinum metals except osmium, and the
smallest compressibility of any known metal.1152 It has been recommended as superior to platinum for making crucibles1163; its hardness
makes it less liable to mechanical injury; it is not attacked at any temperature by carbon, sulphur, lead, nickel, or gold; it is not acted on by aqua
regia, nor by fused alkalies. It is oxidized on heating, but the massive
metal only superficially. Iridium is readily attacked by chlorine at a red
heat, and by potassium sulphate or a mixture of the hydroxide and nitrate
on fusion. The powdered metal is oxidized by air or oxygen at a red heat
to the dioxide IrO 2 , which on further heating dissociates again into its
elements at 1,140°.
If it is fused with zinc and the alloy extracted with hydrochloric acid,
the resulting powder is explosive (Bunsen), apparently owing to occluded
hydrogen or oxygen. Rhodium and platinum behave in the same way,
but not palladium or osmium.1164
IEIBITJM

Iridium and Hydrogen
Iridium foil normally absorbs hydrogen only on the surface; but if it is
disintegrated by prolonged heating it can take up as much as 800 times its
volume of hydrogen in the cold. If it is used as a cathode the hydrogen
gradually enters into the metal.1155 There is, however, no reason to think
that any definite compound is formed.
Iridium and Phosphorus
X-ray and tensimetric studies of the system Ir—P show no compounds
exoept IrP 2 and Ir 2 P; the latter melts at about 1,350°.1156
»»
F. Henning and H, T. Wensel, Bur. Stand. J. Res 1933, 10, 809.
1188
E. Gruneisen, Ann, Phys. 1908, [4] 26, 394.
, UM
W.
Crookei, Proc. Roy. Boo. 1908, 80, 535.
1114
B.
Cohen
and T. Strengers, Z. phydkal Ohem. 1907, 61, 898,
" M F. Bother, B$r. K. Sdohs, Gu. Wi*9. 1012, 64, 5.
«»• K. H. Sdffg*, M. Hiteibwoht, and W. Bilfci, B. tmorg, Oh$m, 194O1243, 297.
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MONOVALENT IRIDIUM
THE only compounds in which it can be maintained that iridium is
monovalent are the mono-halides. The evidence for the individuality of
these compounds is not very satisfactory, and in particular no examination
of their crystal structures has been made, but on the whole it seems probable that they exist. The mono-fluoride probably occurs, but is the least
certain of them (see below under iridium tetrafluoride, p. 1543). The
monochloride IrCl is made1157 by heating the trichloride, when it loses
chlorine to give the dichloride IrCl2, the monochloride, and finally metallic
iridium. In a stream of chlorine at atmospheric pressure (i.e. at 1 atm.
dissociation pressure of chlorine) the monochloride is stable from 773° to
798° (as with the lower chlorides and oxides of rhodium these temperature
ranges are rather small). It forms copper-red crystals of specific gravity
10*18; like the dichloride and the trichloride it is insoluble in acids, even
in concentrated sulphuric acid, and in alkaline solutions. It sublimes
in chlorine at 790°, and above 798° breaks up into chlorine and metallic
iridium.
The corresponding bromide and iodide are also known.1158 Iridium
monobromide IrBr is made like the monochloride by heating the dibromide to 485°; it is a dark brown substance, which is stable in the cold,
and very slightly soluble in water, acids, or alkalies. Iridium monoiodide,
made in the same way from the di-iodide at 355°, is a black substance
closely resembling the bromide in its properties.
There are no other substances in which iridium can be supposed to be
monovalent.
DIVALENT IRIDIUM
THERE are several compounds in which iridium is divalent: a monosulphide, three if not four dihalides, and a small number of complexes, including cyanides, ammines, and sulphito-compounds.
Iridium Monosulphide, IrS
This is formed when the metal burns in sulphur. It looks like galena.
A curious sulphur derivative of divalent iridium is the mercaptide
Ir(S • Et) 2 1159 ; it consists of orange crystals which are formed with evolution of heat and of hydrogen chloride when iridium trichloride comes in
contact with ethyl mercaptan. Palladium and platinum behave in the
same way.
Iridium
Difluoride
This is the least certain of the dihalides, but there is little doubt that it
is among the lower halides formed by heating the tetrafluoride (see
IrF 4 , p. 1543).
1187

L. Wdhler and S. Streioher, Ber, 1918, 46, 1577.
F. Krausi and H, Oerlaoh, Z. anorg. QUm, 192S1 147, 885.
»*• K. A. Hofmann and W, O. Eafas, Ib. 1897,14, 203,
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Iridium Dichloride

This is made in the same way as the monochloride, by heating the
trichloride.1157 Under 1 atm. pressure of chlorine it is stable only between
763° and 773°. It closely resembles the monochloride; it forms brown
crystals which are insoluble in water, acids, and alkalies.
Iridium
Dibromidems
This is made by heating the hydrated tribromide IrBr 3 ,H 2 0, or by the
action of hydrogen bromide on the tetrahydroxide Ir(OH)4 at 440°. It is
brownish-red, stable in the cold, and very slightly soluble in water.
Iridium
Di~iodidems
It is made by heating the tri-iodide at 330°. It is black, very slightly
soluble in water or acids; it is soluble in alkalies on boiling.
COMPLEXES OF DIVALENT IRIDIUM

These comprise a few cyanides, ammines, and sulphito-compounds.

Complex Cyanides
1160

These salts
are of the type M4[Ir(CN)6] and are colourless; they are
made by the gentle ignition of potassium ferrocyanide with iridium.

Ammines
A few diammines and tetrammines, such as [Ir(NH3)JSG4 and
[Ir(NH3)JCl2 have been described, but there is no recent confirmation
of their existence.
Complex
$ulphito-compoundsmi
When iridium trichloride is treated with sodium hydrosulphite in
neutral solution, the iridium is reduced to the divalent state, and the
complex sulphite Na6[Ir(SO3)J, 10 H2O is produced, as a bright yellow
crystalline substance. Another sulphite Na6H2[Ir(SO3)5] 4 H2O, has also
been described. In these compounds it is to be presumed that most of the
SO8 groups are only attached to the iridium by afeinglelink.
TRIVALENT IRIDIUM
is the chief valency of iridium, and it provides numerous compounds, both 'simple' and complex. The standard redox potential for
Ir" ?* Ir'" is 1-017 v. at 20°.1162
THIS

Iridium Sesquioxide9 Ir 2 O 3 1163
This oxide can be made by igniting the iridichloride K2IrCl6 with
sodium carbonate, when carbon dioxide and oxygen are evolved, or in the
*»• Martius, Ann. 1861, 117, 357,
uw

G. Sailer, Z. anor0. OUm. 1921P 116» 200.
F. P. Dwysr and R. S. Nyholm, Proo. E£. N$w S, Wah§t 1044p 78, 206.
»« L. WOhlor and W. Witzmann, M* anorg, Cham, 1007, 57, 829.
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hydrated form as Ir(OH)3 by adding potassium hydroxide solution to tlie
iridochloride K3IrCl6 in a carbon dioxide atmosphere. This hydrated
oxide forms a yellow-green or blue-black precipitate, soluble in alkali,
which on heating loses water and turns black. It very readily assumes the
colloidal form, which probably explains the change of colour. It cannot
be got quite pure. If it is made in the dry way some alkali is retained,
while the hydrated form begins at 400°, before all the water has been
removed, to lose oxygen, forming a mixture of iridium dioxide IrO 2 and
the metal. At 1,139° it (or this resulting mixture) decomposes into the
metal and oxygen.
Iridium Sesquisulphide, Ir 2 S 3
This is precipitated by hydrogen sulphide from a solution of the sesquioxide in acids, as a brown substance, somewhat soluble in water. It can
also be made1164 by heating the disulphide IrS 2 to a suitable temperature
and pressure, the dissociation pressure of the sesquisulphide in contact
with metallic iridium being 1-5 mm. at 944°. On further heating the
sesquisulphide goes over directly to the metal and sulphur, without any
intermediate formation of a monosulphide.1164
Iridium Sesquiselenide, Ir 2 Se 3 1165
This can be made from the elements by fusion at a red heat, or more
conveniently by passing hydrogen selenide into a hot iridium trichloride
solution, when the sesquiselenide is precipitated as an amorphous black
solid, which is very resistant to attack; ordinary nitric acid has no action
on it: aqua regia slowly dissolves it, and so does fuming nitric acid at 250°.
The compound prepared in the dry way is a crystalline mass, which is even
more resistant than the amorphous form.
Iridium
Trihalides
AU the trihalides except the trifluoride* are known, both in the anhydrous state and in a series of compounds with the composition of hydrates,
Ir(hal)3, x H2O, which are almost certainly complex acids, though little is
known of their salts. The chlorides and bromides (but not the iodides)
also form oxyhalides of the type of Ir(hal)2OH, x H2O, which again are
presumably complex acids.
Iridium
Trichloride
This can be made by treating sodium iridiochloride Na3IrCl6 with
sulphuric acid and heating the product,1171 but it is then impure1166-"7; it
* Indications of the probable existence of a trifluoride have been obtained. See
below under iridium tetrafluoride, p. 1543.
ii64 w . Biltz, J. Laar, P. Ehrlich, and K. Meisel, ib. 1937, 233, 257.
n«* C. Chabrid and A. Bouchonnet, OM. 1903, 137, 1059.
ii« M. Delepine, ib, 1911, 153, 60.
" • ' Id., ib. 1914, 158, 264.
I" 8 L. W6hler and S. Streioher, Ber. 1913, 46, 1577.
i" 9 Id., ib. 1720.
0
i" F, Krauii and H. Gerlftoh, E, anorg, OUm. 1925, 147, 285.
mi E. Leidii, CJt 1890, 129« 1249,
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is more conveniently prepared either by the action of chlorine on iridium
powder at 600-6200,1168'1170 or from the tetrahydroxide Ir(OH)4 by the
action of chlorine at 600°, or hydrogen chloride at 310Q.1170 It has a large
range of stability; it is formed from its elements at temperatures below
100°, and it does not decompose until 760°.1168 The rate of chlorination of
the metal is greater in presence of sunlight or ultra-violet light; the addition of a trace of carbon monoxide diminishes the rate of reaction in the
dark, but increases it in ultra-violet light.1170
Anhydrous iridium trichloride varies in colour according to its state of
division, the fine powder (from a finely powdered metal at a lower temperature) being olive-green, and the colour changing as the material gets
coarser to brown or even blue-black; the colour thus depends on the fineness of the original metallic powder, and the temperature to which the
chloride has been heated. The dissociation tension varies in the same way,
owing presumably to the change in surface tension, and reaches 1 atm. at
temperatures varying from 670° to 763°, the value for the sintered material.
This conclusion has been supported by measurements of the grain size
by means of the sedimentation and the absorptive power for methylene blue.1169
Iridium trichloride forms a hydrate IrCl3, 3 H2O (dark-green) which is
made by heating the oxychloride (see below) in hydrogen chloride gas.1170
Another hydrate IrC]3, 1-5 H2O, has also been described.
The oxychloride IrCl2(OH), aq.1170 is made by the action of hydrogen
chloride on iridium tetrahydroxide Ir(OH)4. At ordinary temperatures the
product is the trihydrate IrCl2(OH), 3 H2O, a dark green hygroscopic solid,
very soluble in water. If this is heated in a stream of hydrogen chloride
to 210° it is converted into a similar monohydrate.
These hydrates, when dissolved in water, give a dark green solution of
acid reaction, which presumably contains the acid H[IrCl2(OH)2], aq.

Iridium Tribromide
When the tri-hydroxide Ir(OH)3 is dissolved in aqueous hydrobromic
acid, a blue solution is produced from which an olive-green compound
IrBr 3 ,4 H2O separates. The water is readily lost at 100°. A monohydrate
IrBr3, H2O also occurs, which can be made by heating the oxybromide in
hydrogen bromide to 100°. The anhydrous compound can be made by
dehydration of the hydrates, or by heating iridium dibromide IrBr 2 with
bromine at 100° under pressure.1170
An oxybromide IrBr2(OH), 3 and 1 H2O is also known; it is just like
the oxychloride.
Iridium
Tri-iodidemo
When the trihydroxide Ir(OH)3 is treated with hydriodic acid it is converted into IrI 8 , 3 H2O. At 120° this goes over into the monohydrate,
and this again in vacuo at 200-250° into the anhydrous iodide IrI 3 . Dark
brown orystals, very slightly soluble in water and acids, soluble in alkalies
on boiling.

Trivalent Complexes
Trivalent Iridium Sulphites

1535

If Ir(OH) 3 is treated with sulphur dioxide in water, the sulphite
Ir 2 (S0 3 ) 3 ,6 H 2 O crystallizes out as a yellow precipitate which is scarcely
soluble in water, but dissolves in dilute acids.

Trivalent Iridium

Sulphates

By treating the trihydroxide Ir(OH) 3 with sulphuric acid in the absence
of air a sulphate Ir2(SO4) 3, aq. can be prepared. From this a series of alums
MIr(SOJ 2 ,12 H 2 O, where M = K, Rb, Cs, N H 4 TF, were made 1172 " 3 ; they
are all yellow. Other double sulphates of complicated and obscure composition were described by Detepine. 1174
COMPLEXES OF TRIVALENT I R I D I U M
I N the trivalent state iridium, like rhodium and cobalt, forms a very
large number of complexes, both cationic and anionic. I n all of them it
has the co-ordination number 6.
Iridicyanides,
M 3 [Ir(CN) 6 ] 1 1 7 5
The free acid has been made from the barium salt with sulphuric acid;
it is a colourless crystalline compound, very soluble in water. The potassium salt K 3 [Ir(CN 6 )] is got by fusing (NH 4 ) 2 IrCl 6 with potassium cyanide;
it is colourless, stable, and not attacked by chlorine.

Nitrilo-complex
Acetonitrile acts on a boiling solution of (NH 4 ) 3 [IrCl 6 ] in aqueous
ammonium chloride to give the salt (NH 4 J 2 [IrCl 6 (CH 3 -CN)]H 2 O. The
corresponding potassium salt has 2 H 2 O. 1176

Ammines
There is a complete series of ammines having from 6 to 1 molecules of
ammonia or an equivalent base attached to the iridium; the bases most
examined are ammonia, ethylene diamine, and pyridine. Of acid radicals
we have chlorine and bromine, NO 2 , and the oxalato-group.
The ammines of trivalent iridium are remarkably stable, much more so
than the corresponding cobaltic compounds; in fact they are among the
stablest metal-ammine compounds known (Werner 1189 ); they can be boiled
1172
L. Marino, Gaz. 1903, 32, ii. 511.
1173
Id., Z. anorg. GUm. 1904, 42, 213.
1174
M. Delepine, C.R. 1906, 142, 1525; 1909, 148, 557; 149, 785; Bull. Soc. 1909,
[4] 5, 1084: CJR. 1910, 151, 878.
« " Martius, Ann. 1861, 117, 357.
lire Y, v . Lebedinski and P. V. Simanovski, Ann. Sect. Platine, 1939, no. 16, 53.
1177
1178
W. Palmaer, Ber. 1889, 22, 15.
Id., ib. 1890, 23, 3810.
118
» " Id., ib. 1891, 24, 2090.
° Id., Z. anorg. Chem. 1895, 10, 320.
1181
118a
Id., ib. 1897, 13, 211.
E. Leidte, CB. 1902, 134, 1582.
i*88 A. Miolati and G. Gialdini, AM B. 1902, [v] 11, ii. 151.
1184
K. A. Hoteftnn and F. Hdohtlen, B*r. 1904, 37, 245,
i*» M, Dtlipin®, Bull Soc, 1908» [4] 3, 901.
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with, potassium hydroxide without decomposition. They resemble the
cobaltic compounds in composition, but not in colour; thus of the nitroammines the cobaltic compounds are deep yellow to brown, while those
of iridium are colourless. But the complexes which have chlorine attached
to the iridium are all coloured, and the colour is deeper the more halogen
atoms the complex contains, passing from yellow to orange and then to
green as the amount of halogens increases.
Hexammines
These compounds, for example [Ir(NH3)6]Cl3, can be made1180 by treating the chloropentammines with ammonia under pressure at 140°; the
trichloride and tribromide are colourless: the tri-iodide is yellow. The
hydroxide, which can only be got in solution, is a strong base.
Of the chelate ethylene diamine compounds two series were prepared
by Werner and Smirnoff,1201 and resolved into their optical antimers, They
are [Ir(e^)2(N02)2]X and [Ir(en)3]X3. They are colourless (the iodide is
yellowish-pink)1208 and extremely stable.
Pentamrnines, [IrAm 5 R]X^
In these compounds one of the six ammine groups is replaced by a neutral
or acidic group.
The aquopentammines, [IrAm5(H2O)]X3, are made1179 by the action of
boiling potassium hydroxide on the chloropentammines [IrAm5Cl]X2.
The chloride [Ir(NHg)5(H2O)]Cl3 when heated to 100° loses its water and
goes over into the chloro-compound [Ir(NH3)5Cl]Cl2.
The chloropentammines, [IrAm5Cl]X2, are the best known pentammine
series. They can be made,1177*1210 along with the di-chloro- and the
trichloro-compounds, by the action of hot ammonia solution on iridium
1188
1187

ii89
1180
119J

*198
1198

1196
1107
1198
1198
1800

i80i

1808

1808
1808
1808
1807

uos
1808

M"

W. Strecker and M. Schurigin, Ber. 1908, 42, 1767.
U88
C. Gialdini, Atti B. 1907, [v] 16, ii. 551.
Id., ib. 648.
A . Werner and O. de Vries, Ann. 1908, 364, 77.
M. Vezes and A. Duffour, Bull. Soc. 1909, [4] 5, 869.
A. Duffour, ib. 872.
M. Vezes and A. Duffour, ib. 1910, [4] 7, 507. I
1194
A. Duffour, ib. 512.
M. Delepine, ib. 1911, [4] 9, 710.
lim
Id., G.B. 1911, 152, 1390.
A. Duffour, ib. 1393.
Id., Ann. GUm. Phys. 1913, [viii] 30, 169.
M. Delepine, Bull. Soc. 1911, [4] 9, 771.
Id., ib. 1917, [4] 2 1 , 157.
F . M. Jaeger, K. Akad. Wet. Amst. 1918, 2 1 , 203.
A . Werner and A. P . Smirnoff, HeIv. GUm. Acta, 1920, 3, 472.
M. Del&pine, Rev. Gen. Sci. pur. appl. 1921, 32, 607.
12
Id., G.B. 1922, 175, 1408.
°* Id., ib. 1923, 176, 445.
Id,, Ann. GUm. Phys. 1923, [9] 19, 145.
M. Guillot, Bull Soc. 1926, [4] 39, 852.
L. A. Tsehugaev, Ann. Inst. Pktiim> 1926, 4, 52.
v . V. I ebedinski, ib., p. 235.
M. DeWpin©, Z, physikal. QUm, 1927, 130, 222,
M, Doldpino and J, Pinoau, Bull, Soo, 1920, [4] 4S1 228,
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trichloride or on the complex halides M 3 IrCl 6 and M 2 IrCl 6 . The chloride
[Ir(NHg)5Cl]Cl2 forms red crystals, fairly soluble in water. A series of
salts (Cl2, Br 2 , (N0 2 ) 2 , SO 4 , etc.) have been prepared 1 1 7 8 ; the chlorine in
the cation is not precipitated by silver nitrate. They resemble the corresponding compounds of trivalent chromium, cobalt and rhodium, but they
are decomposed by chlorine, which the rhodium complex is not. The
chloride gives with moist silver oxide a hydroxide
[Ir(NH3J5Cl](OH)25H2O,1178'1212
buff-coloured crystals, very stable, losing its water of crystallization only
slowly in a vacuum at 140°; it is a strong base.
The corresponding bromo-compounds are also known.

Nitro-pentarmnines, [IrAm5(NO2)JX21189
They can be made from the chloropentammines through the aquocomplexes, the chloride of which gives with silver nitrite the nitrite
[Ir(NH3)SH2O](NOa)3, and this on heating (like the chloro-compound
above) loses water and forms the nitro-salt [Ir(NH 3 ) 5 N0 2 ](N0 2 ) 2 from
which the other salts can be made. With hydrochloric acid, for example,
this gives the chloride [B]Cl2, a colourless salt easily soluble in water; like
the other nitro-complexes of trivalent iridium it is very stable; in solution
it is not attacked by 15 per cent, hydrochloric acid, concentrated nitric
acid, or aqua regia, all at their boiling-points, or by cold strong sulphuric
acid. Sol les [B]Cl2 7*9/25°; [B]I 2 (colourless) 3«45/16°; [B](NO3J2 20/14°.
The sulphate [B]SO 4 is rather slightly soluble in water, and forms an acid
sulphate.
Tetramniines,
[IrAm4R2]Xn
In the complexes R always seems to be an acid radical, and so n is 1.
Dichloro4etrammines [IrAm 4 Cl 2 ]X. They are formed when an ammonia
solution acts on iridium trichloride or its complexes at the boiling-point, 1177
or when concentrated hydrochloric acid acts on the dinitro-compound in
a sealed tube at 130-135 0 . 1189 They could of course occur in two forms,
cis and trans, but the properties of Palmaer's substances 1177 and Werner's 1189
are near enough to show t h a t they were dealing with the same isomers.
No example of isomerism in this group has yet been detected.
The dichloride [Ir(NHg)4Cl2]Cl forms yellow crystals; it is not affected
by boiling with concentrated hydrochloric acid, and silver nitrate precipitates the ionized chlorine at once, but the chlorine of the complex only
very slowly. The corresponding monobromide and monoiodide are also
yellow; soF chloride 5-73/25° 1187 ; bromide 3-85/23°; iodide 1-25/18°.
A similar pyridine derivative 1209 is [Ir(NH 3 )py 3 Cl 2 ]X. See further,
reference 1206,
The corresponding en compounds [Ir (e7i)a(N02)2]X, already mentioned,
1811

I. K. Psoh©nitsin and S. E. Kruiikgv, Ann. Inst, Platm§, 1088, U 9 18.
" " B. E, Dixon, J.C.S. 1934, 84.
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are very stable, and the NO2 groups can only be removed by some hours'
heating with concentrated sulphuric acid; they have been resolved into
their optical antimers,1201 and so must be cis complexes.

Triammines
All the known triammines of trivalent iridium contain three acid
radicals, and accordingly are non-electrolytes.
The trichloride [Ir(NHg)3Cl3]0 is one of the products of the action of hot
ammonia solution on iridium trichloride or its complexes.1177'1181 It is
yellow or orange, insoluble in water, and hard to purify.1180 The pyridine
derivative [Ir py3Cl3]°1202'1205 is also yellow; it occurs in two forms (cis
and trans), both of which are insoluble in water but soluble in chloroform.
The trinitro-compound [Ir(NH3)3(N02)3]°1189 is a pale yellow substance,
soly 0-389/25°: even at the boiling-point the solubility is small. It can be
boiled with 1:1 hydrochloric acid, or 1:5 sulphuric, or even concentrated
nitric acid without decomposition. The molecular conductivity of the
solution at V = 1,000 is only 9-4 even after 15 minutes' heating at 60°.
This complex is much more stable than its cobalt analogue; for example,
it is not affected by long boiling with water, which at once decomposes
the cobalt compound, nor even by heating to the boiling-point with
potassium hydroxide solution or concentrated hydrochloric acid, which
react with the cobalt compound in the cold.

Diammines
All the known diammines contain either pyridine or picoline, but never
ammonia.
One of them [Ir Py2(H2O)Cl3]0 is of the non-salt type. It is peculiar in
separating from water as a trihydrate, which behaves as an acid, being
soluble in alkalies, and probably is really the complex acid
H[Ir Py2(OH)Cl3], 3 H2O.1204
At 140-145° it loses its water and becomes insoluble; it is evident that the
hydrogen ion recombines with the hydroxyl group as soon as the water
molecules which solvate it in the hydrate are !removed. The remaining
diammines all contain 4 acid radicals, and so are monovalent anions. The
totrachloro-diammines M[Ir py2Cl4] are made by the action of pyridine
on the iridiochloride M3[IrCl6]; they occur in cis and trans forms, which
are yellow and orange respectively.1202'1215-16 The corresponding bromine
compounds are also known.1214
Monammines
M2[Ir(NH3)Cl5] can be made by boiling (NH4)2[IrCl6] with ammonium
aoetate solution.1217 The pyridine series M2[Ir pyCl6] is made from the
1111
Mme M. Del<Spine-Tard, Ann. OMm. Phys. 1985, [10] 4, 282»
ial
* Id., G.fl. 1085, 200, 1477.
»» M. Detepino, ib., p. 1878.
M" Id,, B§o. Tmv, 1040, 59, 486.
" " Y. V, Ltbidixuiki and N. A, Balitskftja, Ann, In9L Plating 108S1 IS, 18.
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1194 5 1202

aquo-compound M2[Ir(H2O)Cl5] with pyridine. " '
They are yellow
or orange salts, and of considerable stability; the free acid, though it
cannot be isolated, can be extracted from its aqueous solution with amyl
alcohol, to which it communicates a beautiful violet colour, like that of a
solution of iodine in carbon disulphide. An analogous hydrazine derivative
M[Ir(N2H3)Cl6] has been obtained.120?
Dimethyl-glyoxime-compounds
Dimethyl-glyoxime
CH 3 -C
C-CH 3

I

I

(= M 2 )

NOH NOH
acting as a monovalent chelate group DH forms with the iridiochloride
(NHg)4[IrCl6] the di-chelate free acid H[Ir(DH)2Cl2], which has not been
isolated, but of which the potassium (2 H2O) ammonium (1 H2O), guanidine, and platino-tetrammine [Pt(NH 8 )J salts have been prepared.1218
Hexanitro-iridates
These are formed1182 by the continuous treatment of a tri- or tetravalent iridium solution with potassium nitrite; the salt K3[Ir(N02)6] is
colourless and only slightly soluble.
Phosphorus Trihalide Complexes
Iridium powder reacts with phosphorus pentachloride to give iridium
trichloride, and if excess of phosphorus trichloride is added to the product
the compound IrCl3(PCl3)3 is formed1186; a corresponding bromide
IrBr 3 (PB r 3 ) 3 can be made in the same way. These compounds are
insoluble in water, and on boiling are slowly dissolved by it with decomposition. Their structures have not yet been determined.
Thiourea Complexes
Thiourea CS(NH2J2 ( = T) reacts directly with sodium iridiochloride
Na3IrCl6 to give a series of compounds [IrT3Cl3]0I[IrT4Cl2]CIi[IrT5Cl]X2
(X = Cl, ClO4,1Ox, IPtClJ), and finally, [IrT6]Cl3.1219
Complex
Polysulphidesim>m4t
By saturating ammonium sulphide solution with sulphur, adding this
to a solution of iridium trichloride, and leaving this to stand for some
months, brown crystals of the composition (NH4J3IrS15 are got. There is
a corresponding (NH4)2PtS15, 2 H2O. It is assumed that the iridium is
trivalent, and that the sulphur forms three divalent S6 groups: the change
of valency on replacing iridium by platinum supports this.
X
M8 y, v. Labediixiki and I. A, Fedorovf Ann, Seot. Platim, 1938, 15, 27.
mt
> 1.1. Lebediiiiki, 1, S. Sohapiro, and N. P. Ka»atkina, Ann. ImL Plating 1935
12, 93.
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Trioxalato-salts, M 3 [IrOx 3 ]
These can be made by the action of an oxalate solution on a dichlorooxalato-salt, or by boiling hydrated iridium dioxide with a solution of
oxalic acid.1187-8 The free acid, H 3 [IrOx 3 ], w H2O, is an easily soluble
solid; the potassium salt (4 H2O yellow, slightly soluble in cold water,
easily in hot), silver (3 H2O), and barium (5 H2O) are known.1197 The
complex has been resolved through the strychnine salt1199'1200; it does not
racemize even at 120°, but does so considerably on standing for 2 years
in the cold. The rotatory power is enormous, and highly dependent on
wave-length; the molecular rotation for the potassium salt at 6,800 A is
1,530°, and at 4,790 A it is 16,340°.1200

Hexahalide Complexes
The 'chloroiridates' or iridiochlorides M3[Ir(hal)6] are prepared1186'1198
by reducing the tetravalent iridates, most conveniently with an oxalate:
2 M2[IrCl6] + M2C2O4 - 2 M3[IrCl6] + 2 CO2.
The dry crystals are olive-green. The sodium salt has 12 molecules of water.
Solubilities of the other salts at 20° are: NH 4 9-5; Rb 110; Cs 200.
The corresponding bromides M3[IrBr6] can also be made,1213 and are
remarkable for the extent of their hydration: K, 4 H 2 O; Rb, H 2 O; Cs,H 2 0.

Pentahalide Complexes
These are all of the aquo-type M2[Ir(H2O)(ImI)5]. The chloro-saits
M2[Ir(H2O)Cl5] are got from the mother liquor of the preparation of the
hexachloro-compounds by reduction of the hexachloro-iridates, as described
above. They are strongly coloured; their solies at 19° are11*5: K, 9-2;
NH4, 15-4; Rb, 1-05; Cs, 0-83.
The pentabromo-salts have also been made.1213
Tetrahalide Complexes
The only known types contain 4 chlorine atoms along with 2 NO2
groups or an oxalato.
,
Dinitro-tetrachloro-salts. These are formed by the action of potassium
nitrite1182 or nitrous fumes1183 on the hexachlorides; they are yellow; the
potassium salt is easily, and the caesium salt only slightly, soluble in
water.1183
Oxalato-tetrachloro-salts.119* The sodium salt Na3[IrCl4Ox] can be made
by the action of sodium oxalate on the hexachloride Na3IrCl6. It is dark
red. The free acid H3[IrCl4Ox] crystallizes out from its solution on
evaporation in vacuo, but it is too unstable to be recrystallized.
The further action of the oxalate converts the salt into the dioxalatodiohloride M8[IrCl2Ox2].

Trihalide Complexes
The only example of this olasa seems to be the mixed oxalato-oomplex
M1[IrOl1(NO1)Ox].1*11

Tetravalent
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1541

Dihalide Complexes
These again contain chlorine atoms, NO2 groups, and oxalato-groups
mixed in various proportions.
The dichloro-tetranitro-compounds, of the type M3[IrCl2(NO2)J1189 are
made by warming the tetravalent Na2IrCl6, 6 H2O with sodium nitrite.
The sodium salt forms yellow crystals with 3 and 2 H 2 O; soF 100/25°.
The potassium salt is anhydrous, yellow, soly 5/20°, The cupric salt is
soluble, the lead salt insoluble. The potassium salts of the chloro-nitroacids form a series, with a continuous change of colour and solubility:
K3[IrCl6], 3 H2O. K3[IrCl4(NO2),]
K3[IrCl2(NO2)J
K3[Ir(NO2)J
Yellow-green
Very sol. water.

Golden yellow
Easily sol. water.

Pale yellow
Fairly sol. water.

White
Very slightly sol.

Dichloro-dinitro-oxalato-type, M3[IrCl2(NOg)2Ox].1192-3 The potassium
salt (1 H2O) can be made by the action of concentrated potassium nitrite
solution on K3[IrCl2Ox2]; it is an orange-yellow salt stable to boiling
water. It loses its water of crystallization at 120°, and decomposes at
150°. The silver salt (pale yellow) gives with hydrochloric acid an orangeyellow solution of the free acid, which liberates carbon dioxide from
carbonates, but decomposes on evaporation. Other salts are: Li, 2 H2O,
very deliquescent; NH 4 (2 H2O), Rb, Cs anhydrous.

Dichlorodioxalato-complexes, M3[IrCl2Ox2]

These can be made1190"1 by the action of potassium oxalate on an iridior irido-hexachloride M3 or M2[IrCl6], or on the tetrachloro-compound
M3[IrCl4Ox].1197 The complex is very stable, being unaffected by boiling
with water, and giving no tests for chloride or oxalate ions. From the silver
salt, on the addition of hydrochloric acid and evaporation, the free acid
H3[IrCl2Ox2], 4H 2 O can be got in red hygroscopic crystals. Other
salts1191 are Li, 8H 2 O: Na, 8 H2O, very soluble; NH 4 , H 2 O: Rb, 4 and
1 H2O,1197 bright red, less soluble than the potassium salt; Cs, H 2 O:
Ag, 3H 2 O.
This complex occurs in two forms, cis and trans; the cis form is asymmetric, and has been resolved.1203 The cis and trans forms are produced
together: the cis goes over into the trans on heating for an hour in potassium chloride solution at 130°. The two forms have the same ruby-red
colour, but that of the cis form is twice as intense as that of the trans.1206
TETRAVALENT IRIDIUM
THIS is for iridium the most stable valency after 3, and the compounds
are as a rule easily obtained by the oxidation of the trivalent series. The
reduction potential of trivalent IrCl6 at 25°, referred to a normal hydrogen
electrode, is 1*021 volt.,1220 and the heat of reaction — 30*4 k.oals. It
follows that the oxidation of IrClJ' to IrClJ* by chlorine at 1 atm.
pressure is praotioaUy oomplefc©,
" " S. 0. Woo, J>A,C.S, 1081, IS1 4QO,
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The 'simple* compounds of tetravalent iridium are the dioxide and its
hydrate, the disulphide, the four tetrahalides (or some of them), and probably a sulphate.
Iridium Dioxide, IrO 2
This can be made in the anhydrous and in the hydrated form by a
variety of methods, as by heating powdered iridium in air or oxygen: or
by heating a solution of M2IrCl6 or M3IrCl6 with alkali, air or oxygen
being blown through the liquid in the latter case.1221 It is very difficult
to get it in the pure condition; when made by oxidation of iridium it is
liable to contain free metal, and when made in the wet way it cannot be
completely freed from the alkali used to precipitate it (which is probably
adsorbed and not combined). The pure dioxide and its hydrate were
made1222 by adding alkali drop by drop to the boiling (and considerably
hydrolysed) iridium tetrachloride solution until the brown solution just
turned blue; thus there was no excess of alkali to be adsorbed by the blue
flocculent precipitate. In a vacuum this dries to a blue-black powder of
the composition IrO 2 ,2 H2O, or Ir(OH)4. In dry nitrogen at 350° it loses
all its water, and a black powder of IrO 2 remains.
The dissociation tension of oxygen in the system iridium-oxygen
indicates1223 the formation of IrO 2 and a higher oxide, perhaps IrO 3 , but
no lower oxide: there is no sign of either Ir 2 O 3 or IrO being formed, though
(p. 1532) the former (but not the latter) of these can be made by indirect
methods.
Iridium dioxide has a rutile lattice, like the dioxides of ruthenium and
osmium. It does not begin to lose oxygen below 65O0.1224 The hydroxide
is a blue-black amorphous powder, insoluble in sulphuric acid but dissolving in hydrochloric acid to form H2IrCl6; it is almost insoluble in
alkali. It readily forms a violet or blue colloidal solution.
Iridium Disulphide, IrS 2
Tensimetric measurements of the system indium-sulphur show1226 that
the only sulphides there produced are Ir 2 S 3 , IrS 2 , and Ir 3 S 8 , although the
trisulphide IrS 3 can probably be made by the action of excess of sulphur
on iridium trichloride (see p. 1547). This is supported by Debye-Scherrer
diagrams, which indicate a pseudo-pyrites structure for Ir 3 S 8 which is
not found with IrS 2 .
The production of the disulphide by the action of hydrogen sulphide
on a tetravalent iridium solution was denied by Glaus; but Antony1226
got in this way from K2IrCl6 a brown precipitate of the composition
ian L. Wdhler and W. Witzmaiui, Z. anorg. Chem. 1908, 57, 323.
i»«8 F. Krauas and H. Gerlaoh, ib. 1925» 143, 125.
«» L. Wdhler and W. Witzmann, Z, Ekhtroohem. 1908, 14, 97.
" " 8. Paitorello, AUi B. 1928, [vi] 7, 754.
MM W. Bite, J. Laar, P. Erhlioh, and K. M©ii©3, Z, anorg* Ohem. 1987, 233, 257.
iMi U, Antony, Ga* 1898, 23,1. 184.
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2 IrS 2 Jr 2 S 3 . That some reduction of the iridium had occurred was shown
by the presence of sulphuric acid in the solution.
Iridium Diselenide and Ditelluride have been prepared 1227 by the reduction of the tri-compounds IrSe 3 and IrTe 3 with hydrogen at 600°; the
diselenide is also formed when the trichloride is heated with excess of
selenium in a stream of carbon dioxide or nitrogen at 600° until it ceases
to lose weight.
These are greyish crystalline substances, which are stable to acids.

Iridium Tetrahalides
Though there are numerous complex salts derived from all the tetrahalides except the iodide, it is not certain how many of the binary tetrahalides of iridium have been isolated, and probably none of them have
been got in a really pure state.

Iridium Tetrafluoride
This is a by-product in many of the reactions of iridium hexafluoride;
it is made (along with chlorine fluoride) by treating the hexafluoride with
chlorine, or better by heating it with the necessary amount of metallic
iridium in a quartz tube to 15O0.1228 The volatile hexafluoride disappears,
and a scarcely volatile viscous yellow oil with a choking smell is produced,
which is the tetrafluoride. I t is very sensitive to moisture, and soon
decomposes in air; it is instantly hydrolysed by water to the tetrahydroxide Ir(OH) 4 and hydrogen fluoride. By careful heating it can be
sublimed unchanged. On stronger heating it gives off fluorine, and a
variety of dark or metallic-looking products are formed. These are also
formed when iridium hexafluoride is heated with excess of the metal, and
they are all converted into the tetrafluoride by heating with the hexafluoride. I t seems probable that they are the lower fluorides IrF 3 , IrF 2 ,
and I r F (or some of them), corresponding to the lower chlorides.

Iridium Tetrachloride
A hydrated form of this, probably a hydroxo-acid (like the hydrates
of the iridium trihalides), can be got by the action of chlorine or aqua regia
on the ammonium salt (NH 4 ) 2 [IrCl 6 ]. 1229 I t loses water on heating, but still
retains some of it at 100°, at which temperature, even in a stream of
chlorine, it loses chlorine. 1230 " 1 Hence the dissociation tension of chlorine
over partly hydrated tetrachloride at 100° is more than an atmosphere.
Anhydrous iridium trichloride enclosed with liquid chlorine in a sealed
tube and heated to 60° (i.e. under 20 atm. pressure) combines with it
slowly,1231 but no pure product could be obtained. The tetrachloride may
laB7

L. Wdhler, K. Ewald, and H. G. Krall, Ber. 1933, 66, 1638.
O. Buff and J. Fisoher, Z, anorg. Chem. 1020, 179, 161.
A. Oufcbiar, Z. physihal, Oh$m. 1010, ,69, 804.
« " M, Detepine, Butt. Soo. 101I9 [4] 9, 820.
nn L, Wdhler and S. Streiohor, Bar. 1013, 46, 1577,
1M8
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be formed
when chlorine acts on the tetrahydroxide Ir(OH)4, but it was
not isolated.
The impure tetrachloride is a deep brown hygroscopic mass, deliquescing
in the air to a brown liquid that looks like bromine.
Iridium tetrabromide, IrBr4, probably does not exist.1238 A solution of
the acid H 2 IrBr 6 decomposes on evaporation, even in the cold.
Iridium tetraiodide IrI 4 has probably never been isolated.
Iridium Sulphate, Ir(S0 4 ) 2
Berzelius obtained a yellowish-brown compound of this composition
by oxidizing the sulphide IrS 2 with nitric acid. His work was confirmed
by Bimbach and Korten.1234 They considered the product to be a true
tetravalent derivative of this structure, but they say that on treatment with
alkalies it gives compounds containing trivalent iridium.
COMPLEXES OF TETRAVALENT IRII)IUM

The complexes of tetravalent iridium are not very numerous; they
include a few ammines, certain oxalato-derivatives, and a good many
hexahalides (the chlorides the most stable, the bromides rather less so,
and only one or two fluorides known).

Ammines
Tetravalent iridium seems to be much more stable in co-ordination with
oxygen or the halogens than with nitrogen, and so in complex anions than
in complex cations. Very few cationic ammine complexes of it are known.
The tetrammine [Ir(NHg)4Cl2](NOg)2 can be made by treating Ir(NHg)2Cl2
with concentrated nitric acid. It is soluble in water, and with hydrochloric
acid gives the chloride [Ir(NH3J4Cl2]Cl2, from which silver nitrate precipitates only half the chlorine. The other ammine compounds are either
neutral or negatively charged, and seem to be formed only by organic
bases like pyridine or quinoline, not by ammonia.
Neutral Compounds. If iridium tetrachloride is treated with pyridine
in alcoholic solution it forms a brown substance Ir(py)2Cl4.1240 Similar
picoline and quinoline derivatives can be made. Ir(py)2Cl4 Can occur in
two different forms,1245 obtainable respectively from the orange and the
1282

F. Krauss and H. Gerlach, Z. anorg. Chem. 1925, 147, 265.
A. Gutbier and M. Riess, Ber. 1909, 42, 3905.
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E. Rimbach and F. Korten, Z. anorg. Chem. 1907, 52, 406.
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M. Delepine, CR. 1911, 152, 1390.
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A. Gutbier and D. Hoyermann, Z. anorg. Chem. 1914, 89, 340.
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M. Delepine, Ann. CHm. Phys. 1917, [9] 7, 277.
«« Id,, BuU. Soo. 1917, [4] 21, 157.
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red form of the trivalent iridium salt M[Ir(py)2Cl4]; they presumably are
the cis and trans isomers.
The anionic pentachloro-pyridine derivative M[IrCl5Py] can l?e
made1238~9 by oxidizing the corresponding trivalent salts M2[IrCl5py] with
chlorine, nitric acid, or aqua regia, but not with other oxidizing agents
such as hydrogen peroxide or chromium trioxide. The salts are dark red.
The sodium salt is hydrated; the other salts prepared were anhydrous,
and their solles at 15-20° are: NH 4 , 0-61; K, 0-69; Rb, 0-083; Cs, 0-030.
They are very stable to acids; the pyridine can only be removed by heating in a sealed tube with concentrated hydrochloric acid to 150-160°.
Oxalato-complexesn4&
The trioxalato-compound K 2 [Ir(C 2 O 4 )J^H 2 O is made by heating the
hexachloride K2[IrCl$] with potassium oxalate. It has been resolved
through its strychnine salt.1242

Hexahalides, M2[Ir(hal)6]
These are the most important class of derivatives of tetravalent
iridium,

Hexafluorides, M2[IrF6]3^7

By heating powdered iridium with potassium plumbifluoride K 8 HPbF 8
the crystalline salts K 2 IrF 6 and PbIrF 6 were obtained. Their absorption
spectra were measured. There seem to be no other records of hexafluorides
of this type.

Hexachlorides, M2[IrCl6]
These can be made by mixing potassium or sodium chloride with
iridium powder, and heating in chlorine, or by adding the alkaline chloride
to a solution of iridium tetrachloride, or of iridium tetrahydroxide in
hydrochloric acid.1236*1241 They form dark red crystals with a green reflex,
or a deep red powder. They are slightly soluble in cold water, readily in
hot; they are slowly hydrolysed by water, and are best recrystallized
from 10 per cent, hydrochloric acid. The concentrated aqueous solution
is brownish-red, the dilute solution yellow. The solubilities of some of
these at 19° are1234~5»1244: Na, large; K, 1-25; NH 4 , 0-69; Rb, 0-0556;
Cs, 0-0111. Many salts of organic bases1236*1243 and of the complex ammines
bases of trivalent chromium and cobalt1246 have been made.
Hexabramides, M 2 [IrBr 6 ]
These can be made
from the bright blue solution obtained by dissolving the tetra-hydroxide Ir(OH)4 in hydrobromic acid. On standing, this
solution, which no doubt contains the free acid H2IrBr6, turns green and
evolves bromine. The acid solution can also be made by treating iridium
tetrachloride with hydrobromic aoid and bromine.
1237

"** A. B©nrath, W. Biiohcr, and H. Eokatein, Z, anorg. OUm, 1922, 131, 347.
"«' H, I, 8ohl*ing*r and M, W. Tapky, J.A.C,8,19U9 M1 STe,
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The salts are all deep blue-black crystals, forming a dark blue powder,
and giving a bright blue solution, which decomposes on standing, with
evolution of bromine: it is more stable in presence of hydrobromic acid,
and still more if a small quantity of bromine is added; the salts can be
recrystallized from this last solvent. The hexabromides are in general
more soluble than the hexachlorides. Thus the ammonium salt is easily
soluble in cold water, the rubidium and caesium salts slightly, the potassium salt more so. The salts of the chromammine and cobaltammine
bases have also been made.1248 The fact that the bromides are less stable
than the corresponding chlorides is clearly shown by their greater tendency to evolve halogen, for example, on standing in solution. The hexaiodides M2IrI6 have never been prepared.
[PENTAVALENT IRIDIUM
Now that the supposed IrF 5 has been shown1249 to be the hexavalent
oxyfluoride IrF 4 O (see p. 1548) there is no evidence for the existence of
pentavalent iridium.]
HEXAVALENT IRIDIUM
IRIDIUM forms a trioxide, a trisulphide, a triselenide, and a tritelluride,
IrO 3 , IrS 3 , IrSe8, IrTe 3 , in which it may have a valency of 6; but as we do
not know the crystal structure, some of these may really be compounds of
tetravalent iridium, containing the groups 0 - 0 , S-S, etc. There are, however, two other compounds in which iridium must have a valency of 6, the
hexafluoride IrF 6 , and an oxyfluoride which presumably has the formula
IrF 4 O, and which has been shown to contain the iridium in the hexavalent
state.

Iridium Trioxide, IrO3

This compound can be made1260 by igniting iridium ^vith potassium
hydroxide and nitrate; by fusing iridium with sodium peroxide; by heating iridium dioxide containing caustic potash ii\ oxygen; or by the anodic
oxidation of a blue strongly alkaline iridium dioxide solution at 20°. It
can never be obtained free from alkali, and it never contains more than
17-7 per cent, of oxygen, the theoretical percentage being 19-9 (Ir3O8,
which would correspond to Ir 3 S 8 , the highest sulphide obtained by Biltz
from the elements, would have 18-1 per cent, oxygen). It is a very strong
oxidizing agent, which may be due to the instability of the valency 6 for
iridium, or to the presence of —O—0— groups; it immediately evolves
oxygen with sulphuric acid, and it oxidizes boiling alcohol or [presumably
impure] acetic acid.
1848

A. Benrath, W. Bticher, A. Wolber, and J, Zeutzius, Z. anorg. Chem. 1924,
135 283.
" " 0." Ruff and J. Ffcohar, lb. 1920, 179, 161.
" " L. WAhIw and W. Witamann, ib. 1008, 57, 828.
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Iridium trichloride and excess of sulphur are heated in an evacuated
sealed tube to 600°; the excess of sulphur is removed by extraction first*
with carbon disulphide and then (to remove the amorphous sulphur) with
sodium sulphide. The residue is iridium trisulphide, a grey-black powder,
stable to all acids including aqua regia.
Iridium Triselenide, IrSe31251""2
If iridium trichloride is heated with selenium in carbon dioxide or
nitrogen at 400° until its weight is constant, it is converted into the
diselenide IrSe 2 ; but if this is further heated in a sealed tube with more
selenium, and the excess removed with potassium cyanide solution, the
triselenide IrSe 3 is formed. It is a grey-white crystalline powder, stable
even to concentrated acids, and only slowly attacked even by boiling
aqua regia.
The tritelluride IrTe31251~2 is made in the same way, but at 700°, the
excess of tellurium being removed with nitric acid. It is dark grey, and is
slowly attacked by aqua regia. Like the selenide it is reduced by hydrogen
at 600° to the ditelluride IrTe 2 .
Iridium Hexafluoride, I r F 6
This substance is very difficult to prepare1253: it can only be made by
the combination of the elements, and they only combine at a temperature
at which the fluorine attacks platinum, and indeed any other material
of which the apparatus can be made except fluor spar. Ruff has, however,
succeeded in making tubes and boats of ground fluor spar, moulded and
burnt like pottery at about 1,250°. In an apparatus of this material
iridium powder was fluorinated at 260°, when in presence of excess of
fluorine the only product was the volatile hexafluoride IrF 6 , which came
over and was condensed in liquid air. For its investigation silica vessels
can be used, as these are not attacked by the hexafluoride below 200°.
Iridium hexafluoride IrF 6 is a pale yellow solid at —-180°, and bright
yellow at —15°; it melts at +44° to a brownish-yellow liquid which boils
at 53° to give a bright yellow vapour. The solid seems to be dimorphic.
The heat of evaporation is 8-5 k.cals., giving the high Trouton constant of
26-1; the heat of formation from the elements in their normal states is
130 k.cals.
The hexafluoride is extremely reactive. Owing to its high vapour pressure at the ordinary temperature it gives out thick white clouds in air,
being hydrolysed by the moisture to hydrogen fluoride, the oxyfluoride
IrF4O, and the lower fluorides. With water in excess it is at once converted
into hydrogen fluoride and Ir(OH)4, with evolution of oxygen mixed with
ozone.
J<
" » L. Wdhlsp, K. Ewald, and H. O. KraE, JB«r. 1088» 66, 1088.
» " W, BiItK, Z. anorg. Cham. 1987, 333, 181.
" " O, Buff and J. Fimoher, ib. 1910, 179, 161,
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It is very readily reduced to a lower fluoride; chlorine converts it into
the tetrafluoride with the production of chlorine fluoride ClF, and bromine
and iodine have a similar action. By hydrogen it is reduced to the metal.
Iridium hexafluoride shows no signs of any tendency to complex formation.

Iridium Oxyfluoride, IrF 4 O 1253

When the hexafluoride was manipulated in glass vessels a greyish-white
solid product was obtained, but with silica vessels scarcely any of this was
formed, so that it must have been due to the action of the hexafluoride on
the glass. It was at first thought that this substance was a pentafluoride,
but iodometric determinations proved that it contains hexavalent and
not pentavalent iridium. The quantity obtained was so small, and it is so
sensitive to moisture, that it could not be analysed, but as it is produced
whenever a small quantity of water comes in contact with iridium hexafluoride, we may presume that it is a hydrolytic product, an oxyfluoride,
probably IrF 4 O. It forms whitish needles, stable in silica vessels in the
cold, but decomposing when heated; in water it behaves like the hexafluoride, being hydrolysed with evolution of oxygen.
I R I D I U M OARBONYLS
TKB 'simple' carbonyls and their halides can be made by heating the
trihalide at 100-140° with carbon monoxide under 200 atm. In copper
vessels1254 (where the copper takes up the halogen) 100 per cent, of the
tricarbonyl Ir(CO)3 is obtained; in presence of powdered metal the main
product is the tetracarbonyl Ir(CO)4. These two carbonyls are obviously
polymerized: we should expect [Ir(CO)3]4 and [Ir(CO)4J2: but they are too
insoluble for their molecular weights to be determined.
Ir(GO)3 is canary yellow; it is extraordinarily stable (far more so than
the tetracarbonyl); it is not affected by acids (even concentrated nitric
acid) or alkalies, or even by halogens in the cold, although it is decomposed
by aqua regia. It does not sublime below 200°, but does so iti carbon monoxide at 210°.
Ir(GO)^ is greenish-yellow; it is readily converted into the tricarbonyl
by heat, acid, or alkali. The heavier elements of a group always favour
carbonyls with the highest ratio of metal atoms to CO groups: thus unlike
iron, ruthenium and osmium scarcely form any penta-carbonyl, but
readily go to the ennea; cobalt tetracarbonyl goes to the tricarbonyl at
53°, but the iridium compound undergoes this change in the cold.
The tetracarbonyl can be separated from the tri by sublimation, as it is
the more volatile, or by its greater solubility in chloroform (soly of the tri
in chloroform 6*2 mg./ord. temp.).1'264
If the materials used in the preparation of these compounds are not quite
dry, a very volatile iridium oompound is formed, which no doubt is the
hydride Ir(CO)8(COH).
" " W. Hieber md H, Lagally, Z, anorg, Ohm. 1040, 34S9 SSL
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The carbonyl halides™*-* Ir(CO)3X and Ir(CO)2X2, can be made by
heating the trihalide hydrate IrX 3 , H2O to 150° in carbon monoxide at
1 atm., when a mixture of the two carbonyl halides with some tricarbonyl
comes off; the extra halogen separates as COX2, or if it is iodine as such.
The ease of removal of the halogen here is in the order Cl > Br > I, the
opposite of that for the formation of the simple carbonyl with a metal. In
these compounds the volatility falls off as the CO content rises, the
approximate sublimation temperature being for Ir(CO)8X [theoretical
polymerization factor 3] 115°, for Ir(CO)2X2[4] 150°, for Ir(CO)3 [4] 200°.
Ir(GO)2X2 loses carbon monoxide on exposure to air; Ir(CO)3X is far
more stable, though the chloride is slowly decomposed by water to give
iridium and carbon monoxide.
The colours of these halides are:
Ir(CO)8X2
X = Cl
Br
I

Colourless
Very pale yellow
Pale yellow

Ir(CO)8X
Pale brown
Chocolate
Dark brown

1856 W # Manchot and H. Gall, Ber. 1925, 58, 232.
1256 w . Hieber, H. Lagally, and A. Mayr, Z. anorg. Chem. 1941, 246, 138.
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HESE two elements resemble one another more closely than any other
pair in the group. There is the usual increase of stability of higher
valencies with rise of atomic weight. Both elements are almost only divalent
and tetravalent, but with palladium the tetravalency is much less stable than
the divalency, while with platinum it is at least equally stable. Palladium
has a remarkable power of absorbing hydrogen, more than any other metal
of the group; platinum comes next, but far behind it, and nickel also has
some power of doing this. The exact character of the compound of palladium and hydrogen is still obscure, but it is probably metallic.

Valency = 1
No monovalent palladium compounds have been isolated; a solution
of the palladocyanide K2Pd(CN)4 on treatment with sodium amalgam gives
a reducing solution, perhaps containing the monovalent salt K2[Pd(CN)3],
corresponding to K2[Ni(CN)3]. But this may well contain the non-valent
palladium compound K4[Pd(CN)4] (p. 1557).
With platinum a solution of the same reducing properties can be got in
the same way, which may contain monovalent or non-valent platinum.
In addition, by heating platinous chloride to the right temperature a yellowgreen solid can be got, with a composition very near PtCl; its stability
range is, however, very small.

Valency = 2
This is much the most important valency of palladium (as it is of nickel),
but not so markedly of platinum. A large number of binary compounds
arc known, such as the oxide PdO, the hydroxide Pd(OH)2, the sulphide
PdS: all four dihalides, Pd(N0 3 ) 2 , PdSO4, etc., and a variety of salts or saltlike compounds, which are mostly soluble in water and easily hydrolysed.
The complexes of divalent palladium are nearly if not quite all 4-covalent
(6-covalent platinous complexes have been described, but probably in
error). They are more stable than those of divalent nickel, but less than
those of divalent platinum. Apart from a few trihalides (BH)PdCl3
obtained from organic bases, they are all 4-covalent. The ammines are of
four types: (I) [PdAm4]X2; (II) [PdAm 3 R]X; (III) [PdAm2R2]0; (IV) a
peculiar type really 4-covalent [(Pd(NH3)Cl2)2]°. Of these, (I) are stable
enough to give a strongly alkaline hydroxide; (III) occur as cis-trans
isomers; (IV) can be shown to have the planar structure
H

3^Xpd/ClNpdj/NH8>

a/

\a/

Na

Trialkyl phoiphines and arsinea can replace ammonia.
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The anionic complexes are all of the type M2[PdR4], where R can be
CN, NO2, Cl, Br, or I (not F).
With platinum again this is a very stable valency, probably as stable
as with palladium, though probably less stable than that of tetravalent
platinum. The divalent compounds are almost identical with those of
divalent palladium and are as stable in themselves, though they are more
easily oxidized to the tetravalent state; they include the oxide, hydroxide,
sulphide, all four dihalides, and a dicyanide Pt(CN)2, yellow and insoluble.
Complexes. These again are very like those of palladium. Theammines
all have the co-ordination number of 4, and are of five types (all represented with palladium except No. IV): (I) [PtAm4]X2; (II) [PtAm 3 R]X;
(III) [PtAm 2 R 2 ] 0 ; (IV) M[PtAmR 3 ]; (V) [(PtAmCl2),], with the same
structure as that given above for the palladium analogue.
The complex halides also all have the co-ordination number 4. The
dichloride dissolves in hydrochloric acid to form the acid H 2 PtCl 4 : the
potassium salt of this is made by the reduction of the platinichloride
K2PtCl6. The bromide K 2 PtBr 4 forms black crystals. Similar acidocomplexes are formed with NO2 and CN: K2[Pt(NO2)J is got from the
platino-chloride K2PtCl4 and potassium nitrite: it is soluble in water, and
the solution gives no precipitate with potassium hydroxide or hydrogen
sulphide. K2[Pt(CN)4] is also stable up to 140°, and is not decomposed
by hydrogen sulphide.
Valency = 3
This only occurs in a few palladium compounds such as Pd 2 O 3 and the
trifluoride PdF 3 , which curiously is the most stable fluoride of palladium:
it is a black powder decomposed by water. There are also complex halides
M2[PdCl5] which are stable at low temperatures but go over into a mixture
of the di- and tetravalent halides M2PdCl4 and M2PdCl6 on warming.
The trivalent platinum compounds are similar. The trichloride, got
by heating PtCl4, is a dark green solid, slowly dissolved by water, and
converted by hot hydrochloric acid into the di- and tetrachlorides; the
tribromide and tri-iodide are similar, and there is a yellow insoluble
tricyanide Pt(CN)3. These compounds are no doubt truly trivalent. But
the complexes, such as [PtAm4Cl]X2 and M2[PtCl5], all appear to be
5-covalent and are clearly in fact dimeric and 6-covalent with one di- and
one tetravalent platinum atom, as their brilliant colour suggests.
Valency = 4
Tetravalent palladium is more stable than trivalent, but much less than
divalent, or than tetravalent platinum. It only occurs in PdO2, PdS2, and
in a few complex sulphides, halides, and ammines (covalencies 4 and 6).
There are no compounds of tetravalent palladium containing fluorine.
The thiopalladates M2[PdS3] are decomposed by water. Complex halides
are formed by ohlorine and bromine: the oommonest type is M2[PdCl0]
(as with Pt); there are a few diammines [PdAm1Cl8]CIa. All these halides
lose halogen easily on warming.
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With platinum this is perhaps the stablest valency: anyhow, it is very
near to divalency in stability. Platinum forms an oxide PtO 2 and a
hydroxide Pt(OH)4, made by the action of potassium hydroxide on the
tetrachloride ;theyare converted by alkaliesintotheplatinatesM2[Pt (OH)6],
which are isomorphous with the stannates. There is a disulphide PtS 2
and there are 4 tetrahalides.
A remarkable series of compounds are the alkyls, otherwise almost
unknown in this group. The trialkyls AIk8PtX have long been known,
and Gilman has recently described Pt(AIk)4 and Pt2(AIk)6, obtained by the
use of sodium alkyl. They are high-melting soluble solids.
The complexes all have the co-ordination number of 6. Tetravalent
platinum gives as least as many and as diverse kinds of ammines as divalent, but fewer acido-complexes. The ammines have all the forms from
[PtAm6]X4 to M2PtR6. Of the halides M2[PtX6] the fluorides are doubtful,
the chlorides numerous; the bromides are red, the iodides brown and very
unstable, losing iodine with ease. Every stage of replacement of halogen
by hydroxyl is known from M2[Pt(hal)6] to M2[Pt(OH)6].
No pure cyanides, nitro-compounds, or oxalato-derivatives are known,
but only mixed salts such as M2[Pt(hal)2(CN)4].
Valency — 6
No hexavalent palladium compounds are known.
Platinum has apparently hexavalent compounds in PtO 3 , got by electrolytic oxidation, PtSe 3 , and also PtP 2 and PtAs2, made from the elements.
In none of these are we sure that the platinum is hexavalent, but the
trioxide gives no signs of having a peroxide (—O—O—) structure.

PALLADIUM
PALLADIUM was discovered by Wollaston in 1803, and named by him after
the recently discovered minor planet Pallas. It is the most abundant of
the platinum metals in the earth's crust as a whole, forming about 1 part
in 108, which is about twice as much as platinum; in the ordinary platinum
ores it does not amount as a rule to more than a few per cent., although a
certain number are known of which it is a large or even the chief constituent. One of the most peculiar is the small hard crystalline nuggets
found in some parts of British Guiana, which contain about 60 per cent,
of mercury, the rest being palladium, with traces of rhodium, platinum, and
gold.1257
The atomic structure of palladium is remarkable. The atomic number
of 46 is that of a ' pseudo-inert-gas' 2.8.18.18, like those of nickel and
platinum. In nickel the final 18-electron group breaks down, one or
perhaps two of its electrons going into the next higher quantum group to
give instead of 18 the configuration (17) 1 or (16) 2, or perhaps a mixture of
the two. In platinum the structure is (16) 2. The elements of the second
transitional series always tend to have fewer electrons in their outermost
group than those of the first and third (for example, we have Co, —(15)2;
Rh—(16)1; Ir—(15)2), and this effect is shown in a very marked way by
palladium, where the spectroscopic data and the absenoe of a magnetic
moment1258 indicate that in the isolated atom all the 18 electrons are in
the fourth quantum group.
We should expect an element with such an atomic structure not to be a
metal at all, but to resemble an inert gas, and the fact that elementary
palladium is a solid with the conductivity and other properties of a metal
shows that this electronic group of 18 breaks down and loses some of its
electrons as soon as the atoms come together.
Palladium appears, like platinum, to be diamagnetic in all its compounds,1259 though many of the analogous nickel compounds are paramagnetic. This is presumably the result of the larger atomic number.
In its general behaviour palladium resembles platinum very closely.
The comparison of the elements in this subgroup, nickel, palladium, and
platinum, gives a good illustration of the two main ways in which the
properties change as we descend the series, the higher valencies becoming
more important as compared with the lower, and the tendency in any
given valency to dissociation becoming less.

Metallic Palladium
Metallic palladium resembles platinum closely in many ways; it has the
lowest m. pt. (1,557°) of any of the platinum metals, and platinum has the
next lowest (1,773'6°); it is also the lightest metal in its triad (Ru, 12*3;
Rh, 12-1; Pd, 11-5) as platinum is in its triad (Os, 22-5; Ir, 22-4; Pt, 21-4).
lM7

J, B. Hairiion m& 0. L, 0. Bourne, Off. Qm* BHt. Quianu, 1926, 27, ii. 19.
» " A. N, Oufchrt© and M. J. Copley, F%*. M$v, 1981, 0Q 38» 810.
» » B. B, JmM 1 tM.0.5. 1985, ST9 471.
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Its main uses are for artificial teeth and for the mounting of jewellery,
and of late years as a catalyst for organic reactions.
Palladium is more readily attacked by various reagents than the other
members of the family. At a red heat it is converted by air into the
monoxide PdO, and by fluorine and chlorine into the dihalides; it is
soluble in nitric and sulphuric acids. Unlike all the other metals of the
group it becomes passive in the presence of chlorine ions. 1260 I t has the
power of absorbing hydrogen reversibly (up to 900 volumes), far more
than any other metal. I t is also a powerful catalyst, especially in those
forms in which it has a large surface, such as palladium black (which has
been shown to be actually crystalline), and particularly in the various
colloidal forms.
Colloidal palladium can be made 1261 " 3 by the reduction of palladous
chloride solutions with various reducing agents such as formaldehyde,
hydrazine hydrate, or carbon monoxide (a specific reducing agent for
palladium), 1266 in presence of a protective colloid like sodium protalbate;
if titanous chloride is used as the reducing agent, the hydrated titanium
dioxide itself acts as the protective colloid.1264 As a catalyst it is much
used for reduction in organic chemistry; it is particularly effective in
reducing the triple carbon link to the double in hydrocarbons, acids, and
alcohols; the subsequent reduction of the double to the single link is
slower.1265 Like palladium black, colloidal palladium with hydrogen
reduces aliphatic double links, and nitrocompounds, but not aromatic
rings, ketones, or aldehydes, except when the carbonyl group is immediately
next to a benzene ring, when the aldehyde or ketone is reduced to the
corresponding hydrocarbon. 1266 I t has also been shown 1267 that colloidal
palladium is more effective than platinum in the reduction of oxygen or
ethylene, but less so in that of potassium nitrite or sodium chlorate.

Palladium and Hydrogen
The enormous power t h a t palladium has of absorbing hydrogen was
first noticed by Graham in 1866. Since then there has been a constant
series of investigations into the phenomenon, which cannot be said even
now to have led to a thoroughly satisfactory explanation, probably because
this has been sought along the lines of ordinary molecular chemistry, while
the problem is essentially bound up with the peculiarities of metallic structure. All that can be done here is to give an outline of the facts and the
more probable theories, with some of the more important references.
ia«° F. Muller, Z. EleHrochem. 1928, 34, 744.
"«i J. Donau, Mori. 1906, 27, 71.
iaea w . Traube and W. Lange, Ber. 1925, 58, 2773.
ia*8 H. S. Taylor and P. V. McKinney, J.A.C.S. 1931, 53, 3604.
»•* A. Gutbier and H. Weithase, Z. anorg. Chem. 1928, 169, 264.
i«« M. Bourguel, Bull Soo. 1927, [4] 41, 1443.
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For more datails we O. Neunhflffar and W. PeIz, Bar. 1989, 72, 433.
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Palladium in the colloidal, powdered, or compact state will absorb anything up to 900 times its own volume of hydrogen (about Pd 4 H 3 ) at any
temperature from zero to a red heat and beyond. As the temperature
rises the amount absorbed falls steadily up to 600°, and more slowly above
that. The absorption is accompanied by an expansion of the solid, and the
lattice constant may increase by as much as 5 per cent.,1268-"9 while the
conductivity falls by as much as 35 per cent. 1270 The whole of this hydrogen can be removed from the palladium in a vacuum at 100°. The
adsorption isotherm at any temperature between 50° and 200° consists of
three parts: (1) a rapid rise of pressure for amount adsorbed up to about
PdH 0<05 ; (2) a very slow rise of pressure for the increase of hydrogen
content up to P d H 0 4 to PdH 0 . 5 ; and (3) a rapid rise after that. But its
course is different according as the gas is being put in or taken out—as the
pressure is rising or falling. For a rising pressure there is a considerable
increase over the middle section of the curve: for a falling pressure this is
very small, and may be practically zero, i.e. the pressure may remain
constant for a considerable drop in hydrogen concentration. 1271 As the
temperature rises, the second and fairly flat part of the curve gets shorter,
beginning a little later (i.e. at a rather higher concentration) and stopping
much sooner, until at about 310° 1272 it has vanished altogether; the general
shape of the curves is thus like that of the Andrews carbon dioxide
diagram. The occurrence of hysteresis shows that either with rising or
falling pressure (or both) equilibrium is not reached, and this needs
explanation before the results can be interpreted. I t has been pointed out
by Tammann 1 2 7 3 and by Smith and Derge 1274 t h a t the behaviour of the
palladium, and especially the rate of adsorption of the hydrogen, depend
largely on the mechanical state and previous history of the metal, and on
the extent to which it has been heated or worked. I t seems probable that
the hydrogen, having covered the surface, penetrates along the slip planes
of the metal, and as it does so causes an expansion, which blocks the way
for more hydrogen to enter, so that with rising pressure the attainment of
equilibrium will be retarded, while when the pressure is falling the removal
of part of the hydrogen will facilitate it. If so, the isotherms at falling
pressure will be those which indicate the true equilibrium of the system.
These, as we have seen, are nearly horizontal, which should mean that over
this range there are two solid phases present, one with more hydrogen
than the other. According to simple phase-rule principles, the beginning
of the flat part should give the composition of the more dilute solution
and the end t h a t of the stronger. Since for temperatures near 100° the
1268
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end comes near the composition Pd 2 H, it has often been assumed that a
compound of this composition is formed. There are two objections to this
view: (1) The middle parts of the isotherms are not quite flat but almost
always show a definite though small rise of pressure. (2) The end is at
about Pd 2 H for a temperature of 75° or so, but the amount of hydrogen
at this end-point gets less as the temperature rises. The answer to (2)
probably is that the more concentrated phase is not a compound at all,
especially as it is difficult to give Pd 2 H a probable structure, but a solution, whose concentration would naturally vary with temperature. The
first difficulty, that the isotherms are not strictly horizontal, is less easy
to overcome; the suggestion that it is due to the complication of the
results by surface action cannot be maintained. The answer is most
probably to be found in the peculiar properties of metals, which it does
not as yet seem possible to express in simple language. An attack on the
problem from this point of view, by the methods of statistical mechanics,
has been made by Lacher,1275 who starts with the assumption that the
hydrogen atoms occupy holes in the palladium lattice, and does not suppose that any compound with the metal is formed; on this basis he is able
to obtain results agreeing very fairly with observation, and in particular
to show that two solid solutions can be formed, with an upper critical
solution temperature. This is confirmed by X-ray examination1276"*7;
with a palladium strip dipping into sulphuric acid and charged electrolytically with hydrogen, X-rays will show the migration of the boundary
between the two phases.
An interesting point is the relation between the solubility in palladium
of hydrogen and that of deuterium. Sieverts1278-80 showed that the two
isotopes behave similarly, but that deuterium is always less soluble than
hydrogen. At low temperatures there is little difference (J)[BL = 0*96 at
30°) but by 200° D/H has fallen to 0-60, though it then rises again to 0-91
at 1,000° (the normal phenomenon of course is that deuterium and hydrogen
differ much more at low temperatures than at high). The point where the
isotherm begins to be flat is at higher concentrations with deuterium. It
is therefore possible to find pressures and temperatures at which hydrogen
is present only in the weaker (a) phase, while with deuterium the stronger
(j8) solution is present, and the solubility ratio D/H is then very small,
and may be as low as 0-03; these are the conditions under which palladium
may be used to separate the isotopes. The 'critical solution temperature'
must be lower with deuterium than with hydrogen, but it has not been
measured.
As a result of this power of dissolving in palladium, hydrogen is able to
1975
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diffuse through the solid when it is warmed. This is strictly specific for
hydrogen and deuterium; helium, for example, has no such power.1281 It
is made use of in order to purify hydrogen for spectroscopic or atomic
weight purposes, the gas being 'filtered' through a small palladium tube,
which is usually heated electrically. The mechanism of this diffusion has
recently been examined by Farkas 1282 ; he measured the rate of diffusion
through a palladium plate, and also the rate of atomization of the hydrogen
on both surfaces by means of their efficiency in promoting the ortho/para
equilibrium of hydrogen. He was thus able to show that the process of
diffusion consists in the atomization of the hydrogen on one surface, the
passage of the hydrogen atoms through the foil, and their recombination
to hydrogen molecules on the other surface. This explains why the penetration is so rapid when the hydrogen is produced electrolytically; it is then
already in the atomic state when it reaches the palladium, and so the heat
of activation required by the molecules in order to break the H—H bond
is no longer needed. See further, reference 1288.
NON-VALENT PALLADIUM 1 2 8 4
A COMPOUND K4[Pd(CN)4] in which the metal is non-valent can be made
in exactly the same way as its very similar nickel analogue (p. 1429) by the
action of potassium on the double cyanide K2[Pd(CN)4] in liquid ammonia.
It is a yellowish solid, stable in ammonia or in vacuo up to 150°, but excessively reactive, even more so than the nickel compound. It will reduce
azobenzene to hydrazo, and silver and mercuric ions to the metals. It
evolves hydrogen with water. There was no sign of the formation of a
compound K2[Pd(CN)8].
MONOVALENT P A L L A D I U M
No compounds of this valency have been isolated; the supposed oxide
Pd2O has been shown1285~° to be a mixture of the monoxide PdO and
metallic palladium, and the existence of the sulphide Pd2S has not been
confirmed.
Manchot1287 has shown that if a 2 per cent, aqueous solution of the
palladocyanide K2Pd(CN)4 is reduced with sodium amalgam, a clear
yellow solution is obtained, which contains free cyanide ions (which the
original solution does not) and has a strong reducing power, separating
silver from an ammoniacal silver oxide solution, and mercury from corrosive sublimate; it absorbs oxygen with formation of hydrogen peroxide,
1881
1888
1888
188
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and on standing in the absence of air it slowly evolves hydrogen and gives
a mixture of the palladous salt and metallic palladium. This cannot be
due to colloidal palladium: the solution is too concentrated, is too pale,
and separates no gel with excess of potassium chloride. Its reducing power
corresponds quantitatively to the conversion of mono- to divalent palladium. Apart from this last statement we should infer from the existence
of K 2 [Pd(CN) 4 ], but not of K 2 [Pd(CN) 3 ], that Manchot's reduced solution
contained non-valent palladium, and if so there would be no evidence for
monovalent palladium whatever.
DIVALENT PALLADIUM
T H I S is by far the most important valency of palladium, which in this
respect resembles nickel and differs from platinum, where the tetravalent
state is as important. The divalent palladium compounds are green, red,
or brown, and have an astringent but not metallic taste.

Palladous Oxide, PdO
is made by heating the metal in oxygen, 1288 or better by fusing
palladous chloride with sodium nitrate at 600°. 1289 I t is a black powder;
its crystal structure has been examined by Moore and Pauling, 1290 who
find that the metallic atom forms a coplanar rectangular co-ordination
group. On further heating it dissociates into the metal and oxygen, the
dissociation tension of the oxygen being 1 atm. at 875°. 1288
I t is a strong oxidizing agent; it glows on coming into contact with
hydrogen at the ordinary temperature; it oxidizes carbon monoxide to
the dioxide, but unlike most oxides of this kind it reacts with carbon
monoxide less readily than with hydrogen, and only at temperatures
near 100°.1263»1291-2 At the same time palladous oxide is a powerful catalyst
for the reduction by hydrogen, especially of organic compounds such as
alkylenes 1293 and aldehydes, 1289 the CHO group being reduced with PdO
to CH 3 , but with platinum monoxide only to CH 2 OH.
The hydroxide Pd(OH) 2 or PdO, H 2 O can be made by the hydrolysis of
the nitrate Pd(NOg) 2 . I t is soluble in acids, unlike the oxide, which does
not dissolve even in aqua regia. I t loses its water slowly on heating, but
does not lose the whole of it even at 500-600°, where it begins to give off
oxygen.
Palladous Sulphide,
PdS
This can be made by the action of hydrogen sulphide on a solution of a
palladous salt, or by heating the metal with sulphur. When made in the
THIS
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wet way it is a brown powder, insoluble in dilute hydrochloric acid; when
made in the dry way1294 it forms bluish insoluble crystals.
The system palladium-sulphur has been investigated by Biltz and
Laar,1295™6 who showed that near the ordinary temperature a compound
Pd4S is formed, which at higher temperatures is converted into the monosulphide PdS, m. pt. 970°; this will combine with excess of sulphur to
give the disulphide PdS2. Since the structure of Pd4S is unknown, so is
the valency of the palladium in it.
Palladous Selenide, PdSe 1297
This is a dark brown solid, which can be made by adding palladous
chloride solution drop by drop to a saturated solution of hydrogen selenide.
Palladous Halides
All four of these are known, but only the dichloride in any detail.
Palladous Fluoride, P d F 2
According to Berzelius this is precipitated as a brown powder, very
slightly soluble in water or hydrofluoric acid, when hydrofluoric acid is
added to a concentrated solution of the nitrate Pd(NO3J2. Ruff and
Ascher1298 have prepared the difluoride by the reduction of the more stable
trifluoride PdF 3 . This can be done in various ways, for example by
hydrogen, or sulphur dioxide, or iodine vapour. The difluoride PdF 2
could not be obtained in the pure state, but if the trifluoride is heated with
the necessary amount of palladium powder, the mixture glows, and a
violet powder is formed which seems to bo nearly pure palladium difluoride,
since it dissolves in hydrochloric acid leaving only a small residue of
metallic palladium. This product also gives a characteristic X-ray powder
diagram, indicating that it forms tetragonal crystals of the rutile type, like
the difluorides of iron, cobalt, and nickel. Ebert1299 confirms the tetragonal structure, and finds the Pd—F distance to be 2-15 A.U. (theory
2-01).
If palladous chloride is heated in hydrogen fluoride gas, or fused with
ammonium acid fluoride NH 4 F 2 H, brown crusts of impure PdF 2 are
formed.
Palladous Chloride, PdCl 2
This can be made from its elements at a red heat; it forms red crystals
which are very hygroscopic and readily soluble in water, from which they
crystallize in dark red hygroscopic crystals of the dihydrate PdCl2,2 H2O.
1294
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The anhydrous crystals have been shown1300 to consist of a continuous flat
chain of atoms of the form
\
/CK
/CK
/CK
/Cl
> d ( > d ( > d < ; > d ( , etc.*
(distance P d - C l 2-31 A, theory 2-36).
On heating, palladous chloride begins at about 600° to sublime, and
also to dissociate into its elements. The m. pt. is 936°; the dissociation
pressure of chlorine is 1 atm. at 738°.1301
Palladous chloride is very readily reduced in solution to the metal;
hydrogen effects this fairly rapidly in the cold1303; ethylene precipitates
the metal on warming, and this reaction is specific for palladium, and
enables it to be almost quantitatively separated from the other platinum
metals.1304 Many hydroaromatic compounds such as cyclohexane and
cyclohexanol, or still better hydroquinolines and hydrocarbazoles, are
converted into aromatic by boiling with a 2 per cent, aqueous solution of
palladous chloride in dilute hydrochloric acid, with separation of the
metal.1302 It is also reduced by carbon monoxide. It forms a series of
complexes M2[PdCl4] (see below, p. 1568).
Palladous Bromide, PdBr2, can be made from the elements in presence
of nitric acid; it forms a brown mass which is soluble in hydrobromic acid
but not in water.
Palladous Iodide, PdI 2 , is made1305 by precipitating palladous chloride
solutions with potassium iodide. It forms a dark red or black precipitate, which is very insoluble in water, and can be used for the quantitative estimation of palladium.1306 It begins to lose iodine at 100°, and at
330° to 360° is completely decomposed. It is slightly soluble in excess
of potassium iodide to give a red solution, from which complex iodides
such as K 2 PdI 4 can be obtained.
* This formula is identical with
^Vd^
Pd

/

\ > d ^

N^d^

\ci/ Na/

^Pd

\ci/

and no resonance is possible between them; this can be seen by writing them in the
equivalent form
+
+
+
+
\ . /CK = /CK = /CK „_ /Cl
/
1800

X

CK

X

CK

\CK

X

C1
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Other palladous salts:
Palladous cyanide, Pd(CN)2, is got as a yellow precipitate when mercuric
cyanide is added to a solution of a palladous salt quite free from acid. It
gives complex salts with alkaline cyanides.
Palladous ihiocyanate, Pd(CNS)2, is described as a reddish precipitate.
Palladous nitrate, Pd(NO3J2, forms yellow-brown crystals, deliquescent
and readily hydrolysed.
Palladous sulphate. The dihydrate PdSO4,2 H2O is reddish-brown, the
monohydrate olive-green; both are deliquescent and easily hydrolysed by
water, forming palladous hydroxide and basic sulphates.
Palladous selenate, PdSeO4. This can be made1307 by dissolving palladium powder in a mixture of selenic and nitric acids. Small dark brownish
hygroscopic prisms, reduced to selenium dioxide by hot concentrated
hydrochloric acid. Forms double salts with ammonium sulphate and with
ammonium selenate.
COMPLEX PALLADOUS COMPOUNDS
palladium forms numerous and fairly stable complexes, in
nearly all of which it has a co-ordination number of 4, though there are a
few which are 3, and a few which may be 6-covalent. The stability of the
complexes is greater than with nickel, but definitely less than with platinum.
This is the usual trend of stability of covalent links in a periodic subgroup.
(For the cyanides, thiocyanates, and nitro-compounds, see p. 1566.)
DIVALENT

Tricovalent Palladous Complexes
These seem to be confined to certain complex chlorides and bromides
of organic bases, of the type (BH)[Pd(hal)3]. They were prepared by
Gutbier and Fellner,1318 who found that while these components in concentrated solution gave the usual tetrahalides (BH)2[Pd(hal)4], if the solution was more dilute dark coloured salts slowly crystallized out which were
the trihalides. They were all dark brown or red, could be recrystallized
from the halogen acid, and were often quite stable on keeping. Examples
are the (BH)[Pd(ImI)3] salts of tripropylamine (dark brown), dibutylamine
(dark brown), and benzylethylamine (red).
4-Covalent Palladous Complexes
These are far more numerous; they are very similar to those of divalent
platinum, and usually isomorphous with them. They are nearly all of
i307
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four types: (I) [PdAm4]Cl2; (II) [PdAm2Cl2]0; (III) [(PdAmCl2)J0;
(IV) (NH4J2[PdCl4], in which Am represents ammonia, an amine, or half
a diamine, and the chlorine atoms can be replaced by other acidic groups.
The NH 3 can also be replaced by the sulphur or selenium of the thio- or
seleno-ethers, or by oxygen.
We have evidence of the weaker attachment of the groups to palladium than to platinum in the facts that the conversion of type I to II by
acid is easy with palladium but difficult with platinum; that isomerism
{cis-trans) of compounds of type II is rare and has only recently been
discovered with palladium, while with platinum it has long been known;
and that compounds of the types of [Pd(NH3J8X]X and M[Pd(NH3)X8]
are almost unknown, * though their platinum analogues can be prepared.1820
There is abundant evidence (see refs. me.isas.iaaMo.xMS.iai? wi.i»5«) that
* Mann and Purdie 1349 have made the salt [Ru 8 P~>Pd enCl]Cl.
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the four valencies of the divalent palladium in these compounds lie in a
plane, with the angles all equal to 90° (when the four attached groups are
the same) and the links of the same length. Attempts to dispute this,
involving the assumption of small departures from equality of the lengths
or angles of the valencies in AB4 ions, or of the asymmetry of such ions
deduced from the rotatory power of their compounds with other ions known
to be active (Reihlen1330-"1'1337'1350) have been well answered by Jensen1356
and are generally abandoned. A final proof has been given by Mills1357
by resolving a 4-covalent palladous complex of the same type as that
obtained by Mills and Quibell (below, p. 1592) for platinum.
The very various palladous complexes are most satisfactorily classified
according to the nature of the atoms attached to the palladium, which are
always four in number, the more important being nitrogen, phosphorus,
arsenic, oxygen, sulphur, and the halogens.
The peculiar apparently tri-covalent type of the monammines and the
like, such as (R3P)PdCl2, which are really dimeric and 4-covalent, are
discussed later (p. 1569.)

Tetrammines
The simple tetrammines, such as [Pd(NH3)4]Cl2, are made by the direct
combination of their components, and form colourless crystals. The free
base [Pd(NHg)4](OH)2, got from the sulphate with baryta, forms colourless
crystals with a strong alkaline reaction, which precipitate the hydroxides
of copper, iron, aluminium, etc. (but not silver), from solutions of their
salts. A series of tetrammine salts have recently been made, with ammonia,
pyridine, ethylene diamine, etc.1332; they are all colourless. Among the
chelate tetrammines are the derivatives of 3~methyl~2-aminomethyl-4ethyl-quinoline ('quen'), of the type [Pd(quen)2]Cl2.1330
The interchange of deuterium between water and [Pd(NH3)JCl2 has
been found1358 to go more easily than with platinum, and still more easily
than with cobalt, in agreement with the general order of stabilities of these
complexes.
Of considerable stereochemical significance is the derivative of the
'quadridentate' base j8, /P, /T-triamino-triethylamine, N(CH2- CH2 NH 2 ) 3
('tren'); the iodide [Pd(tren)]I2 was made by Mann and Pope1326; it is a
cream-coloured salt, only slightly soluble in water.
A curious series of compounds of this type are the triazene or diazoamino-complexes, derived from the diazoamino-compounds
Ar-NH-N=N-Ar';
these, which are no doubt chelate, and of the type
Ar-N(^
l3M

)N—Ar'

K. A. Jenirn, Z. morg. OUm. 1939, 241» 128.
" B? A. G. Liditon© and W, H. MiIIi1 J.0.S, 1919» 1754.
" " J, §. Andonon, H. V. A. Briiooe, L. H. Oobb, and K. L. Spoor, ib. 1943, 8fl7.
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occur only in one form
owing evidently to resonance. The palladium
compound Pd(Ar-N=N—N-Ar) 2 must have this rather unusual structure
R-Nf

>N—R

R_N(

^N-R

with two 4-rings. Its great stability supports the idea of resonance. It will
take on another molecule of diazo-amino-compound by direct addition,
giving a presumably trichelate complex, almost the only known 6-covalent
complex of divalent palladium.
Olyoxime Compounds
These N 4 complexes are derived from glyoxime R2C2N2O2H2 ( = DH2)
containing the chelate ring
JK,—{j

I

\
// N X

0

[^,—JK1

I

/N\

Pd^ V - H

They are dichelate, and of the bype Pd(DH) 2 ; they can be made by the
action of the oxime on palladous chloride in hydrochloric acid solution
(i.e. on the chloropalladite).
They are very slightly soluble in water, and can be used for the separation and estimation of palladium. Palladium is precipitated quantitatively from a solution of palladous chloride in hydrochloric acid by dimethyl
glyoxime (R == CH3), by benzoyl methyl glyoxime
R = C6H5CO, CH3,
and by salicylaldoxime (p. 1566), none of which will precipitate platinum
under these conditions.1336 The benzoyl-methyl-glyoxime derivative
Pd(DH)2 occurs in two forms,1341'1348 a, pale yellow, m. pt. 175°, and j8-,
dark yellow, m. pt. 207°; the a readily goes over into the j3 on boiling for
a few minutes in xylene. These are no doubt the cis and trans modifications of the planar dichelate compound.
Diammines, etc.
The diammines [PdAm2R2]0, which are not ionized, have been made in
great variety, by the action of the base on the chloropalladite M2PdCl4,
or of acids on the tetrammine, or in other ways.1310-15
Ci84rans isomerism among these compounds is to be expected, and
various cases of isomerism have been reported. Of the simplest diammine
[Pd(NHa)2Cl2] no less than four forms have been described.1328-9'1332'1335'1347
One of these is the metamerio dimer [Pd(NH8)J • [PdCl4]; the first and
third differ in chemioal properties and are probably the cis and trans
»•« F, P, Dwy«?, JMOS, 1041, 63. 78.
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forms, and the last, being identical in solution with the trans form, is
probably a polymorphic modification of it.
As a rule, however, the diammines are only known in one form; the
configuration of this has not been determined, but it probably1338 is the
trans form, except where the two amine groups are those of a diamine
like en.
The transition from cis to trans or vice versa occurs with these palladium
complexes with great ease, much more readily than with their platinum
analogues. Thus Mann and his colleagues1347 find that the diammine form
I, which is probably trans, readily reacts with potassium oxalate to give
the oxalato-compound
^ ^ ^
TT XT
r
H 3 N\
/O—C=O

X

I

H 3 N/
\0—C=0
which must be cis, while with potassium nitrite it gives the nitro-compound
Pd(NH3)2(N02)2 which is shown by X-ray analysis to be trans. Incidentally
the X-ray analysis shows all the compounds examined to be planar.
The chlorine atoms in these diammines can be replaced by various other
radicals both monovalent and divalent (ato). The bromides are very
similar to the chlorides, and so are the iodides so far as they are known;
no fluorides have been prepared.
Similar hydrazine complexes, such as [PdCl2(N2H4)2] (orange crystals),
have been made.1360
The amines can be replaced by tertiary phosphines and arsines. This
group of compounds1308 has been investigated in detail by Mann and his
colleagues.1346""7'1349'1354 They are of the types
(R3P)2PdCl2 and (R8As)2PdCl2,
and are made by heating the phosphine or arsine with ammonium palladochloride (NHJ2[PdCi4] in water. In every case only one form is known,
which appears to be the trans; this conclusion is supported by the low
dipole moments; for example that of (Et3P)2PdCl2 is 1*05 D. The compounds are yellow or orange, have low melting-points, and are readily
soluble in alcohol or benzene. Their most peculiar property is the parachor.
If the value of this for palladium is calculated with the usual allowance
for the alkyl groups, it is found1346 to fall rapidly as these get larger:
Values of the Parachor of Palladium
(R 2 S) 2 PdCl 2
M.pt.
R = CH 3 .
C2H5 .
n-Propyl
n-Butyl
iso-butyl
n-Axnyl

130°
81°
59°
32°
07°
41°

[P]pd

36
27
16
4
12
-7

(R 3 P) 2 PdCl 2

(R3As)2PdCl2

M.pt.
..
139°
96°
66°

[P]p d

M.pt.

.•
22
3
-12

47°

-14

235°
116°
55°
54°
..
10°

"•« V. I. Gonmikin, CR. Aoad. U.R.S.S. 1941, 33, 997.

[Pkd
12
-5
-14
•.
-29
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A similar fall in the parachor for the metallic atom with an increase in
the alkyl was found1346 in the mercury mercaptides Hg(S-AIk)2 and in
many chelate j3-diketone derivatives of beryllium and aluminium.
Complex cyanides of the type M2[Pt(CN)4] are known1361 and are stable.
The X-ray structure of the salt Ba[Pd(CN)J, 4 H2O shows1362 tjiat it has
a planar square anion, and that all the water is attached to the cation.
Similar thiocyanates have been made,1309'1361 such as the ruby-red
K2[Pd(CNS)4].
Nitrite Compounds. When palladous chloride is heated in benzonitrile,
it forms the orange-yellow solid (C6H5-CN)2PdCl2.1353 This is remarkable
for replacing when treated with ethylene the two nitrile molecules by one
ethylene, giving the dimeric [(C2H4)PdClJ2.
The nitro-complexes (sometimes wrongly called nitrito-) such as
K2[Pd(NO2)J, a yellow powder,1361 are of the same type.
Glycine Derivatives
These contain the chelate ring
CHL29 -NH,
NT

A,30 (K ^
The non-ionized compound Pd(Gl) [NH CH COOH = GlH] was shown
2

2

1340

2

to occur in cis and trans forms, one yellow prisms forming a trihydrate, the
other pale yellow plates; they are interconvertible on heating with water,
which the corresponding platinum compounds are not.
Compound of
Eihylenediamine-bis-acetylacetone
This substance (ecH2) has the formula
CH3
CHft

CH2-N=(LcH=J^OH
C H 2 - N = C - C H = C - OH*
M.Z
CH3
OBL
It acts as a quadridentate group like twd glycine molecules, and forms
yellow needles of Pd(ec). (Morgan.1327)
Salicylaldoxime compounds have been made.1343 The corresponding
nickel and platinum compounds are known in two isomeric forms, but
the palladium compound only in one, which is shown by X-ray analysis
to be the trans.
The benzoin-oxime compound has the dichelate structure with the ring

CH6-Q-Ox

" 1 J>d-

CflHjJ

K,

^v

"•» R. B. Jan©!, J.A.0J9. 1985, 57, 471.
H. Braaiour and A. d® Rausonfosuio, 8oo. From. Min. 1938, 61, 129.
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The nickel palladium and platinum compounds all occur in two forms; the
nickel compounds, unlike the glyoximes, are paramagnetic, which has not
been explained.1344
Thiosemicarbazide Complexes1**2
Thiosemicarbazide (thH) has the tautomeric formulae
/NHJH2
S=c(
NNH2
(I)

/NH. NH2
HN-C(
NS~~H
(II)

-

and can form chelate rings, either by direct addition or by replacement of
the S—H hydrogen. It reacts with potassium palladodhloride in solution
to give a brown precipitate of the composition Pd(thH)Cl2, which is no
doubt the salt [Pd(thH)2] • [PdCl4], since it can be converted into the
slightly soluble chloride [Pd(thH)2]Cl2 and the almost insoluble sulphate
[Pd(thH)2]S04; the cation must contain the two chelate groups

If the solution is made alkaline two equivalents of acid are removed, and
a green precipitate is formed of a non-electrolyte, in which evidently the
palladium has replaced two hydrogen atoms of the molecules of the thiocompound, no doubt in its sulphydryl form:
/NH-NH2V

HN=Cl

/NH 2 -NH x

J^PdC

JiC=NH.

When it is warmed, this substance is converted into a brown crystalline
isomer. The two forms are too insoluble for their molecular weights to be
determined, but they are almost certainly the cis and trans forms.

Oxygen Complexes
These include a salicylato-compound and an acetylacetonate. Salicylic
acid gives rise to a complex acid1317:
/^\
/^ 6 H 4
H2 C6H4\
MX)-(K
M)-CXK
The acetylacetonate Pd(C5H7Og)2 forms yellow crystals; it is monomeric in benzene by the freezing-point, and it is isomorphous with the
corresponding cupric compound.1316
Sulphur Complexes
The amine groups in the palladous diammine derivatives can be replaced
by organio sulphur oompounds, and especially by thioethers. The first
work on these oompounds was that of Tiohugaev.13BB~4 The sulphur is less
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firmly attached to the palladium than nitrogen, and no isomers of these
sulphides are known. The compounds are monomeric in chloroform solution by the boiling-point, and in benzene by the freezing-point.1313 The
dimethyl compound (Me2S)2PdCl2 has been shown by a detailed crystallographic examination1339 to be completely isomorphous with the a-form of
the corresponding platinum compound, which is known to have a planar
trans structure, and so no doubt the palladous thioether compounds like
the diammines have the trans configuration.
They are made (like the ammines) by the action of the sulphide on
the palladochloride in water. The chlorides, bromides, and iodides are
known.1323 The products, which are all of the type (R2S)2PdX2, are soluble
in chloroform and benzene, and even in ligroin. As we have seen, their
melting-points are low, and their parachors show an unexplained diminution as the size of the alkyl group increases.
The corresponding chelate compounds have been made from the disulphide EtS • CH2 • CH2 • SEt (' es') and are very similar,1334 but their meltingpoints are higher and their solubilities less.1338 They are obviously ciscompounds, and their properties are in agreement with this.
The complexes formed by aryl-alkyl sulphides1363 can be used to identify
the sulphides; those with palladous chloride nearly always are of the type
(C6H5 • S • R)2PdCl2, but when the alkyl group R is tertiary butyl or tertiary
amyl this type loses a molecule of the thioether to give the red compound,
(C6H5-S-R)PdCl2, no doubt in the dimeric form.

Selenium Complexes
1320-1

They are made
in the same way as the sulphur compounds, and are
very like them; they are all of the type (R2Se)2PdX2, and the meltingpoints of the chlorides are: CH3 127°; Et 45°; Bu 79°; C6H5 181°. The
chlorides (yellow or orange), the bromides (dark orange), and the iodides
(nearly black) are known; they are soluble in chloroform and in benzene,
and monomeric in the latter by the freezing-points. They are only known
in one series.
Fritzmann also prepared the chelate derivatives of
Et-Se-CH2-CH2-CH2-Se-Et,
Complex Palladous Halides
These salts, which have the general formula M2[Pd(hal)4], are known
with chlorine, bromine, and iodine, but not with fluorine.1310"15'1318 The
chlorides are yellow or brown, and are isomorphous with the platinous
compounds; the bromides are brown, and reasonably stable; the iodides
are greenish-black.
The chlorides are the first compounds in which it was shown that the
4-oovalent palladous atom can be planar (Dickinson1819): see further,
references w w w , The P d - C l distanoe is 2*29 A.
"•• V, N. Ipatiev and B. 8. Friidman, JJLnOJI. 1038, 6I1 684,
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The dissociation constant of the chloro-palladite ion [PdCl4] has been
found1364 by E.M.F, measurements to be at 25° about 6x IO"14.
Complexes of the type (PdAm R 2 ) 2
These peculiar compounds are proved by the molecular weights in
solution to be dimeric. The co-ordinated molecule Am here is not an amine,
but can be a tertiary phosphine or arsine, or another molecule such as
carbon monoxide or even ethylene. The phosphine and arsine compounds
(Mann1346*1349'1364""5) can be made from the di-phosphine or diarsine compounds (R3P)2PdCl2 and (R3As)2PdCl2 by boiling them with alcohol, when
one molecule of phosphine or arsine is removed. With the arsines the same
change can be effected by distillation:
(R3As)2PdCl2 —> R3As + (R3AsPdCy2.
The (dimeric) product is always crystallographically homogeneous, and
never occurs in two isomeric forms; the corresponding phosphorus and
arsenic compounds are always isomorphous.
Compounds in which the chlorine of these substances is replaced by
iodine, NO2, or CNS can be made.1346
The dimerization evidently secures by co-ordination the four-fold covalency of the palladous atom; this can take place in three ways, as was
originally suggested for a group of similar platinum compounds by Werner:
>d(
>d(
)pd(
)pd(
R3P/
\CF
XH
CV
XJK
\C1
(I)
(Ha)
R3Pv
/CK
/Cl
)pd( )Pd(
.
CV
XSK
NPR3
(IB)
The most marked difference is between I and the two forms of II, since I
has both the phosphine or arsine groups on the same palladium atom. The
behaviour of these compounds is exactly like that of the monoalkyl auric
halides (Alk-Au(hal)2)2 (I. 186), except that the latter are not tautomeric
in solution (as the palladium compounds are) but seem to be wholly of
type I.
Two of the solid compounds, the chloride and bromide (CH3)3AsPdX2
have been shown by X-ray analysis1354"5 to be of the type 116. The rest
may probably be of the same type in the solid state, but in solution they
all behave tautomerically, the reactions being sometimes those of I and
sometimes of I I ; the dipole moments support this, that of (R3P-PdCl2J2
being 2*34,1865 whereas that of (Et • AuBr2)a is 5-5 D.
**«* X), H, Timpbton, G. W. Watt, m& O. 8. Gmmv, ib. 1948, 65, 1608.
" " J. Oh&fct and F. a. Minn, J,C,8, 1030, 1682,
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Beactions of Type I. (Two P or As on one Pd)
1. They are formed directly from the diphosphine or arsine derivatives
and the palladochloride, i.e. by the direct addition of PdCl^ to a molecule
already having two of these groups on the Pd.
2. o^a'-dipyridyl converts the compound into (R3P J2PdCl2+(dipy)PdCl2
(the arsine does the same).
3. The phosphine compound with potassium oxalate gives
(R8P)2PdCl2PdOx
(the arsine gives no reaction here).
4. The phosphine compound with potassium nitrite gives a tetranitroproduct whose unsymmetrical structure is shown by its further reactions
with oxalic acid and with dipyridyl, as follows:
KNO2 gives (R3P)2Pd(N02)2Pd(N02)2: with oxalic acid this gives
(R3P)2Pd(NOg)2PdOx, and with dipyridyl
(R3P)2Pd(NO2), ~f- (dipy)Pd(N02)2.
5. With the arsine compound potassium nitrite gives a very similar
reaction, the products being (R3As)2Pd(NO2)^ and K2[Pd(NO2)J.
6. With ammonia the arsine compound gives [(R3As)2Pd(NH3)2]Cl2 and
(R8As)2PdCl2. The phosphine reacts with ammonia after formula II, as
we shall see.
All these reactions give products which have two arsines or phosphines
on one palladium, and therefore are derived from formula I.
Beactions of Type II. ( I P or As on each Pd atom)
L The second method of preparation described above, the distillation
of the arsine compound (R3As)2PdCl2, which we should expect to begin
with the loss of one arsine.
2, The phosphine compound when treated with aniline, ^-toluidine, or
pyridine forms two molecules of the type
E3PNpd/Cl
Cl/ Ns2N-Ar
The arsine compound does the same, and so does the tetranitrooompound, with the NO2 bridge.
3. Unlike the arsine, the phosphine reacts with ammonia to give either
[R8P-Pd(NHg)3]Cl2 or R3P-Pd(NH3)Cl2-—in either case a compound with
one phosphorus on each palladium.
The reaction of ethylene diamine is ambiguous. With the phosphine
compound it gives in alcoholic solution [R3P-Pd(CTi)Cl]Cl (a derivative of
formula II) and in benzene a mixture of [Pd en2]Cl2 and (R3P)2PdCl2, a
derivative of I. The arsine compounds always react with ethylene diamine
in the second way.
The evidence for the tautomeric behaviour of these compounds is very
oonvinokig, and it shows how readily the groups attached to the palladium
OAn be interchanged.

PTbosphine Complexes
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The oxalato-compound (Bu3P)2PdCl2Pd(C2O4) would naturally be
written
Bu,P\
/CK
/0—C=O
)pd< ) p d (
T •
BuLl9XP/
E>/
\CK
\0—C=0
3

This, however, would involve a dipole moment of the order of 12 D, and
the observed value is only 3*55.1349 It therefore seems not impossible that
it may be the oxalato-group that is forming the bridge, and not the
chlorine atoms. This would be compatible with three isomeric structures,
corresponding to the three tetrachlorides above:
R 3 PN X

/0-C=ON^

R3P^

^O

/Cl

(i)

a/

\a

ci/

\PR 3

(IIa)
(lib)
( 0 standing for the middle bridged ring).
The oxalato-group in this molecule would be symmetrical by resonance, so
that the observed moment of 3-55 is not improbable for a tautomeric
mixture of the 3.
Of the 'pure' double oxalates M2[Pd(C204)2] a sodium salt with 2 and a
potassium salt with 3 H2O have been prepared.1325
As we have seen, a variety of atoms and groups can serve as bridges
in these compounds. In the chlorobromide (R3P)2Pd2Cl2Br2 an X-ray
examination1354 showed that the two atoms of the bridge are the same (not
one chlorine and one bromine), and the reactions of the compounds indicate that they are most probably bromine. Among other groups which
can act as bridges we have seen that there are NO2, CNS (no doubt
through the sulphur) and probably the oxalato-group. Another group is
thio-alkyl (AIk. S—), the mercaptan radical. Chatt and Mann1352 have
shown that ethyl mercaptan acts on (Ru3P • PdCl2J2 to replace first one and
then the other of the bridge chlorines by the Et • S— radical; this is proved
by the fact that dipyridyl and ^p-toluidine, which will replace bridge
chlorines, have no action on the product. These thio-compounds are as
ready to react and interchange their groups as the other palladium compounds ; the monothiol compound, having the bridge
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which is bright yellow, when it is dissolved in benzene is partly converted
into the dithiol with the bridge
Et

A

P<

>d,

Et
and the tetrachloro-compound, which is red; this is shown by the facts
that the yellow colour turns to reddish, and the resulting solution reacts
with dipyridyl, which only a bridge-chlorine will do.
It is now clear that various other compounds of divalent palladium,
and still more of platinum, of the type A-PdX 2 polymerize in the same
way; among the palladous compounds are the carbonyl CO-PdCl2
(p. 1577): the phosphorus trichloride compound (PCl3)PdCl2, and the ester
derived from it (P(OEt)3)PdCl2.1366
These compounds have not been proved to be dimeric, but there can be
little doubt that they are so.

Possible 6-covalent Palladous Complexes
The number of these compounds is certainly very small, and in none of
them is the 6-covalency established. The most important examples are:
1. Mann1367"8 has described an apparently 6-covalent palladous compound of 1,2,3-triamino-propane ('trp'), [Pd(trp)2]I2. It is, however,
possible that in this molecule only two of the three nitrogen atoms are
acting as donors, which would reduce the covalency to 4.
2. The action1332 of hydrochloric acid and hydrogen peroxide on
(NHJ2PdCl4 gives a black compound of the composition (NH3)2PdCls,
whioh is no doubt a Pd11—Pdiv compound of the structure whose dark
Cl
Cl
K J /CK I

A

H 3 N/

X)F
NNH3
Cl
Cl
colour is due to the resonance and the accompanying shift of the electronic
charge. The hydroxide (NHg)2PdCl2OH1369 is also black.
With these compounds it might be maintained that in either constituent
form the 6 covalencies are only present on the tetravalent palladium atom,
and the other two NH 3 groups are not really attached (like one of the
fluorine atoms in the anion F 2 H); if this is not regarded as satisfactory, it
is at any rate obvious that the instability of the 6-covalency of divalent
palladium is helped out by the resonance energy.
"«• E. Fink, CR. 1892, 115, 176; 1808, 126, 640.
»«* Jt0£. 1028, 802.
!••• lb. 1020, 050.
mi L. Tiohugaov and J. Taohernlak, Z, anorg, Chem, 1920,182, 159,
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Another apparently 6-covalent complex is the addition product formed
by the diazo-amino-complex (p. 1563) with another molecule of the diazoamino-compound; this is presumably tri-chelate.

In any case it is clear that the palladous atom practically always has a
covalency of 4, and that it rarely, if ever, either falls below or exceeds it.
T R I V A L E N T PALLADIUM
THERE can be little doubt that palladium is able to assume the trivalent
state, but this condition is usually very unstable, and the compounds are
confined to the oxide, the fluoride, and a few unstable complex chlorides.
It is probable that the compounds are all really complex, and they all
appear to be decomposed by water at the ordinary temperature.

Palladium Sesquioxide, Pd2O3
Palladium sesquioxide,1370 like the dioxide, is endothermic and decomposes at the ordinary temperature. It can be made (along with the dioxide)
in the hydrated form Pd 2 O 3 aq. by the cautious oxidation of a solution of
palladous nitrate either anodically at —-8°, or with ozone. This is an
unstable chocolate-brown powder, going almost wholly into the monoxide
PdO in 4 days in the cold, or more slowly in a desiccator. If it is heated
the hydrate loses water, and then before this loss is complete it changes
suddenly, with incandescence or explosion, into the monoxide. It is almost
insoluble in nitric or sulphuric acid, but it readily dissolves in hydrochloric
with evolution of chlorine, except at very low temperatures where it gives
an unstable brown solution, which must contain trichloride or some complex derived from it.
The sulphide Pd 2 S 3 does not seem to exist.1374
Palladium Trifluoride, P d F 3
It is very remarkable that this is the normal product of the action of
fluorine on palladium or palladous chloride, and is more stable than the
only other fluoride, the difluoride PdF 2 . The trifluoride is made1371 by the
action of fluorine on palladium at 500° in a fluorite tube, or more easily on
palladous chloride at 200-250°, when a quartz tube can be used.
It is a black crystalline powder. It is isomorphous with the trifluorides
of iron, cobalt, and rhodium,1373 all of them being trigonal-rhombohedric1372;
mo L, Wdhler and F. Martin, ib. 1908, 57, 398.
» " O. Rufif and E. Asoher, ib., 1929, 183f 206.
» " F. Ebert, ib. 1931, 196, 895.
" " J. A, A. Kotolaar, Nature, 19Sl1 128, 3OS.
" " W. Bilti and J, LaAr, M. morg* Oh*m< 193O1 228, Ul.
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the Pd—F distance is 2-06 A, and thus rather less than in the difluoride,
where it is 2-15 A (theory 2-05).
Palladium trifluoride is very hygroscopic, and decomposes in the moist
state? but can be kept in a desiccator. It is very reactive; it is very easily
reduced, the products being the difluoride and then metallic palladium;
with hydrochloric acid it evolves chlorine, and with water it gives off
oxygen, leaving the hydrated monoxide PdO, aq., or Pd(OH)2. When
heated in air it is converted into the monoxide and palladium. Hydrogen
reduces it to palladium in the cold, with incandescence.
The black colour might suggest that the compound contains not trivalent palladium but a mixture of divalent and tetravalent; this, however, is
improbable in view of the behaviour of the complex halides (see below),
and a strong colour is found in other trihalides of Group VIII in which the
trivalency is beyond doubt, for example, in FeF 3 , green; CoF8, brown;
RhF 3 , red.
COMPLEXES OF TRIVALENT PALLADIUM
THE solution of palladium sesquioxide in cold hydrochloric acid, which
must contain trivalent palladium in some complex form, readily breaks up
on addition of potassium chloride into the di- and tetravalent complex
salts K2PdCl4 and K2PdCl6. At low temperatures, however, it is possible
by adding to the solution rubidium or caesium chloride to obtain the
trivalent complexes Rb2[PdCl5] and Cs2[PdCl5].1370 The rubidium salt is
grey-green and the caesium salt is dark green, whereas the divalent
Cs2[PdCl4] is flesh-coloured, and the tetravalent Cs2[PdCl6] is orange.
These trivalent salts can also be made by oxidizing palladous chloride
with chlorine, and adding the alkaline chloride. On heating they evolve
chlorine and are converted into the palladous salts M2[PdCl4], There
seems to be no doubt that these salts really contain trivalent palladium:
but it is curious that they have an odd covalency, which migho be due to a
polymerization to a Pd11—Pdiv structure such as
/CK
>dCl 4
M4 Cl4Pd(
in which the palladium atoms would have an even covalency of 6.
A trivalent palladium solution can also be made by boiling the purplered solution of palladium tetrachloride in water, when it turns brown from
its reduction to the trivalent state; further boiling turns it yellow from the
formation of the divalent palladium.
T E T R A V A L E N T PALLADIUM
THIS state of palladium, though more stable than the trivalent, has but
small stability, in marked contrast to platinum. As with trivalent palladium, the compounds are probably all oomplex; they are almost confined
to the oxide, sulphide, oomplex sulphides, and oomplex halides. No
fluorine oompouads of tetravalent palladium, simple or oomplex, are known.

Tetravalent Complexes
Palladium Dioxide, PdO2
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Like the sesquioxide, this can only be made in the wet way, and is only
known in the hydrated form. It is formed as a dark red precipitate by
treating the palladichloride M2PdCl6 with alkali. At 200° it loses oxygen
and is converted into the monoxide PdO. It is a strong oxidizing agent,
and slowly loses oxygen at the ordinary temperature.
Palladium Disulphide, PdS 2 1381
This can be made by heating palladous chloride with excess of sulphur
to 400-500° and extracting the product with carbon disulphide; by the
action of acid on the complex sulphide Na 2 PdS 8 ; or by heating the palladihalide K2PdCl6 or Rb2PdBr6 with sulphur to 200-300°.
Palladium disulphide is a blackish-grey crystalline solid, easily soluble
in aqua regia but in no other mineral acid. Its crystal structure seems to
be unknown.
Tensimetric experiments1381 showed it to be a stable compound, formed
from the monosulphide and sulphur with the evolution of 1*5 to 2-0 k.cal.
Palladium Diselenide, PdSe 2
The corresponding diselenide, and also the ditelluride are known1380; the
former is olive-grey, and is soluble in concentrated nitric acid or in aqua
regia: the telluride form silver crystals, which are soluble in dilute nitric
acid. The selenium compounds of palladium correspond exactly to those
of sulphur: they are Pd4Se, PdSe, and PdSe2. With platinum the monoand disulphides are much more stable than with palladium, and no sulphide
of platinum lower than the monosulphide PtS is known.

Complex Sulphides of Tetravalent Palladium

Sodium thiopalladate Na 2 PdS 3 (Schneider, 1870)1376 is made by fusing
the monosulphide PdS with sodium carbonate and sulphur: it forms
reddish-brown needles—decomposed by water with the precipitation of the
disulphide PdS 2 .
A polysulphide which may contain divalent or tetravalent palladium is
(NH 4 ) 2 PdS n , 1/2 H2O, made by treating a palladochloride solution with
ammonium pentasulphide.1377 It is purified by washing with ether and
carbon disulphide, but cannot be recrystallized.
Complex Halides of Tetravalent
Palladium
No binary palladic tetrahalides are known, but there is a series of complex derivatives containing chlorine and bromine, but so far as is known
neither fluorine nor iodine.
1876
1876
1877
1878
1879
1810
1881
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R. Schneider, Pogg. Ann. 1870, 141, 526.
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In nearly all of these the palladium is in the anion, the type being
M2Pd(hal)6, but a few diammines of the type of Pd[Py2Cl2]Cl2 have been
made.1376 If a diammine of divalent palladium such as Pdpy 2 Cl 2 is
suspended in chloroform and treated with chlorine, the tetravalent salt
[Pd Py2Cl2]Cl2 is precipitated as a deep orange crystalline powder. This
loses chlorine rapidly in moist air, and liberates iodine from potassium
iodide. If it is boiled with potassium hydroxide and the solution then
neutralized with hydrochloric acid it is converted into the palladi-chloride
K2PdCl8, so that it obviously is a genuine tetravalent palladium compound.
The corresponding bromides can also be made.
Halopalladates or Palladihalides, M 2 [Pd(hal) 6 ]
These are the least unstable of the tetravalent palladium compounds.
They are formed by chlorine and bromine with almost equal ease; they are
all of the 6-covalent type M2[Pd(ImI)6].
Hexachlorides
They can be made by the action of aqua regia on metallic palladium,
or by saturating a solution of palladous chloride with chlorine. The
potassium salt K2PdCl6 forms red octahedra which dissolve in dilute
hydrochloric acid but not in a concentrated solution of an alkaline
chloride. The rubidium and caesium salts are almost insoluble in cold
water, evolve chlorine when boiled with water, and are rapidly decomposed
by concentrated ammonia solution with evolution of nitrogen. The
caesium salt is the stablest of the alkaline salts.1384 The ammonium salt
(NHJ2PdCl6, also red crystals, can be made1376 by the continued action of
chlorine on the aqueous solution of the palladous diammine [Pd(NH3)2Cl2]°.
The salts are easily decomposed. Potassium palladichloride K2PdCl6
loses chlorine at all temperatures above 175°,1382 being converted into the
palladous compound K2PdCl4. The kinetics of the reaction have been
examined by Wellman,1379 who determined the equilibrium ratio
[PdClJ]/[Pdaj],
and found satisfactory values of the constant, with no indication of the
production of a neutral hexachloride PdCl6 or its complexes. He found the
solubility product of [K]2[PdCl6] to be 6 X 10~6 at 25°.
Hexabromides
The corresponding hexabromides M2PdBr6 have also been prepared,1388
most readily by the action of bromine vapour on a saturated solution of the
palladobromide M2PdBr4. They crystallize veVy well and are stable in air;
like the chlorine compounds they are slightly soluble in cold water and
1888

F. Puohe, OM. 1985, 300, 1206.
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decomposed by hot, giving off bromine, and react violently with concentrated ammonia with evolution of nitrogen and formation of the palladous
salt M 2 PdBr 4 . The potassium, rubidium, caesium, and ammonium salts
are all black.
The rubidium salt is of interest because it was used 1378 (along with
Ni(NHg)6Cl2 and K 2 PtCl 6 ) to prove by X-ray analysis the truth of Werner's
octahedral theory of the MX 6 ion: it was chosen because the atomic
numbers of the elements are close together (Rb 37; P d 46; Br 35).
CARBONYL COMPOUNDS
T H E only known carbonyl compound of palladium seems to be the
halide Pd(CO)Cl2. Dry palladous chloride does not react with dry carbon
monoxide on heating, though the chlorides of other platinum metals (Ru,
Os, Rh, Pt) do so, and these metals can thus be removed from the palladium
salt at 25O0.1385 But if carbon monoxide is passed through a suspension of
palladous chloride in absolute alcohol at 0°, or if carbon monoxide
saturated with methyl alcohol is passed at the ordinary temperature over
the dry chloride, Pd(CO)Cl2 is formed as a pale yellow solid, stable when
dry but decomposed at once by water. 1386 The molecular weight is
unknown; it may well be dimeric like (PdAmCl 2 ) 2 (p. 1569), with the
structure
0 _ ^
/ C 1 ^
/ C 1
CF
X)F
\C^O
though as the E.A.N, of the metal in Pd(CO)Cl2 is 52, we should expect it
to be trimeric. This compound is peculiar among the simple carbonyl
halides of the platinum metals in having only one CO to one metallic
a t o m ; the others (with Ru, Ir, and Pt) are of the type M(CO)2Cl2.
The transient formation by palladium of other carbonyl compounds is
indicated by its peculiar power of causing the oxidation of carbon monoxide
by water1389*1386"7 or even its reduction by hydrogen. 1388
NITROSYL COMPOUNDS
A NITROSYL halide Pd(NO) 2 Cl 2 is formed 1390 in exactly the same way as
the carbonyl, by passing nitric oxide saturated with methyl alcohol
vapour over cold palladous chloride; the brownish-black product is
readily decomposed by water with evolution of gas and the formation of
a black precipitate. A similar compound Pd(NO) 2 SO 4 is formed by the
sulphate.
If these are covalent compounds the palladium has an E.A.N, of
4 6 4 - 2 + 6 ^= 54, and they should be monomeric, in which case we should
expect them to be volatile; the valency of the palladium would be zero.
lass Wt Manohot, Ber. 1925, 58, 2518.
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W. Manohot and J. K6mgt ib. 1926, 59, 883.
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W. Traub© and W. Lange, ib. 1025, 58, 2773.
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H. S. Taylor and P. V. MoKkmey, JJL.0J9. 1981, 53, 8004.
»•• H. Wiaiand, £#f. 1918, 45, 079. I
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W. Manohot and A. Waldmttlltr, ib, 1983, 59, 8808.

PLATINUM
PLATINUM, the best known and the most abundant element of the family
in the platinum ores, resembles palladium in its properties very closely,
as we have seen. In nearly all its compounds it is either divalent or tetravalent (see above, p 1550), the tetravalent compounds being much more
stable than those of palladium, In both these states it forms complexes
with great readiness and in great variety, and these are much more stable,
especially the tetravalent, than the corresponding palladium complexes.

Metallic
Platinum
Platinum is a ductile and not very hard metal, melting at l>773-5± 1°.1391
Like palladium it is attacked more readily by acids than the other platinum
metals, but less by oxygen. The behaviour of the metal in presence of
oxygen is in general that of a noble (i.e. non-oxidizable) metal: platinum
can be precipitated from a solution of chloroplatinic acid in 6-normal
hydrochloric acid at 25° by hydrogen under 30 atmospheres pressure1392;
platinum vessels can of course be ignited in air without damage. But it is
able to adsorb oxygen on the surface, and to hold it with a firmness which
suggests chemical combination. Thus platinum, and especially platinum
black, when heated in oxygen absorbs it apparently chemically, although
the maximum amount absorbed does not exceed 2*5 per cent. (PtO contains 7-6 per cent, oxygen).1393 So, too, in a discharge tube pure oxygen is
readily absorbed by white-hot platinum until a hard vacuum remains1394:
this method can be used to remove traces of oxygen from other gases.
,Under ordinary conditions the metal is scarcely attacked by oxidizing
agents. It is not acted on by sodium hydroxide below 400°.1895 It is,
however, soluble to some extent in potassium cyanide, even in the absence
of air, when hydrogen is evolved1396; this is a sign of the strength of the link
between platinum and a CN group. It is also perceptibly dissolved
(platinum foil up to 0-04 mg. per square metre per hour) by concentrated
sulphuric acid at its boiling-point.1397
Platinum can be obtained in a great variety of forms, ranging in
their dispersity from the massive metal to a colloidal solution. Spongy
platinum, made by heating ammonium chloroplatinate, has a considerable
surface; platinum black, which can be made by warming a solution of
platinous chloride in potassium hydroxide with alcohol, is a black powder
with a very large surface and a high absorptive power for gases. What
seems to be another form of this is the so-called explosive platinum, made
(like explosive iridium or rhodium) by fusing platinum with zinc and
is*! W# F# Roeser, F. R. Caldwell, and H. T. Wensel, Bur. Stand. J. Res. 1931, 6,
1110.
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V. G. Tronev, Bull Acad. ScL U.B.S.S. 1937, 333.
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W6hier, Ber. 1903, 36, 3475.
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E. Goldstein, ib. 1904, 37, 4147.
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M. Ie Blano and L, Bergmann, ib. 1909. 42f 4728.
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F. Glaitr, C. Elektrocham, 1008, 9, 11.
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extracting the alloy with hydrochloric acid; this material, when heated in
the air, will deflagrate or even explode, owing probably to the occluded
hydrogen which it contains.1398
Colloidal platinum can be made by reducing platinic chloride with
hydrazine in presence of a protective colloid such as sodium lysalbate,* or
by Bredig's method of passing an electric arc between platinum poles
under pure water. Its catalytic power is very great; Bredig found that
the rate of decomposition of hydrogen peroxide was perceptibly increased
when the solution contained 0-03 mg. of platinum per litre.
Platinum does not readily amalgamate with mercury, but Moissan1399
describes an amalgam which has a peculiar power of emulsifying with
water, forming a butter-like mass when shaken with it for 15 seconds;
according to Lebeau1400 this behaviour is peculiar to platinum, and is
perceptible with as little as 0*038 per cent. It seems possible that these
amalgams contain suspended particles of solid platinum, which hinder the
separation of the two phases.

Platinum and Hydrogen
Platinum has a remarkable power, though far less than palladium, of
absorbing hydrogen. To some extent the hydrogen enters into the metal:
a platinum wire 0-3 mm. thick will absorb 0*15 volume of hydrogen at
409°, and 2-02 volumes (0-084 mg. per 100 g.) at 1,342V*01 But the
absorption is mainly superficial, and depends on the state of division of
the metal; with platinum black it may reach 160 volumes.1402 Langmuir
has shown1403 that at low temperatures platinum will only absorb gases if
it has been 'activated' by heating it to 300° in hydrogen and oxygen at
low pressures; it then absorbs oxygen, hydrogen, or carbon monoxide up
to a monomolecular layer.
Owing to these facts hydrogen has a power of passing through heated
platinum (as it does through palladium) which no other gas has. The rate
increases greatly with temperature up to a white heat, and at any given
temperature is proportional1404 to the square root of the pressure of the
hydrogen, as it should be if it is the dissociated atoms that have to pass
through. See further, references 1405~7.
Platinum black and colloidal platinum have been much used of recent
years as carriers of hydrogen in organic reductions. Thus Willstatter and
* This is the soluble salt obtained by heating albumen with sodium hydroxide.
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his co-workers have found that unsaturated compounds like oleic acid,
geraniol, or cholesterol can be reduced by passing hydrogen into their
solutions in presence of platinum black1408™9; the reaction often fails with
pure platinum black, but occurs readily if the material has been exposed
to oxygen1410; the activity ceases after a time and can be restored by
reoxidation. Colloidal platinum is even more effective, being about as
active as an equiatomic quantity of colloidal palladium.1411 Roger Adams
and his co-workers141^"18 find an oxide of the composition PtO 2 , H2O, made
from platinichloric acid by fusion with^ potassium nitrate, to be even more
effective.
MONOVALENT P L A T I N U M
ONLY one compound of monovalent platinum has been isolated, and
even this one not in the pure state. If platinum tetrachloride is heated1419
under 1 atm. pressure of chlorine, it is converted successively into PtCl 3
(blackish-green) and platinous chloride PtCl2, which is brownish-green.
At a slightly higher temperature this last loses more chlorine and passes
into a mixture of metallic platinum and a new yellow-green substance
which is supposed to be the monochloride PtCl; it could not be got in
a pure state, but its composition approximately agreed with this. Its
stability range is only about 581-583° under a pressure of chlorine slightly
less than an atmosphere. Iridium forms a monochloride in the same way
(above, p. 1531), and also a monobromide and a monoiodide to which there
are no platinum analogues.1420
Manchot has also shown1421 that platinum can be obtained in solution
in an apparently monovalent state, in the same way as palladium. If a
solution of potassium platinocyanide K2Pt(CN)4 is reduced with sodium
amalgam or any other strong reducing agent, the solution remains colourless
but acquires strong reducing properties. It will reduce a mercurous or a
cadmium solution to the metal: it evolves hydrogen vigorously on addition of hydrochloric acid: the platinocyanide has none of these reducing
properties. A platinochloride does not do this, but is reduced to the metal.
It is suggested that the reducing salt formed must be the cyanide
K2[Pt(CN)3], as with nickel; it is of course possible that it may be the not
otherwise known K4[Pt(CN)4].
1408 R . Willstatter and E. W. Mayer, Ber. 1908, 4 1 , 1475.
1410
Id., ib. 2199.
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D I V A L E N T PLATINUM
is one of the two main valencies of platinum, being only slightly if
at all less stable than that of 4. None of the compounds dissociate to form
the simple platinous ion Pt + + ; nearly all are by their formulae necessarily
complex, and the relatively few that are not, such as the binary compounds, are probably in fact auto-complex. We may take these apparently
simple compounds first: they include an oxide, hydroxide, and sulphide,
and three or perhaps four dihalides.
THIS

Platinous Oxide, PtO
Platinous oxide is a grey powder, which can be made by heating the
hydrate Pt(OH)2 or PtO, H 2 O; but the water cannot all be removed without the loss of some oxygen as well.1422 The stability limits of the oxides
of platinum, and their dissociation tensions, are not easy to determine1423
because the equilibrium is only slowly established, and also there is a wide
range of solid solutions among the oxides. Platinous oxide caii be made
directly by the action of oxygen under 8 atm. pressure on the metal at
420-44O0.1425
The hydroxide Pt(OH)2 can be made by the action of hot potassium
hydroxide solution on platinous chloride or potassium chloroplatinite or
better1424 by reducing the chloroplatinate with sulphur dioxide, and adding
potassium hydroxide solution. It is a black powder which is easily oxidized
by air, and so must be prepared in an inert atmosphere; it is reduced by
hydrogen peroxide to the metal, and oxidized by ozone or potassium permanganate to the dioxide; it behaves as a weak base. It is obviously an
unstable substance; hot alkalies or hydrochloric acid convert it partly into
the platinic compound and metallic platinum.

Platinous Sulphide, PtS
This substance can be made from the elements or by fusing platinous
chloride with sodium carbonate and sulphur. The dissociation tensions of
sulphur in the system platinum-sulphur indicate1426 that no compounds
are there formed except the mono- and disulphides PtS and PtS 2 .
Platinum monosulphide is a green powder, which can be converted into
metallic platinum by heating in air or hydrogen.
The crystal structure shows that each platinum atom has 4 planar bonds,
and each sulphur 4 tetrahedral bonds.1427
Platinous Fluoride, P t F 2
This is said to occur as a greenish-yellow solid which can be made from
its elements, but it is not mentioned by Ruff.
1422
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Platinous Chloride, PtCl 2
This can be made by heating platinum in chlorine to 500°, or by the
thermal decomposition of the tetrachloride. It is stable under a pressure
of 1 atm. of chlorine at all temperatures from 435° to 581 °1428 (compare
PtCl 581-583°). It is a brownish-green solid, insoluble in water, but
dissolving in hydrochloric acid to form the platinochloride H2PtCl4, with,
however, some decomposition to metallic platinum and the acid H2PtCl6.
It forms many complexes.
Platinous Bromide, P t B r 2
This can be made by heating hydrogen platino- or platinibromide,
which decomposes much more slowly than the chloride.1429 It can also be
got from the tetra- or the tribromide by loss of bromine at 410°, but with
difficulty; it seems to have a stability range of not more than 5°. In water,
hydrobromic acid, or alcohol, platinic bromide PtBr 4 dissolves very easily,
the tribromide slowly, and platinous not at all. The dibromide has a
brown colour.

Platinous Iodide, PtI 2
This is very like the bromide. It can be made by treating platinous
chloride with potassium iodide, or the chloroplatinate with potassium
iodide and iodine. The changes in the system platinum-iodine1429 take the
same course as with bromine, but are even slower; the system must be
kept at constant temperature for days before equilibrium is reached.
Platinic iodide PtI 4 loses iodine even in contact with saturated iodine
vapour at 350°, and forms the tri-iodide. If at this temperature the pressure is lowered to 3 atm., the composition of the solid falls in 3 days to
PtI 2 , which, however, is difficult to get pure, as it forms a solid solution
with the tri-iodide PtI 3 .
Platinous iodide is a black powder like lamp-black, which is insoluble
in water, alcohol, ether, and ethyl acetate.
Platinous Cyanide, Pt(CN) 2
A pale yellow precipitate of this composition, but of unknown structure,
is got by adding mercuric cyanide to a solution of a chloroplatinate. It is
insoluble in acids and alkalies.
Platinum Blue, Pt(NH-CO-CHg) 2
If the yellow compound PtCyCH 3 CN)2 is treated with silver nitrate
solution, silver chloride is immediately precipitated, and the compound
goes into solution with the development of a vivid blue colour.1430 This
was shown1431 to be due to the acetamide derivative Pt(NH-CO-CH3)2.
1428
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This is most conveniently made by treating the acetomtrile compound
PtOl2(OH3 CN)2 with silver sulphate, adding methyl alcohol, and precipitating with ether. It forms deep blue crystals with a green reflex, of the
composition Pt(NH-CO-CHg)2 H2O. The molecular weight was found
cryoscopically in water to be 334 (calculated for the monomeric form 329).
The solution is stable to dilute sulphuric acid, acetic acid, sodium chloride
sulphate, and carbonate, so that the blue substance is not colloidal. On
standing with concentrated hydrochloric acid and potassium chloride it is
converted into the chloroplatinite, showing that the platinum is divalent.
It is evidently formed through the reaction
Pt^NsE=C-CH8
> Pt-NH-CO-CH 3 .
COMPLEXES OF DIVALENT PLATINUM
DIVALENT platinum has almost as strong a tendency to form complexes
as any other element. The range of its complexes is very wide, and many
of them are of remarkable stability. The tendency to co-ordination is as
usual highly selective, the strongest links of divalent platinum being to
nitrogen, sulphur, the halogens, and under special conditions carbon,
while the link to oxygen is very weak. Complexes co-ordinated through
nitrogen are formed by amines, hydrazine, hydroxylamine, nitriles, and
NO2 groups: complex halides are formed by all the halogens except
fluorine, and sulphur compounds by the alkyl and aryl thio-ethers. Doubly
linked carbon, especially, but not only, when doubly linked to another
carbon, has a peculiarly strong affinity for platinum.
The covalency of platinum in its divalent complexes is almost invariably
4, even in some compounds where it seems to be 3; but in a few complexes
it seems certain that the platinous atom has a covalency of 6, though not
much is known of these.
The complexes cover the whole range from the tetrammines such
as [Pt(NH 3 )JX 2 to the tetra-acido-compounds such as M2[PtCl4] or
M2[Pt(CN)4], all the intermediate types such as [Pt(NH3J2Cl2] being known.
Many of the complexes occur in apparently isomeric forms; Werner's
view1432 that the isomerism is due to the four atoms attached to a divalent
platinum atom being in the same plane with it and at the points of a square,
has finally, after much controversy, been established.
We may consider the small group of 6-covalent complexes first, and
then proceed to the 4-covalent, which include the great majority.
6-Covalent Platinous Complexes
These are of four, all rather unusual kinds. The first two are all nitrile
or isonitrile compounds,* and were discovered by Tschugaev and his
* The structure of the co-ordination compounds of divalent platinum with nitriles
and isonitri|es is discussed in more detail later, among the 4-oovalent compounds
(p. 1580).
**" A. W©«wr» £, anorg. Oh*m> 1S08, 39 3SL
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colleagues. They showed
that the acetonitrile compound of platinous
chloride, Pt(CH3-CN)2Cl2 when treated with aqueous or liquid ammonia
takes this up, and forms the cis and trans isomers of the compound
[Pt(CH3-CN)2(NH3)JCl2, colourless and very soluble substances, in which
the ammonia is so firmly attached that it cannot be titrated with mineral
acids, and can only be removed by boiling with concentrated hydrochloric
acid, when the 4-covalent compound [Pt(NH3)2Cl2]° is left. There can be
no doubt that in these compounds the platinum has a covalency of 6.
The second class1434™5 are hydrazine derivatives of the phenyl isocyanide
compound. The first series of these that ,were obtained were of the type
/NH 2 -NHv
(C6H5.NC)4Pt(
>t(CN<D)4 X ,
\NH—NH/
The chloride [B]Cl2, 8 H2O, which was the first made, is a red salt which
was shown by the freezing-point and the conductivity to have in water
the molecular weight to be expected of a tri-ionic salt. The colours of
these salts suggest that they are dimorphic.1485 The chloride is red, but
turns green on heating, and recovers its red colour on cooling; the iodide
(4H2O) is green; the perchlorate (2 H2O) red; the azide [B](N3)2,2H2O
red. The salts of the corresponding complex of ethyl isocyanide were also
made (nitrate red; perchlorate yellow; iodide yellow; chloroplatinate red).
All these compounds when treated with concentrated hydrochloric acid
lose half their isonitrile, and give 4-covalent salts of the type of
, / N H , ~~NH\
(R-NC)2PtC
Pt(R-NC)2 X9, 2 HCl
\NH- - N H /
(the 2 HCl are probably attached to the NH). Another group of compounds which probably but not certainly are 6-covalent are the triaminopropane derivatives of divalent platinum,1436 such as the iodide, which
may be written
'CH2-NH2
NH2-CH2

I

\

/

I2

CH - NH«->PU-NH
/
2 - CH
Nm9-C
CH9-NH
H2J
It is not proved, although it is probable, that all three amine groups of
each molecule are attached to the platinum.
The last series of 6-covalent platinous complexes is of quite a different
kind, consisting of some of the chelate oxygen-co-ordinated diketone
derivatives. Werner1437 found that acetylacetone (HA) acts on a chloro1483 L, Tschugaev and W. Lebedinski, CR. ,1915, 161, 563.
1484
L. Tsohugaev, M. Skanavy-Grigorieva, and A. Posniak, Z. anorg. Chem. 1925»
148,48i37.
* Id., Ann. Inst. Platme, 1920, 4, 299,
»98 F. G. Mann, J,0£. 1928, 890.
" " A. Wornor, £*>. 1901, 34, 2084.
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platinite in presence of alkali to give (amongst other products in which the
platinum is 4-covalent) a salt K[PtClA2] and a very soluble salt from which
the sodium derivative Na2[PtCl2A2], 5 H2O can be isolated: this is a yellow
salt stable enough to be recrystaUized from water. In this last salt the
covalency of the platinum must be 6; the enolic form of acetylacetone is so
weak an acid, and the affinity of the platinous atom for oxygen is so small,
that an acetylacetone derivative could only acquire the stability which
this compound is shown to have if it were chelate. In the other salt
M[PtA2Cl] the covalency of the platinum must be 5; no other 5-covalent
platinous salt is known.

4-Covalent Platinous Complexes
All the remaining platinous complexes are 4-covalent; they may be
roughly classified according to the atoms (C, N, O, etc.) attached to the
platinum.

Complexes with Ethylene Derivatives
All co-ordination tendencies are specific: just as the central atom of
stannic chloride will attach itself to the oxygen of a ketone or aldehyde
group, but not to that of an ether, nor to a double carbon link; just as
the aluminium in aluminium bromide attacks first the carbonyl and then
the ether oxygen, but does not touch the C=C link: so a divalent platinum
atom, with little or no tendency to join itself to the oxygen atom either
in an aldehyde or ketone, or in an ether, is very ready to co-ordinate
with a doubly or triply linked carbon atom, whether the multiple link
attaches the carbon to a different atom as in an isocyanide or in carbon
monoxide, or to another carbon atom in ethylene and its derivatives.1443
A compound of platinous chloride with mesityl oxide was obtained by
Zeise in 1840, and shown in 19001438 to have the composition PtCl2,C6H10O,
and to be monomeric by the freezing-point. Other compounds with
unsaturated organic substances were also prepared.1439
Platinum has a strong tendency to combine with ethylene, as it has
with carbon monoxide (see later, p. 1627). Metallic platinum in a finely
divided state as platinum black, or still better as the hydrosol, will absorb
up to 0-88 of a molecule of ethylene to 1 atom of platinum (palladium
absorbs even more, but iridium and osmium none at all).1440 The phenomenon is complicated by some kind of polymerization taking place on the
surface of the metal. The power which platinum, especially in the form of
the sol, has of catalysing the reduction of ethylene by hydrogen is no doubt
connected with this.1441
The formation of a co-ordinate link with a C=C group is in general
very unusual, and it is important to be sure that it is the C=C which
1438 w. Prandtl and K. A. Hofmann, ib. 1900, 33, 2981.
1489

K. A. Hofmann and J. v. Narbutt, ib. 1908, 41, 1625.
i**° 0. Faal and A. Sohwarz, ib. 1915, 48, 1195.
" 4 1 Id., ib. 1202.
»**• B. BMjmann and A. Hoff, B$o. Tmv. 1916, 36, 800.
" " P. Pfalffor and H. Hoyor, Z, morg* Ohm, 1988, 311, 241,
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actually forms the link. A large number of addition oompounds of
unsaturated alcohols, acids, and esters have been prepared by Biilmann1442;
in order to make certain that in these compounds the linkage of the
platinum is to the C=C and not to the oxygen, Pfeiffer compared each of
Biilmann's organic components with the corresponding saturated alcohol,
aldehyde, etc., and showed that in every case the latter refused to react.
The co-ordination was shown by the red-brown colour of the platinochloride solution turning to yellow, and the complex ion produced could
then be isolated as the salt of such cations as [Pt(NH 8 )J" or [Co(ew)2Cl2]'.
The salt always had the composition M[PtCl8Un], where Un stands for
one molecule of the unsaturated addendum: for example, with aUyl alcohol
the salt produced was K[PtCl3(CH2 • CH • CH2OH)]. Salts of this type were
obtained with allyl alcohol, allyl acetate, crotyl alcohol, crotyl acetate,
and crotonic aldehyde, but not with propyl alcohol, propyl acetate, butyl
alcohol, butyl acetate, or butyraldehyde. These results show very clearly
that divalent platinum attaches itself very readily to C=C, but not to

i
—C—0— or > C = 0 .

I
Most of the unsaturated molecules used for these addition products
have been ethylene and its homologues; the products are all either of the
salt type given above, or of the non-ionized type [Pt(IIaI)2Un2]0. The
ethylene compound has already been mentioned. The corresponding
propylene and amylene salts have been made, and an ethylene compound
of the bromide, K[PtBr3(C2H4)]. Recently Anderson1444 has extracted
'Zeise's salt5 K[PtCl3(C2H4)] or its basis [PtCl2(C2H4)]0 with ether, and
obtained a substance of the composition PtCl2-C2H4. It forms orange
crystals, fairly soluble in chloroform, slightly in benzene. The molecular
weight found by the Berger-Rast method was dimeric. Excess of pyridine
converts it into PtCl2py2, showing that the platinum is still divalent. It
decomposes at 125-130°. Unlike its carbonyl analogue the compound will
not take up any more ethylene. The slightly soluble quinoline salt
(Quin. H) [PtCl3C2H4] can be recrystallized from hot water; excess of
quinoline converts it into the non-ionized compound [PtCl2(quin)C2H4]°.
If [PtCl2C2H4] is treated with hydrobromic acid and quinoline, it gives
the bromide (Quin. H) [PtBr3C2H4], which is less stable than the chloride,
and is decomposed by hot water. The stability of the complex K[PtX3C2H4]
appears to decrease in the order Cl > Br > NO2 > CNS > CN.
With the amino-ethylene compounds [PtX2Am(C2H4)]0 Gelman1447 has
shown that the stability increases in the order
Am = S=C(NH2)2 < NH3 < py < quin
and
X - CN < CNS < NO2 < K Br < Cl:
l
14
*« J. S. Anderson, J.0£. 1934, 971.
« Id., ib. 1936, 1042.
*<« M. S. Klwaaoh and T. A. Aahford, J.A.0.8. 1986, 58, 1788.
" " A. Gnlrnan, Soi. Jfcp. Leningrad Univ. 1930, 3V 5.
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the last series compares curiously with that given above, but it is obvious
that in Gelman's neutral compounds, which must be dimeric, the X is
performing a double function; it has to hold the two halves together, as in

"N-

Pt.

Gelman1448 has shown that K2PtCl4 combines with R-CH=OH 2 , where
R = methyl, ethyl, or phenyl, to give K[PtCl3(R CH=CH 2 )] which
ammonia or pyridine ( = B) convert into [PtCl 2 B(R-CH=CH 2 )] 0 ; if R is
phenyl they also get [(PtCl2(O-CH=CH2))]2. The cis and trans forms of
[PtBr 2 B(CH 2 =CH 2 )] 0 (B = NH 8 or py) are produced by the action of
ethylene on the salt NH 4 [PtBr 3 B]. The complex K[PtCl3(C2H4)] with
aqueous sodium nitrite gives K[PtCl(NO2J2(C2H4)].1449 Butadiene C4H6
can co-ordinate strongly with either one or both of its double links,1450
giving, for example, (NH4)2[C4H6(PtCl3)2], and [C4H6(PtCl2NH3)J0, as well
as [PtCl2Py(C4H6)]0 and [PtCl2NH3(C4H6)]0.
Further compounds can be made1446 by boiling the hydrocarbon in
benzene solution with platinic chloride PtCl4, when the platinum is
reduced to the divalent state, and the compound PtCl2Un is formed: for
example, with dimethylethylene the compound [(CH3J2C=CH2-PtCl2]0,
which was shown cryoscopically to be dimeric in benzene. The factors
determining the stability of the complex salt have been studied by
Anderson.1445 The ease of formation depends not only on the position of
equilibrium in the addition reaction, but also on the solubility of the salt
produced; this difficulty can be largely overcome by making the salts of
the cations [Pt(NH 3 )J" or [Co(ew)2Cl2]', which are relatively insoluble. In
general, substitution in the ethylene greatly lowers the stability of the
complex, as well as increasing the solubility of its salts. Direct addition of
the alkylene to platinous chloride, or to the chloroplatinite, is only possible
for ethylene and for styrene <I> • CH=CH •<&. We can often replace ethylene
in PtCl2C2H4 or in K[PtCl3C2H4] directly by other unsaturated hydrocarbons, whose volatility largely determines the reaction. It is to be
noticed that ethylene is not expelled even by carbon monoxide, so that
the Pt—C2H4 link must be stronger than Pt—CO. The only hydrocarbons
nearly as strong as ethylene were found to be styrene and amylene. The
order of co-ordinating tendency (beginning with the strongest) was found
to be ethylene > styrene > amylene > indene (C9H8) > cyclohexene >
O 2 C=CH 2 and ^(CH 3 )C=CH 2 .
The structures of these C=C complexes are made clear up to a certain
point by their resemblance to the carbonyls (below, p. 1627), which is
remarkably close.1444 We have three series of compounds [PtX 2 R] 0 ,
[PtX 2 AmR] 0 , and M[PtX 3 R], in which R may be either CO or R 2 C=CR 2 .
l

*« A. GWmon, Arm. Sect. Platme, 1089» No. 12f 21.
" « IcL, ib» No. 16, 80.
"»° A. GMmAa and Z. P, Maximova, O.R. Aoad, Soi. U.B,S,S, 1989, 24, 748.
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We have the salt K[PtCl3CO], H2O corresponding to K[PtCl3(C2H4)], H 2 O;
both of these are decomposed by potassium cyanide to form the platinocyanide K2Pt(CN)4, with quantitative liberation of the ethylene or the
carbon monoxide. On heating with water to 100° both these salts decompose in almost exactly the same way:
K[PtCl3CO] + H2O = KCl + 2 HCl + Pt + CO2:
K[PtCl3C2H4] + H2O = KCl + 2 HCl + Pt + CH3-CHO.
In the carbonyls we know that the linking is Pt-*-C=O. It is therefore
evident that in the alkylene compounds the C=C group acts as a donor
and fills one co-ordination place: the interpretation of addition compounds
of unsaturated hydrocarbons is so difficult that it is satisfactory to get at
least these points settled. We must therefore have a Pt«—C link. Hence
in the ethylene compound the carbon attached to the platinum must share
two electrons with it, and 4 with the 2 hydrogen atoms: this leaves only
2 for the other carbon, so the C—C link must be single, and the more
remote carbon can only have a sextet of electrons, the structure of the
group being (according to which symbols we prefer)
PIK-CR2^CR2

vaLels.

8

6

or

Pt-CR 2 -CR 2 .
8
6

Complex Cyanides
The complex cyanides are all of the type M2[Pt(CN)4]. They are exceptionally stable, and are readily formed. Thus metallic platinum will dissolve in a solution of potassium cyanide or barium cyanide under the
influence of an alternating current.1451 In the same way other co-ordination compounds of platinum, for example the carbon monoxide and
ethylene complexes, are converted by potassium cyanide into the platinooyanides with separation of the co-ordinating groups. Potassium platinocyanide K2Pt(CN)4 is conveniently made by fusing potassium ferrocyanide
K4Fe(CN)6 with platinum, or by dissolving platinous chloride in potassium
cyanide solution.
The free acid is relatively stable. If a concentrated solution of it is
extracted with ether and the ethereal solution evaporated, red prisms of
the acid, H2Pt(CN)4, 5 H2O separate, which are deliquescent, and decompose on heating above 140°.
Among the numerous platinocyanides are the following. Li, 4H 2 O,
grass-green, goes over sulphuric acid at 25° to the canary-yellow anhydrous salt.1458 Na, 3 H20.145a~4 K, 12 and 3 H2O, pleochroic, very soluble.
1481
A. Brochet and J. Petit, CR. 1904, 138, 1095.
1452
J. Milbauer, Z. anorg. Chem. 1907, 53, 135.
im
H. Baumhauer, Z. Krist. 1907, 43,
356.
14S
"**
Id.,
ib.
1911,
49,
113.
*
J. Beuel, Z. Wise. Phot. 1913, 11, 150.
im
P. Tsohirwinski, Z. Krist. 1913, 52, 44.
«** N. Oriov, Ohm** Ztg. 1913, 36, 1407.
"•• F, E. E. GtHtUWWi and O, B. Muenah, J". Phya* Ohm* 1929, 33, 415.
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1454

Rb, 3 H2O
(hydration very remarkable). N(CHg)4, anhydrous, very
soluble in water.1452 Ag, anhydrous, insoluble.1452 Mg, 7 H2O.1453 Ca, 5H 2 O,
dimorphic, stable form yellow, unstable red. Sr, 5 H2O, dimorphic.
Ba, 4 H2O, dichroic, green and yellow; fluorescent, and used as a screen
for making X-rays visible. Sc2[Pt(CN)J3, 21 (red) and 18 (yellow) H2O.1457
The lanthanum1456 and yttrium1454 salts are similar.
The colours, the dimorphism, and the fluorescence of the salts are
remarkable. Beuel1455 examined the fluorescence under cathode rays of
twelve different platinocyanides, hydrated and anhydrous, and of very
different colours; the positions of nearly all the bands were the same with
all, but some had a single additional band of their own.
The platinocyanides can be converted by treatment with chlorine into
the platinic compounds M2[Pt(CN)4Cl2], but these are much less stable;
they are strong oxidizing agents, and readily revert to the platinocyanides.
Nitrite Complexes
These are fairly numerous, but much less stable than the isonitrile
complexes. Platinous chloride combines with acetonitrile very slowly in
the cold to form a yellow compound PtCl2(CH3-CN)2.1459 The mother
liquor contains the acid H[PtCl3(CH3-CN)], which can be precipitated as
its [Pt(NH 3 )J salt.1468 This formation of a trichloro-salt of the type of
Cleve's salts M[PtCl8(NH3)] is very unusual, though it occurs with the carbonyl and ethylene complexes. The benzonitrile compound PtCl2(O • CN)2
is formed1460 by heating its components to 60-70° for many days. It is a
yellow crystalline substance, which can be recrystaUized from acetone. It
appears to be dimorphic. Its solution is rather unstable; concentrated
sulphuric acid converts it with loss of hydrochloric acid into a sulphate,
presumably of the formula PtSO4(C6H5 • CN)2. The bromide is similar, and
is also yellow and dimorphic. The iodide was too unstable to be purified.
These compounds must contain the group P t ^ N = C — R .
Isonitrile Complexes
These are made much more easily than the nitrile compounds; they are
practically all of two types, PtX2(RNC)2 and [Pt(RNC)JX2. The first of
these is remarkable for occurring in two strikingly different modifications.
Platinous chloride dissolves in an ethereal solution of phenyl isonitrile
with the immediate precipitation of a purple compound PtCl2(ONC)2. This
can also be made from the isonitrile with aqueous potassium chloroplatinite. This is a blue-violet apparently amorphous powder, quite insoluble
in all ordinary solvents, and so of unknown molecular weight and constitution. If it is boiled for 4 to 6 hours with chloroform it goes slowly into
"*» K. A. Hoftaiami and G. Bugge, Ber. 1907, 40, 1772.

1460

L. Bamberg, ib. 2578.
L. Tiohuga<§v and P. T©@ara, ib, 1914, 47f 568.
" " L. TiohugMV and W. Labadimki, OJt, 1916, 162, 48.
1481

*«» Id., ib. 2048.
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solution as it is converted into the /Msomer, which crystallizes out on
cooling in large colourless crystals, melting at 257-258°; from the boilingpoint in chloroform it is found to be monomeric. It is insoluble in water,
very slightly soluble in alcohol, rather more so in benzene and acetone;
the best solvent is chloroform, soly 0'80/20°.
The bromides are made similarly, and behave in just the same way:
OL-, brownish-violet, apparently amorphous, insoluble; /J-, colourless, m. pt.
245°. The iodide PtI2(<J> -NC)2 has only been made in one (/?-) form, which
is yellow. The nitro-salt M2Pt(NO2J4 gives a nitrocompound
Pt(N02)2(<D-NC)2,
also only known in the soluble /3~form, which is red, but will crystallize
with one molecule of acetone, and is then yellow.
The tetra-isonitrile derivatives [Pt(RNC)4]X2 can be made1461 by the
action of excess of isonitrile RNC (R= phenyl, CH8, (CH3)3C) on the
chloroplatinite, when a red salt [Pt(RNC)4] • [PtCl4] is produced, along
with the di-isonitrile compound PtCl2(RNC)2, which can also be made by
heating the red salt. The tertiary butyl compound [Pt(C4H9NC)4] • [PtCl4]
has a very peculiar reaction1462; if it is treated with excess of the isonitrile,
a yellow crystalline compound is slowly precipitated, which is
[Pt(C4H9NC)2(CN)2]0:
the tertiary butyl group is apparently split off. The reaction is very
peculiar and is due to the ease with which tertiary compounds Me8C • X—
even isocyanides—can be hydrolysed. The reaction must go thus:
[Pt(Me3C-NC)4]Cl2 + 2 H2O = [Pt(Me3C-NC)2(CN)2]0 + 2 Me3C-OH + 2 HCL
The formula is certain; the substance can be made from tertiary butyl
isonitrile and platinous cyanide; it is a non-conductor of electricity.
The remarkable series of 6-covalent platinous compounds formed with
an isocyanide and hydrazine, of the type
/NH 2 -NHv
'
(RNC)4Pt(
>t(CNR) 4 X 2
^NH-NH/
have already been described (p. 1584).
It is clear that the complexes of the isonitriles are far more stable than
those of the nitriles, and resemble the stable cyanides M2[Pt(CN)4] very
closely. On general grounds we should have expected the Pt—N link to
be stronger than the Pt—C; but the former must occur in the nitrile
oomplexes, and the latter certainly in the isonitrile complexes, and almost
certainly (see V. 671) in the complex cyanides. Evidently the Pt—C link
is much strengthened by the triple linking of the carbon in these compounds, exactly as it is by the double linking in the C=C compounds we
have just been considering.

Ammines
Complex Thiocyanates
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These occur in two types, as the salts M2[Pt(CNS)4] and the neutral
diammines such as [Pt(NH3)2(CNS)2]°. The salts can be made from a
thiocyanate and platinous chloride; the free acid is unstable; the salt
K2[Pt(CNS)4] forms carmine-red crystals (like the ferric salt), whose colour
is visible in solution at a dilution of 1/10,000. The ammonium salt is
similar.
The diammine [Pt(NH3)2(CNS)2]° has been obtained1464 in two isomeric
forms. The first was got by the action of the calculated quantity of
ammonia on the salt K2[Pt(CNS)4]: it formed small yellow crystals; we
may assume that as in other similar reactions it is the cis form that is here
produced. The second form was got from the trans form of [Pt(NHg)2Cl2]
(the chloride of Reiset's second base) with potassium thiocyanate. It
forms large yellow crystals, less soluble than the a- but more stable to heat.
The molecular conductivity of these two forms in water is negligible; the
molecular weights by the boiling-points in acetone are cis 322; trans 314
(theory 345).
Ammines
Many of these have long been known, and were discovered at a time
when their structure was not understood, and so have come to be called
by the names of their discoverers; among the more important examples
are the following:
[Pt(NH8J3R]X.
[Pt(NH3)J^[PtCl4].
[Pt(NH3)aCl2]° tie.
[Pt(NH 3 )Ja 2 .
[Pt(NHg)2Cl2]0 trans.
K[PtCl3(C2H4)], H2O.

Cleve's salts
Magnus's green salt
Peyrone's chloride
Reiset's first chloride .
Reiset's second chloride
Zeise's salt.

The first of the ammines to be discovered was Magnus's green salt (above)
by Magnus in 1828.
We may divide the ammines according to the number of amine groups
they contain, and begin with the tetrammines [PtAm4]X2.
Tetrammines
The simple tetrammine [Pt(NH 3 )JX 2 , made from ammonia and
platinous chloride, was the first ammine to be prepared (Magnus, 1828);
a large number of its salts are known.*1468 The ammonia can be replaced
* For the rate of interchange of heavy hydrogen between [Pt(NH3)JCl2 and water
see Anderson et al. reference 1668 (p. 1626).
1484
14 8
«
im
if

A. A. Grunberg, Z. anorg. Ghem. 1926, 157, 299.
L. Tsohugaev and W, Sokolov, Ber. 1909, 42, 55.
L. Tiohugaov and M. Grigoriev, ib. 1914, 47, 2446.
" Lu Tiohuga©v, J. Bum. P%«, Ch$m, 8oo, 192O1 51, 198.
*«• L, Tiohugaov and H. K. Pxohunioyn, ib. 10SO, S3, 47.
01U.1

81

1592

Group VlII.

Platinous

Complexes

1476

by many other amities, such as methyland ethylamine1478'1475 (these
primary amines seem to be almost as firmly linked to the platinum as
ammonia, which is not usual), by pyridine and quinoline,1471 as well as by
a whole series of diamines such as ethylene diamine,1465'1469"70'1472 propylene diamine,1465 methyl-propylene diamine,1469 isobutylene diamine,1473
and dipyridyl.1474 The less stable derivatives of hydrazine and hydroxylamine are discussed later.
The ordinary chelate diammines show their usual stability, but only
when the NH 2 groups are not too far apart. Drew and Tress1472 have prepared both the diammine [Pt(^)Cl2]° and the tetrammine [Pt(ew)2]Cl2
compounds from the diamines NH2(CH2)^NH2, where n = 2, 3, 4, and 5.
With ethylene and propylene diamines (n = 2 and 3, giving 5 and 6-rings
respectively) they get compounds of the usual type, like ordinary ammines :
but with n = 4 or 5 the reaction is quite different, giving ill-defined
insoluble products. It is clear that with these longer chains the chance
of the ring closing is small, and the two NH 2 groups usually become
attached to different platinum atoms.
Reihlen and Huhn1470'1477~8 claim to have resolved salts of the [Pt(en)2]"
type, with unsymmetrical en groups, showing that the platinum is tetrahedral; but they have not made out their claim. Mann1469 failed to resolve
a compound of this type, made from NH 2 • CH2 • CH(CH8) • CH2 • NH 2 . The
definite proof of the planar structure of 4-covalent divalent platinum from
the chemical side was given by Mills and Quibell.1479 They pointed out that
it is difficult to prove that isomerism which is supposed to be 'geometrical5 (i.e. cis4rans) is really due to this cause [and not, for example, to
dimorphism or polymerization], while there is no such difficulty about
mirror-image isomerism. They therefore devised and synthesized an
ingenious structure in which a planar arrangement of the valencies of the
platinum (the arrangement which in ordinary molecules would lead to cistrans isomerism) would cause optical activity, while a tetrahedral would
not. They condensed the 1,1-dimethylethylene diamino-platinous chloride
of Drew and Head1473 with 1,2-diphenylethylene diamine, and so got a
salt of which the divalent cation is
/CH—NH9\
/NH 9 -CH 2
"^ +
*
> <
/CH,
/CH-NH/
^NH 2 -C<X '
W
CH31469

F . G. Mann, J.CJS. 1928, 1261.
H. Keihlen and W. Huhn, Ann. 1931, 489, 42.
1471
E. G. Cox, H. Saenger, and W. Wardlaw, J.C.S. 1932, 2216.
1472
H. D. K. Drew and H. J. Tress, ib. 1933, 1335.
1478
H. D. K. Drew and F . S. H. Head, ib, 1934, 221.
1474
G. T. Morgan and F. H. Burstall, ib. 965.
1476
H, Beihlen and E. Flohr, Ber. 1934, 67, 2010.
1478
H. D. K. Drew and H. J. Tress, J.C.S. 1935, 1212.
" " H. Reihlen and W. Huhn, Ann. 1935, 519, 80.
*47» H. Roihlnn, G. Soipol, and W, JK. Wdnbronnor, ib. 520, 250.
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It is easy to see that if the links of the platinum are planar, so that the
two chelate rings lie in the same plane, the structure will be asymmetric
and should be capable of resolution, while if they are arranged tetrahedrally,
the structure will be symmetrical.
The salt was resolved by means of diacetyltartaric acid, and from the
extreme fraction an iodide of [M]-68° in alcohol and a chloride of
[M]-48-5° in water were obtained. Every conceivable objection to the
conclusion of the planar structure of the platinum was ruled out. The
product was shown to behave as a tri-ionic salt, giving the same molecular depression of freezing-point in water as barium chloride. The chloride
and iodide crystallize with water of crystallization, but this water cannot
be essential to the asymmetry, since the chloride can be dehydrated without losing its activity. To show that the activity is not due to the presence
(or the production) of the active form of the stilbene-diamine, this diamine
was recovered from the active salt and shown to be inactive.
This work proves beyond doubt the planar arrangement of the four
covalencies of the platinum atom in these compounds. It does not necessarily imply that the covalencies of a platinous atom are always so
arranged. It is still uncertain whether the same atom with the same
valency and the same covalency can have more than one stereochemical
configuration. But until we have direct evidence of the occurrence of a
tetrahedral arrangement for the platinous atom we must assume that it is
always planar. See above, under palladium, p. 1563.
The tetrammines derived from hydrazine are difficult to make, since the
hydrazine usually reduces the divalent platinum to the metal. But by
avoiding water as far as possible, and acting directly on the diammine
[Pt(NHg)2Cl2]0 with hydrazine hydrate, Tschugaev1466 was able to prepare
both the mixed derivative [Pt(NH3)2(N2H4)2]X2 (in the cis and trans
forms), and also the pure compound [Pt(N 2 H 4 )JX 2 . These compounds are
definitely less stable than the ammonia derivatives,1467 since an aqueous
solution of [Pt(NH3)2(N2H4)2]Cl2 decomposes in 15 minutes in the cold. The
terminal NH 2 of the hydrazine group can still act as a base (the other NH 2
has already become pentavalent in the co-ordination), and this salt can
take up two molecules of hydrogen chloride to form the acid salt
[Pt(NH3)2(NH2.NH3)2]Cl4.
A curious N-chelate platinous derivative is the phthalocyanine compound C32H16N8Pt. The crystal structure of this has been fully analysed1480;
in spite of the excessive size of the platinum atom as compared with the
rest, the positions of all the atoms except the hydrogen have been
determined to 0*05 A; the structure is just like that of the other phthalocyanines.
Triarnrnines, [ P t A m 3 R ] X
Compounds of this type are known as Cleve's salts. They can be made
by addition of ammonia to the diammine or by its removal from the
1410

J. M. RobiAfon and I. Woodward, ib, 1940, 80.

Group VIII.

1504

Platinous Complexes

tetrammine, but in either case the yields are small as it is difficult to stop
the reaction at the right place. Tschugaev does this by two indirect
methods, The first1481 is to treat the diammine Pt(NH3J2Cl2 with potassium cyanate and boil. From the resulting liquid potassium platinochloride precipitates a mixture of the platinochlorides of the triammine
and the tetrammine, and the former can be separated owing to its greater
solubility. The reaction seems to consist in the formation of the isocyanato-compound and its subsequent hydrolysis:
Pt-Cl —> P t - N = C = O —> Pt-NH-CO—OH
— • P t ^ N H 2 - C O O H —> PU-NH 3 + CO2.
A second method is to oxidize1482 the diammino-dihydroxylamino-salt
[Pt(NHg)2(NH2OH)2]X2 with air. The hydroxylamine is oxidized away,
and the residue rearranges itself to form [Pt(NHg)3(OH2)]-[PtCl4]. A
third less indirect method1483 is from the monohydroxylamino-triammine
by treatment with hydrochloric acid, when the less firmly attached
NH2OH group is replaced by chlorine:
[Pt(NH3J3(NH2OH)]X2 —+ [Pt(NH8)3Cl]Cl.

Diammines, [PtAm2R2]0
Werner in 18931484 found that compounds of this type occurred in two
modifications, and suggested that the group was planar, and the isomerism
cis-trans. Eeihlen1488 found that one of the chlorides [Pt(NH3J2Cl2] was
dimeric in liquid ammonia, and claimed that this dimerization was the
cause of the isomerism.
Hantzsch, however, showed1489 that the isomeric pyridine compounds
[Pt(py)2Cl2]° are both monomeric in phenol, Grtinberg1490 found the same
for the two thiocyanates [Pt(NH3)2(CNS)2] in acetone, and he further
showed1491 that if Werner's cis form of [Pt(NH3J2Cl2] (Peyrone's salt) is
treated with silver nitrate and then with oxalic acid, it gives the slightly
soluble non-electrolyte
r
/0--C=Ol 0
(H3N)2Pt(
I
[
XO-C=OJ
1481

L. A. Tschugaev, J.C.S. 1915, 107, 1247.
L. A. Tschugaev and I. Tscherniaev, CR. 1915, 161, 792.
1488
Id., J.C.S. 1918, 113, 884.
W84 A . Werner, Z. anorg. Chem. 1893, 3, 310.
1486
I. Ostromisslensky and A. Bergmann, Ber. 1910, 43, 2768.
1486
L. Bamberg, Z. anorg. Chem. 1913, 83, 33.
1487
L. A. Tschugaev and S* Krassikoff, ib. 1923, 131, 299.
1488
H. Reihlen and K. N. Nestle, Ann. 1926, 447, 211.
14
*» A. Hantzsoh, Ber. 1926, 59, 2761.
1482

1490

A. A. Ofunberg, Ann, ImL

FIOHM9

1928, 6, 122,

"®i Id., HtIv, OMm. Acta, 19Sl1 14, 400.
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while the isomeric trans (Reisert's) compound under the same conditions
gives the complex acid
HO-CO-CO-ON N

^NH3

XQ.CCM
H'JN[S
M)-CO-CO-OH
3N^
with a dissociation constant of 6-3 X 10~4. See further, reference 1485. The
evidence for the planar structure of the 4-covalent platinous atom in
Dickinson's platinocyanides M2[Pt(C]Sr)4] and in Mills and QuibelTs tetrammines, gave conclusive support to Werner's view.
Compounds of the type [PtAm2R2]0 c a n be prepared with a variety of
amines and a variety of acidic groups. The acid radical R may be chlorine,
bromine,1487 iodine,1486"7 NO2,1486 CNS,1490 SO3H,1487 or OH14-97; the
amines may be ammonia, an arylamine,1486 pyridine,1486 or a substituted
(chloro- or amino-) pyridine,1499 or quinoline.1493
Tschugaev1487 finds that the reaction
[Pt(NH8)JX2 — > [Pt(NH3J2X2]0 + 2NH 3
takes place readily on heating. When X is a halogen, this goes more
easily in the order Cl < Br < I ; it also occurs with NO2. A similar change
that has long been known is that of Magnus's green salt on heating,
[Pt(NH 3 )J-[PtCl 4 ] going to 2[Pt(NH3J2Cl2]0.1468 The platinochlorides of
the ammines of other metals, for example [AgNH3]X, undergo this change
much more easily.1500
The supposed third form of [Pt(NH3)2Cl2]1492 has been shown to be a
mixture or solid solution of the other two.1494""5
The cis and trans forms differ in the basicity of the hydroxides

ITt(NHa)1(OH)J;
potentiometric titration with glass electrodes1496*1498 shows that the classical dissociation constants are

Cis
.
Trans .

.

K1

K,

0-16x10-'
0-63 X 10-'

ca. zero
0-125XlO- 10

the cis compound being a weaker base than the trans.
Compounds of the type [Pt(NHg)2X2] ° react with water, the halides and
nitrites slowly and imperfectly, the nitrates and sulphates completely, to
1492 H. D. K. Drew, F. W. Pinkard, W. Wardlaw, and E. G. Cox, J.C.S. 1932, 988.
1483
E. G. Cox, H. Saenger, and W. Wardlaw, ib. 2216.
1494
F. Rosenblatt and A. Schleede, Naturwiss. 1933, 21, 178.
"a* Id., Ber. 1933, 66, 472.
1486
A. A. Grifciberg and D. Rjabtsohikov, Acta Phy^Chem, U.R.SS. 1935,3, 555.
* 4 " H. J. S. King, J.G.S. 1938, 1338.
1408
D, L Bjabtoohikov, Ann. Sect, Platim, 1988, 15, 85.
»"• A. M. Bubimtdnp CM*. Acad. BoI U.R.S.&. 1988, 30, 575.
1800
L, A. Tiohugfltav and N. K. Piohonioyn, J 1 Bun, Phy§^Qhmn, Bm, 1080,12,47.
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give colourless very soluble aquo-complexes [Pt(NHg)2(H2O)2]X2.1601 These
last are dibasic acids, as one or both of the H2O groups can go to O H + H
(as in [Pt(NH3)2(H20)OH]Cl+HCI or [Pt(NH3)2(OH)2]+2 HCl). The dissociation constants of cis and trans [Pt(NH 3 ) 2 (H 2 0) 2 ] ++ have been
found1501"2 to be
K1

K,
6

Cis
Trans .

2-76X10"
4-79X10" 5

4-79 XlO" 8
4-17X10""8

Platinous HIonammine, Pt(NH 3 )Cl 2
This was obtained by Klason1503 by evaporating an aqueous solution of
ammonium platinochloride. Though its molecular weight has not been
determined, there can be little doubt that this, like other apparently tricovalent platinous compounds, is really dimeric, with a structure such as

a/

Na^

NNH3

Hydroxylamine
Derivatives
In the platinous ammines hydroxylamine can take the place of ammonia.
Thus1504 if chloroplatinic acid H2PtCl6 is treated with hydroxylamine
hydrate, the platinum is reduced to the divalent state, and the tetra-salts
[Pt(NH2OH)4]X2 are formed; they are colourless and fairly soluble. AU
the intermediate compounds [Pt(NH2OH)n(NH3)4_JX2 can be made; the
chlorides are all colourless.1505 The base of the tetra-derivative
[Pt(NH2OH)4](OH)2
is remarkable. While the corresponding ammonia complex [Pt(NH3)J(OH)2
is a strong base and very soluble in water, the hydroxylamine base1606 is
only weakly basic, and almost insoluble in water, behaving like magnesia.
Werner suggests that it is the 6-covalent compound [Pt(NH2OH)4(OH)2]0.
Hydroxylamine is more easily removed from the platinum than
ammonia, and the salt [Pt(NH3)3(NH2OH)]Cl2 is converted by hydrochloric acid into the triammine [Pt(NH3J3Cl]Cl (Cleve's salt).
Amino-acid
Derivatives
These are chelate compounds, with the platinum linked to nitrogen and
oxygen. The platinochloride gives with an equivalent of glycine the salt
'NH 2 X
K | Cl 2 Pt:

^CH 2

N)-CO/"
1501

K. A. Jensen, Z. anorg. Chem. 1939, 242, 87.
A. A. Grunberg and D. I. Rjabschikov, CR. Acad. Sci. U.R.S.S. 1935, 4, 259.
1603
P. Klason, J . prakt. Chem. 1902, [2] 67, 1.
»° 4 R. Uhlonhuth, Ann. 1900, 311, 120.
*m L, A. TnohugMV and 1.1. Tiohemiaev, CE. 1915, 161, 037.
1 8
^ W., J - O A 1918,113,884.
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while with excess of glycine the dichelate non-salt
/CO-0\ /0-C0\
"
CH 2x
TfPiLX
/CH2
^NH/
NH/
is produced.1607 This last compound has been shown1508 to occur in two
forms, cis and trans. Other amino-acids such as alanine1509 can take the
place of glycine.
Olyoxime Compounds1510
R_C
C-E
Glyoximes
|
||
(= DH)
NOH NOH
give a series of chelate derivatives of platinum, as of other transitional
elements. The compounds of the type of PtD 2 (non-ionized, dichelate) are
stable, and volatilize undecomposed in a vacuum. They can add on two
atoms of bromine, the platinum becoming tetravalent. The methyl-ethyl
compound (a violet sublimate) and the methyl-propyl, methyl-butyl, and
diphenyl compounds were made.
Nitro-complexes
Platinous complexes containing NO2 groups are numerous and stable.
/O
Of the two possible structures Pt—N^ and P t - O — N = O , it is obvious
that the former must be the true one for these stable complexes since the
affinity of divalent platinum for nitrogen is strong, and for oxygen weak.
Of the nitroplatinites M2Pt(N02)4 (Lang, 1861; Nilson, 1876)1511™12 the
potassium salt, K2Pt(NO2)* 2 and O H2O, can be made by treating
potassium chloroplatinate K2PtCl6 with potassium nitrite, which reduces
the platinum to the divalent state. SoF 3»7/15°. The silver salt is yellow:
the free acid decomposes on evaporation of its solution.
The nitro-groups are very firmly attached to the platinum. The
aqueous solution gives no precipitate with alkaline hydroxide or even
sulphide. The nitro-group must be more firmly bound to the platinum
than a chlorine atom, for if the compound K2[PtCl3NO2] is treated with
ammonia it is converted successively into
[Pt(NH3)2ClN02]° and [Pt(NHg)3NO2]Cl,
the nitro-group not being disturbed until all the three chlorines have been
removed.1516 It is, however, possible to turn out the NO2 groups by
1507

H. Ley and K. Ficken, Ber. 1912, 45, 377.
A. A. Griinberg and B. W. Ptizyn, J. prakt. Chem. 1933, [ii] 136, 143.
U09
A. A. Gninberg and L. M. Volschtein, Bull. Acad. Sd. U.E.S.S. 1937, 885.
1510
L. Tschugaev, Z. anorg. Chem. 1905, 46, 144.
1511
1512
L. F . Nilson, Ber. 1876, 9, 1722.
Id., ib. 1877, 10, 934.
1613
K. A. Hofmann and K. Buchner, ib. 1909, 42, 3392.
« " L. A. Tschugaev and S. S. Kiltinovic, J.C.S. 1916, 109, 1286.
i618 L, A, Tschugaev and N. A. Vladimiroff, J . Eusa. Phya.-Chem. $oc. 1920, 52,
185.
1508

1818

1.1. Tuohemkev, Ann, Inst. Platim, 1028, 6» 28.
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oxalato-groups (with their chelate stability) and by amines. Potassium
nitroplatinite K2Pt(NO2J4 gives with oxalic acid the oxalato-salt
K2[Pt(NO2J2Ox].1*1*
Concentrated ammonia replaces two of the NO2 groups by NH 3 , to give
[Pt(NH8)2(N02)2r;
the cis compound is first produced, and this can be converted into the
trans, which reacts with more ammonia to replace a third NO2, giving the
salt [Pt(NH3J3NO2]NO2.1514 The molecular conductivities at 25° and a
dilution of V = 1,000 are:1515
[Pt(NH3)J(NO2),
[Pt(NH3J3NO2]NO2
[Pt(NH3)2(N02)2]°m
276-5
96-5
0-95
[Pt(NH3)2(N02)2]° trans
K2[Pt(NO2)J
242
3024
The reaction of the primary aromatic amines with the platinonitrites
is peculiar. One NO2 group is replaced by an amine, and the expelled
NO2 converts more of the amine into a diazoamino-compound1613; thus
K2[Pt(NO2)J with toluidine gives a mixture of diazoamino-toluene and
colourless crystals of the salt (C7H7NH3)[Pt(C7H7NH2)(NO2)J.

Phosphorus Complexes
Divalent platinum forms addition compounds with trivalent phosphorus
in the forms of the trialkyls, the trihalides, the trihydroxide (phosphorous
acid), and the tri-alkyloxy-derivatives P(OAIk)3.
Cahours and Gal (1870) showed that triethyl phosphine will combine
with platinous chloride to form an unstable compound of the composition
PtCl2(PEt3J2, which changes over into a stable isomer: this is presumably
the unstable cis form going over to the stable trans
Et3Px^ /Cl
Pt
C l / \ ;PEt
3
This substance takes up two molecules of ammonia1517 to give a product
that is soluble in water, and no doubt is the substituted tetrammine salt
[Pt(PEt3)2(NH3)2]Cl2.
The phosphorus trihalides can co-ordinate with divalent platinum in the
same way. If platinum sponge is heated with phosphorus pentachloride
the latter is reduced and the platinum chlorinated, and the products combine to give a complex of the composition Cl3P-PtCl2. In-the same way,
by using phosphorus pentafluoride, Moissan was able to make the corresponding fluorine compound E 3 P-PtF 2 , the nearest approach to a complex
fluoride of divalent platinum that is known.1619 Either one or two mole1817
P. Klason and J. Wanselin, J. prakt. Chem. 1902, [2] 67, 41.
1511
A, Rosenheim and W. Ldwenstamm, Z* anorg* Chem. 1903, 37f 394,
" " A, A, Grtaberg and A. D. Troitakaja, Bull Acad, Sci. U.R.S.S. 1944» 178.

Phosphorus Complexes

1599

cules of phosphorus trichloride can also be added directly, to form either
the above-mentioned Cl 3 P • PtCl 2 or (Cl 3 P) 2 PtCl 2 . These compounds, which
are crystalline substances soluble in organic solvents, react with hydroxylic
compounds like phosphorus trichloride itself, the chlorine being replaced
without removing the phosphorus from the platinum. Thus Cl 3 P-PtCl 2
dissolves in water, and on evaporation (HO) 3 P-PtCl 2 separates o u t ; the
other compound (Cl 3 P) 2 PtCl 2 behaves with water in the same way, giving
(P(OH) 3 ) 2 PtCl 2 . Similarly with alcohol the chlorine on the phosphorus is
replaced by ethyoxyl, and the compounds are converted into the esters
P(OEt) 3 PtCl 2 and (P(OEt) 3 J 2 PtCl 2 . 1618
The boiling-points of these substances in benzene showed t h a t while the
second (di-phosphorus) compound is monomeric, the first is dimeric, having no doubt the structure
( E t - O ^ ^ / C l ^ / C l

a/

\a/

Np(O-Et)3'

This compound takes up a molecule of aniline or pyridine, 1520 giving a
complex of the type
(Et-O) 3 Pv
/Cl
CV

> y

which occurs in cis and trans modifications. I t will also take up two molecules of ammonia to give Pt(P(OEt) 3 )(NH 3 ) 2 Cl 2 . Only half the chlorine in
this reacts with silver nitrate, 1621 and the compound has the conductivity
of a binary electrolyte, so t h a t it must be [(EtO) 3 P-Pt(NH 3 J 2 Cl]CL
Phosphorus tribromide forms similar compounds.
Ar sine
Complexes1522
Mixed aryl-alkyl arsines will react in the same way as phosphines with
chloroplatinic acid, reducing the platinum to the divalent state, and
forming compounds which are non-ionized and of the diammine type
(R 3 As) 2 PtCl 2 . Examples (with their melting-points) are
(O2MeAs)2PtCl2 (214°); (O2MeAs)2PtBr2 (167°); (OMe2As)2PtCl2 (193°).
p-Diketone
Derivatives
The platinous derivatives of acetylacetone ( = HA) are, like the oxalatosalts, chelate compounds with the platinum attached to two oxygen atoms
in each ring; some of them have already been described among the 6covalent compounds. The group was examined by Werner, 1623 who showed
1620

A. Rosenheim and W. Levy, Z. anorg. Ohem. 1905, 43, 34.
O, H. Herty and K. O. E. Davis, J.A.CJS. 1908,30, 1084.
1888
G. J. Burrowi and B. H. Parker, J. Proo. Roy. 8oo. N.S. Wahs, 1984, 68, 89.
«» A. WiItI^ 1 Bar. 1901, »4,1084.
1681
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that acetylacetone has no action on potassium chloroplatinite K2PtCI4
alone, but that in presence of alkali it reacts with it to form four different
products: (1) K[PtCl2A], monochelate, 4-covalent; (2) K[PtClA2], dichelate
and apparently 5-covalent; (3) a compound which was isolated as the
sodium salt Na2[PtCl2A2], dichelate and 6-covalent; and finally (4) the
simple PtA2, dichelate and 4-covalent.
The potassium salt (1) is orange-yellow, fairly soluble in water, and
insoluble in organic solvents. The potassium salt (2) is pale yellow, and
easily soluble in water. From its solution hydrochloric acid precipitates
the free acid H[PtClA2], a yellow amorphous mass, soluble in alkalies but
not in water, soluble also in benzene and chloroform, but not in ether. The
sodium salt of this acid is remarkable for dissolving in chloroform, from
which it crystallizes as Na[PtClA2], CHCl3, 2 H2O. The rubidium salt
is anhydrous, and easily soluble in water. The sodium salt of type (3),
Na2[PtCl2A2] 5 aq. is yellow, and can be recrystallized from water. The
non-ionized compound (4), PtA2, forms yellow crystals which are soluble
in benzene, and in this solvent it is shown by the boiling-points to be
monomeric.

Oxalato-compounds
In spite of the relatively small affinity of the platinous atom for an
oxygen, the chelate oxalato-complexes are quite stable.
As we have seen,1524 potassium nitroplatinite K2Pt(NO2)^ reacts with
oxalic acid; it turns yellow and evolves nitrous fumes, with the production
of the yellow salt K2[Pt(NO2J2Ox], H2O. This salt loses its water at 100°,
and at 240° decomposes violently to give platinum, carbon dioxide, and
potassium nitrite. Other salts are known: Na, H2O, dark yellow, sol7
25/cold, 100/10001529; Ba, 5 H2O, yellow, and a mixed salt
BaK2[Pt(NOs)2Ox]2,1^
which is yellow-brown.
Excess of oxalic acid converts these salts into the dioxalates
M2[PtOx2], aq.1526
These are stable salts, and their solutions can be evaporated down without
decomposition.1524 These di-oxalates can also be made easily and reversibly from the platinochlorides by treatment with potassium oxalate1525:
K2Ox

[PtCl 4 ]- ^ = * [PtOx2F".
HCl

In the same way the dioxalate can be converted by excess of potassium
nitrite into the nitro-platinites. Various dioxalato-salts are known:
K, 2 H2O, copper red, fairly soluble in hot water; Na, 4 H2O, dimorphic,
yellow and red; Ca, 8 H2O, yellow, 5 H2O red. These salts are oxidized
18 4
» M, V&zes, OM. 1897, 125, 525.
"»
Id., Bull Soo. 1808, [8] 19, 875.
"•• Id., ib. 1899, [3] 21, 143.
1817
A. Werner and 1, Grebe, Z. anorg, Cham. 1899, 21, 877.
"»• M. V4i«i,»BwH. 8oo. 1901, [8] 25, 157.
«•• Id,, ib. 1008, [8] 39, 88.
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by chlorine, but without the oxalato-groups being affected: they are
converted into the tetravalent platinum salts M2[PtOx2Cl2].1527

Cacodyl Oxide Complexes
These peculiar complexes seem to be the only ones in which divalent
platinum is co-ordinated with non-chelate oxygen atoms. They were prepared by Jensen.1530 Cacodyl oxide (CH3)2As—0—As(CH3)2 ( = Kd2O)
acts on potassium chloroplatinite to give large colourless crystals of the
composition PtCl2, Kd2O, H2O, which lose their water at 150° and are
converted into the yellow substance PtCl25Kd2O. The corresponding
bromides and iodides were made; they are all yellow in the hydrated form,
but the anhydrous iodide is dark red. As the iodides are the most soluble
of the halides in organic solvents, they were further examined. The
hydrate PtI 2 , Kd2O, H2O was shown by the freezing-points to be
monomeric in bromoform, and it has a dipole moment in benzene solution
of 8-5 D. The red anhydrous compound PtI 2 , Kd2O is dimeric by the
freezing-points in bromoform, and its dipole moment in benzene is
1*8±0*5 D (it is relatively insoluble). These results make it clear that
while the hydrate is probably the cis compound
Kd2Ov
A
)P< ,
H2O^
\l
(but possibly the trans), the anhydrous compound, like so many of these
apparently 3-covalent complexes, really has the symmetrical structure

^0NpZ1Np/1
l/

N[/

^OKd2*

Platinous Sulphur Complexes
Divalent platinum forms complexes with sulphur, especially with the
sulphur atom of a thioether, almost as readily as with the nitrogen atom
of an amine.1531'1534 The compounds are mostly of two kinds, [PtX2(SR2)2]°
and [Pt(SR2J4]X2. In place of the simple sulphides disulphides (dithioglycol ethers) can be used, giving cyclic complexes.
Dialkyl sulphides like dimethyl sulphide react with platinous chloride
to give three different compounds of the same composition PtCl25(R2S)2.
The first two (a and /?) are fairly similar in properties, and though there
has been some doubt about their structures, it has now been proved that
they are the cis and trans forms of the monomeric [PtCl2(R2S)2]0. The third
3530

K. A. Jensen and E. Froderiksen, Z. anorg. Chem. 1936, 230, 34.
« K. A. Hofmann and F. H6chtlen, Ber. 1903, 36, 3090.
1838
L. A. Tsohugaev and W. Subbotin, ib. 1910, 43, 1200.
1888
L. A, Tmhwgmv m& D, Fnuuikd, OMt, 1912, 184, 88.
"M L, A, Tiohugiiiv and W. G. Ohiopin, f. merg, Oh$m< 1018, S3, 401.
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(y) form is entirely different, and has been shown1532 to have the structure
[Pt(Me2S)4] • [PtCl4], since on treatment with the tetrammine salt
[Pt(NH3)JX2
it gives a precipitate of Magnus's salt [Pt(NH3J4] - [PtCl4]. Similarly with
diethyl or dipropyl dithioglycol R-S-CH 2 -CH 2 -S-R ( = &2n) two isomers
are formed instead of three, one of them being the cis form of [PtCl2(S2^)]0,
the trans form of which is obviously impossible, and the other (y) the salt
[Pt(S2Ti)2] -[PtCl4], as was proved in the same way as before. Further
investigation showed1533 that the corresponding bromides can also be
made, and that the stability of the dimeric (y) form becomes less when
(I) a monosulphide replaces a disulphide (i.e. the cation is more stable
when it is chelate) and (II) when bromide replaces chlorine (i.e. when the
anion is PtBr 4 instead of PtCl 4 ); iodides are not formed at all. The sulphine compounds (as they may be called) can also be made from the
nitroplatinites K 2 Pt(N0 2 ) 4 , but in this case the y-form is only produced
by a disulphide; monosulphides replace 2 NO2 groups but not 4, giving
only [Pt(N02)2(SR2)2]°.
The relations of the a- and jS-forms of disulphine compounds such as
PtCl2(R2S)2 are unusual and have led to much discussion. The balance of
the evidence clearly shows that the /?-form is the cis and the a- the trans
form of [PtCl2(R2S)2]0. They are monomeric in solution, and readily interconvertible1536"9 ; the X-ray investigation of the oc showed it to be the
trans.1537 The dipole moments of the a-forms (for R == ethyl, propyl, and
butyl, and for [PtCl2(Et2Se)2]0) are from 2-35 to 2-41 D, while those of the
j8-forms of the same compounds are from 9*0 to 9-5 D.1538"9 Further support is given by their reactions with ethylene diamine,1537 when the /?~form
readily gives the salt [Pt(ew)Me2S)2]-[PtCl4], while the a reacts more
slowly, and forms [Pt(m)2] • [PtCl4], with elimination of dimethyl sulphide.
The peculiar point is the difference between the behaviour of the two
chlorides with water.1535 The absolution is almost non-conducting, while
that of the /?- indicates some 67 per cent, ionization at V = 1,000. They
also differ chemically. With silver oxide the a-form reacts very slowly,
splitting off the thioether and precipitating platinous oxide PtO, while the
/J- reacts readily, giving a base, apparently Pt(R2S)2(OH)2, which re-forms
the j8-chloride with hydrochloric acid. These differences are remarkable,
but the behaviour of the corresponding sulphates in water, and of the
chlorides themselves in methyl alcohol, show similar but much smaller
differences in the rate of hydrolysis of the two forms1537*1539 with a fair
agreement in the ultimate equilibrium value of the conductivity. This
suggests that the differences are in general less violent than had been
thought, and are compatible with their being cis4rans isomers, as all the
*888 F. G. Angell, H. D. K. Drew, and W. Wardlaw, J.C.S. 1930, 349.
1889

H. D. K. Drew, G. H. Preston, W. Wardlaw, and G. H. Wyatt, ib, 1933,1294!
» " E. G. Cox, H. Saenger, and W. Wardlaw, ib. 1984, 182.
1111
K. A, Jonion, Z. anorg* Oh%m> 1080, 325, 97,
"•• Id,, ib. 115.
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other evidence indicates. Certainly all attempts
to provide a reasonably
probable alternative structure (polymerized or not) for the jS-compounds
have failed.
There is also15a9 a series of thioether derivatives in which the platinum
is attached only to one sulphur, as in [Pt(R2S)Cl2], which correspond to the
apparently 3-covalent monammines already discussed. If the /}~form of
[Pt(R2S)2Cl2] is treated with chloroplatinite we get the reaction
Pt(R2S)2Cl2 + K2PtCl4 = 2 PtCl2(R2S) + 2KCl.
The methyl and ethyl compounds of this type are quite insoluble in water.
The boiling-point of the chloroform solution of the propyl derivative
showed it to be dimeric. The ethyl compound reacts1540 with ethyl mercaptan replacing one chlorine atom in the molecule and giving
PtCl(S-Et)(SEt2).
Jensen found that this compound also is dimeric (by the freezing-point in
benzene) and that its dipole moment in benzene is 2*27.1539 The Pt(R2S)Cl2
compounds can be shown not to have the formula [Pt(R2S)2] • [PtCl4] (even
if this were on other grounds possible) since they do not form Magnus's
salt with the tetrammine [Pt(NH3)JCl2. They are obviously non-ionized
compounds, with the same kind of polymerized structure as we have seen
before. They can be cis or trans. Their chemical behaviour is ambiguous,
and it is quite possible that they are tautomeric, like the corresponding
or at least similar palladium compounds (p. 1568).
The possible formulae are

R2S/* Na^ \JL

ci/ \a/

(I)

\ci

(Ha)
R2Sv / C K
/Cl
}P<
)P<
.
CK
XSK
N3R2
(IB)

Platinous Selenium
Compounds
These resemble the sulphur compounds very closely, and obviously have
the same structural relations. Fritzmann1541*"2 has prepared a series of
compounds of the type PtCl2(R2Se)2, in which R = Me, Et, Pr, isoamyl,
phenyl, and 2 R = Et • Se • CH2 • CH2 • CH2 • Se • Et. They occur in the same
three forms (a, j3, y) as the sulphur complexes. In the cold the a-form is
usually produced, but it goes over on warming to 70° or so to the /?-. As
examples we may take the methyl compound PtCl2(Me2Se)2; the a-form,
which is orange-red, has the soF 10-5/25° in chloroform, and 1*3/25° in
"«• P. Kk*on, Bw. 1805, 28, H99,
IWi EJ§ Frifcamann, 2. cmorg. Oh$m> 191I1 73, 289,
*»" B. Fritzmann and V. Y1 Krinitzki, JT, Appl. Ohm, BUM. 193I1 H 1 1010.
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toluene. The /?-form is almost insoluble. At low temperatures the y-form
[Pt(Me2Se)4] • [PtCl4] is produced. Of the other compounds examined the
di-ethyl selenide gave the a- and /?-forms: dipropyl, only a; amyl a and jS;
phenyl a and p. The diselenide Et-Se-CH 2 -CH 2 -CH 2 -Se-Et gave the a
and y forms, which for a diselenide are of course the only modifications that
are possible.
The a- and /S-forms of the compound PtCl2(Et2Se)2 agree with their
sulphur analogues in being monomeric, and in the magnitude of their
dipole moments.
Platinous Tellurium Complexes
These again are similar, but less stable. The compound PtCl2(TeBz2)2
can be made1543"4 by treating the chloroplatinite with a solution of
dibenzyl telluride Te(CH2-C6H5)2. It forms orange crystals, easily soluble
in chloroform, less so in alcohol, and insoluble in ether. The solid is stable,
but the solution soon decomposes to give platinum, tellurium, and
dibenzyl.
Owing no doubt to this instability, no isomers have been observed.
Chelate Sulphur—Oxygen
Complexes
Compounds of this kind can be made, for example, from ethyl thiogly collie acid Et-S- CH2 • CO • OH.1546 The potassium salt of this acid reacts
with a chloroplatinite to give a dichelate compound Pt(OCO • CH2 • S • Et) 2
(a-form), almost colourless, m. pt. 189-190°, forming with water a sesquihydrate, soly 1-49/25°. The cis-trans isomerism could be detected only by
exposing the aqueous solution of this a-form to sunlight or the light of a
Uviol lamp, when the colour darkens, and a canary-yellow isomer of
m. pt. 204-205° separates, with a soF only 0-057/25°.
The freezing-points of the (necessarily very dilute) solutions showed that
the a-form is some 50 per cent, associated in acetic acid and some 10 per
cent, in water; the /?-('photo') form was not found to be perceptibly
associated. On heating with water, the /3-form reverts to the a. These
compounds are obviously dichelate, and it is to be presumed that they are
the cis and trans modifications.
For further work on these complexes see references 1546~8.
Sulphito-complexes
A series of double sulphites of the type M6[Pt(SO3)J (so that it would
seem that the SO3 groups occupy only one co-ordinate place apiece) have
been made1549 from the chloroplatinate M2PtCl6 by treatment with sulphur
dioxide or an acid sulphite; they are colourless.
1M8 E # Fritzmann, J. Buss. Phys. Chem. Soc. 1915, 47, 588.
" " Id., Z. anorg. Chem. 1924, 133, 131.
» " L. Bamberg, Ber. 1910, 43, 580.
«« Id., ib. 1913, 46, 2353.
1647
I. Lifsohitz and W. Froentjos, Z. anorg. Chem. 1939, 241, 134.
l
*« L. Ramberg, Ber. 1913, 46, 1698.
%m
P. BergiOe, Z. anorg, Oh§m. 1898, 19, 818.
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Thiosulphato-complexes such as K2[Pt(S2O3J2], [Pt(NHg)2S2O3(H2O)]0,
and [Pt(NHg)2S2O3]0 have been described.1550
Complex Platinous Halides
Divalent platinum forms complex halides of the type M2Pt(hal)4 with
chlorine, bromine, and probably iodine. The chlorides (platinochlorides or
chloroplatinites), which are the best known, can be made by dissolving
platinous chloride in a solution of an alkaline chloride, or by reducing the
platinichloride M2PtCl6 solution with sulphur dioxide, an alkaline oxalate,
or cuprous chloride. Platinous chloride dissolves in hydrochloric acid to
give what is undoubtedly a solution of the free acid H2PtCl4, and if this
solution is allowed to evaporate an amorphous mass remains behind which
appears to have the composition H2PtCl4, H2O.1551. Numerous salts of
this acid are known. The potassium salt is isomorphous with potassium
platinocyanide and pallodocyanide K2[Pt(CN)4], K2[Pd(CN)4], and so presumably the anion has a planar structure.
Potassium bromoplatinite is similar to the chloro-salt. It forms brownishred needles.
The iodide M2[PtI4] is presumably formed when platinic chloride is
treated with potassium iodide; the platinum is reduced quantitatively to
the divalent state with the separation of elementary iodine, and the
platinous iodide formed remains in solution, no doubt as the salt K 2 PtI 4 .
TRIVALENT PLATINUM
A CONSIDERABLE number of compounds have been made which appear
from their composition to contain trivalent platinum. Practically none
of them are soluble without decomposition except as salts, and in no case
has the molecular weight been measured. This leaves the question open
whether the molecule is monomeric with a single trivalent platinum atom
or dimeric with one platinum divalent and the other tetravalent. For
example, the trichloride might be written as
/Cl
Cl\
/ C k 1 /Cl
Pt^-Cl or as
)Pt*<
^Pt X
^Cl
GV
\VQn//
C1
Vn
cv
This question is more conveniently discussed after we have dealt with
the individual compounds.
These can be divided as usual into the apparently simple and the
complex. The former consist of a hydrated sesquioxide, three trihalides,
and a tricyanide. The latter include both cations and anions, the chief
types being [PtAm4X]X2, [PtAm 2 X 3 ] 0 , and M2[PtX5], X being a halogen
or a CN group.
1W0

D, L Rjabidhlkov, OM, Acad. SoL U.R.SJ3. 1940, 28, 28I1 236; 27, 340, 690;
1943, 40, 229} 41, 208.
»« L. F. NUNB9 J. froto. Ohm. 1W7P [2] IS1 280.
/
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Platinum Sesquioxide, Pt 2 O 3 , aq.
Wohler and Frey1555 measured the dissociation tension of the oxides of
platinum; the work was difficult on account of the slowness with which
equilibrium was attained, and the prevalence of solid solutions, but it was
found that the dissociation tensions of the monoxide PtO and the sesquioxide Pt 2 O 3 are both higher than that of the dioxide PtO 2 at the same
temperatures (the range examined was about 400-500° C), so that the
dioxide on heating must go straight to the metal and oxygen. As the
hydrated sesquioxide cannot be dehydrated without loss of oxygen, Pt 2 O 3
itself has never been prepared, and there is no evidence that it can exist,
except as a solid solution in excess of the dioxide.
The hydrated sesquioxide seems to be formed by the action of alkali
on the complex sulphate of trivalent platinum (see below), and perhaps1553
by heating platinum with sodium peroxide and extracting the product
with water. It can be made1556 from the trichloride: if this is treated with
potassium hydroxide a dark brown precipitate of Pt 2 O 3 aq. is formed,
which is very different from the pale yellow PtO 2 , aq., or the black PtO, aq.
When dried, this precipitate has the composition Pt 2 O 3 , x aq. The hydrated
monoxide PtO, aq. is, as we have seen, to some extent oxidized by oxygen
at 100°, but not up to the composition Pt 2 O 3 .
The hydrated sesquioxide, unlike the hydrated monoxide, is not
oxidized by air. In behaviour it is intermediate between PtO, aq. and
PtO 2 , aq.: it dissolves slowly in concentrated potassium hydroxide (in
which the dioxide dissolves easily, and the monoxide not at all), but twice
normal sulphuric acid or nitric acid have no action on it in the cold.
Platinum Antimonide, P t S b
This compound, which may be supposed to contain trivalent platinum,
has been made by fusing the components together, and shown to have a
nickel arsenide lattice.1562
Platinum Trichloride, PtCl 3
Wohler and Streicher1560 showed from the dissociation tensions of the
chlorides of platinum that the trichloride is in equilibrium with one
atmosphere of chlorine at 370° (it takes up chlorine at 364° but loses it at
374°). From their isothermals the heat of formation of the various
chlorides from the metal or the solid chloride and gaseous chlorine are
1662

S. M. Jorgensen, J. prakt. Chem. 1886, 33, 489.
W. L. Dudley, Am. Chem. J. 1902, 28, 59.
1584
M. Blondel, Ann. GHm. Phys. 1905, [8] 6, 81.
1665 L # W6hler and W. Frey, Z. EleHrochem. 1909, 15, 129.
18M
L. W6Mer and F. Martin, Ber. 1909, 42, 3958.
1888
"M Id., ib. 4100.
M. Delepine, GM. 1910, 150, 104.
" " L. A. Levy, J.OJ3. 1912, 101, 1081.
iMo L. Wdhler and S. Streioher, Ber. 1913, 46, 1591.
mi L. W6hhv and F. Miiller, JB. anorg. Ohem. 1925, 149» 377.
1111
L. ThomoMsn, M* physihal, Oh*m. 1929, B 4, 277.
1888
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worked out by the approximate methods
follows :
Pt + \ Cl2 = PtCl +
PtCl + \ Cl2 = PtCl2 +
PtCl2 + \ Cl2 = PtCl3 +
PtCl3 + \ Cl2 = PtCl4 +

1607

of Nernst's heat theorem as
1641 k.cals
16-09 k.cals
13-1 k.cals
11-78 k.cals

The nearness of the first two figures makes it very doubtful whether the
monochloride PtCl is a definite compound.
The trichloride can be made1556 from the dichloride or the tetrachloride
by heating in chlorine to a suitable temperature. It is a very dark green
almost black powder, very different in appearance from the red-brown
tetrachloride or the yellow dichloride. It is intermediate in properties
between the other two chlorides: while PtCl4 is excessively soluble in
water, and PtCl2 quite insoluble, not being even wetted by it, PtCl3 dissolves slowly in cold and quickly in hot water to give a brown solution,
which probably contains a mixture of the two oxychlorides H2Pt11Cl2O
and H 2 Pt lv Cl 4 0: the trivalent platinum cannot be recovered from it. It
is practically insoluble in cold concentrated hydrochloric acid, but on
warming goes into solution, forming a mixture of the chloroacids of divalent and tetravalent platinum, H2PtCl4 and H2PtCl6.
Platinum Tribromide,, PtBr 3 1 5 6 1
This is very like the chloride. If PtIJr4 is heated in bromine vapour at
1 atm. it is stable up to 320°, but at 335° it loses bromine and gives a
solid solution of about the composition 2 PtBr 3 , PtBr 4 , the composition
remaining constant at this temperature. At any temperature from 368°
to 405° the composition remains constant at PtBr 3 , and /on cooling, still
in bromine vapour at 1 atm. pressure, no bromine is mken up below
;
340°.
Platinum tribromide is a greenish-black substance, wittt properties very
like those of the trichloride.
\
Platinum Tri-iodide, P t I 3
This is again similar1561; it is stable in 1 atm. of iodine vapour between
242° and 264°, but its reactions are so slow that the exact point is difficult
to determine. In a sealed tube in saturated iodine vapour it is readily
formed at 350°. It is a black graphite-like substance, which is insoluble in
water, alcohol, ether, and ethyl acetate.
Platinum Tricyanide, Pt(CN) 3
This is a yellow powder, formed1569 by heating the complex aoid
H[Pt(CN)4] to 120°; it is insoluble in water, but soluble in boiling potassium oyanido solution,
1111(1
9p
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COMPLEXES OF TRIVALENT PLATINUM
THESE are of two kinds: (1) complexes of the ammine type, with the
platinum either neutral or in the cation, and (2) complex cyanides, sulphates, or chlorides, in which it is in the anion.
Complex Trivalent Cyanides
Levy1559 found that if K2Pt(CN)4 is treated with chlorine or oxidized
with manganese dioxide or lead dioxide in acid solution, products are
formed which seem to be intermediate between [or perhaps mixtures of]
di- and tetravalent platinum and could not be got in the pure state. If,
however, the oxidation was effected by hydrogen peroxide in presence of
sulphuric acid, the Pt(CN)4 ~ ion was converted into Pt(CN)^, or its salt
M[Pt(CN)4]. The salts so formed are bronze or copper coloured, and most
of them dissolve readily in water to give colourless solutions.
When a solution of the free acid H2Pt(CN)4 is oxidized with hydrogen
peroxide and evaporated, a green mass of the composition H • Pt(CN)4,2 H2O
is left, which is easily soluble in water, and decomposes at 120°, leaving a
light yellow residue of the tricyanide Pt(CN)3.
Complex Sulphates
If platinic sulphate Pt(SO4J2 is carefully reduced with oxalic acid, the
acid H[Pt1^(SO4)J, 8, 5, and 1 H2O is produced, from which various salts
(Na, 4 H2O, orange; K, H2O, yellow) can be obtained.1554 See further,
reference 1558.

Ammines
Most of these contain as the amine either ethylamine ( = ae) or propylamine ( = pe), but this is probably merely a question of solubility.
If1566 the hydrochloric acid solution of the colourless tetrammine salt
[Pt"ae4]Cl2, 2 H2O is evaporated in air or oxidized with hydrogen peroxide,
a brilliant red salt is formed which is slightly soluble in water, and insoluble
in dilute hydrochloric acid. The salt has taken up covalently one atom of
chlorine, giving a compound of the composition [Ptae4Cl]Cl2, 2 H2O, where
the platinum appears to be trivalent. The water is easily removed, the
colour then changing from red to yellow. Further action of hydrochloric
acid removes two molecules of the amine, leaving the insoluble non-ionized
compound [Ptae2Cl3]°.
Drew and Tress1567 confirmed these conclusions, and showed that the
bromide has the composition [Ptae4Br]Br2, H 2 O; this hydrate is green, but
in the anhydrous state the salt is red; changes of temperature can, however, make both states assume both colours: the dimorphism here, and
1Mi
16
«*
im
lM8

L. Tsohugaov and J. Tschorniaev, Z. anorg. Chem. 1929, 182, 159.
H. D. K. Drew, F. W. PinJkard, W. Wardlaw, and E. G. Cox, J.C.S. 1932, 1013.
H. D. K. Drew and F. S. H. Head, ib. 19^4, 221.
H, Boihltm and 10. FIoHr1 Bw. 1934, 67, 2010,
» " H, D, K. Dr«w md H, J, Trwm, /,(/.£. 1985, 1244,
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no doubt in the chloride also, does not depend on the water. They also
showed that the ethylamine could be replaced by propylamine.
The red salt [Ptae4Cl]Cl2 gives in hot water a pale yellow solution, which
behaves as if it were a mixture of the colourless [Pt"ae4]Cl2 and the pale
yellow [Ptivae4Cl2]Cl2; if solutions of these last two salts are mixed, the
red salt separates at once. If the solution of the red salt is treated with
sodium platinichloride /Na2PtCl6 there is an immediate precipitation of a
mixture of the two salts [PtaeJ • [PtCl6] and [Ptae4Cl2] • [PtCl6].
Other salts of this kind, but with more usual amines, such as ammonia
and pyridine, have also been made.16521663-5 For example,1563 Pt enCl2 when
treated with ammonium persulphate gives the red compound Pt ewCl3.
If Pt enCl2 and Pt ewCl4 are ground together, a red compound Pt ewCl3 is
formed. In the same way if a~Pt(NH3)aeCl2 and Pt(NH3)aeCl4 are heated
together, a red substance is produced.1565
All these trivalent platinum compounds are insoluble in water, and so
their molecular weights are unknown. Also ibis Co be noticed that they
are only formed by compounds of the !^series: trans Pt(NH3J2Cl2 does
not react with ammonium persulphate in acid or neutral solution, and in
alkaline solution it is converted into the sulphate of the platinic compound.
Complex Chlorides
A saturated solution of the (not very soluble) casium platinochloride
Cs2PtCl4 if treated with chlorine water at 0° gives a dark green crystalline
precipitate of Cs2PtCl5, which more chlorine converts into pale yellow
Cs2PtCl6; the pentachloro-salt can also be made by adding caesium
chloride to a solution either of the hydrated sesquioxide in cold hydrochloric acid, or of platinum trichloride in water.1563
The free acid H2PtCl5 cannot be isolated, but it must be present in these
solutions when they are first formed, since they then give the green
precipitate with caesium chloride, though after they have stood for a short
time only the pink salt Cs2PtCl4 is precipitated.
Caesium pentachloroplatinate (we have no proper nomenclature for
these compounds) is best distinguished by its dark green colour, as compared with the pink of Cs2PtCl4 and the pale yellow of Cs2PtCl6. Its chief
property is its strong tendency to change over into a mixture of the other
two (platinous and platinic) chlorides; the moist crystals can be seen
changing in this way under the microscope; they do so rapidly in sunlight,
so that the salt must be prepared in the dark. They change also on heating.
Conditions of Stability of Trivalent Platinum
Compounds
Wohler and Martin1557 discuss the conditions of stability of these com-*
pounds. The dissociation tensions of oxygen show that the anhydrous
sesquioxide must always decompose spontaneously. But the hydrated
oxide Pt 8 O 8 , aq., is stable, and even at the boiling-point of water does not
take up any oxygen from oxygen gas. The dissooiation tension of chlorine
reaches 1 atm, for the tetrachloride at 27fi°( for the triohlorid© a» 370°,
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and for the dichloride at over 400°, so that the trichloride has a definite
range of stability in contact with chlorine. The aqueous solutions of
the three chlorides may be assumed to contain the acids H2PtOlnO,
where n = 2, 3, and 4; the acid H2PtCl2O can be got in solution by
reducing H2PtCl4O. The trivalent H2PtCl8O is stable with respect to
the other two H2PtCl2O and H 2 PtCl 4 O; the mixed solution of these last
two gives with caesium chloride the characteristic green precipitate of
Cs2PtCl5.
On the other hand, when the oxychlorides are replaced by the pure
complex chlorides the stability relations are reversed. The trivalent pentaehloro-salt M2PtCl6 is unstable with respect to the platinous and platinic
compounds, and so the solutions of the hydrated sesquioxide or of the
trichloride in hydrochloric acid have only a transient content of trivalent
platinum. The complex salts show the same relations.
Changes like these are common in the relative stabilities of the different
valencies of the noble metals, where the primary valencies have low energy
values (this is what is meant by 'noble' elements), and accordingly their
differences are also small.
As the molecular weights of these trivalent platinum compounds are all
unknown, it is possible that the formulae, should be doubled, and that the
molecule contains not a trivalent platinum atom but a divalent and a
tetravalent. With the binary compounds like the sesquioxide and the
trihalides, this could only be settled by X-ray data, which are not available. But with the complexes we have some evidence. These, so far as
they are known, belong to four types, which, written as monomeric, are
[PtAm4Cl]X2, [PtAm4(OH)]X2, [PtAm2Cl8]0, and M2PtCl5. Thus in every
case the platinum appears to be 5-covalent. Now the covalency of platinum in all its numerous divalent and tetravalent complexes is uniformly
4 or 6, and where it seems to be 3 this is proved to be converted into 4 by
dimerization. This strongly suggests that in these trivalent complexes the
covalency of 5 is relieved by dimerization, becoming 6, with one divalent
and one tetravalent platinum atom, allowing of a resonance between the
forms: thus
/X\
/X\
a 4 Pt iv (
) p t i i a 4 * = * a 4 Pt H x
)Pt iv a 4 ,
XX/
NX/
otherwise written
4-

4-

/Xx==
« /X\
a
4Pt iv \ / P t u a 4 ^ = * a 4 Pt<
/Pt iv a 4 .
+

\x/

This polymerization would only be possible if the X atoms or groups were
of a kind that could co-ordinate as a donor; but in all these trivalent
platinum complexes that is so, there being always one halogen atom or
hydroxyl group at least on eaoh platinum. (Where X is a cyanide group
suoh dimerization is stereoohemioally impossible: see I 1 183.) Such a
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dimeric structure would very easily break up into its constituent platinous
and platinic compounds, and would very easily be formed from them; the
resonance would be a source of stability: and finally, this kind of resonance,
involving the shift of an electric charge as we go from one structure to the
other, is precisely a condition (the 'meri-quinoid' state) leading to intense
colour, which these complexes exhibit.
Whether platinum atoms in this state, where there is a resonance
between Pt u ---Pt iy and Pt 1 ^-Pt 11 , are correctly described as trivalent,
is mainly a matter of language.
TETRAVALENT PLATINUM
UNLIKE palladium, platinum is practically as stable in the tetravalent as
in the divalent state (see summary, p. 1551).
Allcyl-platinum
Compounds
Platinum is the only metal of the group which has so far been found to
form alkyl compounds (as is practically its neighbour gold in L B). These
were first made in 1909 by Pope and Peachy1568 by the action of the
Grignard reagent on platinic chloride. The product of this reaction is
treated with water and extracted with benzene, from which on evaporation yellow crystals of (CH8)8 PtI separate out.
Quite recently1571 Gilman has obtained the pure platinum alkyls themselves. Tetramethyl platinum (CH8)4Pt was made in 46 per cent, yield by
treating the trimethyl iodide with sodium methyl NaCH 8 ; it is a solid
which decomposes at high temperatures without melting, and is easily
soluble in cold benzene, acetone, ether, and petroleum ether.
The hexamethyl compound (CH8J8Pt—Pt(CHg)3 was prepared in a
60 per cent, yield by the action of powdered metallic potassium on a solution of trimethyl platinum iodide in benzene. It is very soluble in benzene,
acetone, or ether; it is monomeric by the freezing-point in benzene. It
will take up iodine to give trimethyl platinum iodide, which is good
evidence of its structure.
These alkyl platinum compounds are among the very few metallic
alkyls which are not attacked by air or water, almost the only others being
those of mercury and the dialkyl derivatives of thallium.
The crystal structures of these remarkable substances have recently
been examined with unexpected results (see below).
Trimethyl platinic iodide (CH8) 8 PtI forms orange crystals (a white form
also appears to exist1572); it is 4 to 5 times associated in benzene both by the
freezing-point and by the boiling-point.1572 It is readily soluble in benzene
and chloroform, slightly in alcohol and acetone, but insoluble in water.
»«8 W. J. Pope and S. J. Beachey, J.C.S. 1909, 95, 571.
"••
R. 0. Menzies, ib. 1928, 565.
1870
R. 0. Menzies and E. R. Wiltshire, ib. 1983, 21.
" " H. Gilman and M. Liohtenwaltor, J,A ,0.8* 193S1 60, 3035.
" " R. 0. Memies and H. Overton, J.0,8. 1083, 1390.
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It is not attacked in the cold by concentrated acids or alkalies. On heating it decomposes without melting at about 250°.
In benzene solution it will take up ammonia, giving a diammine,
(CHg)3Pt(NHg)2I, which is colourless, soluble in benzene, and insoluble in
water (and hence obviously not a salt). The base (CH3)3PtOH is made by
treating the iodide with moist silver oxide: it forms colourless plates,
insoluble in water, readily soluble in ether, alcohol, acetone, ethyl acetate,
chloroform, and benzene, separating from the last three solvents with
solvent of crystallization; it is not attacked by mineral acids in the cold,
but is dissolved by hot nitric acid.
Other trimethyl platinum derivatives prepared were the chloride
Me3PtCl, got by the action of potassium chloride on the nitrate or sulphate: it is insoluble in water, fairly soluble in benzene or chloroform, but
less so than the iodide; a nitrate, very soluble in water; a sulphate,
(Me3Pt)2SO4, 2 H2O, easily soluble in water but practically insoluble in
benzene or chloroform; and a cyanide, probably Me3PtCN, white and
insoluble in water. It may be assumed that those that are more soluble in
organic solvents than in water are covalent, and the others ionized. See
further, LiIe and Menzies.1674
Menzies1569"70 has investigated the compounds formed by trimethyl
platinum with /?-diketones and the like. Trimethyl platinum iodide reacts
in benzene with thallous acetylacetone (TlC6H7O2 = TlA) to give thallous
iodide, and the compound Me3PtA, presumably
/
(CH3)3Pt

0-C-CH3
\
XM. ,
O=C-CH 3

as colourless crystals, which decompose without melting at 200°, but can
sublime to some extent unchanged. It is easily soluble in organic solvents
including hexane; the association factor in 3 per cent, benzene solution is
1*70. Other /2-diketones behave in the same way; with dipropionyl
methane the association factor is only 1*13.1570
The crystal structures of both tetramethyl platinum and trimethyl
platinic chloride have1573 recently been examined with very surprising
results. The structures of the two are almost identical; both are tetrameric, the molecule forming a cube with four platinum atoms at alternate
corners; the Pt . . . Pt distance is 3-73 A in Me3PtCl, and 3-44 in Me4Pt.
In Me8PtCl the other four corners of the cube are occupied by chlorines,
the angle Pt—Cl—Pt being 99°. The Pt has an octahedral arrangement of
six groups:
CH8\
/Cl
CHAPt|~CL
CH 8 / XJl
»« B. 1, Bundle and J, H. Sturdlvant, J.A.OS, IUI9 69, 1561.
» " W. J. UIi and B, 0, Monziw, Nature IMS, IM,19S,
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In Me 4 Pt the structure is the same, except t h a t the 4 Cl atoms are replaced
by 4 carbon atoms or CH 3 groups. The structure of the chloride is not
unusual, chlorine often acting as a donor. But it is very remarkable t h a t
a methyl group should do so. These methyl groups must in some way
produce three links, possibly by resonance with C[H] groups.

Platinum

Silicide,

PtSi

This can be obtained in an apparently amorphous state by fusing the
elements together at a red heat, or in a crystalline form by dissolving them
in silver in an electric furnace, and treating the resulting mass alternately
with dilute sodium hydroxide and nitric acid. 1575-6 The properties of the
system platinum-silicon 1577 show that two compounds PtSi and Pt 2 Si are
formed. Pt 2 Si melts at 1,100°; it is unaffected by nitric acid, hydrochloric,
sulphuric, or hydrofluoric; it is soluble in aqua regia and in fused alkali.

Platinum Dioxide, PtO2 and PtO2, aq.
Platinum dioxide is a black powder, which can be made by heating the
hydrated form, although the last traces of water cannot be removed without some loss of oxygen. 1579 I t has a lower dissociation pressure than
either the monoxide or the sesquioxide 1581 (1 atm. at 400°), 1584 and hence
it must decompose directly to the metal and oxygen.
If platinum 1 5 7 9 tetrachloride is boiled with excess of sodium hydroxide
and acetic acid added, the precipitate that is formed is white, and on boiling turns yellow, having then the composition PtO 2 ,3 H 2 O. In this form
it dissolves readily in alkalies, giving salts of the composition M 2 [Pt(OH) 6 ],
which are isomorphous with the stannates M 2 [Sn(OH) 6 ]: the hydroxide
Pt(OH) 4 is thus definitely amphoteric. These salts are, properly speaking,
complex, since the covalency of the platinum atom in them is greater than
its valency, and they form the last stage in the replacement of the chlorine
atoms of the chloroplatinate by hydroxyl. This pale yellow trihydrate
PtO 27 3 H 2 O loses one molecule of water over sulphuric acid, giving.the
brown dihydrate, and this at 100° loses a second molecule to form the
monohydrate PtO 2 , H 2 O, which is nearly black 1579-81 ; the last molecule
cannot be completely removed without some decomposition of the dioxide.
The di- and trihydrated forms dissolve with difficulty in sulphuric or nitric
acid, but easily in hydrochloric acid or in sodium hydroxide. The monohydrate is insoluble in hydrochloric acid and even aqua regia.
1575

P. Lebeau and A. Novitzky, CR. 1907, 145, 241.
Vigouroux, ib. 376.
1577
N. M. Voronov, Ann. Sect. Platine, 1936, 13, 145.
1678
0. Roessler, Z. anorg. Ghent. 1897, 15, 405.
1570
L. Wdhler, ib. 1904, 40, 423.
1580
M. Blondel, Ann. GMm. Phys. 1905, [8] 6, 81.
1581
L. WOhlor and W. Frey, E. Ehktroehem. 1909, 15, 129.
1881
L. Mos©r m& K. Atynski, Hon, 1925, 45, 285.
1881
W. Biltu and B, Jurn, E. anorg, Ghent,, 1080, 190, 101.
" " P. LaflUfco and P. Qrandadam, CB, 1035, 300, 450.
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Platinio Sulphide, P t S 2
Platinum and sulphur react rather slowly at 650° to give the disulphide
PtS 2 , the only compound of platinum and sulphur except the monosulphide PtS. 1583 It can also be made by the action of sulphur on ammonium
platinichloride at a dark red heat. When prepared in the dry way it is a
steel-grey powder, which is quite stable in air; it has a dissociation tension
of 300 mm. at 690°. The crystals, like those of PtSe2 and PtTe 2 , have a
cadmium iodide lattice.1585 When it is made in the wet way, by the action
of hydrogen sulphide on a solution of a platinichloride, it separates in a
colloidal form or as a black precipitate, which is readily oxidized by air,
and must be filtered and dried in an atmosphere of hydrogen sulphide.
Platinum Diselenide, PtSe 2 1582
This is said to be formed from the elements, or by heating the triselenide PtSe 3 (p. 1626), as a black unstable substance, which dissolves in
alkaline selenides to form complex salts.
Platinum Ditelluride, PtTe 2 1 6 7 8
This is made by fusing the elements together and removing the excess
of tellurium by boiling with caustic potash solution or extracting with cold
dilute nitric acid. It forms grey octahedra which are not attacked by
concentrated nitric acid or potassium hydroxide.
PLATINUM TETRAHALIDES

Platinum Tetrafluoride, P t F 4
This was prepared by Moissan1592 by passing fluorine over red-hot
platinum. Attempts1594 to prepare it by the action of hydrogen fluoride
or potassium acid fluoride on platinic chloride were not successful. It
forms yellow or red crystals which are hydrolysed violently by water.
Platinum Tetrachloride, PtCl 4
This can be made by heating platinum with chlorine or a source of
chlorine.1595 It is difficult to prepare the anhydrous compound except
with a slight defect of chlorine: this is best avoided by heating platinum
with arsenic trichloride and selenium tetrachloride in a sealed tube. 1593 It
is commonly made by heating the acid H2PtCl6 to 300°.
1586 L. Thomassen, Z. physikal Ghem. 1929, B 2, 364.
1686 v . Meyer and H . Ziiblin, Ber. 1880, 13, 404.
1587 w . Halberstadt, ib. 1884, 17, 2962.
1588 A . Miolati, Z. anorg. Ghem. 1899, 2 2 , 445.
1589
F . Kohlrausch, Z. physikal Ghem. 1900, 3 3 , 257.
1590
A. Miolati and I. Bellucci, AtH R. 1900, [5] 9, ii. 140.
1891
I. Bellucci, ib. 1902, [5] 11, i. 8.
1898
H. Moissan, Fluor, 1910» p. 213.
1898
A. Gutbier and F . Heinrioh, Z. anorg. Ohem. 1918, 81, 378.
» 9 * O, Buff, Ber. 1918, 46, 920,
*8»* L. Wahliir and S. Sfcreiohar, ib. 1591.
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Platinum tetrachloride forms reddish-brown crystals which are easily
soluble in water and acetone. It crystallizes from water as a variety of
hydrates, usually with 5 H2O, but a heptahydrate has been described, and
tetra- and monohydrates can be made. These hydrates, or some of them,
are clearly complex oxyhalide acids, of which H2PtCl4(OH)21589 is the best
marked (Hittorf and Salkowsky 1899). This is one of the series of compounds joining H2PtCl6 to H 2 Pt(OH) 6 ; its formation in aqueous solution
is shown by the titration, by the conductivity, and by the formation of
salts, though most of these are too soluble to be isolated.1587"8 (See later,
p. 1623, under the complex halide acids.)
Platinum Tetrabromide, P t B r 4
This is made by dissolving platinum in hydrobromic acid solution containing free bromine, evaporating, and drying at 180°.1586 It is a brownishblack powder, which is only slightly soluble in water, but easily in alcohol
and ether.1586~7 It is less stable than the chloride, and in its preparation
must not be heated too long, as at 180° it begins to decompose into
platinous bromide and bromine. The aqueous solution contains the complex acid H2PtBr4(OH)2 from which salts can be prepared.1690
Platinum Tetraiodide, P t I 4
Platinum differs from palladium in giving a tetraiodide, a sign of the
greater resistance of tetravalent platinum to reduction. It is a brownblack substance which can be made by treating concentrated chloroplatinic acid solution with hot solution of potassium iodide (Topsoe, 1889).
It behaves like the tetrachloride and the tetrabromide. It dissolves in
alcohol to give a solution which decomposes in light, and which mainly
consists of the complex acid H2PtI4(OH)2, from which the silver, thallous,
and mercuric salts have been obtained.1691
COMPLEX COMPOUNDS OF TETRAVALENT PLATINUM
TETRAVALENT platinum forms almost as many kinds of complexes as
divalent. They include cations, neutral molecules, and anions; the coordination number is in practically if not absolutely every case 6. The
general preferences in the co-ordination are much the same as for the
divalent element; the link to nitrogen is very strong; the link to oxygen, as
in the platinous series, is very weak except in certain chelate compounds,
and in the hydroxo-ammines, like [PtAm5OH]X3, where it can be remarkably strong. The link to sulphur, though stronger than that to oxygen, is
weaker in the platinic than in the platinous series. In general the stability
of the platinic state in the complexes is as great as^that of the platinous,
in the sense that the reduction to the divalent state requires a vigorous
reagent, The platinio oomplexes include as many forms of ammines as
the platinous, but not so many kinds of aoid radioals; the halides and
hydroxy-compounds are as stable as with divalent platinum, but the
/
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complexes with other negative groups, especially the nitro- and cyanogroups, are unstable and few.
Complex Cyanides
Various attempts by Mendeleeff and others to make complex cyanides
of tetravalent platinum have so far failed,1596"8 though it is probable
(p. 1608) that trivalent cyanide complexes exist.
On the other hand, Miolati and Bellucci1599 have been able to prepare
an undoubted complex cyanide of tetravalent platinum, though not a pure
cyanide. They found that by treating silver platinocyanide Ag2Pt(CN)4
with halogen they could oxidize it to the tetracyano-dihalides
Ag2[Pt(CN)4Cy
and the corresponding dibromo- and di-iodo-cyanides, all of which are
stable to water.
Thiocyanate Complexes
These are of the type M2[Pt(CNS)6]; they were discovered by Buckton
in 1854.1600 An X-ray examination of the ammonium, potassium, and
rubidium salts1601 seems to show that the CNS groups are attached to the
platinum atom through the sulphur, although this is not certain.
Similar selenium compounds M2[Pt(SeCN)6] have also been made,1602
Platinic
Ammines
Platinic ammines are known of every type from [PtAm6]X4 to M[Pt An)X5]
and M2[PtX6]. Werner has pointed out that the molecular conductivities
of these compounds (at 25° and V = 1,000), being roughly proportional
to the number of ions into which the molecule breaks up (more nearly to
the sum of their valencies), show how the ionic type changes along the
series:
[Pt(NH3)5Cl]Cl3
[Pt(NH3)4Cl2]Cl2
[Pt(NHa)3Cl3]Cl
[Pt(NH 3 ) 2 Cl 4 r
K[Pt(NH3)Cl5]
K2[PtCl6]
.

.
.
.

.

.
.
.
.
.
.

404
228
96-8
ca. 0
108-5
256

A great variety of monamines and diamines can take the place of
ammonia in these complexes, as can also hydrazine1619 and hydroxylamine.1620"1
«•• L. A. Levy, J.C.S. 1912, 101, 1081.
«« J - E. Reynolds, Proo. Boy. Soc. 1909, 82, 380.
"** H. Terrey, ib. 1930, 128, 359.
"•• A. Miolati and L. Belluooi, Qaz. 1901, 30, ii. 588,
"oo G. B. Buokton, Ann. 1854, 92, 284.
"oi
S. B. HondrlolM and H. E, Marwin, Am. J. £of. 1928, [6] 15, 487.
1908
O. Spaou and V. Armoarui, BuL Soc, SHinH Ohtf, 1934, 7, 610.
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The extensive group of ammines of tetravalent platinum is most conveniently divided according to the number of nitrogen atoms attached to
the platinum, beginning with the hexammines.
Hexammines
The simplest of these, [Pt(NH3)6]Cl4, can be made (Drechsel and
Gerdes, 1879) in very bad yield by the electrolysis of ammonium carbonate
solution with platinum electrodes and an alternating current, or much
better (Tschugaev1610) by the action of liquid ammonia on ammonium
platinichloride (NH4)2[PtCl6]; it has 2 H2O. It forms a crystalline
hydroxide [Pt(NH3)6](OH)4, which is said to be almost insoluble in water.
The corresponding ethylene diamine compounds [Pt ^n3]X4 were made
by Werner,1607 who resolved them into their optical antimers, as did
Smirnov1609 with the propylene diamine compounds
H2N-CH(CH3)CH2-NH2 (= pn):
*
the asymmetric carbon atoms (C) in the diamine each contribute 96° to the
polarization [M], while the rest of the molecule contributes 747°.
The poly-ammines of tetravalent platinum show a tendency for one of
the NH 3 groups to go over into NH2, the change PW-NH 3 to Pt—NH 2
corresponding exactly to that of Pt^-OH 2 to Pt—OH. This makes them
somewhat basic, since the nitrogen in Pt—NH 2 is trivalent and hence can
act as a base. A series of platinic ammines were shown1615 all to be more
basic than pyridine, and the strongest, [Pt(ew)NH2(N02)Cl]°, was as strong
as ammonia; the basicity is greater the smaller the positive charge on the
complex.
Pentammines
These were first made by Tschugaev in 1915,1605""6'1610 by the action of
ammonia, either as the liquid or in concentrated aqueous solution, on the
diammine [Pt(NHg)2Cl4]0 (either the cis or the trans form), or more con1603

H. Grossmann and B. Schuck, Ber. 1906, 39, 1900.
Werner, ib. 1907, 40, 4093.
1605
L. Tschugaev and N. Vladimirov, G.R. 1915, 160, 840.
1606 L, Tschugaev and I. Tscherniaev, ib. 161, 637.
1607 A e Werner, Naturf. Ges. Zurich, 1917, 62, 553.
1608
D. Stromholm, Z. anorg. Ghem. 1919, 108, 184.
1609
A. P . Smirnov, HeIv. GHm. Acta, 1920, 3, 177.
1610
16n
L. Tschugaev, Z. anorg. Ghem. 1924, 137, 1.
Id., ib. 401.
1612
L. Tschugaev and W. Chlopin, ib. 1926, 151, 253.
1613
F . G. Mann, J.G.S. 1927, 1224.
*614 I. I. Tscherniaev, Ann. Inst. Platine, 1928, 6, 40.
1615
A. A. Grunberg and G. P. Faermann, Z. anorg. Ghem. 1930, 193, 193.
1816
I. I. Tscherniaev, Ann. Inst. Platine, 1931, 8, 37.
1817
F . G. Mann, J.OJ3. 1934, 466,
1818
A. M. Rubinsohtein, Ann. Sect. Plating 1986, 13, 21.
1818
V. I. Gor©miWn and K, A. Gladtaohevikaja* Bull Aoad. Sd. U.R.S.S, 1943,
1604

A<

" " Id., ib. 401.

" " V. I. Oorwnlkln, lb. 1044,10«,

1618

Group VIII.

Platinic Complexes

veniently on ammonium platinichloride (NH4J2[PtCl6], but only if there is
present either ammonium carbonate or a soluble phosphate, such as
sodium hydrogen phosphate Na 2 HPO 4 ; the carbonate and phosphate ions
form very insoluble salts with the pentammines, and so remove them from
the sphere of the reaction. When once they are isolated, the pentammines
show remarkable stability. From the carbonate [Pt(NHg)6Cl]2(COg)3 so
formed the other salts can be made.
A series of salts of the chloropentammines [Pt(NH3)5Cl]X3 ( = [B]X3)
are known. The chloride [B]Cl3 has only three-quarters of its chlorine
precipitated by silver nitrate: the nitrate [B](NO3J3 gives no precipitate
with silver nitrate even when hot. The chloride [B]Cl8 is easily soluble in
water; soF 17*4/0°; it is precipitated by the addition of hydrochloric acid.
In the dry state it slowly loses ammonia, being converted mainly into the
very insoluble tetrammine [Pt(NHg)4Cl2]Cl2 and the amino-compound
[Pt(NHg)4NH2Cl]Cl2.
The bromide [Pt(NH3J5Cl]Br3 is similar. The nitrate [B](NO3J3, soF
0-99/0°, 2-16/21° is stable. The trivalency of this cation is proved by the
conductivity (given above), and also by its effect on the coagulation of
arsenic trisulphide sol.1605
When these chloropentammine salts are warmed with excess of potassium iodide, a graphite-like precipitate of the iodo-tetrammine iodide
[Pt(NH3J4I2]I2 is formed.
The bromopentammines [Pt(NH3J5Br]X3 are similar in preparation and
properties. The hydroxopentammines [PtAm5OH]X31610'1612 were jSrst
made1606 by oxidizing the cis form of [Pt(NH3J2Cl4]0 with ozone in presence
of ammonia and (as before) of ammonium carbonate. An easier method is
to heat the chloropentammine salt with 2-3 per cent, sodium hydroxide
solution nearly to 100°; this converts it into the base [Pt(NH3)5OH](OH)3,
which with excess of hydrochloric acid gives the chloride of the hydroxopentammine [Pt(NH3)5OH]Cl3, H 2 O; the water is slowly lost at 110°. This
compound is exceptionally stable; it only decomposes at high temperatures.
It is remarkable that all attempts to replace the chlorine in the cation
of the chloropentammine by anything but bromine or hydroxyl have
failed. The hydroxo-compound seems to be in every way exceptionally
stable. If the chloro-compound [Pt(NH3)5Cl]X3 is treated with potassium
cyanide, which, as we have seen, is very effective in the platinous series
in expelling other groups from a complex, the chlorine is indeed removed,
but it is replaced by hydroxyl and not by a cyanide group. In the same
way excess of ammonia transforms the chloropentammine into the
hydroxo-compound and not into the hexammine.
In solubility these pentammine salts (and to some extent the hexammine salts also) are like the salts of barium and lead; thus the sulphate,
ohromate, and oxalate are all insoluble, the chloropentammine salts rather
more than those of barium and lead, the hexammine salts rather less. The
iol lei at O9B1Wt [Pt(NHa)5Cl]Cl817-4; [Pt(NHg)5OH]Cl3 2*82; [Pt(NH8)JGI4
29L
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All three series, hexammine, and chloro and hydroxopentammine, are
reduced by zinc and dilute acid to the platinous complex [Pt(NHg)4]X2.
Tetrammines, [PtAm 4 R 2 ]X 2
These salts can often be made from the platinous tetrammines by oxidation with halogens or other oxidizing agents: for example,1604
[Pt(NH3)JX2 + Br2 = [Pt(NH3J4Br2]X2.
Also the chloropentammine chloride, as we have seen,1610 loses ammonia to
give the tetrammine [Pt(NHg)4Cl2]Cl2, a very insoluble salt. Further, a
diammine or a hexa-acido-complex will sometimes exchange its acidic
groups for a chelate diamine.1603 Thus the complex thiocyanate
K2[Pt(CNS)6]
reacts with ethylene diamine to give a salt [Pt 6^2(CNS)2](CNS)2, which
is remarkable for being insoluble in water and even in strong acids, and
only dissolving after long boiling with aqua regia.
The tetrammine structure seems to admit of a greater variety of acidic
groups than the pentammine; thus in addition to chlorine, bromine, and
hydroxyl we can have the thiocyanate, the nitro-group (by the direct
oxidation of the platinous [Pt(NHg)4]X2 with nitrogen peroxide), and SO 3 :
if the dichlorotetrammine [Pt(NHg)4Cl2](NO3)2 is treated with sulphur
dioxide the salt [Pt(NHg)4SO3]SO3, 2 H2O is formed.1608 This on boiling
with water undergoes internal oxidation and reduction, and is converted
into the platinous sulphate [Pt(NHg)4]SO4.
The di-hydroxo-compounds,1604 which can be made by hydrolysing the
dibromo-compounds by means of sulphuric acid
[Pt(NHg)4Br2]X2 — * [Pt(NHg)4(OH)2]X2
are peculiar in several ways. The sulphate [Pt(NHg)4(OH)2]SO4 is known
both in the anhydrous state and as a tetrahydrate; both forms will
recrystallize from the same solution, and the anhydrous seems to be more
stable, but the hydrate shows remarkable metastability, as is common
with sulphates.
Again, in these compounds the hydroxo-groups should be readily converted into H2O on treatment with hydrochloric acid
[Pt(NHg)4(OH)2]Cl2+ 2 HCl = [Pt(NHg)4(OH2)JCl4.
But this does not happen. The intermediate aquo-hydroxo-tetrammine
[Pt(NHg)4(OH)(OH2J]Cl8 can be made but it is hydrolysed back again
even by atmospheric moisture.
The * ammo-salts' are formed by the reaction:
[Pt(NHa)8Cl]X8 —+ [Pt(NHg)4NHgCl]X8 + HX,

from the pentammine salt whenever its iolution oontaine enough hydroxyl
and X iomm% : thue the nitrate [Pt(NH s ) s Crp0 8 )i when treated with hot
/
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ammonia solution gives [Pt(NH3)4NH2Cl](N03)2. These salts, unlike the
ehloropentammines, are yellow. In solution they have a marked alkaline
reaction, and can be titrated (see above, p. 1617) as monacid bases with
methyl orange. The chlorine in the cation is not affected by acids, but
alkalies, even ammonia, at once replace it by hydroxyl.
Tscherniaev1614 has resolved the tetrammine salt [Pt ew(NH3 J2Cl2]X2
into its optical antimers. He finds that in these and similar compounds
the sign of the rotation is reversed when an NH 3 group is converted into
an NH2.
Triammines, [PtAm 3 R 3 ]X
Relatively few of these compounds are known; they can be made in
the usual ways, for example, by the oxidation of a platinous triammine:
Cl 2

[Pt"(NH3)3N03]N03 —> [Pt-(NHa)3Cl3]Cl.
Tscherniaev1614'1616 has resolved into their optical antimers the salts
[Pt en(Am)Cl2(N02)]X, where Am = NH 3 , ethylamine, and pyridine: and
[Pt ew(Am)Cl(N02)2]X, where Am = ethylamine and pyridine.

Diammines, [PtAm 2 R 4 ] 0
These non-ionized compounds can be made by oxidation of the platinous
diammines (when of course the cis4rans isomerism is preserved), or by
exchange from other platinic diammines.1622 In particular, the replacement of hydroxyl by other groups seems to be much easier here than in1 the
pentamidines, for example in the reaction
HNO8

[Pt(NH3)2(OH)2(N03)2]°
> [Pt(NH3)2(N03)J°.
They can also be made by boiling the chloroplatinate M2PtCl6 with
amines. A great variety of bases have been introduced in this way,1618
pyridine, pyrazol, isoxazol, etc. Mann1613 prepared a compound of the
[Pt ewClJ0 type with a, /J, y-triaminopropane. The formula shows that the
triamine only fills two co-ordination places, so that only two of its NH 2
groups are attached to the platinum. Hence there are two possible structures, according as it is the a- or the /J-NH2 that is free :
NH2
CH2

CH-CH 2 -NH,

I

IL
H2Nx

I

I

CHo-CH—CHo

,NH2

I

H2N.

.NH2

mi
Cl 4

(II)
(i)
1918
For the oryitftl stmotur© of tmmJBt (NH8)|C14 nm N. V. Bclov, G, B. RoIdS,
imd L. A, Popovft, Bull Aoad, Sou U.8&M. 1947,1249,
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It is possible to show which ring is formed, since the 5-ring of I, but not the
6-ring, has an asymmetric carbon atom (marked C*). Mann was able to
resolve his product, showing that the structure is I. This is to be expected,
since though the fully reduced 6-ring is as strainless as the 5, it is likely to
be formed less rapidly (see IV. 499). The corresponding derivative of the
triamine j8, j8-diaminodiethylamine H2N CH2 CH2 NH CH2 CH2 NH2,
which should have an asymmetric nitrogen atom, could not be resolved.1617
Monammines, M[PtAmR 5 ]
These can be made by the oxidation of platinous monammines, or by
the action of amines on a chloroplatinate, if it is not carried too far: for
example, by heating the salt of the amine:
(PyH)2[PtCl6] _ * (pyH)[Pt pyCl5] + HCl.
Nitro-dihalide
Complexes
The nitrocompounds of tetravalent platinum are few.1616 It has been
found possible1623"4 to prepare two isomeric forms of the non-ionized
[Ptew(N02)2Cl2]°; it is remarkable that when they are treated with
ammonia it is the chlorine and not the NO2 that is displaced, giving
[Ptew(NH3)(N02)2Cl]Cl.
The pure tetranitro-dibromo-complex Ag2[PtBr2(NO2)J, can be made1599
by the action of bromine on the platinonitrite, Ag2[Pt(NO2J4]; it is a very
unstable substance.
Bydroxy-halide
Salts
The halogen atoms in a hexahalide can all be replaced successively by
hydroxy!, and we can get any member of the series M2[PtCl6 _ J Q H ) J from
M2PtCl6 to M2[Pt(OH)6], except the trihalide M2[PtCl3(OH)3], which does
not seem to have been prepared.
Tetrahydroxo-dihalides
The acid of this series can be made from the tetrachloro-silver salt just
as that is made from the hexachloro-salt, by boiling in water:
Ag2[PtCl4(OH)2]

• H2[PtCl2(OH)4] + 2 AgCl.

Flatmates, M 2 [Pt(OH) 6 ]
This is the last product of the replacement of chlorine in the chloroplatinates by hydroxyl. The free acid is presumably contained (no doubt
in a polymerized form) in the hydrate PtO 2 ,4 H2O discovered by Fremy
in 1851: this may be written H2[Pt(OH)6]. It can be made1625 by heating
a solution of chloroplatinic acid H2PtCl6 to boiling with sodium hydroxide,
and then precipitating with acetic acid. It is a pale yellow insoluble
powder, which loses two of its water molecules at 3 00°, and the other two
1888
I. L Tsoherniatv and A. N. Fedorova, Ann, In§t, Phtin§9 1920P 7» 78.
" M I. L Tiohtraiatv Md F. M. Kbtiohkin, ib. 84,
*«» I, BtIlUOd1 AUi M. 108, ffl 13,11. 035,
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at a higher temperature. When freshly made it is easily soluble in alkalies,
giving a series of salts of the composition M2[Pt(OH)6], which are soluble in
water but insoluble in alcohol. They do not lose any water at 110°, but
at a much higher temperature they give it off with decomposition. The
sodium, potassium, silver, and thallous salts have been made, and they all
behave in this way.1625~7 They are as stable as the chloroplatinates. The
potassium salt has been shown to be isomorphous with the stannate \
K2[Sn(OH6)].1628 This fact, together with the remarkable firmness with
which the water is retained by the salt, is strong evidence of the correctness of the hexahydroxo-structure.
Oxalato-compounds
The oxalato platinic compounds are very few compared with the
platinous, but Werner was able1629 by the action of chlorine on the platinooxalate Na 2 PtOx 2 to make the mixed platinic complex Na2[PtCl2Ox2]. It
forms large yellow crystals, which are easily soluble in water. The potassium salt (H2O) is similar; the caesium salt, which very unexpectedly has
6 H2O, is dark yellow.
Sulphur Complexes of Tetravalent
Platinum
Sulphur seems to have less affinity for tetravalent than for divalent
platinum, and various attempts to make thioether complexes like those of
divalent platinum have failed, though some compounds of this type have
been described (Ephraim). There is, however, one polysulphide ^hich
almost certainly contains tetravalent platinum. This is the compound
(NH4J2[PtS15], 2 H2O which is made1680 by the action of ammonium polysulphide on chloroplatinic acid. A precipitate is formed which after washing with carbon disulphide and drying over sulphuric acid has the above
composition; it forms red crystals which are stable when dry, and give a
yellow-red solution in alcohol. In the absence of X-ray data we can only
speculate on its structure; but if we agree that ammonium persulphide
largely consists of the compound (NHJ2[S5], we can write this platinum
compound (NH4)2[Ptiv(S5)3], 2 H2O. The covalency of course is not known
so long as we are ignorant of the structure of the S5 group. Palladium, as
we have seen (p. 1575), gives a compound of similar but not identical
composition, (NH4J2PdSn, 1/2 H2O.
Complex Platinic Halides
Hexafluoro-salts, M 2 P t F 6
,Sohlesinger and Tapley1649 prepared K 2 PtP 6 by heating platinum black
with the compound 3 KF 9 HF 5 PbF 4 ; there is no other reference to these
salts.
l
«»° M. Blondel, Ann, CMm, Phys. 1905, [8] 6, 81.
1887
H. L Sohlesinger and EJ B. Palmateer, J.A,O.S. 1930, 52, 4316.
1M8
A.
Hantzsoh, Z. phyaikal. Oh$m. 1910, 72, 362.
m
* A. Wwns* and E. Grebe, JS. wwrg. Oh$m. 1899, 21, 877.
"»• K. A. Hofrrmnn and F, Hdohfclwi, B$r. 1903, 36, 3090,
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Hexachloro-salts, M 2 PtCl 6
These salts, the platinichlorides or chloroplatinates, are the best known
of the hexahalides, especially on account of their use for the characterization of amines, owing to the insolubility of many of the amine salts, and
the ease with which their platinum content can be determined.
The free acid is usually made directly by dissolving platinum in aqua regia,
either by heat, or by making it the anode in the electrolysis of hydrochloric
acid,1636 or by the addition of hydrogen peroxide.1646 On evaporation the
free acid separates in brownish-red deliquescent crystals OfH2PtCl6, 6 H2O,
easily soluble in water, alcohol, or ether. A large number of its salts are
known. Of the alkaline salts there are Li, 6 H2O, very soluble: Na, 6 H2O,
red, very soluble: the other alkaline salts are anhydrous, and their solies
at 20° are K 1-12; Rb 0-141; Cs 0-070. A nitrosyl salt (NO)2[PtCl6] can be
got by recrystallizing platinic chloride from aqua regia: it forms orange
crystals, which evolve nitric oxide with water.
A large number of amine salts have been made for the characterization
of amines. Many of the quaternary ammonium salts have been examined
crystallographically by Ries.1640 The tetramethyl ammonium salt
[(CHg)4N]2[PtCl6] has been shown1650 to have the groups arranged tetrahedrally round the nitrogen, and octahedrally round the platinum.
The intensity of the colour of aqueous solutions of these salts is independent of the dilution (Beer's law) and practically of the solvent, as we should
expect where the coloured ion is covalently saturated and not capable of
further co-ordination.1628'1637
These salts have a tendency to hydrolyse in solution, which is much
increased by light, especially by violet light.1640'1647
HexabroTno-salts, M 2 [PtBr 6 ]
The acid of this series can be made by dissolving platinum in a mixture
of hydrobromic acid and bromine,1634 or of hydrobromic and nitric acids:
1631
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1638
Id., ib. ii. 97.
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1636
H. C. P . Weber, J.A .(7.S. 1908, 30, 29.
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A. Hantzsch, Ber. 1908, 4 1 , 1216.
1638
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or by the action of hydrobromic acid on platinic chloride1638*1645 It has the
composition H 2 PtBr 6 ,9 H2O, and forms dark red very soluble prisms. The
salts are usually red or brown, and their aqueous solutions are red when
concentrated and yellow when dilute. The alkaline salts crystallize in octahedra: their solubility decreases as the atomic weight of the alkali metal
goes up (strong acid salts).1645 The salts of organic bases, both aliphatic and
aromatic, are as characteristic as the chloroplatinates.1628'1637'1640-1 They
are fairly stable in water, and can be recrystallized from it if the temperature does not rise too high, but the solutions hydrolyse on heating,
especially in light,1648 and it is usually better to recrystallize the salts from
dilute hydrobromic acid.
If the solution is heated with an oxalate the salt is reduced, with evolution of carbon dioxide, to the platinous salt M2PtEr4.1634
The platinic hexahalides readily exchange halogens with the simple ions
of another halogen; for example:
[PtBr6]-"" + 6 CF v===^ [PtCl6F"* + 6 Br".
The reaction certainly takes place in stages; in fact a mixed salt
K2[PtCl4Br2]
has been prepared1651 by the action of bromine on an aqueous solution of
the platinochloride K2PtCl4. The equilibrium in this reaction has been
measured by Schlesinger by means of the colour.1627 He finds that in
order that the conversion of the PtBr 6 ion to PtCl6 should go to 99 per cent,
the ratio CI/Br in the solution must be greater than 660; for a 99 per cent,
conversion of PtI 6 to PtBr 6 the ratio Br/I must be at least 25,000; from
which we can calculate that for a 99 per cent, conversion of PtI 6 to PtCl6,
the ratio Cl/I must be greater than 16 million.

Hexaiodo-salts, M2PtI6
These were discovered by Lassaigne in 1833; they can be made from the
platinichloride and potassium iodide. The free acid H 2 PtI 6 ,9H 2 O is
brown, and very unstable; it readily decomposes into water, hydrogen
iodide, iodine, and platinous iodide.
The salts are all chocolate or black; therubidium salt is less soluble than
the potassium, and the caesium less still.1642 A large number of salts of
organic bases have been made,1642"4 which are similar to the bromides and
chlorides; among the methyl-substituted ammonium salts the solubility
diminishes as the number of methyl groups increases.
Pentahalides, M 2 [Pt(hal) 5 OH]
Salts of this type were obtained1631"2 by fusing chloroplatinic acid
H2PtCl6 with potassium hydroxide under diminished pressure. The
lithium and sodium salts were too soluble to be isolated, but a barium
salt Ba[PtCl5OH], 4 H2O, a silver salt (yellow), and a thallou&salt (pink)
have been prepared. These last two are both anhydrous,
1,11
B. Klemtnt, M* morg. Qh$m. 1027, 164, 105.
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Tetrahalides, M 2 [PtCl 4 (OH) 2 ]
This seems to be the stablest type. Platinic chloride dissolves readily
in water, and crystallizes out as a hydrate, which undoubtedly should be
written as the free acid H2[PtCl4(OH)2], aq.1635 The acid can also be made
by boiling an aqueous solution of the silver salt Ag2[PtCl6], which changes
into H2[PtCl4(OH)2]+2 AgCl. From the solution a silver salt
Ag2[PtCl4(OH)2]
can be obtained.1639 The salts of this acid can also be made by oxidizing
the platinochloride M2PtCl4 with hydrogen peroxide or hydrogen pessulphide H2S2.1652"3
The corresponding silver, thallous, lead, and mercuric bromides
M2[PtBr4(OH)2]
can be made1631 by adding the required base to a solution of platinum
tetrabromide in water.
The tetraiodides M2[PtI4(OH)2] of silver, thallium, and mercury were
made from PtI 4 in alcohol.1638
HEXAVALENT PLATINUM
A small number of platinum compounds have been described—an oxide,
selenide, phosphide, and arsenide—in which the element appears to be
hexavalent. While there is no theoretical reason against the occurrence of
hexavalent platinum (hexavalent palladium is unknown, but the higher
valencies are always more stable with the heavier elements), it is unfortunate that all these compounds are with polyvalent elements, which
therefore might form links of the peroxide type —O—O—, involving a
lower valency for the platinum than the formula suggests; also the X-ray
structure has only been determined for the arsenide, where its results do
not decide the valencies. In the trioxide, however, which is by far the best
known of these compounds, the existence of hexavalent platinum seems
almost certain.
Platinum Diphosphide, P t P 2
This compound, in which the platinum is prima facie hexavalent, is
readily formed by heating the elements together, or by burning platinum
in phosphorus vapour. It forms a bright metallic mass, not attacked by
hydrochloric acid, but readily dissolved by ammonia.
Platinum Diarsenide, PtAs 2 1 6 5 4
This compound is probably the cause of the poisoning by arsenic of
platinum as a catalyst in the production of sulphur trixoide. It cannot be
made by the action of arsine AsH8 on chloroplatinic acid, or by the fusion
of platinum with arsenic in the presence of sodium carbonate. The only
way in which the diarsenide (the sole established compound of these two
w" A. A. Grtlnberg and P. M. Filinov, OM, Acad. Soi. U.MJ3.S. 1037, 17, 23.
1058
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elements) can be made is by the fusion of the elements in a sealed tube.
So much heat is evolved that the mixture explodes at 270° unless excess
of arsenic is used; the excess after reaction is sublimed off in carbon
dioxide at 500-600°.
Platinum diarsenide is a dull grey soJid; it is scarcely attacked by hot
concentrated nitric acid, and only slowly by aqua regia; hot concentrated
sulphuric acid removes the arsenic, leaving the platinum.
The X-ray powder diagram of the substance made in this way shows1655
that it has the pyrites structure.
Platinum Trioxide, P t O 3
If a solution of platinic hydroxide Pt(OH)4 in twice normal potassium
hydroxide is electrolysed at 0°, there separates in the anodic compartment
a grey-green solid of the composition 3 PtO 3 , K2O1656; whether the alkali
is adsorbed or combined is uncertain. If this is washed with dilute acetic
acid, all the alkali is removed and a brownish-red product remains, of the
composition of PtO 3 with a slight (about 10 per cent.) defect of oxygen.
This is because the trioxide PtO 3 is extremely unstable; its suspension in
water continuously evolves oxygen. The only dilute acid that affects it is
hydrochloric, which at once gives off chlorine. The oxide also oxidizes
sulphur dioxide, but not organic substances like alcohol. It is remarkable
that hydrogen peroxide does not reduce it with evolution of oxygen nor
indeed affect it in any way. This seems to show that it does not contain
a peroxide link; in fact its whole behaviour is tha,t of a high-valency oxide
/O
like MnO2 or PbO2, and it would seem as if it should be written O = P t ^ .
The potentials of the various oxides of platinum have been measured
against the mercurous sulphate electrode by Grube1657 with the results:
PtO
Pt02,2H20
Pt02,4H20
PtO3
0-9
1-04
1-06
1-5 volt.
By measurements of the dissociation pressures of oxygen a t 1,200°
Schneider and Esch 1658 have got signs of the formation of P t O 3 above
275 mm. and of PtO 4 above 850 mm.
Platinum Triselenide, PtSe 3
Though no trisulphide of platinum seems to have been made, Minozzi165^
has prepared a triselenide by reducing a mixture of chloroplatinic acid and
selenium dioxide in alkaline solution with formaldehyde. It forms a black
precipitate of the composition PtSe 3 , insoluble in carbon disulphide (so
that it contains no free selenium), slowly soluble in aqua regia, but scarcely
reacting with concentrated nitric or sulphuric acid. It is an unstable
1655
L. Thomassen, Z. physikal. Chem. 1929, B 4, 278.
lB
«
«
L. Wfthlor and F. Martin, Ber. 1909, 42, 3326.
1W57
G. (Irubo, Z. ElcktroGhem. 1910, 16, 021.
M
« A, Bdmeidor and U, Eioh, ib. 1048, 49, 55.
"»» A. MincMuri, AM E. 1909, [5] 18, ii, 150.
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substance, which slowly loses selenium at 140°, b u t if heated to a dull red
heat in a current of carbon dioxide is reduced to the diselenide PtSe 2 .
CARBONYL COMPLEXES OF PLATINUM
Platinum, like other metals of the group, can combine with carbon
monoxide, even (like palladium) in the metallic state, though it is not
possible even with platinum black to turn the whole of the metal into the
carbonyl compound; it is, however, clear that the carbon monoxide forms
a compound, since it cannot be driven out by other gases, and its absorption is not prevented by previously treating the platinum with hydrogen.
On heating, the carbon monoxide is suddenly liberated at 250°. 1660 In the
combined state platinum takes up carbon monoxide even more readily;
platinous chloride begins to absorb it at 120° 1661 ; a series of carbonyl
compounds have been prepared, in all of which the platinum is divalent.
Schiitzenberger in 1868-70 1662 showed that if carbon monoxide and
chlorine are passed in succession or together over platinum sponge at 250°
a fusible crystalline sublimate is formed, containing the three volatile
compounds PtCl 2 CO: PtCl 2 (CO) 2 : 2PtCl 2 , 3 C O : these can be separated
by recrystallization from carbon tetrachloride, have different meltingpoints (194°, 142°, and 130° respectively), and are interconvertible. A nonvolatile residue of uncertain nature was also formed. 1663
These results have been confirmed1661*1663 especially by Mylius and
Foerster. 1664 They showed that of these compounds the simplest, PtCl 2 CO
(the others seem much less stable, and in their reactions lose carbon
monoxide and revert to the mono-carbonyl), behaves very like platinous
chloride itself; it dissolves in hydrochloric acid to form a yellow solution
from which the complex salts M[PtCl 3 CO] can be obtained, and which is
evidently a solution of the free complex acid.
The carbonyis are decomposed by water in a complicated way. 1664
The other carbonyl compounds of platinous chloride also dissolve in
hydrochloric acid, but only with the elimination of all their excess of
carbon monoxide, giving a solution of the mono-carbonyl PtCl 2 CO.
The chlorine atoms in the monocarbonyl can be replaced by other groups,
bromine, iodine, CNS, and sulphur. An orange-red bromide PtBr 2 CO,
m. pt. 181-2°, and a red ibdide, decomposing at 140-150°, are similar to
the chloride in preparation and properties; they also can form complexes
M[PtX 3 CO]. Of the three halides the chloride is the least fusible and the
most stable to heat; the iodide is more fusible, less stable to heat, and less
easily hydrolysed. In every respect the bromide is intermediate between
the other two.
1680

E. Harbeok and G. Lunge, Z. anorg. Chem. 1897, 16, 50.
"w W, Manohot, Ber. 1925, 58, 2518.
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The corresponding thiocyanate can be got in the form of the complex
salt K[Pt(CNS)8CO], formed from potassium thiocyanate and the chloride:
it is easily soluble in alcohol, and decomposed by water.
The sulphide PtSCO is formed as a blackish-brown precipitate when a
solution OfPtCl2CO in hydrochloric acid (or OfH[PtCl3CO]) is treated with
hydrogen sulphide; it is insoluble, but is oxidized by nitric acid or aqua
regia.
A remarkable reaction of all these carbonyl compounds of divalent
platinum is that with potassium cyanide they form K2Pt(CN)4, with
quantitative evolution of carbon monoxide. It is probable that in this
reaction the cyanide Pt(CN)2CO is an intermediate product, but it decomposes before it can be isolated.
Complex Carbonyl Salts
Mylius and Foerster
have shown that PtCl2CO will combine with a
variety of chlorides such as HCl, KCl, NH4Cl, ZnCl2 to give complex salts
which are often too soluble to be isolated, but whenever they can be
analysed are of the type M[PtCl3CO]: this is the unusual triacido-type of
Cleve's salt; it is common to find that one and only one CO will enter a
complex, and in that case the triacido-form is the necessary result of
the tetracovalency: what is less common in a carbonyl compound is that
the E.A.N, of the platinum is only 84. A series of salts of organic bases
(BH)[PtCl3CO], which are less soluble, have been prepared. The amylamine salt is golden yellow; it is decomposed by water but can be recrystallized from hydrochloric acid; it is very easily soluble in ethyl acetate, less
in ether, benzene, or chloroform, from the last of which solvents it can be
recrystallized; it melts at 184°. The anilinium and pyridinium salts are
similar, but less soluble; the quinolinium salt (m. pt. 166°) is still less
soluble, but more stable.
If these salts are treated with organic bases,1665 one of the three chlorine
atoms is replaced, giving, for example, [PtCl2(CO)py]° (m. pt. 127° with
decomposition), and [PtCl2(CO)NH3]0, which decomposes at 180°.
All these salts have the characteristic reaction with potassium cyanide
of forming the platinoeyanide with quantitative evolution of carbon
monoxide, which can be estimated in this way.
1664

NITROSYL COMPOUNDS OF PLATINUM
It is stated1666 that if a saturated solution of ammonium or potassium
ohloroplatinite is kept in an atmosphere of nitric oxide, the salt M[PtCl3NO]
is formed in solution, and when this is treated with [Pt(NH3)JCl2 the salt
[Pt(NH8)J-[PtCl8NO]2 is formed. The original M[PtCl3NO] gives with
pyridine the trans form of [PtCl2(NO)py]°; the cis was not obtained.
The platinum in these compounds would have these values of the valency
m& the E.A.N.: M[PtCl8NO] I1 85; [PtCla(NO)py] 1, 85.
lMS
A. Gdmntt mad M. Bauman, CM?, Aoad. Sou U.RtS£. 1988,18, 645.
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SUBJECT INDEX TO VOLUMES I AND II
(Vol. I, pp. i-xxxii, 1-853; Vol. I I , p p . 855-1628)
With the later transitional elements the compounds have been grouped under the several valencies
of the elements, and these have been arranged in numerical and not in alphabetical order
AB compounds, structure and linkage, 109.
Acetylide, alkaline, 7 8 ; argentous, 113;
aurous, 113; cuprous, 112.
Acidity of alkaline-carbon compounds, 79.
Acids, half-strong, 19.
Actinides (elements 89-96), 457.
Actinides or uranides ?, 1092.
Actinium, 457.
Active hydrogen, 15.
Alabaster, 256.
Alkali metals, 65.
Alkali metals, 60, 61 (and see under caesium,
lithium, potassium, sodium, rubidium).
Alkaline acetylene derivatives, 78.
Alkaline alkyls, 68, 71, 7 3 ; coloured, 73.
Alkaline aryls, 68, 71, 73; coloured, 73.
Alkaline carbonates, dissociation of, 101.
Alkaline-carbon compounds, structures of,
81.
Alkaline complexes, 97; of diketones, 99; of
enols, 99, 100; neutral, 99; of nitrophenol, 100; of salicylaldehyde, 100.
Alka]line derivatives of hydrocarbons, 67; of
oyclopentadiene, 77, 83.
Alkaline dioxides, 90.
Alkaline earths, 242 (and see under barium,
calcium, radium, strontium).
Alkaline halides, 9 3 ; atomic distances, 95;
crystalline forms, 93.
Alkaline hydrides, 66.
Alkaline ions, hydration and mobility, 97.
Alkaline monoxides, 89.
Alkaline nitrides, 84.
Alkaline oxides, 89; M 2 O, 89; M 2 O 2 , 90;
M 2 O 8 , 90; M 2 O 4 , 90; structures, 91.
Alkaline polysulphides, 92.
Alkaline salts, 9 5 ; solubilities, 96.
Alkaline selenides, 92.
Alkaline solutions in ammonia, 88.
Alkaline sulphides, 92.
Alkaline tellurides, 92.
Alkaline tetroxides, 90.
Alkaline trioxides, 90.
Alkyl sulphates, 916.
Alumina, 419; as catalyst, 419.
Aluminates, 420; of potassium and sodium,
421.
Aluminio esters, 4 2 1 ; polymerization, 422;
as reducing agents, 422.
Aluminium, 412; metal, 412.
Aluminium acetate, 427.
Aluminium aoetonylacetonate, 433.
Aluminium alkyl-dihalides, 421.
Aluminium ammines, triaryl, trihalide, 430.
Aluminium fl-diketonates, 433,
Aluminium Ibenzylate, 421.
Aluminium boride, 86S.
Aluminium borohydrido, 865.

Aluminium carbide, 413; carbonitride
Al 8 C 8 N, 419.
Aluminium chlorate, 428.
Aluminium chloride, 424; Friedel-crafts reaction, 436; its mechanism, 437.
Aluminium complexes, 429; with aoetylenes,
429; with alkyls, as M[AlAIk 4 ], 429;
with alcohols, 4 3 1 ; with benzene, 429;
with carbon monoxide, 430; with catechol, 434; with nitriles, 4 3 1 ; with
hydroxyquinoline, 435.
Aluminium complex halides, 435; dipole
moments, 433; bromides, 436; chlorides, 436; fluorides, 435; iodides, 430.
Aluminium complexes with oxygen, 4 3 1 ;
oxalato-, 434; trioxalato- (resolved),
434; oxygen complexes of halides, 432;
of trialkyls, 432.
Aluminium complex sulphides, 435.
Aluminium compounds, polymerization of,
416.
Aluminium dialkyl-ammines, 416.
Aluminium dialkyl-halides, 417, 418.
Aluminium ethylate, 421.
Aluminium hydride, 413.
Aluminium hydroxide, 420.
Aluminium iodide, 426.
Aluminium ion, hexahydrated, 431.
Aluminium methylate, 421.
Aluminium monoxide (spectroscopic), 419.
Aluminium nitrate, 427.
Aluminium nitride, 418; lattice (wurtzite),
418.
Aluminium oxide (corundum), 419.
Aluminium oxy-acid salts, 426.
Aluminium oxy-halides, 426.
Aluminium perchlorate, 428.
Aluminium periodate, 428,
Aluminium phosphide AlP, 419.
Aluminium subfluoride AlF, 423.
Aluminium sulphate, 427.
Aluminium trialkyls, 414; association, 414,
415; dipole moments, 414.
Aluminium trialkyl hydrides Al 2 R 3 H 6 , 416.
Aluminium triethyl, 414.
Aluminium trifluoride, 424.
Aluminium trihalides, 423; linkages in
vapour, liquid, and solid, 423, 425.
Aluminium trimethyl, 414.
Aluminium triphenyl, 416.
Aluminium tripropyl, 414.
Alums, 427; structure, 427; effect of alkali
metal, 428.
Amalgams, 286, 289.
Amerioium, preparation, 1091; chemistry,
1095; halides, oxides, 1095.
Amides, alkaline, 86; metallic, 662; organio,
665; resonance in, 665.
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Amine-oxides, 679; high dipole moments,
680.
Amines, basicity, 664; co-ordinating power,
664; di-trifluoromethyl-, (CFa)2JSrH,
665.
Aminium salts, [Ar3ISr]X, 721.
Ammonia, 658; Haber process for making,
658; properties, structure, 659; dissociation in water, and water compound, 659; as a solvent, 659; dissociation of salts in, 659.
Ammonias, alkaline, 87.
Ammonium chloride, 6 6 1 ; fluoride, 6 6 1 ;
halides, 660.
Ammonium hydroxide, structure of, 23,
660; alkyl-hydroxides, dissociation of,
660.
Ammonium nitrate, polymorphism of, 662.
Ammonium salts, 660; effect of extreme
dryness, 661.
Anhydrite, 256.
Antimonates M[Sb(OH) 6 ], 788; pyro- (potassium), 788; antimonic acid H 8 SbO 4 ,
788.
Antimonic hexachloro-acid HSbCl 6 , 800;
salts, as [Cl] 2 Fe[SbCl 6 ], 800.
Antimonious ato-complexes, as oxalato-,
799.
Antimonious esters, 786; ion S b + + + , 795.
Antimonites, 786.
Antimony {and see Stibines), element, 759;
explosive antimony, 759.
Antimony acetylacetonate, 802.
Antimony alkyls and aryls, 772.
Antimony cacodyl, 778.
Antimony catechol derivatives, 800.
Antimony complexes, 798; with aromatic
hydrocarbons, 798.
Antimony, pentavalent, complexes, 799.
Antimony complexes: of trihalides, 798; of
tetrahalides, as M 2 [SbCl 6 ], and their
structure, 802, 803; hexabromo-, hexachloro-, hexafluoro-salts, 800.
Antimony nitrate, 786.
Antimony pentasulphide, 790.
Antimony pentoxide, 788.
Antimony sulphate, 786.
Antimony Hetroxide' Sb 4 O 8 , 789.
Antimony tribromide, 794.
Antimony trichloride, 792.
Antimony trifluoride, 793.
Antimony tri-iodide, 793.
Antimony trioxide, 786.
Antimony trisulphide, 790.
Antimonyl bromide SbOBr, chloride, 796.
Antimonyl carbonate [SbO] 2 CO 3 , 796.
Antimonyl compounds SbOX: fluoride,
iodide, nitrate, nitrite, perchlorate, 796.
Aragonite, 253.
Argentic and argentous compounds (and see
under Silver).
Arffentic-argentous equilibrium, 107.
Argentic compounds, 174; complexes, 176;
dipyridyl complexes, 176; fluoride
AgF 81 175; ions in solution, 175; oxide
AgO, 174} par&magnatifm, 176.
Argentoui aoatato, 1201 oornplox, 141,

Argentous acetylide, 113.
Argentous and alkaline salts compared, 108.
Argentous alkyls, 114.
Argentous ammines, 137.
Argentous arsine complexes, 140.
Argentous bromide, 122.
Argentous carbonate, complex, 145.
Argentous carbon monoxide complexes, 132.
Argentous chlorate, 128.
Argentous chloride, 122.
Argentous chlorite, 128.
Argentous complexes, 129, 176.
Argentous co-ordination numbers, 148.
Argentous cyanide, 116; complexes, 133;
ion Ag(CN) 2 linear, 134.
Argentous ethylene complexes, 130, 131.
Argentous fluoride AgF, 122.
Argentous halides, 121; complex, 147.
Argentous hydride, 112,
Argentous hyponitrite, 127.
Argentous iodide, 123.
Argentous isonitrile complexes, 135.
Argentous nitrate, 127.
Argentous nitride, 117.
Argentous nitrile complexes, 136.
Argentous nitrite, 127; nitro-complexes,
138.
Argentous oxalate, 126.
Argentous oxide Ag 2 O, 118.
Argentous oxy-acid salts, 125; colour and
atomic distances, 125.
Argentous perchlorate, 128, 1233.
Argentous periodate, 128.
Argentous permanganate, 129.
Argentous perrhenate, 129.
Argentous phenyl, 114,
Argentous phosphorus complexes, 139, 140.
Argentous pyrone complexes, 141.
Argentous subfluoride Ag 2 F, 121.
Argentous sulphate, 128.
Argentous sulphide, 119.
Argentous sulphite, 128; complexes, 145.
Argentous thioacetamide complexes, 142,
Argentous thioether complexes, 142.
Argentous thiosulphate, 128; complexes, 145.
Argentous thiourea complexes, 143.
Argon, 1, 8, 9, 10.
Argyrodite, 604.
Arsenates, 788.
Arsenic, 758; inert pair in, 798.
Arsenic acid, 787.
Arsenic alkyls and aryls, 761.
Arsenic, Antimony, Bismuth: general, 758;
oxides, 784.
Arsenic-arsenic compounds, As-As: diarsines, 770; diaryl arseno-compounds
Ar • A s = A s • Ar, 771; tetraphenyl di arsine <2>2As-As<3>2, 7?QArsenic catechol derivatives, 798, 800.
Arsenic hexafluorides M[AsF 6 ], 799.
Arsenic oxides B - A s = O , 765; phenyl-, 765.
Arsenic oxides, pentavalent B 8 A s = O , 765.
Arsenic pentafluoride, 792.
Arsonio pentoxide, 787.
Arienio, pentavalent oompoundi, 700.
AFMnIo iulphidoi Ai 4 S 4 (realgar), 780 J A i 4 8 |
(orpimont), 780; Ai 4 S 10 , 700.
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Arsenic tetroxide, 789.
Arsenic tribromide, trichloride, trifluoride,
tri-iodide, 792; complexes, as M[AsCl 4 ],
798,
Arsenic trioxide, 784.
Arsenious acid, 784; esters, 785; tautomerism, 785.
Arsenite ion, 785.
Arsenobenzene, 7JP ; association, 771.
Arsenomethane (CH 8 -As) n , 772.
Arsinates, dimethyl-, 788.
Arsine AsH 3 , 760.
Arsine dimethyl chloride Me2AsCl, 768; trichloride Me2AsCl8, 785.
Arsine, diphenyl chloro- (Blue cross), 769.
Arsine, methyl, 762.
Arsine, methyl-dichloride Me • AsCl 2 ,768,769.
Arsine, oxy-compounds, 764.
Arsine sulphides R - A s = S , 765.
Arsine, triphenyl, 763.
Arsines, alkyl, 762; alkyl-dichlorides, 768;
difluorides, 768; alkyl-tetrahalides, 769.
Arsines, dialkyl, 762, 768; dihalogen
R-AsX 2 , 767.
Arsines, halogen derivatives, 767.
Arsines, trialkyl, 762; trialkyl complexes,
797; (R 3 As) 2 PdCl 2 , 797.
Arsinic acids, dialkyl-, 767.
Arsonic acids R-AsO(OH) 2 ^ 766; dimethylMe 2 AsO(OH) (cacodyhc), 785; phenyl,
767; pyro-, 766.
Arsonium bases [R 4 As]OH, 764; salts, 763,
764.
Astatine (No. 85), 1260; preparation and
properties, 1261.
Astracanite, 240.
Atacamite, 173.
Atomic bombs, production of, 1089; critical
sizes, 1088.
Atomic fission, 1087.
Atomic structures, x v i ; table of, xxiv.
Aurates M[Au(OH) 4 ], 179.
Auric, aurous (and see under Gold).
Auric acetates, complex, 190.
Auric acid, H[Au(OH) 4 ], 189.
Auric alkyls, 181.
Auric ammines, 188.
Auric aryls, 116, 181, 187.
Aurio-aurous equilibrium, 108.
Auric bromide, 180; complexes, 190.
Auric chloride, 180; complexes, 190.
Auric compounds always 4-covalent, 177.
Aurio cyanide, 180; complexes, 188.
Auric dialkyl: ammines, 185; bromides,
• chlorides, 182; cyanides, 182, 183, 184;
oxalates, 185; oxalato-complexes, 192;
sulphates, 184; sulphato -complexes,
192; thioether complexes, 186.
Auric en complexes, 186.
Auric glyoxime complexes, 189.
Aurio halides, 180; complexes, 190.
Auric hydroxide, 179; complexes, as auric
acid, 189.
Aurio imide-salts, 179, 188.
Aurio iodide, 180.
Aurio mixed complexes, 101; mixed oxalate-, 1921 mixed sulphato-, 192.

Auric nitrato-complexes, 189.
Auric nitrosyl-chloride [NO]-[AuCl 4 ], 191.
Auric oxides, ? AuO, 178; Au 2 O 8 , 179.
Auric oxygen complexes, 189.
Auric phosphorus complexes, 189.
Auric sulphate, ? AuSO 4 , 178.
Auric sulphides, 1 AuS, 178; Au 2 S 8 , 179.
Auric tetrammines, 188.
Auric thiocyanate complexes, 190.
Auric thioether complexes, 190.
Auric triethyl, 182.
Auric trimethyl, 181, 182.
Aurous acetylide, 113.
Aurous ammines, 137.
Aurous aryls, 115.
Aurous bromide, 124.
Aurous carbon monoxide complexes, 132.
Aurous chloride, 124; chloro-ammines, 138.
Aurous complexes, 129.
Aurous co-ordination numbers, 148.
Aurous cyanide, 116; complexes, 134.
Aurous fluoride, 124.
Aurous halides, 124; complexes, 147.
Aurous hydride, 112.
Aurous iodide, 124.
Aurous nitride, 117.
Aurous oxide, 118.
Aurous phosphine complexes, 140.
Aurous polysulphides M[AuS 8 ], 144.
Aurous sulphide, 119, 129.
Aurous sulphito-complexes, 145.
Aurous thioacetamide complexes, 142.
Aurous thioether complexes, 142.
Aurous thiosulphate complexes, 146.
Aurous thiourea complexes, 143.
Azides (and see under Hydrazoic acid), 715;
metallic, 716; covalent, structure of,
717; organic, resonance of, 717; heat
of formation, 717.
Azide of chlorine Cl-N 8 , 718; of fluorine
F-N 8 , 718.
Azide esters, 716.
Azide ions, structure of, 716.
Azo-aryls, 712.
Azobenzene, cis 712.
Azo-compounds, 711.
Azomethane, 711.
Azotrifluoro-methane F 3 C - N = N - C F 8 , 711.
Azurite, 154.
Back-co-ordination in Gp. IV B halides, 606.
Baeyer's strain theory, 497.
Barium acetate, 254.
Barium acetylacetonate, 260.
Barium acid oxalate, 255,
Barium alkyl -halides R - B a [ X ] , 246.
Barium alkyls and aryls, 246.
Barium boride, 368.
Barium bromate, 258.
Barium bromide, 253.
Barium carbonate, 254.
Barium chlorate, 258.
Barium chloride, 252.
Barium complexes, 259.
Barium oomplex halides, 260, 261.
Barium complexes with nitrogen, 259.
Barium complexes with oxygen, 269.
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Barium cyanide, 246.
Barium, element, 243.
Barium fluoride, 251.
Barium formate, 254.
Barium hydride, 254.
Barium hydrosulphide, 250,
Barium hydroxide, 248.
Barium iodate, 259.
Barium iodide, 253.
Barium metal, 244.
Barium nitrate, 256.
Barium nitride, 247.
Barium nitrite, 255.
Barium oxalate, 255.
Barium oxide, 248.
Barium per chlorate, 258.
Barium peroxide, 249.
Barium polysulphide, 251.
Barium subfluoride, 251.
Barium subhydride, 245.
Barium sulphate, 257.
Barium sulphide, 250.
Barium sulphite, 256.
Barium trisulphide, structure, 890.
Bases, very weak, perchlorates ofs 1235.
/3-diketone compounds of Gp. IV elements,
615; of germanium lead and tin, 614;
of silicon, 613.
Benzene, deuteration of, 54; mechanism of
sulphonation, 923.
Benzotrifluoride, 1128.
Berlin blue, 1339.
Beryllated ions, 197, 202, 210, 211.
Beryllates, 198, 202.
Beryllium, 197; atomic weight, 198; diagonal relations, 193, 195; transmission
of radiation by, 198.
Beryllium acetate, 206.
Beryllium acetylacetonate, 212.
Beryllium acetylide, 199.
Beryllium alkyls and aryls, 200.
Beryllium alkyl-halides, 200.
Beryllium, alloys, 199.
Beryllium ammines, 208; ammines+acetone, etc., 209.
Beryllium azide, 201.
Beryllium basic acetate, 214.
Beryllium basic carboxylates, 213, 215.
Beryllium basic formate, 214.
Beryllium benzoyl-pyruvic complex (resolved), 213.
Beryllium borohydride, 366.
Beryllium bromide, 204.
Beryllium carbide, 198.
Beryllium carbonate, 205.
Beryllium catechol complexes, 215.
Beryllium chlorate, 207.
Beryllium chloride, 203.
Beryllium complexes, 208; chelate, 209, 212.
Beryllium complex halides, 217.
Beryllium cyanide, 200.
Beryllium dibutyl, diethyl, dimethyl, 200.
Beryllium diphenyl, ditolyl, 200.
Beryllium etnoxide, 205.
Beryllium fluoride, 202'; complex fluoro*
beryllates, 217.

Beryllium halides, 202; complex halides,
202.
Beryllium hydroxide, 201.
Beryllium iodide, 205.
Beryllium ion, 197, 210.
Beryllium malonato-complexes, 217.
Beryllium metal, 198.
Beryllium nitrate, 206.
Beryllium nitride, 201.
Beryllium nitrile complexes, 210.
Beryllium oxalato-complexes, 216.
Beryllium oxide, 201.
Beryllium-oxygen complexes, 210, 211.
Beryllium-oxygen link, 201.
Beryllium perchlorate, 207.
Beryllium prussic acid complexes, 210.
Beryllium salts, conductivity of, 203, 216.
Beryllium selenate, 207.
Beryllium selenide, 202.
Beryllium sulphate, 207; complexes, 217.
Beryllium sulphide, 202.
Beryllium sulphite, 207.
Beryllium telluride, 202.
Berzelius: 'isomerism', 602.
Binary halides: see under Halides, binary,
1170.
Birkland-Eyde process for combined nitrogen, 658.
Bismuth alkyls and aryls, 779.
Bismuth alkyl-halides, aryl-halides, 781.
Bismuth ammines, as R 3 N • BiCl 3 , 799.
Bismuth ato-complexes, 799.
Bismuth catechol complexes, 799.
Bismuth dialkyl halides, 781.
Bismuth diphenyl sodium O 4 Bi-Na, 782.
Bismuth, divalent ?, 803.
Bismuth, elementary, 760.
Bismuth hydroxide Bi(OH) 8 , 787, 795.
Bismuth methyl-oxide CH 8 »BiO, 781.
Bismuth nitrate, 795; double nitrates, 795.
Bismuth, pentavalent, organic compounds
of, 782.
Bismuth pentoxide, 789.
Bismuth perchlorate, 795.
Bismuth sulphate, 795.
Bismuth tribromide, 795.
Bismuth trichloride, 794.
Bismuth tri-ethyl, 780.
Bismuth trinuoride, 794.
Bismuth tri-iodide, 795.
Bismuth trimethyl, 780.
Bismuth trioxide, 787.
Bismuth triphenyl, 781.
Bismuth triphenyl dihalides O 8 BiX 2 , 782.
Bismuth triphenyl hydroxicyanide
O3Bi(OH)CISr, 783.
Bismuth triphenyl hydroxide, 782.
Bismuth trisulphide Bi 2 S 8 , 791.
Bismuth, trivalent, complexes, 799.
Bismuthine BiH 8 , 761.
Bismuthines, trialkyl, 780.
Bismuthinitrites M 8 [Bi(NO 1 )J, 799.
Biuret reaotion, 186.
Black preoipitate, 295.
Bleaohina powder, 1217.
Blende, 268, 270,

Beryllium formate, 206.

Blowpipe, atoraio, 16.
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Blue cross, 769.
Bohr theory, xvi, 646.
Bombs, atomic, production of, 1089; critical
size, 1088.
Borane amines, as (JNTH4)[H8B-JSrH2-BH3],
353.
Borane ammines, 351.
Borane ammonium salts, 353.
Boranes BxRy9 336, 338; B 2 H 6 , 342; B 4 H 10 ,
B 6 H 9 , 344; B 5 H 9 structure, 345; B 6 H 11 ,
B 6 H 10 , B 6 H 1 2 , 435; B 10 H 14 , 346.
Boranes, alkaline salts, of B 2 H 6 , B 4 H 10 ,
B 5 H 9 , 348.
Boranes, alkyl, 349; physical properties,
350, 341; chemical, 350.
Boranes, alkyl-oxides, 361.
Boranes, ammonia products: with B 2 H 6 ,
353; with B 2 H 6 + N D 3 , 354; with B 4 H 10 ,
B 5 H 11 , and B 10 H 14 , 355; behaviour with
hydrogen chloride, 356.
Boranes, ether complexes, 361.
Boranes, halogen derivatives, 363.
Boranes, non-volatile, 347.
Boranes, number of electrons per link, 341,
Boranes, oxygen derivatives, 360.
Boranes, preparation, 342.
Boranes, volatile, structures, 339, 341, 347;
Bell, Longuett-Higgins theory, 339.
Borates, metallic: alkaline, 384; meta, as
ScBO 3 , 384; crystal structure, 384.
Borax, 384.
Boric acid, fluoro-, 385; difluoro-, 385; trifluoro-, 386.
Boric acid meta, 383; ortho, 382; pyro, 383;
weakness of, 383.
Boric acid and poly-alcohols, theory and
stereochemistry of the reaction, 388.
Boric acid, trifluoro-alkyloxy-, 386.
Boric acids, alkyl and aryl, differences between, 375; strength, 376.
Boric acids, dialkyl and diaryl, 372; diethyl,
373; diphenyl, 373.
Boric acids, isobutyl, methyl, phenyl, propyl, 374.
Boric acids, monoalkyl and monoaryl, 373.
Boric anhydride B 2 O 3 , 382.
Boric anhydride, alkyl and aryl, 376; dialkyl, dibutyl, 373; alkyl, ammines of,
403; methyl, 377; crystal structure,
377; trimeric, 403.
Boric esters, ethyl, methyl, propyl, butyl,
387.
Boric esters, structures, 387; action of water
on, 371.
Boridos, metallic, 337, 367, 368.
Boroarsenic anhydride, 390.
Boroohlorides, acyl, as CH 3 -CO[BCl 4 ], 411.
Borofluorides, oxonium, 867.
Borohydrides, 365; of aluminium and gallium, 365; of beryllium and lithium,
366; structure, 367.
Boron, 336; affinities, 336; atomio radius,
837; distribution, 337.
Boron acefcylaoetonate, 407.
Boron, aloohol complexes, 404.
Boron alizarine complex, 407.
Boron alkyl-halidsi, 877, 878.

Boron alloys, 337.
Boron, elementary, amorphous: aluminiumboron, 337; crystalline, 338.
Boron, heats of linkage, 336.
Boron amide, 381.
Boron amides, alkyl and phenyl, 381.
Boron ammines, 399, 400, 401.
Boron aryl-halides, 377.
Boron, benzoylacetone complex, 407.
Boron, /?-diketone complexes, 408.
Boron catechol complexes, 408.
Boron chloride-esters, 397.
Boron complexes, 398; with carbon, 399;
tetra-alkyl-, 399; with nitrogen, 399;
strength of co-ordination to nitrogen,
400; with oxygen (chelate), 407.
Boron, complex fluorides M[BF 4 ], 409; complex halides, 409.
Boron, compound B 2 NH 7 or H 3 B - N H 2 - B H 2 ,
366.
Boron dialkyl alkyloxides, 371.
Boron dimethyl fluoride, 377, 378.
Boron diphenyl chloride, 377.
Boron fluoride-esters, 397.
Boron halide-esters, 396; mixed halide derivatives, 396.
Boron hydrogen sulphide H 2 B 2 S 4 , 391.
Boron imide B 2 (NH) 5 , 380.
Boron methyl difluoride, 377, 378.
Boron monoxide, 382.
Boron nitride, 380; graphitic lattice, 380.
Boron, salicylic complexes, 408.
Boron subchloride, 395.
Boron sulphide B 2 S 3 , 390.
Boron triacetate, 390.
Boron trialkyls, 369; ammines and their
stability, 400.
Boron trialkyls and triaryls: reactions with
alkali metals, 372; bromine, 372; hydrogen halides, 371; oxidizing agents,
370; peroxides, 371; water, 369.
Boron triaryls: sodium addition products,
378; comparison with triaryl methyl,
379.
Boron: triborine triamine B 3 N 3 H 0 , 357;
structure as 'inorganic' benzene, 358;
methyl derivatives, 359.
Boron tribromide, 395; ammines, 402.
Boron tributyl, 369.
Boron trichloride, 394; ammines, 402.
Boron triethyl, 369.
Boron trifluoride, 392; as organic catalyst,
393.
Boron trihalides, 394; ammines, 4 0 1 ; complexes with aldehydes, 406; arsines,
404; esters, 406; ethers, 405; ketones,
406; nitriles, 403; phosphine, 4 0 3 ;
prussic acid, 403.
Boron tri-iodide, 396.
Boron trimethyl, 369.
Boron trioxide, 382.
Boron triphenyl, 369.
Borophosphoric anhydride, 390.
Borotungstates, 385.
Boryl mono-acetate, 390.
Broohantite, 173.
Bromio acid, 1227; bromates, 1227.
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Bromide of hydrogen, see under Hydrogen 1 Caesium germanochloride, 618.
Caesium germano-iodide Cs[GeI 3 ], 618.
bromide, 1164.
Caesium persulphate, crystal structure of, 939.
Bromine chloride, 1149.
Caesium sulphide, 92.
Bromine, elementary, 1140; atomic, 1142;
Calamine, 263.
hydrolysis of, 1143; liquid and solid,
1141; production from sea-water, 1141;
Calcides, calcogens, 262.
bromine and water, 1142.
Calcite, 253.
Bromine fluoride, 1149.
Calcium, 243; metal, 244.
Bromine oxides, 1208; Br 2 O, 1208; BrO 2 ,
Calcium acetate, 254.
1208; Br 3 O 8 , 1209.
Calcium acetylacetonate, 260.
Bromostannates, 616.
Calcium alkyls, alkyl-halides, aryls, 246.
Bromous acid HBrO 2 , 1225.
Calcium boride, 368.
Bromous acid, hypo- HBrO, 1219; formaCalcium bromate, 258.
tion in water, 1219; formation from
Calcium bromide, 253.
some C-Br compounds, 1222; compariCalcium carbide, 246.
son with HClO, 1220; esters, 1221.
Calcium carbonate, 253.
Calcium chlorate, 257.
Cacodyl compounds, 762, 764, 770.
Calcium chloride, 252.
Cacodyl Me 2 As-AsMe 2 , 770.
Calcium complex halides, 260.
Cacodyl oxides, 764; peroxides
Calcium complexes 259; with nitrogen, 259;
R 2 As-O-O-AsR 2 , 770.
with oxygen, 259; of keto-esters, 260.
Cacodylic acid Me 2 AsO(OH), 767, 785.
Calcium cyanamide, 246.
Cacodylic chloride Me2AsCl3, 785.
Calcium fluoride, 251.
Cadet's fuming liquid, 762.
Calcium formate, 254.
Cadmiates, 270.
Calcium hydride, 245.
Cadmium, 263; abundance, 263; metal, 264.
Calcium hydroxide, 248.
Cadmium acetate, 275.
Calcium hydroxy-acid salts, 260.
Cadmium acetylacetonate, 283.
Calcium hypochlorite, 257.
Cadmium acetylide, 264.
Calcium iodate, 259.
Cadmium alkyls, 267; aryls, 268.
Calcium iodide, 253.
Cadmium amide, 269.
Calcium metaborate, 384.
Cadmium ammines, 279; organic, 280.
Calcium nitrate, 255.
Cadmium arsine complexes, 280.
Calcium nitride, 247.
Cadmium bromate, 277.
Calcium nitrite, 255.
Cadmium bromide, 273.
Calcium oxalate, 255.
Cadmium carbonate, 275.
Calcium oxide, 247.
Cadmium chlorate, 277.
Calcium perchlorate, 258.
Cadmium chloride, 273; auto-complexes, Calcium peroxide, 249.
Calcium subfluoride, 251.
274.
Cadmium complexes, 279.
Calcium subhydride, 245.
Cadmium cyanide, 268; complexes, 279.
Calcium sulphate, 256.
Cadmium dimethyl, diethyl, dipropyl, di-n- Calcium sulphide, 250.
butyl, di-isobutyl, di-isoamyl, diphenyl, Calcium sulphite, 256.
267.
Calomel Hg 2 Cl 2 , 293.
Cadmium fluoride, 271.
CARBON and its Compounds, 490.
Cadmium halides, 2 7 1 ; auto-complex, 274;
complex, 284, 285.
Carbon, elementary, 490; peculiarities,
Cadmium iodate, 277.
490; inertness of, 490; isotopes, 491.
Cadmium iodide, 273.
Amorphous, 494.
Cadmium ions, alcoholated, 282.
Diamond, structure, 491.
Cadmium nitrate, 276.
Diamond, supposed artificial, 492.
Cadmium nitride, 268.
Diamond and graphite, relative stability,
Cadmium nitrile complexes, 281.
493.
Cadmium nitrite, 275.
Graphite, structure, 492; heat of atomizaCadmium nitro-complexes, 281.
tion, 493; compounds with alkali metals,
Cadmium oxalate, 275; double oxalates,
494; oxygen, 494; fluorine and bro282.
mine, 496; other addition compounds,
Cadmium oxide, 269.
495.
Cadmium perchlorate, 277.
Graphitic acid, 494.
Cadmium peroxide, 270.
Acetaldehyde, 523; distances in 523.
Cadmium phosphine oomplexes, 280.
Acetic acid, 525.
Cadmium salts, hydration of, 271.
Acetone, distances in, 524.
Cadmium selenid©, 271.
Acetylenes, 508.
Cadmium iulphate, 270.
Acetylene, 508; acidity of, 508.
Cadmium iulphld©, 271; oomplexes, 284.
Aoetylides, metallic, 519.
Cadmium iulphltt, 278.
Alcohols, 528.
Cadmium t«lluride, 871.
I Aldthyddi, 028»
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Carbon Compounds (cont.)
Alkyl benzenes, 504.
Alkyls and aryls, metallic, 519.
Alkyls, free, 530; formation from alkyl
iodide and sodium vapour, and rate of
this reaction, 531.
Aliphatic compounds, 496.
Aromatic compounds, 496, 508; coordination of, 528; plane structure and
rigidity, 510.
Aromatic substitution and dipole moments,
516; and electronic distribution, 517.
Aryl compounds, dipole moments, 516.
Benzene, distances in, 510.
Benzene, hexamethyl, 510; rigidity of
alkyls in, 510.
Benzene, 6-fold symmetry of, 510.
* Block' theory of optical activity, 500.
Carbides, binary, 519; covalent and interstitial, 520; structures, 519.
Carbon boride, 368.
Carbon bromides, chlorides, iodides, 1174.
Carbon chains, 497.
Carbon, co-ordination compounds of, 527;
with alkaline periodides, 1197; aluminium halides, 426; antimony trichloride, 798; hexaphenyl digermane,
574; iodine, 1145; nickel cyanide ammine, 1434; organic nitro-compounds,
697; silver perchiorate, 529 n., 1234;
sulphur, 883. See also under Carbon
monoxide and Ethylene.
Carbon dioxide, 522.
Carbon diselenide, 979.
Carbon disulphide, 888.
Carbon fluorides, 1116.
Carbon hexafluoride C 2 F 6 , 1128.
Carbon-hydrogen bonds (hydrogen bonds),
3 1 ; repulsion of, 497,499; heat of formation, xxxii.
Carbon monoxide, 545; structure, 546;
co-ordination compounds of, 528; cupious, 130; palladium, 1577; platinum,
1627.
Carbon monosulphide CS, 889.
Carbon oxyselenide, 979.
Carbon oxysulphide, 889.
Carbon, penta-, dioxide C 6 O 2 , 522.
Carbon selenide, 953.
Carbon suboxide C3O2, 522.
Carbon sulphoselenide, 979.
Carbon sulphotelluride, 985.
Carbon tetrafluoride, 1128.
Carbonic acid, acidity, 526.
Carbonyl ammines, 549.
Carbonyl compounds, mono-, 549.
Carbonyl halides, 548.
Carbonyl hydrides, 549.
Carbonyls and inert-gas number, 548.
Carbonyls, argentous, cuprous, mercuric,
550.
Carbonyls, metallic, 547-50.
. Carbonyls, structure, 647.
Carborundum CSi, 555.
Carboxyl group, resonance in, 525.
Carboxylio acids, 524; dimerization, 524;
acidity of, 525 \ and substitution, 520.

Carboxylic anhydrides, ring-strain and
rate of hydrolysis, 627.
Carboxylic esters, 527; their alkyl oxygen
remains on saponification, 527.
Carbyl sulphate, 903.
Carbylamines, see Isocyanides.
Catechols, chromic compounds, 1021.
Cyclohexanes, alkyl, 498.
Cyclo-octatetrene, 511.
Cyclopropane, 498; energy content, 498.
Diphenyl derivatives and * block' theory,
500.
Diphenyl-vinyl in free radicals, 537.
Diradicals, 532; aromatic, 532.
Divalent carbon compounds, 545-50.
Durene, 510,
' E t h a n e ' barrier to rotation, 5 0 1 ; favours
staggering, 502.
Ethane hydrate, 605.
Ethyl, free radical, 531.
Ethylene, 505.
Ethylenic (C=C) compounds, 506; cistrans relations, 506; cis-trans conversion, heat of, 506; mechanism of, 506;
co-ordination, 528; with aluminium
chloride, 429; with cuprous compounds,
130; with palladium, 1560; with platinum, 1585; with silver, 130; halogenation, 508; hydrogenation, 507.
Formic acid, structure and distances,
524.
Free alkyl radicals, 530; with diphenylvinyl, 537; with pentaphenyl cyclopentadienyl, 537.
Free and restricted rotation, 499.
Heptanes, energies of, 504.
Heterocyclic rings, size and rate of formation, 499.
Hexa-aryl ethanes, extent of dissociation,
533; effect of aryl on, 534, 537.
Hexa-aryl ethanes, heat of dissociation,
540; rate of dissociation, 540; weakening
of O C link, 540, 541,542.
Hexaphenyl ethane, 532; dissociation,
533; causes of dissociation, 533, 538;
heat of dissociation, 533.
Hydrindene, 612.
Hydrocarbons, aromatic, 509; crystal
structures of, 510; Mills-Nixon effect in,
511; resonance in, 509.
Hydrocarbons, 5-ring, 511.
Hydrocarbons, unsaturated, 505.
Interstitial carbides, 520.
Isocyanides, structure, 546.
Isonitriles, structure, 546.
Ketones, 523.
Large rings, strain in, 498.
Metaldehyde, 524.
Methane hydrate, 505.
Methyl, free, 530.
Methylene, free, 532.
Mills-Nixon effect, 511.
Mills's * block' theory, 500.
Multiple oarbon links, lengths and
strengths! 505.
Multiple links, wave-mechanical theory
of, 505.
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Nitric oxide, combination with free radicals, 539.
Octanes, energies of, 504.
defines, boiling-points, 505.
Organic reactions, 513; heats of, 513, 514,
modern theories of, 515; rates of, 515.
Oxalic acid, structure and distances, 526.
Paraffins, boiling- and melting-points,
502; heats of formation (Rossini), 503;
specific conductivity, 503; structures
and energies, 504; volatilities, 503.
Paraffins, hydrates of, 505.
Paraldehyde, 524.
Pentaphenyl ethyl, 536.
Polymethylene rings, 497; heats of formation, 498; Ruzicka's syntheses, 498.
Propyl, free, 531.
Prussi-, prusso-compounds, 549.
Resonance, organic, 509.
Rotation, free and restricted, 499.
Spiropentane, 498.
Stereochemistry, general, xix; * block'
theory of, 499.
Strain theory, Baeyer's, 497.
Tetraline, 512.
Thorium, use in polymethylene syntheses,
499.
Trialkyl-aryl methyls, 536.
Triaryl-methyl radicals, 532; chemical
behaviour, 539; colours, 534, 535, 536,
538; combination with nitric oxide,
539; oxidation, 539; paramagnetism,
539; properties, 538.
Tri-biphenyl-methyl, 536.
Trinaphthyl-methyi, 536.
Triphenyl-methyl peroxide, 532; preparation, 532, 533.
Triphenyl-methyl radicals, stereochemistry of, 543.
Tritolyl-methyl, 535.
Trivalent carbon, 529-45.
Trivalent radicals Ar 3 B, Ar 3 C, Ar3N* compared, 545.
Trivalent radicals in Gp. IV B , 544.
Caro's acid H 2 SO 5 , 939.
Celestine, 257.
Cement, Soret's, 237.
Cerates, as Na 2 CeO 3 , 451.
Ceric basic nitrate, 451.
Ceric carbonato-complexes, 451, 643; structure, 643.
Ceric double nitrates, 451, 641.
Ceric double sulphates M 2 [Ce(S0 4 ) 3 ], 644.
Ceric hydroxide, 451.
Ceric oxide, 451.
Ceric tetra-acetylacetonate CeA4, 10H 2 O,
641, 642.
Cerium, see Lanthanides.
Cerium boride, 368.
Cerium carbide CeC2, 633.
Cerium tetravalent, 460.
Cerussite, 625.
China clay, 601.
Chloramines, as R-NAoCl 1 707,
Chloraraine-T, 708.
Chlorates metallic, 1226.
Chlorio aoid HClO11, 1226.
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Chloride of Hydrogen, see Hydrogen chloride, 1160.
Chlorine, atomic, 1139.
Chlorine, bromine, iodine, organic compounds of, 1174,
Chlorine dioxide ClO 2 ,1203; structure, 1204.
Chlorine dioxyfluoride ClO 2 F, 1205.
Chlorine, elementary, 1139.
Chlorine fluoride ClF, 1148; trifluoride ClF 8 ,
1156.
Chlorine heptoxide, 1206.
Chlorine monoxide, 1201.
Chlorine oxide ClO?, 1202; Cl 2 O 3 ?, 1203;
ClO2, 1203; ClO 3 , Cl 2 O 6 , 1205; Cl 2 O 7 ,
1206;(ClO 4 ) w ?, 1207.
Chlorites, 1224.
Chlorochromates, 1006.
Chlorogermanates, 615.
Chloroplumbates, 616.
Chlorostannates, 615, 616.
Chlorosulphides, organic, 883.
Chlorosulphonic acid, 903.
Chlorous acid HClO 2 , 1224.
Chlorous acid, hypo-, HOCl, 1213; formation and acidity, 1214; chemical reactions, 1216; and Markownikoff *s nil®,
1216; decomposition, 1215; salts (hypochlorites), 1217; bleaching powder,
1217; esters, 1217.
Chrome yellow, 625.
Chromates, 1004; alkaline, 1005.
Chromates, ohloro-, 1006; dichromateg,
1005; polychromates, 1005.
Chromates, fluoro-, 1005.
Chromates, per-, 1007.
Chromic (trivalent) compounds, 1009.
Chromic acetate, 1014.
Chromic acetylacetonate CrA 3 , 1020.
Chromic acid, 1004.
Chromic acid ions CrO 4 , 1004.
Chromic ammines, 1016; stereochemistry of,
1018; structures of, 1016.
Chromic aquo-ammines, 1017.
Chromic ato-complexes, 1020.
Chromic bromide CrBr 3 , 1013.
Chromic chlorate, 1013.
Chromic chloride, 1011; more soluble with
chromous chloride, 1012; hydrates,
1012.
Chromic chromicyanides Cr[Cr(CN) 8 ], 1014.
Chromic complexes, 1014.
Chromic en complexes, active, 1017, 1018.
Chromic fluoride, 1011; hydrates and their
structures,
1011;
oomplexea
a*
M 3 [CrF 6 ], 1022.
Chromic formate, 1013.
Chromic haiides, 1013; complexes, 1021.
Chromic hexammines, 1016.
Chromio hydroxide Cr(OH) 8 , 1010.
Chromic iodide, 1018.
Chromio ions [Or(OH1),,]"', 1010, 1019.
Chromio oxalate, 1014; oxalato-oomplexdi,
10201 raoemteatloti of, 1021.
Chromio oxide Or1O8, 1010.
Chromio oxygen oomplcxei, 1019*
Chromio perohlorate, 1018.

Chromio per-oorapoundi, 1008.
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Chromic sulphates, 1013; hydrates of,
1013.
Chromic sulphide Cr 2 S 3 , 1011; complexes,
1021.
Chromic thiocyanate, 1015; complexes,
1015.
Chromites M 3 [Cr(OH) 6 ], 1010.
Chromium, 1000; metal, 1000; passivity of,
1000.
Chromium and hydrogen, 1001.
Chromium carbides, 1001.
Chromium carbonyl, 1026; ammines of,
1027.
Chromium dioxide (Cr0 2 ) w (? CrO 2 , Cr 2 O 8 ),
1009.
Chromium, hexavalent, 1003.
Chromium nitrides Cr 2 N, CrN, 1002.
Chromium pentafluoride, 1008.
Chromium, pentavalent, 1008; complexes,
1008.
Chromium, pentavalent, oxychloro-salts
M[CrOCl4] and M 2 [CrOCl 6 ], 1008.
Chromium peroxide CrO 5 (not HCrO 6 ),
1006.
Chromium per-salts, blue MCrO 6 and red
M 2 CrO 8 , 1007.
Chromium phenyl compounds, 1001, 1008;
magnetism, 1002.
Chromium phosphides Cr 8 P, CrP, 1002.
Chromium tetrachloride CrCl4 and tetrafluoride CrF 4 , 1009.
Chromium trioxide, 1003.
Chromium valencies, 1000 (di, 1022; tri,
1009; tetra, 1009; penta, 1008; hexa,
1003).
Chromocyanides, 1025.
Chromous (divalent) compounds, 1022.
Chromous acetate, 1025.
Chromous ammines, 1025.
Chromous bromide CrBr 2 , 1024.
Chromous carbonato-complexes, 1026.
Chromous chloride, 1024; reaction with
ether, 1024.
Chromous complexes, 1025.
Chromous fluoride, 1023; complexes, 1026.
Chromous formate, 1025.
Chromous hydroxide, 1023.
Chromous iodide, 1024.
Chromous ion Cr + + , 1022; reducing power,
1022.
Chromous malonato-complexes, 1026.
Chromous oxalato-complexes, 1025.
Chromous oxide CrO, 1023.
Chromous sulphate, 1025; complexes, 1026.
Chromyl chloride CrO3Cl2, 1004.
Chromyl fluoride CrO 2 F 2 , 1003.
Clathrate crystals, 698.
Claude process, 658.
Clay, 601.
Cleve's (platinum) salts, 1591.
Cobalt, 1375; metal, 1375; sources, 1375;
valencies, 1320.
Cobalt and carbon, 1376.
Cobalt a n d hydrogen, 1375.
Cobalt and nitrogen, 1376.
Cobalt and phosphorus, 1376.
Cobalt carbonyl ammines, 1423.

Cobalt carbonyl hydrides, 1422; hydride
salts, 1423. Carbonyl nitrosyl
Co(CO)8NO, 1424.
Cobalt carbonyls Co2(CO)8 and Co4(CO)12,
1422,
Cobalt nitrosyl compounds, 1423; nitrosyl
halides, 1425; nitrosyl pentainmines,
1424.
Cobalt, nitrosyls and carbonyls, valencies
in, 1425.
Cobalt, monovalent, 1376.
Cobalt, tetravalent, in binuclear peroxide
complexes, 1420.
Cobalti-cobaltous oxide Co 9 O 4 , 1395.
Cobaltic (trivalent) compounds, 1392.
Cobaltic acetate, 1395.
Cobaltic acetylacetonate CoA8, 1406,
Cobaltic active complex with no carbon,
1419.
Cobaltic ammines, 1399; basicities, 1401;
chelate, 1403; compositions and stabilities, 1400; trivial names, 1415.
Cobaltic carbonate, 1395; complexes, 1407.
Cobaltic chloride, 1395.
Cobaltic complexes, 1396.
Cobaltic fluoride, 1394.
Cobaltio halide complexes, 1413; difference
between cis and trans, 1413, 1414.
Cobaltic isothiocyanato-complexes, 1398.
Cobaltio malonato-complexes, 1409.
Cobaltio nitrate, 1395; nitrato-complexes
(true), 1410.
Cobaltic nitrito-complexes (true), 1403.
Cobaltic nitro-complexes, 1404.
Cobaltic nitroso-/?-naphthol, 1407.
Cobaltic oxalate, 1395; oxalato-complexes,
1408; ammines of, 1408.
Cobaltic oxide Co2O3, 1393.
Cobaltic pentacyano-complexes, 1398.
Cobaltic perchlorate, 1396.
Cobaltic polynuclear complexes, 1415; with
1 and 2 bridges, 1417; with 3, 1418;
trinuclear, 1419; quadrinuclear, 1419.
Cobaltic sulphate, 1396; sulphato -complexes, 1410.
Cobaltic sulphito-complexes, 1411; ammines, 1411; structure of the S0 8 «group
in, 1412.
Cobaltic tetranitro-ammines, 1405.
Cobaltic thio-oxalato-complexes, 1409.
Cobaltic trinitro-ammines, 1405.
Cobalticyanides, 1396, 1397; esters, 1398.
Cobaltinitrites, 1405; solubilities, 1406.
Cobaltioxalates, 1409.
Cobaltous (divalent) compounds, 1376.
Cobaltous acetate, 1381.
Cobaltous acetylacetonates, 1388.
Cobaltous ammines, 1385.
Cobaltous bromide, 1379.
Cobaltous carbonate, 1381; carbonato-complexes, 1387.
Cobaltous chlorate, 1383.
Cobaltous chloride, 1379.
Cobaltous complexes, 1383.
Cobaltous compounds, colour and constitution of, 1390.
Cobaltous oyanato complexes, 1384.
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Cobaltous cyanide Co(CN)2, 1380; complexes, 1383.
Cobaltous diammines, 1386.
Cobaltous diketo-complex salts, 1388.
Cobaltous fLuoride CoF 2 , 1378.
Cobaltous formate, 1381.
Cobaltous halides, complex, 1389, 1392.
Cobaltous hexammines, 1385.
Cobaltous hydroxide, 1377.
Cobaltous iodate, 1383.
Cobaltous iodide, 1379.
Cobaltous nitrate, 1381.
Cobaltous nitrites, complex, 1387.
Cobaltous nitro-complexes, 1387.
Cobaltous oxalate, 1381; oxalato-complexes,
1388.
Cobaltous oxide CoO, 1376.
Cobaltous oxygen complexes, 1387.
Cobaltous perchlorate, 1383.
Cobaltous pyrites CoS 2 , 1378.
Cobaltous selenide (pyritic) CoSe2, 1378.
Cobaltous sulphate, 1382,
Cobaltous sulphide, 1378.
Cobaltous sulphite, 1382.
Cobaltous sulphoxylate, 1382.
Cobaltous thiocyanate, 1380; complexes,
1384.
Coinage metals, copper, silver, gold, 104.
Colour of cobaltous compounds and constitution, 1390.
Colour of lanthanides, 443.
Columbium: see Niobium, 834.
Complex halides, summary of, 1172-4.
Complexes, conditions of stability, 123.
Constantan, 1427.
Contraction, lanthanide, 445; actinide or
uranide, 1093,
Copper, abundance, 104, 105.
Copper boride, 368.
Copper hydride, 111.
Copper metal, 104.
Copper, reactions, 104.
Cupric (divalent) compounds, 148; complexes, 156.
Cupric acetate, 154.
Cupric acetylacetonate, 172.
Cupric amino-acid salts, 156.
Cupric aminomethane sulphonate, 166.
Cupric arnmines, 156; colour and stability,
157.
Cupric arnmines, substituted, 158.
Cupric azides, complex, 159.
Curpic biuret compounds, 166.
Cupric bromide, 153; complexes, 163.
Cupric carbonate, 154; carbonato-complexes, 168.
Cupric catechol complexes, 171.
Cupric chelate en complexes, 163.
Cupric chlorate, 155.
Cupric chloride, 152; complexes, 161, 162.
Cupric complexes, 156.
Cupric cyanide, 149; complexes, 156.
Cupric diammines, 174.
Cupric dichelate m complexes, 164.
Cuprio disulphide complexes, 174.
Cuprio enol complexes, 171; relative stability, 172.'
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Cupric ferrocyanide, 1338.
Cupric fluoride, 152; complexes, 162; basic
fluoride, 173.
Cupric formate, 154.
Cupric glycinate, 165.
Cuprio glycol complexes, 171.
Cupric halides, complex, 161.
Cupric hexol complexes, 173.
Cupric hydroxide, 151.
Cupric iodate, 156.
Cupric iodide, 153; complexes, 163.
Cupric ions, 149; ion hydrates, 160.
Cupric malonato-complexes, 169.
Cupric nitrate, 155.
Cupric nitric-oxide complexes, 160.
Cupric nitrite, 155; complexes, 159, 160.
Cupric nitrogen complexes, chelate, 163,
168.
Cupric nitrogen-oxygen chelate complexes,
165.
Cupric nitro-salts, 159, 160.
Cupric nitrosyls, 160.
Cupric oxalate, 155; oxalato-complexes,
169.
Cupric oxide, 150.
Cupric oxygen-oxygen chelate compounds,
168.
Cupric perchlorate, 155.
Cupric periodate, 156.
Cupric peroxide, 151.
Cupric phthalato-complexes, 169.
Cupric phthalimide, 150.
Cupric phosphito-complexes, 170.
Cupric polysulphides, 152.
Cuprio salicylaldoxime complexes, 167,
Cupric salts of fatty acids, colour of, 154,
Cupric sulphate, 155; sulphato-complexes,
170.
Cupric sulphide CuS, 151.
Cuprio sulphur complexes, 161, 173.
Cupric tartrato-complexes, 169.
Cupric tetrammines [Cu(NH 8 ) 4 ]X 2 , 156.
Cuprio thiocyanate, 149.
Cuprite CuO, 117,
Cuprites M 2 [CuO 2 ], 151.
Cuprous (monovalent) compounds, 106.
Cuprous acetate, 126.
Cuprous acetylide, 112.
Cuprous alkyls and aryls, 114.
Cuprous arnmines, 136.
Cuprous arsine complexes, 138.
Cuprous azomethane complexes, 136.
Cuprous bromide, 120.
Cuprous carbon monoxide complexes, 131.
Cuprous carbonyl compounds, 132.
Cuprous chloride, 120.
Cuprous complexes, 129.
Cuprous co-ordination numbers, 148.
Cuprous-cupric equilibrium, 107.
Cuprous cyanide, 115; cyanide complexes,
133.
Cuprous dithiolethylene complexes, 146,
Cuprous ethylene complexes, 131.
Cuprous fluoride, 119.
Cuprous formate, 126.

Cuprous halides, 119} ionization of, IiO1
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Diazoalkyls, 713.
Diazo-aromatic compounds, 714; tautomerism of, 714.
Diazomethane 713; structure of, 714.
Dicyano-hexafluoride F 3 C - N = N - C F 3 , 711.
Diffusion of deuterium, 34.
Digermane (Ge-Ge) derivatives, 574; hexaethyl, hexaphenyl, 574.
Di-imide H N = N H , 711.
Dimercaptans, 881.
Diphenyl nitrogen oxide (radical), 724.
Diselenium diehloride, 987.
Distannanes R 8 Sn-SnR 3 , 585; hexa-alkyl,
585; molecular weights and dissociation,
585; hexaaryl-, 586; dissociation, 586;
hexaphenyl, 586; hexatolyl, 586.
Ditellurides as <D-Te-Te-O, 966.
Dithiochlorides, aryl, Ar-S-S-Cl, 930.
Dithionic acid H 2 S 2 O 6 , 940.
Dithionous acid H 2 S 2 O 4 , 906.
Dolomite, 238.
Dryness, effect of extreme, 661, 688.
Dysprosium (and see Lanthanides), 453.

Cuprous halides, complex, 147.
Cuprous hydroxide, 118.
Cuprous iodide, 121.
Cuprous isonitrile complexes, 135.
Cuprous nitride, 116.
Cuprous nitrile complexes, 135.
Cuprous oxalate, 126.
Cuprous oxide, 117.
Cuprous phenyl, 114.
Cuprous phosphide, 117.
Cuprous phosphine complexes, 138.
Cuprous polysuiphides M[CuS 4 ], 144,
Cuprous sulphide, 119.
Cuprous sulphito-complexes, 145.
Cuprous thioacetamide complexes, 142.
Cuprous thiosulphato-complexes, 145.
Cuprous thiourea complexes, 142.
Cuprous tolyl, 114.
Corrosive sublimate HgCI 2 , 323.
Corundum Al 2 O 3 , 413.
Covalencies partly ionic, xix, 201.
Covalency limit, xvii, 98, 99, 990.
Covalent and ionic links, xvii, 109.
Covellite CuS, 152.
Cristobalite SiO 2 , 599.
Cryolite Na 3 AlF 6 , 435.
Crystal forms and radius ratios, 94.
Curium, chemistry of, 1096; resemblance to
gadolinium, 1096.
Curium (No. 96), preparation of, 1091.
Cyanates, 674.
Cyanic acid, 673; structure, 673; esters, 674.
Cyanide complexes, structure of, 671.
Cyanide, hydrogen, 668; as solvent, 670;
complexes of, 670.
Cyanides, metallic, 669.
Cyanogen, 667.
Cyanogen compounds, 667.
Cyanogen halides, 677; resonance in, 678.
Cyanogen radical CN, stability of, 668.
Cyanogen, thio: see under Thiocyanogen,
674.
Cyanuric acid, tautomerism in, 679.
Cyanuric compounds, 678.
Cyanuric triazide, 679.
Cyclotron, 19.

Einstein's mass/energy relation, xiii, 1087.
Ekasilicon, Mendeleeff's prophecies of, 568.
Electron, xv.
Electronegativities, 2 3 ; table of, xviii.
Element No. 61 (Prometheum), 445.
Element No. 85 (Astatine), 1260.
Emanation, 1, 8.
Energy of conversion of hydrogen to helium,
3.
Energy, stellar (Bethe), 3.
Energy, zero-point, 7, 38.
Erbium boride, 368.
Erythrochromic ammines, 1016.
Escape of gases from the atmosphere, 2.
Ethyl iodide-chloride Et-ICl 2 , 1259.
Ethyl silicate, 601.
Ethyl thiostannate, 605.
Ethylene, 506; argentous and cuprous complexes, 130; platinum complexes, 1585.
Europium, divalent, 454; dihalides, 454:
sulphate, 454; sulphide, 454.
Explosive gold, 178.

Deuteration with deuterium, 5 1 ; with heavy
water, 52.
Deuterium, 33-56; concentration, 34; properties, 36; comparison with hydrogen,
38; chemical properties, 40.
Deuterirm bonds, 28.
Deuterium compounds, boiling- and meltingpoints, 4 3 ; kinetics, 40; physical properties, 4 1 ; preparation, 4 1 ; stereochemistry, 44.
Deuterium, exchange for hydrogen, 50.
Deuterium oxide (heavy water), 44; of
crystallization, 4 9 ; physical properties,
4 5 ; as solvent, 46; reactions in, 47.
Deuteron, 37.
Diagonal relations in the Periodic Table,
100» 103, 195.
Dialkyl sulphides, 881; rotation barrier in,
881.
Diarsfnes, 770.

Fajans' principles of ion and covalency
formation, xvii, 8, 60, 103, 193, 194.
Felspar, 600.
Ferric boride, 368.
Ferric (Fe'") compounds, 1348.
Ferric acetylacetonate FeA 3 , 1362.
Ferric ammines, 1361.
Ferric azide, 1351.
Ferric bromide FeBr 3 , 1356; complexes,
1367.
Ferric carbonato-complexes, 1364.
Ferric carboxylates, 1357; complexes, 1363.
Ferric catechol complexes, 1363.
Ferric chloride, 1355; complexes, 1366.
Ferric chloride nitrosyl, 1367.
Ferric ethylate, 1352.
Ferrio ferroso-ferric oxide Fe 3 O 4 , 1353.
Ferric fluoride, 1354; complexes, 1366.
Ferrio hydroxides Fe(OH) 81 FeO-OH, 1352.
Ferdo Iodide, 1857.
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Ferric ions, stability of, 1348; properties,
1349.
Ferric nitrate Fe(NO 8 J 3 , 1357.
Ferric oxalato-complexes, 1364-5.
Ferric oxide Fe 2 O 3 , 1351.
Ferric oxygen complexes, 1361.
Ferric pentacyano-complexes, 1359.
Ferric prussi-compounds, 1359.
Ferric salicylato-complexes, 1363.
Ferric salts, general, 1350.
Ferric sulphate, 1358; complexes, 1365.
Ferric sulphide Fe 2 S 8 , 1354.
Ferric thiocyanate, 1350; complexes, 1360.
Ferricyanides, 1358.
Ferrous (Fe*) compounds, 1327.
Ferrous acetylacetonate, 1347.
Ferrous ammines, 1346.
Ferrous bromide FeBr 2 , 1332.
Ferrous carbonate FeCO 3 , 1333; carbonatocomplexes, 1347.
Ferrous carboxylates, 1335.
Ferrous chloride, 1331.
Ferrous complex nitrites (nitro-complexes),
1346
Ferrous cyanide complexes, 1335; ferrocyanic acid, 1336; esters, 1340; their
structure, 1341; ferrocyanic salts, 1335,
1337; cupric ferrocyanide, 1338; reaction of ferrocyanic salts, their structures
and colours, 1339.
Ferrous fluoride FeF 2 , 1331.
Ferrous halides, complex, 1348.
Ferrous hydroxide Fe(OH) 2 , 1328.
Ferrous nitrate, 1333.
Ferrous nitrogen complexes, 1346.
Ferrous nitroprussides, 1343-4; structures,
1346.
Ferrous oxalato-complexes, 1347.
Ferrous oxide FeO, 1327.
Ferrous oxygen complexes, 1347.
Ferrous oxy-halide salts, 1334.
Ferrous
pentacyano-complexes,
1342;
prusso-compounds, 1342.
Ferrous pyrites FeS 2 , 1330.
Ferrous sulphate, 1334.
Ferrous sulphide FeS, 1329.
Ferrous thiocyanate, 1333; complexes, 1346.
F H 2 cation, very unstable, 1111.
Fission a chain reaction, 1088.
Fission, nuclear, 1087; theory of, 1088.
Fluoride of hydrogen: see under Hydrogen
fluoride, 1102.
Fluorides, acid, as M[F 2 H], 23, 1115; F - -F
distance in, 1116.
Fluorides, acyl, 1114.
Fluorides, inorganic, 1112; physical properties, 1112-13; solubilities, 1113.
Fluorination, organic: direct, 1117; by replacement of other halogens, 1118;
rules of substitution, 1119; with inorganic catalysts, 1118.
Fluorine, 1100.
Fluorine, chief characteristics of, 1099.
Fluorine compounds, toxicity of, 1129.
Fluorine, oo-ordination of, very rare, 1112.
Fluorine dioxide, 1187.
Fluorine monoxide, 1185.
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Fluorine nitrate F-NO 8 , 703.
Fluorine organic compounds, 1116-34;
physical properties, 1121; dipole moments, 1123; refractive power, 1123;
volatility, 1123; reactivity of fluorine in,
1124; CF 2 group relatively inert, 1126;
CF 3 group very inert, 1126.
Fluorine, oxides of, 1135.
Fluorine perchlorate F-ClO 4 , 1138.
Fluorine-carbon links, lengths of, 1127.
Fluoro-aryls, 1130.
Fluorocarboxylic acids, acidity, 1128.
Fluorochromates, 1005,
Fluoroform, toxicity of, 1130.
Fluorogermanic acid, 615; fluorogermanates,
615.
Fluoro-iodic acid HIO 2 F 2 , 1230.
Fluoromolybdates, 1044.
Fluorophosphoric acid F-PO(OH) 2 , 748.
Fluoroplumbates, 616,
Fluorosilicic acid, 615; fluorosilicates, 615.
Fluorostannates, 615.
Fluorosulphonic acid F-SO 2 -OH, 933;
esters, 933; salts, 933.
Fluorotungstates, 1044.
Francium (No. 87), 64.
Frank and Caro process for combined nitrogen, 658.
Free radicals, carbon, 74, 530, 532.
Friedel-Crafts reaction, 436-8.
Fundamental particles, xv.
Fusible white precipitate, 328.
Gallic (trivalent) acetylacetonate, 474;
borohydride Ga(BH 4 J 8 , 365.
Gallic bromide, 468; complex bromides, 476.
Gallic chloride, 468; complex, 476.
Gallic complexes, 472.
Gallic fluoride, 469; complex, 476.
Gallic halides, structures of, 469.
Gallic hydride, 459.
Gallic hydroxide, 466.
Gallic iodide, 469.
Gallic methyl-hydride Ga 2 Me 4 H 2 , 460.
Gallic nitrate, 470.
Gallic nitride, 466.
Gallic oxalate, 4 7 1 ; oxalato-complexes, 475.
Gallic oxide Ga 2 O 3 , 466.
Gallic perchlorate, 471.
Gallic selenide, 467.
Gallic sulphate, 471.
Gallic sulphide, 467.
GaIKc telluride, 467.
Gallic trialkyls: triethyl, trimethyl, triphenyl, 461.
Gallic trialkyl ammines, 472.
Gallic trialkyl etherates, 461, 472.
Gallic trihalide ammines, 472.
Gallium metal, 459.
Gallium, divalent (Gallous), 477.
Gallium, monovalent, non-existent, 480;
Ga 2 O ? and Ga 8 S ?, 480.
Gallous (divalent) bromide GaBr 8 , 477.
Gallous chloride GaCl f , 477.
Gallous oxide GaO, 477.
Galloue sulphate GaSO4, 477,
German silver, 1427.

Vol. IX1 pp. §08*4621.

1682

Subject hndex to

Germanates, 601; sodium salt, 601.
Germane, alkaline compounds of, 570.
Germane, di- (Ge-Ge), derivatives, 574.
Germane, di-, hexaethyl, 574; hexaphenyl,
574.
Germane-sodium Wa-GeH 3 , 570.
Germane, triethyl-, Et 8 GeH, 570.
Germane, triethyl potassium-, Et 3 Ge* K,
570.
Germane, triphenyl, 570; triphenyl potassium, 570,
Germane, tetra-, octaphenyl ^ 8 Ge-Ge(D 2 Ge3>3, 575; Ge4<&8, 575; structure, 575.
Germanic acid, 6 0 1 ; esters, 602.
Germanichlorides, 615.
Germanimiorides, 615.
Germanite, 618.
Germanium, 552.
Germanium has no inert pair, 618.
Germanium alkyls, 568.
Germanium alkyl-aryl halides, 573.
Germanium alkyl-halides Alk w GeX 4 _ w , 572,
Germanium alkyl-hydrides, 570.
Germanium alkyl-trihalides, 572.
Germanium amides, 612.
Germanium bromoform, 609.
(Germanium chloroform, 609.
Germanium dialkyl dihalides, 573.
Germanium diethyl diol (germanoketone),
571.
Germanium diethyl imine E t 2 G e = N H , 571.
Germanium dioxide, 600.
Germanium diphenyl difluoride, 573.
Germanium diphenyl ketone <J>2Ge=0, 572.
Germanium diselenide, 604.
Germanium disulphide, 604.
Germanium ethyl-nitride Et-GeN", 571.
Germanium hydride-halides, 609.
Germanium hydrides: GeH 4 , 554; Ge 2 H 6 ,
554; Ge 8 H 8 , 554.
Germanium hydroxide, 601.
Germanium imides, 612.
Germanium iraines, 571.
Germanium methylene-trihalide
(X 8 Ge) 2 -CH 2 , 574.
Germanium nitride Ge 3 N 4 , 598.
Germanium organic compounds, 568.
Germanium oxy-compounds, 571.
Germanium phenyl Ge 6 O 6 , 575; possible
structures, 576.
Germanium phenyl-ethyl-methyl bromide
resolved, 573.
Germanium tetra-alkyls, boiling-points, 569.
Germanium tetra-aryls, 569.
Germanium tetrabenzyl, 569.
Germanium tetrabromide, 608.
Germanium tetrachloride, 608.
Germanium tetra-ethyl, 569.
Germanium tetrafluoride, 608.
Germanium tetra-iodide, 608.
Germanium tetramethyl, 569.
Germanium tetraphenyl, 569.
Germanium tetrapropyl, 569.
Germaniam tetratoyts, 570.
Germanium trialkyl halides, 572.
Germanium triaryl halides, 573.
Germanium trimorio (Et 9 GeO) 1 , 572.

Germanium trimethyl bromide, 572.
Germanium trimethyl monol, 571.
Germanium triphenyl amine <I>8Ge • NH 2 ,571.
Germanium triphenyl monol, 571.
Germanochlorides, M[GeCl3], 618.
Germano-iodides, 618.
Germanous (divalent) compounds, 617.
Germanous bromide GeBr 2 , 618.
Germanous chloride, 618.
Germanous compounds, structure of, 619.
Germanous fluoride, 618.
Germanous iodide, 618.
Germanous oxide, 617.
Germanous sulphide, 618.
Glass, 601.
Glass, Lindemann, 601.
Glucinum = Beryllium, 197-218.
Gold (and see Auric and Aurous), 103.
Gold, abundance, 104; amount in sea water,
106 n . ; ionization, 106*
Gold, explosive, 178.
Gold hydride, 112.
Gold metal, 105.
Gold, monoalkyl derivatives, 186, 187.
Gold phenyl dichloride, 187.
Greenockite, 271.
Grignard reagents, 224r-32.
Group 0: Inert Gases, 1.
Group I : Hydrogen, 1 1 ; Deuterium, 3 3 ;
Alkali Metals, 59; Copper, Silver, Gold,
103.
Group I I : Beryllium, 197; Magnesium, 222;
Alkaline Earths, 242.
Group I I B: Zinc and Cadmium, 263; Mercury, 285.
Group I I I , 334; Boron, 336; Aluminium,
412.
Group I I I A, 439; Scandium, 440; Yttrium,
441; Lanthanides, 4 4 1 ; Aotinium, 457.
Group I I I B, 458; Gallium, Indium, Thallium.
Group IV, 488; Carbon, 490.
Group IV B, 5 5 1 ; Silicon, Germanium, Tin,
Lead.
Group IV A, 628; Titanium, Zirconium,
Hafnium, Thorium.
Group V, 654; Nitrogen, 656; Phosphorus,
725.
Group V B , 758; Arsenic, Antimony, Bismuth.
Group V A, 804; Vanadium, Niobium, Tantalum, Protoactinium.
Group VI, 855; Oxygen, 856; Sulphur, 875.
Group V I B , 948; Selenium, Tellurium,
Polonium.
Group V I A , 993; Chromium, 1000; Molybdenum and Tungsten, 1028; Uranium,
1069; the Uranide elements, Neptunium, Plutonium, Americium, Curium,
1090.
Group VII B: The halogens, 1097; Fluorine,
1099; Chlorine, Bromine, Iodine, 1139;
Astatine, 1260.
Group VII A, 1262; Manganese, 1264; Technetium, 1289; Rhenium, 1291.
Group VTII s Iron, 1319; Cobalt, 1875«
Niekei, U 2 6 .
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Group V I I I A , 1454; Ruthenium, 1455; Osmium, 1490.
Group V I I I B , 1511; Rhodium, 1513; Iridium, 1530.
Group V I I I c , 1550; Palladium, 1553; Platinum, 1578.
Gypsum, 256.
Haber process for synthetic ammonia,
658.
Hafnia, 646.
Hafnium, 632, 646.
Hafnium acetylacetonate, HfA 4 ,10H 2 O, 641,
642.
Hafnium, atomic volume, 647.
Hafnium, atomic weight, 648; characteristic
differences from zirconium, 646; determination of, 647; proportion in zirconium, 646; relative solubilities, 648.
Hafnium, carbide, 633.
Hafnium dibromide, 653.
Hafnium dioxide, 635.
Hafnium metal, 632.
Hafnium peroxide, 637.
Hafnium tetrachloride, 638.
Hafnium tetrahalides, 638.
Hafnium tribromide, 652.
Halic acid and halates, 1226.
Halide acids H«hal, see under Hydrogen
halides.
Halides, acyl, 1190.
Halides, behaviour with water, 1170.
Halides, binary, 1070.
Halides, complex, summary of, 1170-4.
Halides, effect on dissociation of acids, 1185;
radioactive exchange, 1186; reactions
with amines, 1188; strength of C~hal
link, 1188; hydrolysis to C-OH, 1189;
t o R . H ~ f - h a l . O H , 1189.
Halides, organic, 1184; physical properties,
1184; Dipole moments, 1186.
Halides, per-, see Perhalides, 1190.
Halogen hydrides H X : see Under Hydrogen
bromide, etc.
Halogen ions, supposed positive, 1239.
Halogen oxy-acids: HOCl, 1212, 1213;
HOBr, 1219; H O I , 1222; HClO 2 , 1224;
HBrO 2 , 1225; HClO 8 , 1226; HBrO 8 ,
1227; HIO 3 , 1228; HClO 4 , 1230; HIO 4 ,
1236.
Halogenation, direct, 1179; of acetone,
1182; of aromatic compounds, 1181; of
paraffins, 1181; of deuterium compounds, 4 0 ; catalysts, 1181.
Halogenation by replacement of OH, 1183;
OfNH 2 , 1184.
Halogenation by addition of halogens to
C = C , 1174; heat of addition, 1175,
1176.
Halogenation by addition of halogen hydrides to C = C , 1177; heat of addition,
1177; addition cis or trans ?, 1176;
addition to conjugate links, 1176; effect
of oxygen (Kharasch), 1178.
Halogem, general, 1097; physical prop e r t y , 1098.
Haloua aoidi H X O 8 and halites, 1224.
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Heats of linkage X X I I : Tables X X X XXXII.
Heavy spar, 257.
Heavy water, 44, 46, 49, 50, 52.
Helium, 1, 9; escape from atmosphere, 2 ;
energy of formation from hydrogen, 3 ;
isotopes, 2 ; liquid I, 5 ; liquid I I , 7.
Heteropoly-acids, 1042; structures, 1042.
Hexafluorophosphates, 756.
Hexathionic acid H 2 S 6 O 6 , 943.
Hofmann, A. W., 762.
Hydrazine H 2 N - N H 2 , 708; structure, 709.
Hydrazines, phenyl, 710; tetra-aryl, 720.
Hydrazinium salts [Ar 2 N-NAr 2 ]X, 721.
Hydrazoic acid, 715; acidity, 716.
Hydrazyls Ar 2 N-NAr, 721.
Hydrides, binary, 21.
Hydrides of elements oxygen to tellurium,
951.
Hydrides, metal-like, 22.
Hydrides, salt-like, 21.
Hydrides, spectroscopic, 23.
Hydrides, volatile, 22.
Hydrogen, 11 (and see Deuterium, 33, and
Tritium, 57).
Hydrogen, monatomic, 15; diatomic H 2 + ,
15; triatomic H 3 and H 8 + , 20.
Hydrogen, chemical properties, 17; nucleus,
18; ortho and para, 12.
Hydrogen bond, 23-32; atoms forming, 29;
evidence for, 26; in chelate rings, 2 9 ;
length, 25.
Hydrogen bromide, 1164; mechanism of
formation, 1164; state in solution, 1166.
Hydrogen chloride, 1160; mechanism of
formation (Nernst), 1160-1; state in
water, 1163.
Hydrogen fluoride, 1102; as catalyst in
organic reactions (for acylation, alkylation, carboxylation, polymerization),
1132-4.
Hydrogen fluoride, formation, 1102-3; association, 1105; conductivity pure, 1104;
physical properties, 1103-5.
Hydrogen fluoride, liquid, as solvent, 1107;
behaviour of solutes, 1108-10; ionization and dielectric constant of liquid,
1108; ionization of solutes, 1111.
Hydrogen iodide, 1167; mechanism of
formation, 1168; thermal decomposition, 1168.
Hydrogen ion, negative, 20.
Hydrogen ion, positive, 18 (and see Proton).
Hydrogen peroxide, 868; heat content, 868;
chemical reactions, 869; isomer from
atomic hydrogen, 870; structure, 869.
Hydrogen sulphide H 2 S, 878; non-associated, 879; acidity, 880.
Hydrolysis, conditions of, 197.
Hydronitrates of telluroxides, 969.
Hydrosulphurous acid H 2 S 2 O 4 , 906; structure, 907.
Hydroxyl radical, free, 865.
Hydroxylamine, 686. t
Hypochlorous acid: v.s. Chlorous acid,
hypo-, &o.
Hypohaloui aoida, oomparison of, 1212.
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Hyponitrites, 693.
Hyponitrous acid, 693; esters, 693.
Hypophosphoric acid H 4 P 2 O 6 , 742.
Hypophosphorous acid H 8 PO 2 , 739.
Hyposulphurous acid H 2 S 2 O 4 , 906.
Illinium or Prometheum (and see Lanthanides), 445.
Imides, alkaline, 86.
Imides, organic, 666.
Jmines R 2 C = N H , instability of, 660.
Indie acetylacetonate, 474.
Indie bromide, 468; complexes, 476.
Indie carbonate, 471.
Indie chloride InCl 3 , 468; complexes, 476.
Indie complexes, 472.
Indie diaryl halides, 462.
Indie dimethyl-oxide (InMe 2 J 2 O, 461.
Indie fluoride, 469.
Indie halides, 469.
Indie hydroxide, 467.
Indie iodate, 471.
Indie nitrate, 471.
Indie nitride, 466.
Indie oxalato-complexes, 475.
Indie oxide In 2 O 3 , 467.
Indie perchlorate, 471.
Indie selenide, 468.
Indie sulphate, 4 7 1 ; double sulphates, 474.
Indie sulphide In 2 S 3 , 467; complexes
M[InS 2 ], 475.
Indio telluride, 468.
Indie trihalide ammines, 472.
Indio trimethyl, 461.
Indio triphenyl, 462.
Indium, monovalent, 480.
Indium monobromide InBr, 481.
Indium monochloride InCl, 481.
Indium oxide Mn 2 O, 481.
Indium sulphide In 2 S, 481.
Indous (divalent) compounds, 478; are they
really divalent ?, 479.
Indous bromide, 479; chloride, 478; fluoride,
478.
Indous oxide InO, 478.
Inert gases, 1 (and see under Argon, Emanation, Helium, Krypton, Neon, Xenon);
physical properties, 1; compounds, 8.
Inert pair of electrons, 287, 481, 617, 795,
798 (As), 951 (Te).
Infra-red spectrum and hydrogen bond, 26.
Interhalogen compounds, 1146; AB, 1148;
AB 8 , 1156; AB 5 , 1158; AB 7 , 1159.
Interhalogen compounds, disproportionat e in, 1147; heats of linkage, 1147.
Interstitial compounds, 520, 663, 808, 836,
845.
Iodates, 1229; iodate ions 1O 3 (and ClO3,
BrO 8 ), mobilities, 1229.
Iodio aoid, 1228.
Ipdie aoid, fluoro-, HO 2 F 2 , 1230.
Iodio anhydride I 8 O 5 , 1210.
Iodide ohlorides, 1245-7.
Iodide fluorides, 1248.
Iodides, 1170.
Iodine, elementary, 1143.
Iodine bromide, 1154.

Iodine chloride, 1151.
Iodine, colour in solution, 1144, 1153.
Iodine ennea-oxide
I 4 O 9 (? tri-iodate
1(10,),), 1210.
Iodine heptafluoride I F 7 , 1159.
Iodine heptoxide (?), 1212.
Iodine oxides, 1209.
Iodine pentafluoride I F 5 , 1158.
Iodine pentoxide, 1211.
Iodine perchlorate 1-ClO4, 1242.
Iodine, polyvalent compounds, 1243; organic, 1245.
Iodine tetroxide I 2 O 4 , 1210.
Iodine triacetate 1(0-CO-CHa) 8 , 1244.
Iodine trichloride ICl 8 , 1157.
Iodine tri-iodate (?), 1210.
Iodine trinitrate 1(NO 3 )3, 1244.
Iodine, trivalent, compounds of, 1245, 1263,
1258.
Iodonium acetylene derivatives, 1260.
Iodonium salts Ar 2 I[X], 1257; cyclic, 1257;
mechanism of decomposition, 1258.
Iodoso-compounds Ar «10, 1248, 1253;
cyclic, 1253-4.
Iodoso-'salts', as $-1(CrO 4 ), 1250.
Iodostannates, 616.
Iodous acid, hypo-, HOI, 1222; reaction
constants, 1223.
Iodous compounds (OI)X, 1245.
Iodous sulphate (0I) 2 SO 4 ), 1245.
Iodoxy-compounds Ar-IO 2 , 1250.
lodoxylates [Ar 2 IO 2 OH]M, 1252.
Iodoxy-salts, as [0-10.OH](ClO 4 ), 1252.
Ions, mobility and hydration, 97.
Ionization, abnormal, 216, 297, 325.
Ionized and covalent links, 109.
Iridium, 1530; valencies, 1511; metal,
1530.
Iridium and hydrogen, 1530.
Iridium and phosphorus, 1530.
Iridium, monovalent, 1531.
Iridium monochloride and monobromide
IrBr, 1531.
Iridium, divalent, 1531.
Iridium dibromide IrBr 2 , 1532; dichloride, 1532; difluoride, 1531; diiodide, 1532; sulphide IrS, 1531.
Iridium complexes: ammines, 1532; cyanides, 1532; sulphito-, 1532.
Iridium, trivalent, 1532.
Ir'" alums, 1535.
Ammines, 1535.
Aquopentammines, 1536.
Bromide IrBr 3 , 1534.
Chloride, 1533.
Chloro-pentammines, 1536.
Cyanides M 3 [Ir(CN) 6 ], 1535.
Diammines, 1538.
Dichloro-dioxalato-salts, 1541.
Dihalide complexes as M 8 [Ir(N0 2 ) 4 Cl 2 ],
1541.
Glyoxime complexes, 1539.
Hexahalides, 1540.
Hexammines, 1536.
Hexanitro-salts, 1539.
Iodide IrI 8 1 1534.
Monamminef, 1338.
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] Iron nitrosyl halides, 1373; Roussin's salts,
Nitrilo-complexes, 1535.
1373.
Nitropentammines, 1537.
Iron (ferrous) nitrosyl sulphide, 1374.
Oxalato-complexes, 1540.
Iron and phosphorus, 1327.
Oxide Ir 2 O 3 , 1532.
Iron pyrites FeS 2 , 1330.
Oxychloride IrOl 2 OH, 1534.
Isocyanides, 672.
Pentahalides, 1540.
Isomerism, 602.
Pentammines, 1536.
Isonitriles, 672.
Phosphorus complexes, 1539.
Selenide Ir 2 Se 3 , 1533.
Kainite, 240.
Sulphate, 1535.
Sulphide Ir 2 S 8 , 1533; polysulphides Kalkstickstoff, 658.
Kharasch effect, 1178.
M 3 [IrS 16 ], 1539.
* Knocking' of petrol engines, 873.
Sulphite, 1535.
'Kopfbodenschmelzen', 1426.
Tetrahalides, as M 3 [IrX 4 Ox], 1540.
Krypton, 1, 8, 9.
Tetrammines, 1537.
Kupferindig CuS, 152.
Thiourea complexes, 1539.
[ Kupfernickel NiAS, 1426.
Triammines, 1538.
Trihalides, 1540.
Landolt, 762.
Iridium, tetravalent, 1542.
Lanthanide bromates, 449.
Ammines, 1544.
Lanthanide bromides, 449.
Bromide IrBr 4 , 1544; complexes, 1545.
Lanthanide calcides, 448.
Chloride, 1543; complexes, 1545.
Lanthanide
carbides, 448.
Complexes, 1544.
Lanthanide compounds, 447.
Fluoride IrF 4 , 1543; complexes, 1545.
Lanthanide contraction, 445, 446.
Iodide, 1544.
Lanthanide fluorides, 448.
Oxalato-salts, M 2 [Ir(C 2 0 4 ) 3 ], 1545.
Lanthanide hydrides, 447.
Oxide, IrO 2 , 1542.
Lanthanide metals, 447.
Selenide, 1543.
Lanthanide nitrates, 449.
Sulphate Ir a (S0 4 ) a , 1544.
Sulphides: IrS 2 , 1542; Ir 2 S 8 , 1542; Ir 8 S 8 , Lanthanide nitrides, 448, 663.
Lanthanide oxalates, 449.
1542; IrS 8 , 1547.
Lanthanide oxides, 448.
Telluride IrTe 2 , 1543.
Lanthanide oxy-acid salts, 449.
[Iridium, pentavalent: non-existent.]
Lanthanide selenides, 448.
Iridium, hexavalent, 1547; hexafluoride,
1547.
Lanthanide sulphates, 449.
Oxide, IrO 8 , 1546.
Lanthanide sulphides, 448.
Oxyfluoride IrF 4 O, 1548.
Lanthanide tellurides, 448.
Selenide IrSe 8 , 1547.
Lanthanide trihalides, 448.
Sulphide IrS 3 , 1547.
Lanthanides, 4 4 1 ; abnormal valencies, 450;
Telluride IrTe 3 , 1547.
abundance, 445; artificial radioactivity,
Iridium carbonyls: Ir(CO) 3 , Ir(CO) 4 , 1548;
455; atomic structures, 441.
Iridium carbonyl halides: Ir(CO) 3 X, Lanthanides, basicity of hydroxides, 446.
Ir(CO) 2 X 2 , 1549; Iridium carbonyl Lanthanides, colour, 443.
hydride, 1548.
Lanthanides, distribution of abnormal
Iron Triad: Iron, Cobalt, Nickel, 1319.
valencies, 450.
Iron, general properties, occurrence, 1322; Lanthanides, divalent, 453.
Lanthanides, natural radioactivity (Sm,
valencies, 1319.
Lu), 444.
Iron, metallic, 1323; iron and carbon alloys,
Lanthanides, paramagnetism, 442.
1324.
Lanthanides, separation, 456.
Iron alloys (no carbon), 1324.
Lanthanides, tetravalent, 450.
Iron carbides, 1325.
Iron carbonyls: Fe(CO) 5 , 1369; Fe 2 (CO) 0 Lanthanides, valencies, abnormal, 450.
(enneacarbonyl), 1369; structure, 1369. Lanthanum boride, 368.
Iron carbonyl ammines, 1370; halides, 1372; Lead; see also Plumbic, Plumbous; metal,
hydride and its metallic derivatives,
553.
1371; prussocarbonyls M 3 [Fe(CN) 5 CO], Lead alkyl-aryls, dipole moments, 588.
1372.
Lead dioxide, 600, 603.
Iron and hydrogen, 1325.
Lead diphenyl, 624.
Iron, monovalent, 1327.
Lead ditolyl, 623, 624.
Iron, divalent: see under Ferrous, 1327.
Lead hydride, 554.
Iron, trivalent: see under Ferric, 1348.
Lead, organic compounds, 587.
Iron, hexavalent, as in Ferrates M 2 FeO 4 , Lead perchlorate, 1234.
Lead, red, Pb 8 O 4 , 603.
1368.
Lead suboxide Pb 8 O non-existent, 624.
Iron nitrides PeJS", Fe 4 N, 1925-6.
Iron nitrosyl Fe(NO) 4 , 1872; valency of iron Lead tetra-aoetate, "611; physical properties, 612.
in nitroiyls and carbonyls, 1374.
Iron nitrosyl-e&rbonyl Fe(OO) 1 (NO) 11 1378. I Lead tetra-alkyli, 637.
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Lead tetra-aryls, 589.
Lead tetraethyl, 588; production, 588; use
as anti-knock, 588.
Lead tetramethyl, 588.
Lead tetraphenyl, 589.
Lead trialkyl hydroxides, K 3 P b - O H , 590.
Lead triphenyl, ions [<P8Pb]+, 590.
Lead, trivalent free radicals, 595.
Lewisite, 768.
Limonite FeO-OH, 1352.
Lindemann glass, 199, 601.
Linkage, covalent, xvii; ionic, xvii; mixed,
xix.
Lithium, 60; resemblance to Magnesium,
101.
Lithium alkyls, peculiarities of, 70, 72, 82.
Lithium borohydride, 366.
Lithium, hydration of, 101.
Lithium, isotopes, 61,
Lithium nitride, 84.
Lithium, peculiarities of, 100.
Lithium perchlorate, 101 ,* solubilities, 101.
Lowig, 772.
Lutecium, natural radioaotivity of, 444.
Luteo-chromic ammines, 1016.
Magnesium, 222; metal, 222.
Magnesium acetate, 238; autocomplexes,
239.
Magnesium acetylacetonate, 242.
Magnesium alkyl and aryl halides (Grignard
reagents), 224; colour test, 231; conditions of formation, 226; disproportionat e , 230, 232; oxidation, 231; rate of
formation, 227; structures and mechanism of reaction, 229; sythese with, 225.
Magnesium alkylates, 238.
Magnesium ammines, 241.
Magnesium boride, 368.
Magnesium bromate, 240.
Magnesium bromide, 237.
Magnesium carbides MgC2, MgC3, 223.
Magnesium carbonate, 237,
Magnesium chlorate, 240.
Magnesium chloride, 237.
Magnesium complexes, 241.
Magnesium cyanide, 238.
Magnesium dialkyls, 233.
Magnesium diamide, 234«
Magnesium diaryls, 233.
Magnesium dichromate, 240.
Magnesium diethyl, 233.
Magnesium dimethyl, 233.
Magnesium diphenyl, 233.
Magnesium etherates, complex, 242.
Magnesium fluoride, 236; complexes, 242.
Magnesium formate, 238.
Magnesium hydride, 223.
Magnesium hydroxide, 235.
Magnesium iodate, 240.
Magnesium iodide, 237.
Magnesium ion, 222.
Magnesium nitrate, 239.
Magnesium nitrile complexes, 242.
Magnesium nitrite, 239.
Magnesium oxalate, 239.
Magnesium oxide, 235.

Magnesium oxygen complexes, 232, 242.
Magnesium perchlorate, 240; drying power,
241.
Magnesium periodate, 241.
Magnesium peroxide, 235.
Magnesium selenate, 240.
Magnesium selenide, 236.
Magnesium subhalides, 236.
Magnesium sulphate, 239.
Magnesium sulphide, 236.
Magnesium sulphite, 239.
Magnesium telluride, 236.
Magnetism of stannous aryls, 620.
Magnus' green (Pt) salt, 1591.
Malachite, 154.
Manganese, 1264; metal, 1265; valencies,
1264.
Manganese boride, 368.
Manganese carbides Mn 3 C, Mn 4 C, 1266.
Manganese hydride (?), 1266.
Manganese nitrides Mn 8 N 8 , MnN 2 , 1266.
Manganese, heptavalent, 1266.
Permanganates, 1267; alkaline salts,
solubilities, 1268; colour, 1268.
Permanganic acid HMnO 4 , 1267; anhydride, 1267.
Manganese, hexavalent, 1269.
Manganates, 1270.
Manganic acid, 1270.
Manganese, tetravalent, 1271.
Manganese complex halides, 1274.
Manganese dioxide, 1271; mechanism of
dithionate formation, 1272.
Manganese tetravalent salts, 1273; complexes, 1274.
Manganites, 1273.
Manganese, trivalent (manganic), 1275.
Manganic acetate, 1277.
Manganic acetylacetonate MnA 8 , 1278,
Manganic alums, 1278.
Manganic chloride MnCl3, 1276.
Manganic complexes, 1277.
Manganic cyanide complexes,
M 8 [Mn(CN) 6 ], 1277.
Manganic dioxalato-salts
M[MnOx 2 (OH 2 ) 2 ], 1279.
Manganic fluoride MnF 3 , 1276.
Manganic malonato-acid
H[Mn(C 1 H 1 O 4 J 1 (OH 1 )J, 1280.
Manganic malonato-complexes, 1280.
Manganic oxalato-complexes, 1279.
Manganic phosphates, complex, 1278.
Manganic sesquioxide Mn 2 O 3 , 1275.
Manganic sulphate Mn 2 [SO 4 J 3 , 1277;
complexes, 1278.
Manganic trimalonato-salts, 1281.
Manganic trioxalato-salts, 1279.
Mangano-manganic oxide Mn 3 O 4 , 1276.
Manganese, divalent (manganous), 1282;
ions and salts, 1283.
Manganous acetate, 1284.
Manganous acetylacetonate MnA 2 , 1286.
Manganous alkylates, 1284.
Manganous ammines, 1286,
Manganous bromide MnBr 8 ; complexes
M 1 [MnBr 4 ], 1287.
Manganous oarbonate MnCO 8 , 1284,
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Manganous chloride MnCl2, 1285; complexes, 1287.
Manganous complexes, 1286.
Manganous cyanide, 1283; complexes
M 4 [Mn(CN) 6 ], 1286.
Manganous fluoride MnF 2 , 1285.
Manganous formate, 1284.
Manganous halides, complex, 1287.
Manganous hydroxide Mn(OH) 2 , 1283.
Manganous iodide, 1286.
Manganous nitrate, 1285; complexes,
1287.
Manganous oxalate, 1285; oxalato-complexes, 1287.
Manganous oxide MnO, 1283.
Manganous oxygen-complexes, 1286.
Manganous perchlorate, 1285.
Manganous selenide, 1284.
Manganous sulphate, 1285; complexes,
1287.
Manganous sulphide, 1284.
Manganese, univalent, 1287; in solution,
1287
Cyanides, complex M 6 [Mn(CN) 6 ], 1288.
Nitrosyl complex M 3 [Mn(CN) 5 NO], 1288.
Marcasite FeS 2 , 1330.
Markownikoff's rule, 1177.
Mass/energy ratio (Einstein), 1087.
Masses of nuclei, 1087.
Mercaptans, 320, 880.
Mercaptans, seleno-, 954.
Mercuric acetylacetonate, 329.
Mercuric acetylene compounds, 315.
Mercuric alkyIs, 301.
Mercuric alkyl-halides, 310.
Mercuric ammines, 327.
Mercuric ammonia derivatives, 317.
Mercuric arsine complexes, 329.
Mercuric aryls, 313.
Mercuric bromide, 323.
Mercuric carboxylates, 325; ionization, 325.
Mercuric chlorate, 327.
Mercuric chloride, 323.
Mercuric covalency not more than 4, 328.
Mercuric cyanide, 299; complexes, 327.
Mercuric dialkyls, 310.
Mercuric diethyl, 300.
Mercuric dimethyl, 300.
Mercuric disulphonic acid, 321.
Mercuric fluoride, 322.
Mercuric fulminate, 319.
Mercuric halides, 322; complex, 3 3 1 ; solubility, 324.
Mercuric hexamercarbides, 314.
Mercuric hydroxide, 320.
Mercuric iodide, 323; complexes, 332.
Mercuric iron carbonyl, 1371.
Mercuric mercaptan-chlorides, 321.
Mercuric mercaptans, 320.
Mercuric nitrate, 325.
Mercuric nitride, 317.
Mercuric nitrite, 325.
Mercuric nitro-complexes, 329.
Mercuric nitroform, 325.
Mercuric oxalato-complexes, 330.
Mercuric oxide, 300, 319.
Mercurio oxy-acid salts, 324,

Mercuric oxygen-complexes, 329.
Mercuric perchlorate, 327.
Mercuric phosphine complexes, 329.
Mercuric salts, ionization of, 197; solubilities, 297.
Mercuric selenide, 320.
Mercuric sulphate, 327.
Mercuric sulphide, 320.
Mercuric sulphonium complex iodides, 332.
Mercuric sulphur complexes, 330.
Mercuric telluride, 320.
Mercuric thioether complexes, 331.
Mercurous compounds, 289-96.
Mercurous acetate, 294.
Mercurous ammonia compounds, 295.
Mercurous bromate, 295.
Mercurous bromide, 294.
Mercurous carbonate, 294.
Mercurous chlorate, 295.
Mercurous chloride, 293.
Mercurous complexes, 295.
Mercurous fluoride, 293.
Mercurous formate, 294.
Mercurous hydrazine complex, 296.
Mercurous hydroxide, 292.
Mercurous iodate, 295.
Mercurous iodide, 294.
Mercurous ion, 292; proved diatomic, 289;
Hg 2 + + v* Hg + + equilibrium, 290.
Mercurous nitrate, 294.
[Mercurous oxide non-existent, 292],
Mercurous sulphate, 295.
Mercurous sulphide, 293.
Mercurous trichloracetate, 294.
Mercury, 262, 285; metal, 286; vapcur like
inert gas, 287; volatility, 286.
Mercury amalgams, 288; concentration of,
289; high-melting, 288.
Mercury hydride H g H 18, 289.
Mercury, inert pair in, 287.
Mercury, ionization potentials, 285.
Mercury organic compounds, 298-316.
Formation, 301; by replacement of
hydrogen, 302; other metals, 303; nitrogen, 304; oxygen, 304; halogens, 304;
addition to C = C , 305; to carbon
monoxide, 306. Physical properties,
309. Weakness of C-Hg link, 298;
cause of this, 300, 310. Dipole moments,
309; inertness of mercury organic compounds, 313; heterocyclic derivatives,
306; catalysis of organic reactions, 307.
Mercury, peculiarities of, 285.
Metabisulphites, 909.
Metallic selenides, 953; tellurides, 953.
Metastability of thorium sulphate, 639; of
white phosphorus, 727.
Methyl iodide-bromide CH 3 -IBr 2 , 1259.
Michaelis, 772.
Millerite NiS, 1426.
Millon's base, 318.
Mischmetall, 806.
Mixed covalent-ionic links, xix.
Molecular structure, icvii.
Molybdates, 1039;
para M6[Mo(Mo6O24 )]4H 2 0, 1040;
fluoro-, 1044; per-, 1045.
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Molybdenum fluorides, complex,
Molybdenum, 1028; metal, 1029; sources, I
M[MoF 4 ]H 2 O, 1059.
1029.
Molybdenum hydroxide Mo(OH) 3 , 1058.
Molybdenum and Tungsten, summary of
Molybdenum oxide Mo 2 O 3 , 1058.
valencies, 1067.
Molybdenum selenide Mo 2 Se 3 , 1058.
Molybdenum blue, 1046.
Molybdenum sulphide, 1058.
Molybdenum boride, 368.
Molybdenyl bromide MoOBr, 1058;
Molybdenum carbides Mo2C, MoC, 1031.
chloride MoOCl, 1058; fluoride MoOF,
Molybdenum carbonyl, 1026, 1066; am1058.
mines, 1027, 1066.
Molybdenyl oxalate Mo 2 OOx 2 ,6H 2 0,1059.
Molybdenum nitrides MoN, Mo 2 N, 1032.
Molybdenyl sulphate Mo 2 0(S0 4 ) 2 , 5H 2 O,
Molybdenum, hexavalent, 1032.
1059.
Molybdenum hexabromide, 1035.
Molybdenum divalent, Mo 6 X 8 [X] 4 , 1062.
Molybdenum hexafluoride, 1033.
Molybdenum complexes, 1064;
Molybdenum oxychloride MoOCl4.
M 2 [Mo 6 Cl 14 (OH 2 ),], 1065;
Molybdenum
oxyfluorides,
MoOF 4 ,
[Mo 6 Cl 8 (H 2 O) 4 ](OH) 4 , 1065.
MoO 2 F 2 , 1035.
Molybdenum 'dibromide' Mo6Br12, 1062;
Molybdenum trioxide, MoO 3 , 1037,
dichloride, 1062; halide Mo 6 Cl 8 [X] 4
Molybdenum trisulphide MoS 8 , 1038.
(X = Br or I), 1062; hydroxide
Molybdenyl sulphates, as MoO 2 SO 4 , 1045.
Mo 6 Cl 8 (OH) 4 , 14H 2 O, 1062.
Molybdic acid H 2 [MoO 4 ], 1039.
Molybdenum group Mo6Cl8, structure,
Molybdenum, pentavalent, 1047.
1063.
Molybdenocyanides M3[Mo(CN)6], 1051; I
I Mond process (for nickel), 1426.
free acid, 1052.
I Mosaic gold, 604.
Molybdenum catechol complexes, 1053.
Molybdenum
complex
thiocyanates j Multiple links, stereochemistry of, xxi.
M 2 [MoO(SCN) 5 ] and M2[MoO2(SCN)3], I Mustard gas, 883.
1052; free acid H 3 [MoO 2 (SCN) 3 ], 2H 2 O,
1051.
Neodymium, see Lanthanides.
Molybdenum complexes, 1049.
Neodymium boride, 368; tetravalent, 452.
Molybdenum oxalato-complexes
Neon, 1, 8.
Neptunium (No. 93), production, 1090.
M[MoO 2 Ox], 1053.
Molybdenum oxybromides M 2 [MoOBr 6 ], Neptunium borohydride, 1094.
1050.
j Neptunium, chemistry of, 1093; dioxide, 1094;
hydrides NpH 8 , NpH 4 , NpH 6 , 1094;
Molybdenum oxychloride complexes
neptunyl acetate Na[NpO 2 (O • CO • CH 8 ],
M 2 [MoOCl 5 ], 1051.
1094.
Molybdenum oxyfluoride complexes
Neutrino, xv.
M 2 [MoOF 5 ], 1050.
Molybdenum oxysulphates Mo 2 O 3 (SO 4 )^ Neutron, xv.
Nickel, 1426; metal, 14^7; as catalyst, 1427;
1049.
valencies, 1321.
Molybdenum pentachloride MoCl 6 , 1047.
Nickel and carbon, 1428.
Molybdenum pentaselenide, 1049.
Molybdenum pentasulphide Mo 2 S 6 , 1049; Nickel and hydrogen, 1428.
Mo 2 S 6 , 3H 2 O, 1049; Mo 2 S 6 , 3H 2 S, Nickel and nitrogen, 1428.
Nickel and phosphorus, 1429.
1049.
Molybdenum pentoxide Mo 2 O 5 , 1048; Nickel carbonyl, 1451; properties and
hydrate MoO(OH) 3 , 1048.
structure, 1451.
Molybdenum, tetravalent, 1053.
Nickel,
non-valent,
1429:
cyanide
K 4 [Ni(CN) 4 ], 1429.
Molybdenum tetravalent complexes, 1055.
Nickel, monovalent, 1429; monocyanide
Molybdenum cyanide complexes;
NiCN,
1429;
complex
cyanide
M 4 [Mo(CN) 8 ], 1055; K 4 [Mo(CN) 8 ]2H 2 0,
K 2 [Ni(CN) 3 ], 1429; magnetism and
1056; M 3 [Mo(OH) 3 (CN) 4 H 2 O], 1056.
structure, 1430; carbonyl derivatives,
Molybdenum cyanic acid H 4 [Mo(CN) 8 ],
1452.
0H 2 0,1056; ester Mo(CN) 4 (MeNC) 3 H 2 O,
Nickel, divalent (nickelous) compounds,
4H 2 O, 1056.
1430.
Molybdenum dioxide MoO 2 , 1054; diNickelous acetate, 1435.
oxide hydrate Mo(OH) 4 , 1054.
Nickelous ammines, 1439; relative stabiMolybdenum diselenide MoSe 3 , 1055.
lity, 1440; chelate, 1441.
Molybdenum disulphide, 1054.
Nickelous boride, 368.
Molybdenum tetrachloride MoCl4, 1053.
Nickelous bromate, 1438.
Molybdenum trivalent, 1057.
Nickelous bromide, 1433; complexes,
Molybdenum bromide MoBr 3 , 1057.
Molybdenum chloride MoCl3, 1057; com1449.
plexes, 1057-9.
Nickelous carbonate, 1435; complexes,
Molybdenum complex thiocyanates
1447.
Nickelous chlorate, 1437.
Mg[Mo(SCN)8], 1060.
NiokcrioiM chloride, 1433; complexes,
Molybdenum oyanidoa, complex,
1449.
AI4[Mo(CN)7OH1,], 1060.
j
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Nickelous chlorite, 1437.
Nickelous complexes, 1438.
Nickelous cyanide, 1434; complexes, 1438.
Nickelous dithio-oxalato-complexes, 1447.
Nickelous fluoride, complexes, 1448.
Nickelous formate, 1435.
Nickelous glyoxime derivatives, 1442; for
estimation of nickel, 1443; structures,
1443.
Nickelous hydroxide, 1431.
Nickelous iodate, 1438.
Nickelous iodide, 1433; complexes, 1449.
Nickelous nitrate, 1436; double nitrates,
1436.
Nickelous nitro-salts, 1446.
Nickelous oxalate, 1435; oxalato-complexes, 144^.
Nickelous oxide NiO, 1430.
Nickelous perchlorate, 1438.
Nickelous phthalocyanine complexes,
1445.
Nickelous salicylaldoxime complexes,
1445.
Nickelous sulphate, 1436; double sulphates, 1437.
Nickelous sulphide, 1432.
Nickelous sulphite, 1437.
Nickelous thiocyanate, 1434; double salts,
1434.
Nickel, trivalent, 1449; higher oxides and
oxide-hydrates, 1449; peroxide hydrate, 1450.
Nickel nitrosyl derivatives, 1452.
Niobates, 837.
Niobic acid, 837.
Niobium (Columbium), 834; metal, 835;
valencies, 835; divalent, 842.
Niobium and hydrogen, 835.
Niobium carbide, 836.
Niobium nitrides NbN, Nb 2 N, 836.
Niobium oxides: Nb 2 O, 843; NbO, 842.
Niobium pentabromide, 839; stereochemistry, 839.
Niobium pentachloride, 838.
Niobium pentafluoride, 838.
Niobium pentoxide, 836.
Niobium, pentavalent, 836.
j8-diketone derivatives NbCl 2 (OAIk) 2 A,
841.
catechol complexes, 841.
fluoride
complexes: M[NbF 6 ], 839;
M 2 [ N b F J , 840.
oxalato-complexes M 8 [NbO(C 2 0 4 ) 8 ], 840.
oxybromide complexes, 840.
oxyehloride complexes, 840.
oxyfluoride
complexes,
M 2 [NbOF 6 ],
M 8 [NbOF 6 ], M 4 [NbOF 7 ], 840.
Niobium sulphides Nb 2 S 8 , NbS 4 , 836.
Niobium, tetravalent, 841.
Niobium dioxide, 842.
Niobium, trivalent, 842; in solution, 842;
trichloride, 842.
Nitramide H 1 N-NO 8 , 715.
Nitrate of fluorine, 703.
Nitrates, oomplex (nitrato-), 700.
Nitratei, inorgonio, 699; thermal deoom-

position of, 700.

Nitrato-complex of gold, 189.
Nitric acid, 698; acidity, 699; structure,
698.
Nitric oxide, 683; resonance in, 684; action
on free radicals, 539.
Nitride of lithium, 84; of sodium, 85.
Nitrides, binary, 663.
Nitrides, covalent, 663; interstitial, 663;
ionic, 663.
Nitriles and isonitriles, comparison of, 672.
Nitrilo-sulphite K 8 [N(SO 8 J 8 ], 894.
Nitrites, metallic, 694; esters, 695.
Nitro-eompounds, organic, 696; acidity of,
697; addition compounds, 697; structures of these, 697.
Nitrogen, 656; active, 657; affinities, 656;
heats of linkage, 656.
Nitrogen and life, 657.
Nitrogen anion N
in solids, 86; in nitrides of Gp. IV A, 634.
Nitrogen, atmospheric, artificial combination of, 658.
Nitrogen bromide, 707.
Nitrogen-carbon compounds, 664.
Nitrogen chlorides: NCl 8 , 705; NHCl 1 , 706;
NH 8 Cl, 706.
Nitrogen, diaryl-, 718, 720.
Nitrogen fluoride: N F 8 , 704; N H F 2 , 705;
N H 2 F , 705; (sub-) NF 8 , 705.
Nitrogen, free radicals, 718, 721.
Nitrogen halides, substituted (organic), 707.
Nitrogen hexaoxide, 692.
Nitrogen-hydrogen bonds N - H - , 30.
Nitrogen iodide, 707.
Nitrogen oxides, 681.
Nitrogen pentoxide, 691.
Nitrogen peroxide, 688; dissociation of,
688.
Nitrogen sesquioxide, 687.
Nitrogen sulphides, as N 4 S 4 , 892,
Nitrogen trioxide NO 8 , 691.
Nitronium ion [NO2]-!-, 690.
Nitronium salts, 690.
Nitroprussides, 1343-5.
Nitrosyl bromide, 702.
Nitrosyl chloride, 687.
Nitrosyl complexes, 687.
Nitrosyl ferrichloride [NO]-[FeCl 4 ], 1367.
Nitrosyl fluoride, 701.
Nitrosyl perchlorate [NO]-[ClO 4 ], 1235.
Nitrosyl salts [NO] + X, 684.
Nitrosyl tribromide NOBr 8 , 703.
Nitrosyls, metallic, 683; application of inert
gas rule, 686; structure, 685.
Nitrous acid, 694; tautomerism of, 694.
Nitrous oxide N 2 O, 682; resonance in, 683;
structure, 683.
Nitroxyl bromide, 703.
Nitroxyl chloride, 702.
Nitroxyl fluoride, 702.
Nitrogen-nitrogen (N-N) compounds, 708.
Nitrogen-nitrogen links, multiplicities and
heats of formation! 656, 657, 717.

Ootahydratei, 200. "
Orford prooen (for niokel), I486,
Orpimsnt As4S8, 700.
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Osmium, 1490; metal, 1490.
Osmium carbonyls: Os(CO)5* Os 2 (CO) 9 ,
1509.
Osmium carbonyl halides, 1509; hydride,
1509.
Osmium nitrosyl halides M2[Os(ISrO)X5],
1510.
Osmium, divalent, 1490.
Osmium dichloride OsOl,, 1491.
Osmium cyanide complexes M 4 [Os(CN) 6 ],
1491; sulphito-complexes, 1492.
Osmium sulphide OsS 1 , 1490 (pyritic);
selenide, 1491; teUuride, 1491.
Osmium, trivalent: trichloride OsCl8, 1492;
complex halides, 1493; complex nitro salts M 2 [Os(NOa) 5 ], 1492.
Osmium, tetravalent, 1493.
Osmium aminochlorides K 2 [Os(NH 2 )Cl 5 ],
1498.
Osmium ato-complexes, 1495.
Osmium dioxide, 1493.
Osmium hexabromide, 1497.
Osmium hexachlorides, 1497.
Osmium hexafluorides, 1497.
Osmium hexammines, 1495.
Osmium hydroxybromides
M 8 [Os(OH)Br 5 ], 1498; chlorides, chlorobromides, 1498.
Osmium oxychloride Os(OH)Cl 8 , 1495.
Osmium sulphite complexes, various
types, 1496.
Osmium tetrachloride, 1494.
Osmium tetrafluoride, 1494.
Osmium tetra-iodide, 1494.
Osmium, hexavalent, 1499.
Osmates M 2 [OsO 4 ], 1499.
Osmic esters, 1500.
Osmic hexafluoride, 1499.
Osmium nitrilohalides M[OsNX 4 ], 1503.
Osmium phosphide OsF 2 , 1499.
Osmyl complexes M 2 [OsO 2 X 4 ], 1501;
chloro-, 1502; eyano-, 1501; nitro-,
1501: oxaiato-,
1501; oxy-,
as
M 2 [OsO 2 -O-X 2 ], 1502; sulphito, 1501.
Osmyl tetrammines
[OsO 2 (NH 8 L]X 2 ,
1501.
Osmium, octovalent, 1503.
Can osmium have covalencies above 8 ?,
1507.
Osmium complexes: osmiamic acid
H[OsO 8 N], 1508; osmiama-ates, 1507.
Osmium octofluoride OsF 8 , 1505; combination with alkaline fluorides, 1506.
Osmium tetroxide OsO 4 , 1503; chemical
and physical properties, 1504.
OsO4 and OsF 8 , structures, 1506.
Perosmates or osmenates M 2 [OsO 4 X 2 ],
1509.
Osmotic pressure: see under Cupric ferrooyanide, 1338.
Oxalato-poup, hydration of, 216.
Oxides of nitrogen, 681.
Oxonium compounds, 866.
Ozonium salts, tri-alkyl [Et 8 O]X, 867.
Oxy-acids of nitrogen, 698; <md see under
Hyponifcroua, 698,* nitrous, 694; and
nitrio acids, 698.

Oxygen, 856; atomic, 858; isotopes 18 O,
856; isotopic exchange, 856.
Oxygen, molecular, O 2 : structure, 858;
physical properties, 857.
Oxygen, tetratomic, 863.
Ozone O 8 , 859; chemical properties, 8 6 1 ;
formation, 859; in the atmosphere, 860;
molecular weight, 860; physical properties, 860; structure and energy, 861.
Ozonides, organic, 862.
Packing Fraction (Aston's), 1087.
Palladium: atomic structure, 1553; metal,
1553; colloidal, 1554; catalytic power,
1554; parachor, 1566.
Palladium and hydrogen: palladium hydride, 1554; diffusion of hydrogen
through, 1557; solubility of H/D, 1556.
Palladium, non-valent, K 4 [Pd(CN) 4 ], 1557.
Palladium, monovalent, in solution, 1557.
Palladium, divalent (palladous) compounds,
1558.
Palladous acetylacetonate PdA 2 , 1567.
Palladous benzoin-oxime, & c , derivatives, 1566.
Palladous bromide PdBr 2 , 1560.
Palladous chloride, 1559; structure, 1660;
complexes M 2 PdCl 4 , 1568.
Palladous complexes, 3-covalent, 1561.
Palladous complexes, 4-oovalent, am*
mines, 1562.
Palladous complexes, ? 6-covalent, 1572.
Palladous cyanide, 1561; complex cyanides, 1566.
Palladous diammines, 1564.
Palladous glycine salts, 1566.
Palladous glyoxime complexes, 1564.
Palladous iodide PdI 2 , 1560.
Palladous
monammine
complexes
(PdAmX 2 ) 2 , 1569; structure, 1570.
Palladous nitrate, 1661,
Palladous
nitrile
complexes,
as
(B-CN) 2 PdCl 2 , 1566.
Palladous nitro-complexes M 2 [Pd(NO 8 J 4 ],
1566.
Palladous oxide PdO, 1558.
Palladous salicylato-complexes, 1567.
Palladous selenate, 1561.
Palladous selenide, 1559.
Palladous
selenium
complexes,
as
(R 2 Se) 2 PdCl 2 , 1568.
Palladous sulphate, 1561.
Palladous sulphide P d S , 1558; Pd 4 S,
structure unknown, 1559.
Palladous
sulphur
complexes,
as
(R 2 S) 2 PdCl 2 , 1567.
Palladous tetrammines, 1562.
Palladous thiocyanate, 1561; complexes,
as M 2 [Pd(CNS) 4 ], 1566.
Palladous thiosemicarbazide complexes,
1567.
Palladous triazene complexes, 1563.
Palladium, trivalent: sesquioxide, 1573; trifluoridePdF,,
1573; complex halides,
1574.
Palladium, tetravalent (palladio), 1574,
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Palladic bromides, complex, 1576.
Palladic chlorides, complex, 1576.
Palladium dioxide PdO 2 , 1575.
Palladic selenide PdSe 2 , 1575.
Palladic sulphide PdS 2 : complex sulphides, 1575.
Palladium carbonyl compound Pd(CO)Cl2,
1577.
Palladium nitrosyl chloride Pd(NO)8Cl2,
1577; sulphate Pd(NO) 2 SO 4 , 1577.
Parachor, variable, of palladium, 1565.
Paramagnetism of argentic compounds, 176;
of lanthanides, 443.
Particles, fundamental, xv.
Pentathionic acid H 2 S 5 O 6 , 942.
Peracetic anhydride, 973.
Per-acids R-CO-OH, 874.
Per-acids of sulphur (and see under Sulphur,
per-acids of), 938.
Per-alcohols R-O-OH, 872.
Perazines, 720.
Perchlorate of fluorine F-ClO 4 , 1138.
Perchlorate of lead, 1234; of silver, 1233,
1234.
Perchlorate of magnesium as a drying agent,
1233.
Perchlorates, solubilities of, 1232.
Perchloric acid HClO 4 : hydrates, constitution of, 1231; dissociation of, 1231.
Perchloric esters, 1235.
Perchloromethyl mercaptan Cl3C-S-Cl, 929.
Per-ethers Alk-0-O-Alk, 872.
Perhalio acids HXO 4 , 1230.
Perhalides, 1190; trihalides, 1191; stabilities
o f X 8 anions, 1193; of solid salts, 1195;
structure, stability, and composition,
1192.
Perhalides, higher, MX 6 to MX 8 , 1197; type
(MX4Jn, as CeI 4 , 1198.
Perhalides M[ICl4], peculiarities and structure, 1199.
Perhalides M[ICl 8 F], 1200.
Perhalides, other than alkaline, 1196; solvation of salts, 1197.
Period, first long, absence of high covalencies, 815.
Periodates, 1238; alkaline, solubilities of,
1238.
Periodates, para, structure, 1239.
Periodic acid, 1236; structure, chiefly
O=I(OH) 5 , 1236; ortho, H 5 IO 6 , 1237;
meta, HIO 4 , 1237.
Periodic classification, xvi; Table (Thomsen,
Bohr), xxvii; (Mendeleeff), xxviii.
Permolybdates, 1045.
Peroxides, inorganic, as Ba[O-O], 871.
Peroxides, organic, 872; and * knocking',
873; tertiary butyl, 873.
Persulphates, 938; structure, 938.
Persulphuric acid H 2 S 2 O 8 , 938.
Pertungstates, 1045.
Peruranates, 1074.
Peruranio add, 1074.
Peyrone's (platinum) salt, 1591.
Phosphates, heawwhloro-, [P014]+[PC16]~, 757.
Phosphates, hexaluoro-, 756; ion [PF 1 ,]-,
m i salts, solubilities of, 757,
Vol. U i pp»
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Phosphates, ortho, meta, para, 745.
Phosphine complexes, 755.
Phosphine oxides, 733.
Phosphine PH 3 , 729.
Phosphines, alkyl, 731; aryl, 732.
Phosphinic acids, 747.
Phosphonic acids R-PO(OH) 2 , 747.
Phosphonic triphenyl-methyl acid ester
$ 8 C-PO(-OH)O-C 2 H 5 , 747.
Phosphonium bases [R 4 P]OH, 731.
Phosphoric acid, difluoro-, F 2 PO(OH), 748;
monofluoro, 747.
Phosphoric acid, hypo-, H 4 P 2 O 6 , 742.
Phosphoric acid, per-, 746.
Phosphoric acid, peroxy-, mono H 8 PO 6 ; di
- H 4 P 2 O 8 , 746.
Phosphoric acids, ortho and meta, 744;
esters, 745; meta and pyro, 746.
Phosphoric oxide P 4 O 10 , 738.
Phosphorous acid, 741.
Phosphorous acid, hypo-, H 8 PO 2 , 742.
Phosphorous oxide P 4 O 6 , 736; structure, 737.
Phosphorus, 725; active, 32 P, 725; allotropic
forms, 726; links, single and triple,
heats of, 728.
Phosphorus complexes, 755.
Phosphorus hydrides, 728; PH 8 , 729; salts
of, 729; P 2 H 4 , 730; (P 2 H) n , solid, 730.
Phosphorus-nitrogen compounds, 733; P 8 N 5 ,
733; P 2 N 8 or P 4 N 6 , 733.
Phosphorus-nitrogen-halogen compounds,
734; P-N-Cl compounds, 734; P - N - F
compounds, 733; P 8 N 4 Cl 6 ,735; P4N4Cl8,
735; P 4 N 4 Cl 4 F 4 , 736; P 4 N 4 Cl 2 F 6 , 736.
Phosphorus organo-acids, 747.
Phosphorus oxides, 736.
Phosphorus oxy-acids, 739; and see Hypophosphorous, 739; Phosphorous, 741;
Hypophosphoric, 742; Phosphoric, 744;
Perphosphoric, 746.
Phosphorus oxybromide POBr 8 , oxychloride, oxyfluoride, oxyhalides, 751.
Phosphorus penta-alkyls R 5 P non-existent,
732.
Phosphorus pentabromide, solid structure,
754.
Phosphorus pentachloride, 754; solid structure, 754.
Phosphorus pentahalides, 753.
Phosphorus pentoxide P4O10, 738; drying
power, 739; polymorphism, 738.
Phosphorus peroxide PO 8 or P 2 O 6 , 739.
Phosphorus, red, 727; relation to white, 727.
Phosphorus sulphides, 749; P 4 S 8 , P 4 S 7 ,
P 4 S 10 , 750.
Phosphorus telluride, 750.
Phosphorus tetrachloride P2Cl4, 754.
Phosphorus tetra-iodide P 2 I 4 , 754.
Phosphorus tetroxide, 737.
Phosphorus tribromide, 753.
Phosphorus trichloride, trifluoride, trihalides, tri-iodide, 753.
Phosphorus vapour: structure of P 4 moleeules, 727.

Phosphorus, white, 720 j relation to red, 7S7.
Phosphoryl halidett JIS Phosphorus oxy*
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JPhosphoryl, thio: chloride, fluoride, halides,
752.
Plaster of Paris, 256.
Platinum and hydrogen, 1579.
Platinum blue Pt(NH-CO-CH 8 J 2 , 1582.
Platinum metal, 1578; valencies, 1550.
Platinum metals, general, 1454.
Platinum, monovalent: chloride PtCl, 1580;
in solution, 1580.
Platinum divalent (platinous), 1681.
Platinous aoetylacetonate complex salts,
1599.
Platinous amino-acid derivatives, 1596.
Platinous ammines: see under Diammines,
Triammines, Tetrammines.
Platinous arsine complexes, 1599.
Platinous bromide PtBr 8 , 1582; complexes M 2 [PtBr 4 ], 1605.
Platinous cacodyl oxide complexes, 1601.
Platinous chloride, 1582; complexes, 1605.
Platinous complexes, 1583.
Platinous complexes, 6-covalent, 1583;
triamine derivatives, 1584; 4-oovaient,
1585; C = C co-ordination complexes,
1585-6; structures, 1586.
Platinous cyanide, 1582; complexes
M ? [Pt(CN)J, 1588.
Platinous diammines [PtAm 2 R 9 ] 0 , 1594;
planar structure, cis~trans isomerism:
eis-trans differences, 1594-5.
Platinous fluoride P t F 2 , 1581.
Platinous glyoxime complexes, 1597.
Platinous halide complexes, 1605.
Platinous hydroxylamine derivatives,
1596.
Platinous iodide, 1582; complexes, 1605.
Platinous mtro-amniine complexes, 1598.
Platinous nitro-complexes M 2 [Pt(NOa) 4 ],
1597.
Platinous oxalato-complexes, 1600.
Platinous oxide, hydroxide, 1581.
Platinous phosphorus complexes, 1598.
Platinous selenium complexes, 1602.
Platinous sulphide P t S , 1581.
Platinous sulphito-complexes, 1604.
Platinous
sulphur
complexes,
as
[PtX 2 (SR 2 J 2 ], 1601; structures, 1602;
chelate sulphur-oxygen
complexes,
1604.
Platinous tellurium complexes, 1603.
Platinous tetrammines [PtAm 4 ]X: chelate
tetrammines: evidence of planar structure, 1592; hydrazine derivatives, 1593.
Platinous triammines [PtAm 3 R]X, 1593.
Platinum, trivalent, 1605.
Platinum''' ammines, 1608.
Platinum antimonide PtSb, 1606.
Platinum''' complexes, conditions of stability, 1609.
Platinum sesquioxide Pt 2 O 8 , 1606.
Platinum sulphates, complex, 1609.
Platinum tribromide, 1607.
Platinum triohloride, 1606; complexes,
1609.
Platinum trioyanide, 1607; complexes,
1608.
Platinum tri-iodido, 1607.

Platinum, tetravalent (platinic), 1611.
Platinio alkyl compounds, 1611; structures, 1612.
Platinio ammines, 1616.
Platinic complexes, 1615.
Platinic cyanide complexes, 1616.
Platinic dioxide PtO 2 , PtO 2 , aq., 1613.
Platinic hexabromides M 2 [PtBr 6 ], 1623.
Platinic hexachlorides, 1623.
Platinic hexafluorides, 1622.
Platinic hexa-iodides, 1624.
Platinio hexamethyl Me 8 Pt-PtMe 3 , 1611.
Platinic hexammines, 1617,
Platinic monammines, 1621.
Platinic nitro-halide ammines, 1621.
Platinic oxalato-complexes, 1622.
Platinic pentahalides M 2 [PtX 5 OH], 1624.
Platinic pentammines, 1617.
Platinic salts (platinates) M 2 [Pt(OH),],
1621.
Platinic selenide PtSe 2 , 1614.
Platinic silicide PtSi, 1613.
Platinic sulphide PtS 2 , 1614; complexes
M 2 [PtS 15 ], 1622.
Platinic telluride PtTe 2 , 1614.
Platinio tetrabromide PtBr 4 , 1615.
Platinio tetrachloride, 1614.
Platinio tetrafluoride, 1614,
Platinic tetrahalides M 2 [PtX 4 (OH) 2 ], 1625.
Platinic tetrahydroxo-dihalides, 1621.
Platinic tetra-iodide, 1615.
Platinic tetramethyl PtMe 4 , 1611.
Platinio tetrammines [PtAm 4 R 2 ]X 2 ,1619.
Platinic thiocyanate complexes, 1616.
Platinio triammines, 1620.
Platinic trimethyl iodide Me 8 PtI, 1611;
acetylacetonates Me 8 PtA, ammines,
base, 1612.
Platinum, hexavalent, 1625.
Diarsenide PtAs 2 , diphosphide P t P 2 ,1625.
Trioxide PtO 8 , triselenide PtSe 8 , 1626.
Platinum carbonyl derivatives, 1627; carbonyl halides, 1627; sulphides, & c ,
1628; complex salts, as M[PtCl 3 CO],
1628.
Platinum nitrosyl compounds M[PtCl 8 NO],
1628; complexes, as [PtCl 2 (NO)py],
1628.
Plumbane, diethyl-, nitrate Et 2 Pb(NOg) 2 ,
590.
Plumbane, diphenyl difluoride, 594.
Plumbane, diphenyl-nitrate, 591.
Plumbane, plumbic, plumbous, see also
under Lead.
Plumbane P b H 4 , 553.
Plumbane, tetramethyl, 588.
Plumbane triaryl-sodium <P s Pb-Na, 590.
Plumbane triethyl monol E t 3 P b - O H , 590.
Plumbane, triphenyl bromide, 593; chloride,
fluoride, iodide, 593.
Plumbane triphenyl monol ^ 8 P b - O H , 590.
Plumbanes, alkyl and aryl, 587, 589.
Plumbanes, alkyl and aryl halides, 592; preparation, 592; dipole moments, 592.
Plumbanes, alkyl a n d aryl fluorides, 591.
Plumban©f, aUcyl-trihalide, 594; dialkyl $i»
halides, 593» 594.
m&> 1*4*3.
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Plumbanes, diol-anhydrides R 2 PbO, 590;
diol salts, 590.
Plumbanes, firmness of attachment of
hydrocarbon radicals, 589.
Plumbanes, di (R 3 Pb-PbB 3 ), 595.
Hexa-alkyl, 595; disproportionation, 595.
Hexa-aryl, 596; dissociation, 597; magnetism, 598; molecular weights, 697;
relative stabilities, 596.
Hexa-ethyl, 595; hexa-eyclohexyl, 596.
Plumbates, 603; sodium plumbate
Na 2 [Pb(OH) 6 ], 603.
Plumbic (tetravalent) compounds:
Plumbic acetate, 611; physical properties,
612.
Plumbic chloride PbCl 4 , 610.
Plumbic dioxide PbO 2 , 603.
Plumbic ion P b 4 + , proof of, 612.
Plumbic pyrophosphate PbP 2 O 7 , 611.
Plumbichlorides, 616; plumbifluorides,
616.
Plumbonic acids R - P b O - O H , 591.
Plumbous (divalent) compounds, 623.
Plumbous acetate, 625; complexes, 626.
Plumbous alkyls, 623.
Plumbous ammines, 625.
Plumbous aryls, 623.
Plumbous azide, 625.
Plumbous benzoylacetonate, 626.
Plumbous bromate, 625.
Plumbous bromide, 625; complexes, 626;
MPb 2 Br 6 , crystal structure, 627.
Plumbous carbonate, 625.
Plumbous chelate oxygen complexes:
stereochemistry, 626.
Plumbous chlorate, 625.
Plumbous chloride, 625; complexes, 626.
Plumbous chromate, 625.
Plumbous complexes, 625.
Plumbous cyanide, 625.
Plumbous chthionate, 625.
Plumbous fluoride, 625.
Plumbous halides, 625.
Plumbous hydroxide Pb(OH) 2 , 624.
Plumbous iodate, 625.
Plumbous iodide, 625; complexes, 626.
Plumbous nitrate, 625; nitrato-complexes, 626.
Plumbous nitrite, 625.
Plumbous oxalate, 625; oxalato-complexes, 626.
Plumbous oxide PbO, 624.
Plumbous perchlorate, 625, 1234.
Plumbous plumbate Pb 2 [PbO 4 ], 603.
Plumbous selenide PbSe, 625.
Plumbous sulphate, 625.
Plumbous sulphide PbS, 624.
Plumbous sulphite, 625.
Plumbous telluride, 625.
Plumbous thiocyanate, 625.
Plumbous thiosulphate^ 625.
Plumbous thiourea complexes, 626.
Plutonium (No. 94), 1094; plutonates, as
(NH 4 ) a Pu0 4 , 1095.
Plutonium borohydride, 1095.
Plutonium, ohemiitry of, 1094,
Plutonium halidei, 1095.
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Plutonium hydrides, 1095.
Plutonium hydroxide Pu(OH) 4 , 1094.
Plutonium oxides, 1094, 1095.
Plutonium valencies, 1094.
Plutonyl nitrate P u 0 2 ( N 0 3 ) 2 , 1095.
Polychromates, 1005.
Polysulphides, aryl, 888.
Polysulphides of hydrogen, 885; metallic,
890.
Polysulphides, organic, 887; structure of, 887.
Polonium, 995; preparation and concentration, 995; chemistry of, 995, 996.
Polonium acetylacetonate, 997.
Polonium carbonyl (?), 997.
Polonium hydride, 996; metal, 995.
Polychromates, 1005.
Polysulphides, aryl, 888.
Positron, xv.
Potassium, see Alkali Metals.
Potassium chromicyanide, 1015.
Potassium manganate, 1270; metaborate,
384.
Potassium, radioactivity of, 83.
Praseodymium, see Lanthanides.
Praseodymium boride, 368; pentavalent,
452?; tetravalent, 452.
Prometheum (No. 61), 445.
Protoactinium, 851
Atomic weight (Aston, from lead; A.v.
Grosse, direct), 852; metal, 853; source
and discovery, 851; chemical properties,
853.
Fluorides M 2 [PaF 7 ], 853; pentoxide Pa 3 O 8 ,
853; separation from pitchblende, 853.
Proton, xv, 18.
Prussian blue, 1339.
Prussic acid (and see under Hydrocyanic
acid), 668; tautomerism of, 669.
Prussi-compounds, 1342, 1359.
Prusso -compounds, 1342.
Purple of Cassius, 177.
Purpureo-chromic ammines, 1016.
Pyrone salts, 866.
Pyrosulphates, 916.
Quartz, 599.
Radicals, free, 529, 545.
Radii, atomic and ionic, xxi; Table, xxix.
Radium, 243; concentration, discovery,
243; metal, 244.
Radium bromide, 253.
Radium chloride, 251.
Radium fluoride, 251.
Radium, ionic radius, 251.
Radium, isotopes, 244.
Radium nitrate, 256.
Radium sulphate, 257.
Rare earths, see Lanthanides.
Realgar, As 4 S 4 , 789.
Reiset's (platinum) salt, 1591.
Resonance, 509, 525, 665, 683, 684, 678, 717,
897; conditions of, xviii; of oarbon
dioxide, xviii.
Rhenium, 1291; ooourr^no© and separation,
12911 melml, 1293/ general proptrtiti,
1292; valonoloi, 1292,
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Rhenium arsenide, 1294.
Rhenium carbides, 1294.
Rhenium carbonyl compounds: [Re(CO) 1 J 2 ,
1314; hydride Re(CO) 4 COH, 1315; carbonyl halides Re(CO) 5 X, 1315; carbonyl ammines, 1315.
Rhenium phosphide, 1294.
Rhenium, heptavalent, 1294.
Rhenium heptaselenide, 1299.
Rhenium heptasulphide Re 2 S 7 , 1299,
Rhenium heptoxide Re 8 O 7 , 1295.
Rhenium oxybromide ReO 8 Br 4 , 1299.
Rhenium oxychloride, 1299.
Perrhenates, 1296; solubilities, 1297; of
barium, 1298.
!Perrhenic acid, 1295.
Thioperrhenates, 1298.
Rhenium, hexavalent, 1300.
Rhenates M 2 [ReO 4 ], 1300.
Rhenic acid, 1300.
Rhenium hexafiuoride ReF 6 , 1301.
Rhenium oxychloride ReOCl 4 , 1302.
Rhenium oxyfluorides ReOF 4 , ReO 2 F 2 ,
1302.
Rhenium irioxide ReO 3 , 1300.
Rhenium, pentavalent, 1303.
Complex cyanides K 3 [ReO 2 (CN) 4 ], 1305.
Hyporhenates M[ReO 8 ], 1303.
Oxyhalides M 2 [ReOCl 3 ], 1305.
Pentahalides as ReCi 6 , 1304.
Rhenium, tetravalent, 1306.
Rhenites M 3 [ReO 3 ], 1307.
Rhenium bromides, complex M 2 [ReBr 0 ],
1309.
Rhenium chlorides, complex, 1308.
Rhenium dioxide ReO 2 , 1306.
Rhenium diselenide, 1307.
Rhenium disulphide, 1307.
Rhenium complex iodides, 1310.
Rhenium oxy-halides, complex, 1310.
Rhonium tetrafluoride ReF 4 , complexes,
1308.
Rhenium, trivalent, 1311.
Rhenium bromide ReBr 8 , 1313; complexes M[ReBr 4 ], 1313.
Rhenium chloride ReCl 8 ,1312; complexes
M[ReCl 4 ], 1312.
Rhenium sesquioxide Re 2 O 3 , 1311.
Rhenium, divalent, in solution, 1312.
Rhodan (thiocyanogen), 674.
Rhodium, 1613; metal, 1514; catalytic
power, 1514.
Rhodium and carbon, 1515; and hydrogen,
1514; and nitrogen, 1515.
Rhodium
carbonyls
(Rh(CO ^)n
and
(Rh(C0) 8 ) w , 1528.
Rhodium oar bonyl halides, 1529; carbonyl
hydride, 1529.
Rhodium, divalent, 1515.
Rhodium chloride, 1515.
Rhodium oxide,
Rhodium sulphide, 1515.
Rhodium sulphito-oomplexes, 1515.
Rhodium, trivalent, 1516.
Rhodium ammines, 1521,
Rhodium bromide RhBr 8 , 1519; complex©!, 1520.

Rhodium chloride, 1518; complexes, 1526.
Rhodium cyanide Rh(CN) 8 , 1519; complexes, 1521.
Rhodium diammines, complex, 1520.
Rhodium fluoride R h F 8 , 1 5 1 7 ; complexes,
1525.
Rhodium hexammines, 1521.
Rhodium hydroxide Rh(OH) 8 , 1516.
Rhodium iodide, 1519.
Rhodium malonato-complexes, 1525.
Rhodium monaixunines, 1524.
Rhodium nitrate, 1520.
Rhodium nitro-salts, 1524.
Rhodium oxalato-salts, 1525.
Rhodium oxide Rh 3 O 8 , 1516.
Rhodium oxime complexes, 1524.
Rhodium pentammines, 1522.
Rhodium selenides, 1517.
Rhodium sulphamide complexes, 1523.
Rhodium sulphates, alums, auto-complex
sulphates, 1519, 1520.
Rhodium sulphide Rh 2 S 8 , 1517; Rh 2 S 5 ,
1516; Rh 8 S 4 , Rh 9 S 8 * 1517.
Rhodium sulphite, 1520.
Rhodium
sulphur
complexes,
as
Rh(SRj) 8 X 8 , 1525.
Rhodium tellurides, 1517.
Rhodium tetrammines, 1523.
Rhodium thiocyanate complexes, 1521.
Rhodium triammines, 1523.
Rhodium triammino-bromide
[Rh(NH 3 J 8 Br 3 ] 0 , 1523.
Rhodium more than trivalent, 1527.
Rhodium fluoride R h F 4 or R h F 6 , 1527.
Rhodium higher valencies in solution, 1528.
Rhodium oxide RhO 2 , aq., 1527.
Rhodo-chromic ammines, 1016.
Riesenfeld-Liebhafsky test for 0 - 0 , 871.
Roseo-chromic ammines, 1016.
Rotation, free and restricted, 499.
Rotation of ions in crystals, 662; of thioethers, 881.
Roussin's (iron nitrosyl) salts, 1373.
Rubidium halides, 94.
Rubidium, radioactivity, 63.
Ruby, 419.
Ruthenium, 1459; metal, 1459.
Ruthenium and carbon, 1459; and hydrogen, 1459; and nitrogen, 1459; and
phosphorus, 1460.
Ruthenium carbonyls: Ru(CO) 6 , 1482.
Ru 2 (CO) 9 , ? Ru(CO) 4 , 1483.
Ruthenium carbonyl halides Ru(CO)X
and Ru(CO) 2 X 2 , 1483.
Ruthenium nitrosyls, 1484.
Ruthenium nitrosyl cyanides
M 2 [Ru(CN) 6 NO], 1487.
Ruthenium nitrosyl halides Ru(NO)X 2 ,
1485; Ru(NO)X 8 , 1486; halide salts,
1488.
Ruthenium nitrosyl hydroxide
? Ru(NO)(OH) 8 , 1486.
Ruthenium nitrosyl nitrate, 1486.
Ruthenium nitrosyl oxalato-salts, 1489.
Ruthenium nitrosyl tetrammine, 1487;
mono-, di-, tri-ammines, 1487.
RuthiKiumpentanitrosyn Ru(NO) 6 ,148$,
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Ruthenium, monovalent, 1460.
Ruthenium, divalent, 1460; in solution,
1460.
Ruthenium" ammines, 1463; ammonia
complexes, 1464.
Ruthenium* cyanide Ru(CN) 2 , 1462;
complexes, 1462.
Ruthenium dihalides, 1462.
Ruthenium dihydroxide Ru(OH) 2 , 1461.
Ruthenium dipyridyl bases, 1463; salts,
1464«
Ruthenium*" hexammines, 1463.
Ruthenium purple Fe"'K[Ru{CN) 8 ], 1339,
1463.
Ruthenium** selenide (pyritic), 1461.
Ruthenium* sulphide RuS 2 (pyritic),
1461.
Ruthenium^ sulphito-ammines, 1464.
Ruthenium trivalent, 1465.
Ruthenium"' acetylacetonate RuA 8 , 1472.
Ruthenium bromide RuBr 8 , 1466.
Ruthenium chloride RuCl 8 , 1466.
Ruthenium'" complex halides, 1473.
Ruthenium'" complexes, 1467.
Ruthenium cyanide Ru(CN) 3 , 1467.
Ruthenium'" dichloro-tetrammines, cis
and trans, 1470.
Ruthenium heptahalides M 4 [RuX 7 ], 1475.
Ruthenium hexahalides M 8 [RuX 6 ], 1474.
Ruthenium hexammines (luteo-)
[Ru(NH 8 ) 6 ]X 8 , 1468.
Ruthenium hydroxide Ru[OH] 8 , 1465,
Ruthenium iodide R u I 8 , 1467.
Ruthenium nitro-complexes
M 2 [Ru(N0 2 ) 5 ], 1472.
Ruthenium'" oxalato-complexes, 1473.
Ruthenium sesquioxide Ru 2 O 8 , 1465.
Ruthenium'" pentahalides M 2 [RuX 5 ], 1473.
Ruthenium'" pentammines, 1468,
Ruthenium red, 1472.
Ruthenium'" sulphite, 1467.
Ruthenium'" tetrahalides M [ R u X J , 1473.
Ruthenium'" tetranimines, 1469.
Ruthenium'" triammines [RuAm 8 X 8 ] 0 ,
1471.
Ruthenium'" violeo-tetrammines (cia)9
1471.
Ruthenium, tetravalent, 1475.
Ruthenium Sv ammines, 1477.
Ruthenium chloride RuCl 4 , 1476.
Ruthenium i v complex halides, 1477.
Ruthenium 1 * hexahalides, 1478.
Ruthenium^ hydroxo-pentahalides
M 8 [RuX 6 OH], 1478.
Ruthenium hydroxide Ru(OH) 4 , 1476.
Ruthenium hydroxy-chloride Ru(OH)Cl 8 ,
1476.
Ruthenium oxalato-complexes
K 2 [RuOx 3 ], 1477.
Ruthenium oxide RuO 2 , 1475.
Ruthenium pyrosulphite Ru(S 2 O 5 J 2 ,1477.
Ruthenium sulphate Ru(S0 4 ) 2 , 1477.
Ruthenium, pentavalent:
pentafluoride
R u F 5 , 1478.
Ruthenium, hexavalent, 1479.
Ruthenates M 1 [RuO 4 ], 1479; ammines,
1480,
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Ruthenium phosphide RuP 2 , 1480.
Tetrachlororuthenates M 2 [RuO 2 CL], 1480.
Ruthenium, heptavalent: peiruthenatei
M[RuO 4 ], 1480.
Ruthenium, octovalent: tetroxide RuO 1 ,
1481.
Salvarsan, 771.
Samarium, see Lanthaiaides.
Samarium, natural radioactivity, 444.
Sapphire, 419.
Scandium, 440.
Scandium acetylacetonate, 4 4 1 ; complex
halides, double salts, 441.
Scandium oxide Sc 2 O 8 , 4 4 1 ; metaborate,
384.
SchSnite, 240.
Schweizer, 772,
Selenanthrene, 958.
Selenates, 976.
Selenio acid, 975; comparison with sulphuric, 976; esters, 977; hydrates, 976.
Selenio acids, mixed, as H 2 SSeO 8 , 979.
Selenides, dialkyl, 955; diaryl, 955; dimethyl, 955.
Selenides, metallic, 953.
Selenides of carbon, 979; carbon oxyselenide COSe, 979; carbon sulphoCSSe1 979; carbon di- CSe2, 979.
Selenides, di-, R 2 Se 2 and structure, 955.
Selenides, tri-, R 2 Se 8 , 959, 960.
Seleninic acids R- SeO. OH, 974.
Selenioua aoid, 972; selenious esters, 973;
metallic salts, 972.
Selenious acid halides: see under Selenium
oxy-halides, 973-4.
Selenites, metallic, 972,
Selenitines, as [<MeSe. CH 2 . COOH]Br, 958;
resolution of this, 958.
Selenium, 948; element, 950; allotropy, 949;
effeot of light, 949; vapour, structure
of, 948.
Selenium alkyl and aryl halides R* Se-X,
960.
Selenium and iodine, 989.
Selenium aryl trihalides Ar-SeX 8 , 961.
Selenium di-alkyl and di-aryl dihalides
R 2 SeX 2 , 961.
Selenium dibromide, 988.
Selenium dichloride, 988.
Selenium, di», halides, as Ar Se'Se-R, 961.
Selenium dioxide SeO 2 , 970; structure, 970;
organic oxidation by, 970.
Selenium hexafluoride SeF 6 , 986.
Selenium, sulphur and tellurium halides
compared, 994.
Selenium: hexabromo- and hexachloroselenites, 989.
Selenium hydrides, H 2 Se and ? H 2 Se 2 , 952.
Selenium mixed oxides with sulphur and
tellurium, as Se-SO 8 , 978.
Selenium 'mono* bromide Se 2 Br 2 , 989;
' m o n o ' chloride Se2Cl2, 987.
Selenium organic compounds, 953.
Selenium oxides and oxy-acids, 970.
Selenium oxybromide SeOBr 1 , 974.
Selenium oacyohloride, 974.
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Selenium oxyfluoride SeOF 2 , 973.
Selenium tetrachloride SeCl4, 988.
Selenium tetrafluoride, 986.
Selenium trioxide SeO 8 , 971.
Selenocyanogen, 675.
Seleno-ethers, 955; cyclic, 956.
Seleno-ketones, R 8 C = S e or (R 2 CSe) 2 , 980.
Selenomercaptans, 954.
Selenones R 2 SeO 2 , 963.
Selenonic acids R-SeO 8 H, 977.
Selenonium compounds [R 8 Se]X, 958.
Belenophene, 957; dimethyl-, 957.
Selenophthene, 957.
Solenoxides R 2 SeO, 9 6 1 ; differences from
sulphoxides,
962; resemblance to
iodoso-compounds, 964.
Sidot's blende, 270.
Silane SiH 4 , 553.
Silane, methyl CH 8 -SIH 8 , 562.
Silane monols (silicols) R 8 Si • OH, 664.
Silane, phenyl-trichloride <D • SiCl8, 567.
Silane, triaryl, Ar 3 Si-H, 563.
Silane, tribenzyl, (® 8 CH 2 ) 8 SiH, 563.
Silane triethyl-Hthium Et 8 Si-Li, 563.
Silane, trimethyl, 563.
Silane triphenyl fluoride, 567.
Silanes, di-, R 8 Si-SiR 8 , 567; hexa-alkyl
Si2AIk6, 568; hexa-aryl, 568; hexaethyl, hexa-methyl, hexa-phenyl, 568.
Silioa, 599.
Silicate esters, chloro-, as CH 8 -O-SiCl 8 , 601.
Silicates, ortho, meta, 600; natural, 600;
structures, 601.
Silicic acid Si(OH) 4 , 600.
Silicic esters, 6 0 1 ; methyl, propyl, 601.
Silioochloroform, 608.
Silioofluorides, 615.
Silicon, 552.
Silioon alkyl-halides, 566; boiling-points,
566.
Silicon alkyl-hydrogen compounds, 562.
Silioon aryl-halides, 567.
Silioon boride, 368.
Silioon dialkyl oxides, polymerized, 565.
Silicon dioxide, structures, 599.
Silioon disulphide, 603.
Silioon, divalent, 617.
Bilioon ether, optically active, 565.
Silioon fluoride complexes, 614.
Silioon halides, abnormally low boilingpoints, 607.
Silioon hexabromide Si 2 Br 6 , and iodide, 611.
Silioon hexafluoride and chloride, 611.
Silioon hydride-halides, 608.
Silioon hydrides, 553.
Silioon imide Cl 2 Si=NH, 612.
Silioon monoxide, 617.
Silioon nitride Si 8 N 4 , 598.
Silicon ootoaryl Si4Ar8, 568.
Silioon ootoohloride Si8Cl8, 6 1 1 ; decaohloride Si4Cl10, 611
Silioon organic compounds, 559.
Silioon oxygen oomplexes, chelate, 613.
Silioon tetra-alkyls, 560 »* tetra-ethyl, tetramathyl, tetra-propyl, 660.

Silioon ttirA-aryii, 5611 t«traph©nyl, 560.
Silicon tetrabanayl, 002,

Silicon tetrabromide, tetrachloride, tetrafluoride, tetra-iodide, 607.
Silicon triols R-Si(OH) 8 , 566.
Siliconic acids R-SiO-OH 7 566.
Silico-organic acids, 566.
Silver: see Argentous and Argentic.
Silver, abundance, 104; hydride, 112; metal,
105.
Silylamine (Me 8 Si) 2 NH, 563.
Silyl aryl diols, 565.
Silyl diols R 2 Si(OH) 2 , 565.*
Silyl di-triphenyl ether <S>8Si~0~Si<I>8, 565.
Silyl ethers R 8 Si-O-SiR 8 , 564.
Smalt, 1375.
Sodium: and see Alkalies.
Sodium manganate, 1271; nitride, 85.
Solubility and anion size, 410.
Solubility and particle size, 257.
Solubilities of salts in organic solvents, 102.
Soret's cement, 237.
Sphalerite, 270.
Spinels, 241.
Stannane, stannous, stannic: see also Tin.
Stannane, SnH 4 , 553, 554.
Stannane, dimethyl-sulphide, Me 2 SnS, 581.
Stannane diols, 580.
Stannane oxy-derivatives, 580.
Stannane trialkyl alkaline compounds, 579.
Stannane, trialkyl alkylates, R 8 S n - O - R ,
580.
Stannane, trimethyl, nitrate, oxalate, salts,
sulphate, 580.
Stannane, trimethyl sodium, Me 8 Sn-Na,
579; ionization, 579.
Stannane, trimethyl monol, 580.
Stannane, triphenyl, <D8Sn-H, 579; sodium
derivative ^ 8 S n - N a , 579.
Stannane, tri-, Sn 8 Me 8 , 587.
Stannane, tetra Sn4Me10, 687.
Stannane, penta
Me 8 Sn-SnMe 2 -SnMe 2 SnMe 2 -SnMe 8 , 587.
Stannanes, alkyl-, 577-8.
Stannanes, alkyl-fluoride-, ionized, 582.
Stannanes, alkyl-halide, 582; distances, 582;
ammines, 582.
Stannanes, aryl, 579.
Stannanes, aryl-halide, 583; aryl-trihalide,
583.
Stannanes, dialkyl, alkaline compounds,
579.
Stannanes,
dialkyl,
complexes,
as
K 2 [SnEt 2 F 4 ], 583; boiling- and meltingpoints, 584.
Stannanes, poly-, (Sn2, etc.), 587.
Stannanes, di-, R 3 Sn-SnR 3 , 585.
Stannanes, di-, hexa-alkyl, 585; molecular
weights and dissociation, 585.
Stannanes, di-, hexa-aryl, 586; dissociation,
586.
Stannanes, di-, hexacyclo-hexyl, hexaphenyl, hexatolyl, 586.
Stannates, normal, M 2 [Sn(OH) 6 ], 602;
meta-, 602; crystal struoture, 602.
Stannic (tetravalent) alkyl-aryl, 578.
Stannio alkyl-hydrides, 578.
Stannic ammines* effect of alkyls and halogm§ on liability, 613.
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Stannic bromide, 609,- complexes, 616,
Stannic chloride, 609; complexes, 615, 616;
ammines, 612; pyridine complexes, 613.
Stannic ehloro-iodide SnCl 2 I 2 , 610.
Stannic cobalt carbonyl Sn[Co(CO)4J4, 1423.
Stannic hydroxide Sn(OH) 4 , 602.
Stannic iodide, 609; complexes, 616.
Stannic methyl-hydride CH 8 SnH 8 , 578.
Stannic sulphide, crystal structure, 604.
Stannic tetra-alkyls, tefcra-aryls, 577.
Stannic tetramethyl, tetraphenyl, tetratolyl, 577; crystal structure, 578.
Stannic trimethyl-hydride Me3Sn* H, 578;
triphenyl-hydride, 579.
Stannites M 2 [SnOJ, 621.
Stanno-aeetic acid, CH 8 SnO-OH, 581.
Stannoketones AIk 8 SnO, 581.
Stannonic acids R • SnO • OH alkyl and aryl,
581.
Stannonic sulphide (thio) MeSnS-S-SnSMe,
581.
Stannous (divalent) compounds, 619.
Stannous alkyls SnAIk 2 , 619.
Stannous bromide SnBr 2 , 621; complexes,
623.
Stannous chloride, 621, 622; complexes, as
K 2 SnCl 4 , 623.
Stannous complexes, 622.
Stannous diaryIs, 620; diethyl, 619; diphenyl, 620.
Stannous fluoride, 6 2 1 ; complexes M 2 SnF 4 ,
623.
Stannous formate Sn(HCO-O) 2 complexes,
622.
Stannous iodide, 622; complexes, 623,
Stannous ion Sn + + , 619.
Stannous nitrate, 622.
Stannous oxide SnO, 620; crystal structure,
620.
Stannous sulphate, 622.
Stannous sulphide SnS, 621.
Stereochemistry, x i x ; of Deuterium, 44.
Stibine: see also Antimony.
Stibine, SbH 8 , 701.
Stibine ' e t h e r s ' R 2 Sb-O-SbR 2 , 775.
Stibine halides R-SbX 2 , 776.
Stibine methyl diehloride, 776.
Stibine oxides R 8 S b = O , 775.
Stibine oxy-compounds, 775.
Stibine sulphides R 8 SbS, 776.
Stibines, alkyl-tetrahalide, 777.
Stibines, aryl-dihalide, 776.
Stibines, di-, tetramethyl, tetraphenyl compounds, 779.
Stibines, dialkyl-halide, 776.
Stibines, dialkyl-trihalide, 777.
Stibines, dimethyl, 779.
Stibines, di-, (Sb-Sb), 778.
Stibines, trialkyl, 773; reaction with hydrogen chloride, 773.
Stibines, trialkyl dihalides R 8 SbX 2 , 777;
ionization, 778.
Stibines, trialkyl oxides R 8 SbO, 778.
Stibines, triaryl, 773; triphenyl, 773.
Stibines, triaryl oxides Ar 8 SbO, 776.
Stibinio aoida, dialkyl R 1 SbO(OH), 775,
Stibiao-oompouiids, Ar "SbSsSb-Ar, 779.
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Stibonic acids R-SbO(OH) 2 , 775.
Stibonium compounds [R 4 Sb]X, 774; hydroxides, 774.
Strontianite, 254.
Strontium, 242; metal, 244; from rubidium,
63.
Strontium acetate, 254.
Strontium acetylacetonate, 260.
Strontium alkyls, 246; aryls, 246.
Strontium boride, 368.
Strontium bromate, 258.
Strontium bromide, 253.
Strontium carbonate, 254.
Strontium chlorate, 257.
Strontium chloride, 252.
Strontium complexes, 259.
Strontium complex halides, 260.
Strontium fluoride, 251.
Strontium formate, 254.
Strontium hydride, 245.
Strontium hydroxide, 248.
Strontium iodate, 259.
Strontium iodide, 253.
Strontium nitrate, 256.
Strontium nitride, 247.
Strontium nitrite, 255.
Strontium oxalate, 255.
Strontium oxide, 247.
Strontium perchlorate, 258.
Strontium peroxide, 249.
Strontium polysulphide, 250.
Strontium subfluoride, 251.
Strontium subhydride, 245.
Strontium sulphate, 257.
Strontium sulphide, 250.
Strontium sulphite, 256.
Sub-borates, 361.
Sub-boric acid, 361.
Sulphate esters, 916; cyclic, 917.
Sulphate ion, distances in9 914; hydration
of, 914.
Sulphates, metallic, 914; double, 916; solubilities, 916.
Sulphates, pyro, 916; tri-, 916.
Sulphato-complexes, 915.
Sulphenic acids R - S - O H , 9 2 1 ; esters, 921.
Sulphide, mono-, of carbon CS, 889.
Sulphide, oxy-, of carbon, 889.
Sulphides, metallic, 885.
Sulphides of nitrogen, N 4 S 4 , <fec, 892; structure of N 4 S 4 , 893.
Sulphinic acids R-SO- OH, 922; esters, and
their tautomerism, 922.
Sulphites, complex, structures of, 909.
Sulphite esters, 910.
Sulphomonoperacid, 939; structure, 939.
Sulphonal, 928.
Sulphonamides R-SO 2 -NH 2 , 924.
Sulphonation of benzene, mechanism of, 923.
Sulphones R 2 SO 2 , 927; physical and hypnotic properties, 928.
Sulphonic acid, chloro-, HSO 8 Cl, 936; esters,
936.
Sulphonic acid, fluoro, see under Fluorosulphonio, 933. s
Sulphonic aaids R-SO 1 -OH, 923; esters,
9 U 1 926.
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Sulphonium compounds, 890; carbonates,
891; salts resolved, 891.
Sulphonyl bromides, 937.
Sulphonyl chloride K-SO 2 -Cl, 937; boilingpoints and dipole moments, 937.
Sulphoxides, di-, asymmetry of, 926.
Sulphoxides, di-, of thianthrene, 926; of
trimethylene trisulphide, 926.
Sulphoxides, di-, racemization of, 927; resolution of, 927.
Sulphoxides K 2 SO, 891, 925; structure,
926.
Hulphoxylate, ethyl, 906.
Nulphoxylate of cobalt CoSO 2 , 905.
Stilphoxyiic acid S(OH) 2 , 905; esters, 906.
Sulphur, 875; elementary, 876; isotopes,
876; liquid forms, 877; solid forms, 877.
Sulphur, structure of molecules, 877; vapour, molecular weight, and dissociation, 876; heats of linkage, 876, 880;
chemical behaviour, 878; differences
from oxygen, 875.
Sulphur, tri-covalent, optically active, 891.
Sulphur, aryl-chlorides, 929.
Sulphur bromide S 2 Br 2 , 947.
Sulphur chlorides: SCl2, 945; S2Cl2, 945;
. ? S8Cl2, ? S4Cl2, 946.
Sulphur decafluoride S 2 F 10 , 944.
Sulphur difiuoride S 2 F 2 , 944.
Sulphur dioxide, 897; addition compounds,
899; properties compared with ammonia and water, 898. As solvent, 897;
for salts, 899; structure and resonance,
897.
Sulphur, halides of, 943.
Sulphur heptoxide (!) S 2 O 7 , 903.
Sulphur hexafluoride SF 8 , 943.
Sulphur hydride H 2 S, 878.
Sulphur iodides non-existent, 947.
Sulphur 'monochloride* S2Cl2, 945.
Sulphur monoxide S = O , 894; preparation,
896; properties, 896; cause of peculiarities, 896; S = O link unstable, 896.
Sulphur nitride chloride [N4S4]Cl, 894.
Sulphur nitride hydride, 893.
Sulphur nitrides, 892; N 4 S 4 and structure,
893.
Sulphur-nitrogen complexes, 894.
Sulphur, oxides: SO, 894; S 2 O 3 , 900; SO 2 ,
897; SO 8 , 900; SO 4 , 903.
Sulphur, oxy-acids of, 904; sulphoxylic
H 2 SO 2 , 905; hydrosulphurous H 2 S 2 O 4 ,
906; sulphurous H 2 SO 8 , 907; thioBulphurous H 2 S 2 O 2 , 912; sulphuric
H 2 SO 4 , 913; thiosulphuric H 2 S 2 O 8 , 917;
sulphenic K-SOH, 9 2 1 ; sulphinic
K-SO 2 H, 922; sulphonic K-SO 2 -OH,
923.
Sulphur, oxy-halides of, 928.
Sulphur, phenyl-chloride, O-S-Cl, 929.
Sulphur sesquioxide S 2 O 8 , 900.
Sulphur, tert. butyl-iodide, Me 8 C-S-I, 929.
Sulphur tetrachloride SCl4, 946; addition
compounds of, 947.
Sulphur tetMfluoride ? SF 4 , 944.
Sulphur tetroxide SO41 903.
Sulphur trioxide SO 1 , 900; behaviour on

solidification, 901; chemical behaviour,
902; physical properties, 902; possible
structures, 902; solid forms, 901.
Sulphuric acid, 913; 'absolute', 913; hydrates, 913.
Sulphuric acid, thio-, H 2 S 2 O 8 , 917.
Sulphurous acid H 2 SO 8 , 907; esters, 908;
tautomerism, 908.
Sulphuryl chloride, 932, 935; chlorofluoride,
936; fluoride, 935.
Sulphylimines, 884.
Tantalates, 846.
Tantalates, peroxy-, 846,
Tantalic acid, 845, 846.
Tantalum, 843; metal, 844; valencies, 843.
Tantalum and hydrogen, 844.
Tantalum carbide, 844.
Tantalum nitride TaN, 845.
Tantalum sulphides TaS, TaS 2 , TaS 8 , 845.
Tantalum, pentavalent, 845.
Tantalum j8-diketone oomplexes,
TaCl 2 (OAIk) 2 A, 849.
Tantalum bromide TaBr 6 , 847.
Tantalum catechol complexes, 849.
Tantalum chloride TaCl 5 , 847.
Tantalum complexes, 848.
Tantalum fluoride T a F 8 , 846.
Tantalum fluorotantalates F 6 - F 7 - F 8 , 848.
Tantalum heptafluoro-tantalate K 2 T a F 7
and its crystal structure, 848.
Tantalum iodide TaI 5 , 847.
Tantalum oxide Ta 2 O 8 , 845.
Tantalum oxychlorides, 849,
Tantalum oxyfluorides M 8 [TaOF 8 ], 849.
Tantalum oxy-halides, 848; complexes,
848; ammines, 848.
Tantalum, tetravalent, 849.
Chloride TaCl 4 , 850. '
Dioxide TaO 2 , 849.
Bisulphide, 845, 849.
Tantalum, trivalent, 850.
Tribromide, 851.
Trichloride, 850; complex Ta 8 Cl 7 O, 3H 8 O,
851.
Tantalum, divalent, 851; dichloride TaCl 2 ,
851.
Tautomerism, 669, 694, 908, 922, 1570.
Technetium (Masurium), 1289.
Technetium, chemical properties, 1289;
metal, 1289; separation from rhenium,
1290.
Technetium, history and production, 1289.
Telluric acid Te(OH) 6 , 983; alio- (H 2 TeO 4 J n ,
983, 985.
Telluric acid, ortho, Te(OH) 6 , 983; ester
Te(0-CH s ) 6 , 984.
Telluride, carbon-sulpho, TeCS, 985.
Tellurides, cyclic, 965.
Tellurides, di-, as Ar-Te Te-Ar, 966.
Tellurides dialkyl, 964; diary!, 965; dimethyl, 965.
Tellurides, metallic, 953.
Tellurifluorio acid HTeF 6 , 5H 2 O, 991.
Tellurinio aoids R - T e O - O H , 983.
Tellurites, metallic, 981, 982.
Tellurium alkyl trihalides K-TeX 8 , 968.
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Tellurium anions Te~~, 951.
Tellurium aryl monohalides A r - T e - X , 966.
Tellurium cations Te 4 + , 951, 981.
Tellurium complex halides, 993; M[TeX 5 ],
M 2 [TeX 6 ], 994.
Tellurium dialkyl dihalides, 967.
Tellurium diaryl dihalides, 968.
Tellurium dibromide, 993.
Tellurium diehloride, 992.
Tellurium dimethyl di-iodide Me 2 TeI 2 : isomerism of, 967; structure of, 967.
Tellurium dioxide TeO 8 , 980; addition compounds with strong acids, 981.
Tellurium, elementary, 950.
TeUurium hexafluoride TeF 6 , 990; and the
covalency limit, 990; tellurium-fluorine
distance, 991.
Tellurium hydride H 2 Te, 952.
Tellurium, inert pair in, 991.
Tellurium monoxide, 980.
Tellurium organic compounds, 953.
Tellurium oxyhalides ?, 983.
Tellurium tetrabromide TeBr 4 , 993.
Tellurium tetrachloride, 992.
Tellurium tetrachloride, 991.
Tellurium tetra-iodide, 981.
Tellurium trioxide TeO 8 , 981.
Telluro-ethers B 2 Te, 964.
Telluroketones R 2 C = T e , 985.
Telluromercaptans R - T e * H , 964.
Tellurones R 2 TeO 2 , 969.
Telluronium salts [R 3 Te]X, 966; resolved,
966.
Tellurous acid, 981.
Telluroxides R 2 TeO, 969; hydronitrates
[R 2 TeOH]NO 8 , 969,
Temperatures, low/and helium, 4.
Tenorite CuO, 150.
Terbium; see Lanthanides.
Terbium, tetravalent, 453.
Tetra-aryl-hydrazines, 720.
Tetrabenzyl-hydrazine, 720.
Tetrathionic acid H 2 S 4 O 6 , 942.
Thallic (trivalent) acetate, 472.
Thallic bromide, 470; complexes, 476.
Thallic chloride, 470; complexes, 476;
Cs8Tl2Cl8 and its structure, 476.
Thallic complexes, 472.
Thallic dialkyl-acetylacetonate, 474.
Thallic dialkyl alkylates, 465; /J«diketone
compounds, 465.
Thallic dialkyl cation R 2 Te + , stability, 464;
stereochemistry, 464.
Thallic dialkyl and diaryl salts, 463.
Thallic dialkyl salts, 465; like thallous,
464; solubilities, 464.
Thallic diaryl salts, 465.
Thallic formate, 472.
Thallic iodide TlI 8 , 470; complexes, 476.
Thallic mono-alkyl and mono-aryl compounds, 465.
Thallic nitrate, 472; complexes, 474.
Thallic oxalato-complexes, 475.
Thallic oxide Tl 2 O 3 , 467.
Thallic oxy-acid salts, 471.
Thallio sulphates, complex, 474.
Thallio trialkyls, 462.
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Thallic triethyl, 462; trimethyl, 468; triphenyl, 463.
Thallic trihalides, 470; alcoholates, ammines, etherates, 473.
Thallium, 458; metal, 459.
Thallium and the inert pair, 481.
Thallous (monovalent) compounds, 481.
Thallous acetate, 486.
Thallous acetylacetonate, 487.
Thallous alkyloxides, tetrameric, 484;
structures, 485.
Thallous azide, 484.
Thallous bromate, 487.
Thallous bromide, 486.
Thallous carbonate, 486.
Thallous chlorate, 487.
Thallous chloride, 486.
Thallous complexes, 487.
Thallous compounds resemble alkaline,
482; argentous, 481; plumbous, 481.
Thallous cyanide, 484.
Thallous fluoride, 485.
Thallous formate, 486.
Thallous halides TlX, 485; solubilities, 483.
Thallous halides TlX 2 and Tl 2 X 3 , 486.
Thallous hydroxide Tl-OH, 484.
Thallous iodate, 487.
Thallous iodide, 486.
Thallous ion, deforming power of, 483; is
monatomic, 482.
Thallous nitrate, 486.
Thallous oxalate, 486.
Thallous oxide Tl 2 O, 484.
Thallous sulphate, 486,
Thallous sulphide, 485.
Thermite, 419.
Thio-: see also under Sulpho-.
Thioaldehydes, 888.
Thioantimonates as Na 8 SbS 4 , 791; esters,
791.
Thioantimonites M 8 SbS 8 , 791; esters, 791.
Thioarsenates M 8 [AsS 4 ], 790; esters, 790.
Thioarsenites
M 8 [AsS 8 ],
790;
esters
As(S-AIk) 8 , 790.
Thiobismuthites, as NaBiS 2 , 791.
Thiochromites MCrS 2 , 1021.
Thiocyanio acid, 675; tautomerism of, 675.
Thiocyanic esters, normal and iso, 676.
Thiocyanio ions, 675.
Thiocyanogen, 674; structure, 675.
Thiocyanuric acid, 679.
Thio-ethers, 881; cyclic, 891.
Thio-ethers, addition products to halogens
as [AIk 2 S-Br]Br, 892; to carbon, 883;
to metals, 884; to nitrogen, 884.
Thioketones, 888.
Thiols, see Mercaptans, 880.
Thiomolybdates, 1043.
Thionic acids, 940; structures of, 940; diH 2 S 2 O 6 , tri- H 2 S 3 O 6 , tetra- H 2 S 4 O 6 ,
penta- H 2 S 5 O 6 , 942; hexa* H 2 S 6 O 8 , 943.
Thionyl bromide Br 2 SO, 931.
Thionyl chloride, 931.
Thionyl fluoride, 930.
Thionyl halides: distances, 930; boiling- and
melting-points, 930.
Thiophene, 882.
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Thiosilicates, 604.
Thiostannates, 604; methyl ester, 605»
Thiosulphates, complex, of bismuth, 919; of
gold, 919, 920; of mercury, 919; of
silver, 919, 920; of sodium, 919.
Thiosulphates, metallic, 918; structure, 918.
Thiosulphonic acids R-SO 2 -SH, 915; esters,
922.
Thiosulphuric acid H2S51O8, 917; esters, 920.
Thiosulphurous acid H 2 S 2 O 3 , 912; esters,
912.
Thiotungstates, 1044,
Thiovanadates, 814.
Thorium, 632; metal, 632; radioactivity,
632; fission of, 632.
Thorium acetate, 639.
Thorium acetylacetonate ThA 4 , 642.
Thorium ammines, 640.
Thorium boride, 368.
Thorium carbide ThC 2 , 633.
Thorium carbonates, complex, 643.
Thorium catechol complexes, 644,
Thorium chlorate, 639.
Thorium chloride, 638; complexes, M[ThCl 5 ]
to M 8 [ThCl 7 ], 646.
Thorium dioxide ThO 2 , 635.
Thorium fluoride T h F / , complexes, to
M 2 [ThF 6 ], 646.
Thorium for polymethylene ring syntheses,
499.
Thorium formate, 639.
Thorium halide alcohoiates, etc., 641.
Thorium hydroxide, 636.
Thorium nitrate, 639; double salts, 641.
Thorium nitride Th 3 N 4 , 634.
Thorium oxalate, 643; complexes, 643.
Thorium peroxide, 637.
Thorium sulphate, 639; double salts, 644.
Thorium tetrabromide, 639.
Thorium tetrachloride, 638.
Thorium tetrafluoride, 638.
Thorium tetra-iodide, 639.
Thulium, see Lanthanides.
Thulium, divalent ?, 456.
Tin: see also Stannic, Stannous.
Tin dioxide SnO 2 , 600.
Tin disulphide, 604.
Tin hydride, 554.
Tin, metal, 552.
Tin nitride Sn 8 K 4 , 599.
Tin organic compounds, stannic, 576; stannous, 619.
Titanates, 635.
Titanates, peroxy-, 636.
Titanic esters, 636.
Titanium ammines, 640.
Titanium bromide, 637; titanibromides, 645.
Titanium bromonitride N ^ T K B r , 640.
Titanium carbide TiC, 633.
Titanium catechol compounds, 643.
Titanium chloride TiCl 4 , 637; titanichlorides, 645.
Titanium chloronitride Ns=Ti-Cl, 640.
Titanium dioxide TiO 8 , 635.
Titanium fluoride TiF 4 , 637; titanifluorides,
645.
Titanium hydroxide Ti(OH) 4 , 635.

Titanium iodide TiI 4 , 638; complexes, 645.
Titanium metal, 631.
Titanium nitride TiN, 634.
Titanium oxygen complexes, 641.
Titanium peroxide, 636.
Titanium sulphato-complexes, 644.
Titanonium acetylacetonate salts [TiA 8 ]X,
641.
Titanous (trivalent) compounds, 649; reducing power, 649.
Titanous chloride TiCl 8 , 650; ammines,
650; complexes, 651.
Titanous complexes, 650.
Titanous fluoride, 650; complexes, 651.
Titanous hydroxide Ti(OH) 3 , 650.
Titanous nitride TiN, 634.
Titanous oxide Ti 2 O 8 , 650.
Titanium (divalent) compounds, 651.
Titanium diohloride, 6 5 1 ; ammines,
651.
Titanium di-iodide, 651.
Titanium monoxide TiO, 651.
Titanium sulphate TiSO 4 , 651.
Titanyl complexes, as K 2 [O=TiOx 2 ], 643,
Toxicity of organic halides, 1129.
Transitional elements, 104.
Trichloromethyl perchlorate Cl 3 C-O-ClO 8 ,
1236.
Tridymite, 599.
Trifluoro-isopropyl alcohol CF 8 • CHOH • CH 8 ,
1129.
Trisulphates M2S8O10, 916.
Trisulphide of hydrogen H 2 S 8 , 886.
Trithionio acid H 2 S 8 O 6 , 942.
Tritium, 57.
Tungstates, 1040; meta, 1041; para, 1041;
per-, 1045.
Tungstates, fludro-, 1044.
Tungsten, 1027; metal and its applications,
1030.
Tungsten blue, 1047.
Tungsten boride, 368.
Tungsten and carbon W 2 C, WC, 1031.
Tungsten oarbonyls, 1026, 1067.
Tungsten catechol compounds, 1046.
Tungsten, inert gas compounds ?, 1031.
Tungsten nitrides WN 2 , W 2 N 8 , 1032.
Tungsten, hexavalent, 1032.
Hexachloride, 1034; structure, 1034.
Hexafluoride, 1033.
Oxybromides WOBr 4 , WO 2 Br 2 , 1037.
Oxychlorides WOCl 4 , WO 2 Cl 2 , 1936.
Oxyfluorides WOF 4 , 1035.
Tungsten trioxide W 2 O 8 , 1038.
Tungsten trisulphide, 1038.
Tungstic acid, 1040; chelate organic derivatives, 1046.
Tungsten, pentavalent, 1047.
Bromide, 1048.
Chloride WCl 5 , 1048.
Cyanides, complex, M 3 [W(CN) 8 ], 1052;
silver salt, 1052; acid H 3 [W(CN) 8 ],
6H 2 O, 1052.
Tungsten oxides W 2 O 5 ,1049; W 4 O 11 ,1049.
Tungsten
oxybromides
M 2 [WOBr B ],
M(WOBr 4 ], 1051.
Tungsten oxychlorides, 1051.
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Tungsten oxyhalides, 1050.
Tungsten thdocyanates, complex,
M1[WO8(SC]Sr)3] and M 3 [WO(SON) 6 ],
1052.
Tungsten, tetravalent, 1053.
Complex chlorides M 8 [W(OH)Cl 8 ], 1055.
Complex cyanides, M 4 [W(CN) 8 ], etc., as
with molybdenum, 1056.
Dioxide WO 2 , 1054.
Diselenide, 1055.
Bisulphide, 1055.
Ditelluride, 1055.
Tetrachloride WCl 4 , 1053.
Tetra-iodide WI 4 , 1054.
Tungsten, trivalent, 1059.
Complexes, 1059; H 8 W 2 Cl 9 , 1059.
Halides M 8 [W 2 Cl 9 ], 1060; salts, various,
1060.
Ion [W 2 Cl 9 ]
and structure, 1061.
Tungsten, divalent:
Complex halides H 2 [W 8 Br 6 Cl 8 ] 18H 2 O,
1066.
Complex salts M 2 [W 6 Cl 14 (OH a ) 2 ], 1065.
Dibromide WBr 2 (? W 6 Br 12 ), 1063.
Dichloride, 1063.
Di-iodide, 1064.
Monoxide (?), 1064.
Uranates, 1074.
Uranates, per-, 1074.
Uranic, acid, per-, 1074.
Uranic acids H 2 UO 4 ; H 2 UO 4 , H 2 O ; H 2 U 2 O 7 ,
1073.
Uranide contraction, 1093.
Uranide series (Nos. 92-6), 1091; compared
with lanthanides, 1092.
Uranides, paramagnetism of, 1093.
Uranium, 1069; metal, 1070; isotopes, 1090;
sources, 1069; spontaneous radioactive
changes, 1090.
Uranium carbides UC, 1070; UC 2 , 1071.
Uranium hydride UH 8 , 1070.
Uranium nitrides UN", U 2 N 8 , UN 2 , 1071.
Uranium peroxide UO 4 , 1073.
Uranium phosphides U P , U 3 P 4 , UP 2 , 1071.
Uranium reds, 1074.
Uranium sulphides U 4 S 3 , U 2 S 3 , US 2 , US 3 ,
1073.
Uranium, trans-, elements and their production, 1090.
Uranium, hexavalent, 1071.
Uranium complexes, 1075.
Uranium hexachloride UCl 6 , 1072.
Uranium hexafluoride UF 6 , 1072.
Uranium trioxide UO 8 , 1073.
Uranyl acetylacetonates, 1077; ammine
complexes, 1077; hydrates, 1077.
Uranyl bromide UO 2 Br 2 , 1076; complexes, 1078.
Uranyl carbonate UO 2 CO 8 , 1077; complexes, 1078.
Uranyl chloride, 1076; complexes, 1078.
Uranyl (UOJ) complex acetates, 1078.
Uranyl complex cyanides, as
K 1 [UO 1 (C^) 4 ], 1078.
Uranyl fluoride, 1075.
Uranyl format*, 1070.
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Uranyl iodate, 1076, 1078.
Uranyl iodide, 1076.
Uranyl nitrate, 1076; complexes, 1078.
Uranyl oxalate, 1077; oxalato-compoundi,
1078.
Uranyl perchlorate, 1076.
Uranyl sulphate, 1077; complexes, 1078.
Uranyl sulphide [UO 2 ]S, 1077.
Uranium, pentavalent, 1079.
Uranium pentachloride, 1079.
Uranium pentafluoride UF 6 , 1079.
Uranium pentoxide U 2 O 6 , 1080.
Uranium, tetravalent, 1080; resemblanoe to
thorium, 1080.
Uranium acetate U(O-CO-CH 8 J 4 , 1088.
Uranium borohydride U(BH 4 ) 4 , 1080 J
alkyl derivatives, 1080.
Uranium bromide UBr 4 , 1082, 1084.
Uranium chloride UCl 4 , 1084.
Uranium disulphide US 2 , 1081.
Uranium fluoride U F 4 , 1081, 1084.
Uranium formate, 1083.
Uranium hydroxide U(OH) 4 , 1080, 1081.
Uranium iodide, 1082.
Uranium nitrate, 1083.
Uranium oxalate, 1084; oxalato-, 1084.
Uranium oxy-chloride UOCl 2 , 1083.
Uranium oxy-fluoride, 1083.
Uranium phosphate, 1084; complexes,
1084.
Uranium sulphate, 1083; metastabiUty
of, 1083; complex sulphates, 1084.
Uranium, trivalent, 1085.
Uranium borohydride U(BH 4 ) 8 , 1085.
Uranium bromide UBr 3 , 1085.
Uranium chloride, 1085.
Uranium fluoride, 1085.
Uranium nitride UN, 1085.
Uranium sesquisulphide U 2 S 3 , 1085.
Uranium sulphate, 1086.
Uranium, divalent, 1086.
Uranium monosulphide (?), 1086.
Uranium monoxide UO, 1086.
Uranoso-uranic oxide U 8 O 2 , 1079.
Valencies of an element, relations of, 100,
109.
Vanadium and hydrogen, 807,
Vanadium boride VB, 807.
Vanadium carbide VC, 807.
Vanadium, metal, 806.
Vanadium nitride VN, 807.
Vanadium oxides V 2 O 8 , V 2 O 4 , V 2 O 8 , 808.
Vanadium silicides VSi 2 , V 2 Si, 807.
Vanadium sulphides V 2 S 8 , VS 4 , 809.
Vanadium, pentavalent, 809.
Vanadates, condensed forms, 811; oolottf"
less and coloured forms, 812.
Vanadates, ortho, meta, para, 811.
Vanadates, peroxy-, 814.
Vanadates, various: interconversions, 818.
Vanadio acid, 810.
Vanadio aoid, peroxy-, 814.
Vanadio esters, 812.
Vanadio esters, interoonversions, 818.
Vanadio esters J ortho B 1 VO 4 , 813; mat*
H 1 V 1 Oi, 818.
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Vanadium, pentavalent (cont.).
Vanadic esters, solid red, 813.
Vanadium complexes, 817.
Vanadium oxalato-complexes, 816.
Vanadium oxybromide VOBr 3 , 816.
Vanadium oxychloride, 815; complexes
M[VOCl4], 817.
Vanadium oxyfluoride, 815; complexes
M[VOF 4 ], M 2 [VOF 6 ], M 2 [VO 2 F 3 ], 817.
Vanadium pentafluoride VF 6 , 815.
Vanadium pentoxide V 2 O 6 , 809.
Vanadium sulphato-complexes, 818.
Vanadyl (VO'") compounds: ion [ V 0 ] + + + ,
816; salts, 816.
Vanadium, tetravalent, 818.
Vanadites (hypovanadates) M 2 V 4 O 9 , 819.
Vanadium chloride VCl4, 819.
Vanadium dioxide VO 2 , 818.
Vanadium fluoride VF 4 , 819.
Vanadium hydroxide V(OH) 4 , 819.
Vanadyl bromide VOBr 2 , 821.
Vanadyl chloride VOCl 3 , 821; complexes,
822.
Vanadyl (VO'7) compounds: jS-diketone
complexes, 823; ainmines, 823.
Vanadyl
fluoride,
820; complexes
M31[VOF4], 822.
Vanadyl malonato-eomplexes, $22.
Vanadyl oxalato-complexes, 822.
Vanadyl salicylato-complexes, 823.
Vanadyl salts, 821.
Vanadyl sulphates, 8 2 1 ; sulphato-complexes, 822.
Vanadyl sulphites, 8 2 1 ; sulphito-complexes, 822.
Vanadium, trivalent (vanadic), 823.
Vanadic acetate, 828.
Vanadio acetylacetonate VA 3 , 832.
Vanadic alums, 828.
Vanadic ammines, as [V(NHg)6]Cl3, 829.
Vanadio ato-complexes, 825.
Vanadic bromide VBr 3 , 826.
Vanadic catechol complexes, 831.
Vanadic
chloride,
826; complexes
M 8 [VCl 6 ], 830.
Vanadio complexes, 828.
Vanadio cyanide V(CN) 3 , 830; complexes
M 8 [V(CN) 6 ], 830.
Vanadio fluoride VF 3 , 825; complexes
MVF 4 to M 8 VF 6 , 830.
Vanadio formate, 828.
Vanadio halide complexes, 829.
Vanadio hydroxide V(OH) 8 , 825.
Vanadio iodide YI 8 , 826.
Vanadio ion V+++, 829; ammines, 829;
hydrates, 82q.
Vanadio oxalatjo-complexes, 831.
Vanadio salioylato-complexes, 831.
Vanadio salts, 827.
Vanadic sulphate, 828.
Vanadyl (VO') compounds: raonobromide
VOBr, 827; monoohloride, 827.
Vanadium, divalent (vanadous) compounds,
832.
Vanadous bromide VBr 1 , 888.
Vanadoua chloride, 883.
Vftnadoui oomptoxei, §84.

Vanadous cyanides, complex, 834.
Vanadous fluoride VF 2 , 833.
Vanadous hydroxide V(OH) 2 , 832.
Vanadous iodide, 833.
Vanadous oxide VO, 832.
Vanadous sulphate, 834; complexes, 834.
Vanadous sulphide VS, 808, 833.
Vitriol, 276, 283.
Water, 863; physical properties, 864; water
vapour, 864; liquid, 865; ice, 864;
structure of H 2 O molecule, 864.
Witherite, 254.
Wurster's salts, 722.
Wurtzite, 270.
Xantho-chromic ammines, 1016.
Xenon, 1, 8, 9, 10.
Ytterbium, see Lanthanides.
Ytterbium, divalent (Ytterbous)
pounds, 455.
Ytterbous bromide, 455.
Ytterbous chloride, 455.
Ytterbous iodide, 455.
Ytterbous oxide YbO, 455.
Ytterbous selenide, 455.
Ytterbous sulphate YbSO 4 , 455.
Ytterbous sulphide YbS, 455.
Ytterbous telluride, 455.
Yttrium, see Lanthanides.
Yttrium compounds, 441, 446.
Yttrium metaborate, 384.

com-

Zeise's (platinum) salt, 1591.
Zero-point energy, 7, 38.
Zinc, 263; metal, 264; abundance, 263.
Zinc acetate, 275.
Zinc acetylacetonate ZnA 2 , 283.
Zinc, alcoholated ions, 281.
Zinc alkyls, 265; alkyl-halides, 265; complexes, 279.
Zinc amide, 268.
Zinc ammines, 279; organic, 280.
Zinc aryls, 267; aryl-halides, 265; complexes, 279.
Zinc basic acetate, 214, 283.
Zinc blende, 270.
Zinc bromate, 277.
Zinc bromide ZnBr 2 , 272.
Zinc carbonate, 275.
Zinc catechol complexes, 282.
Zinc C = C complexes, 279.
Zinc chlorate, 277.
Zinc chloride, 272.
Zinc complexes, 277.
Zino-copper couple, 266.
Zinc cyanide Zn(CN) 2 , 26%; complexes, 279.
Zinc dimethyl, 266; diethyl, dipropyi, dibutyl, 266.
Zinc fluoride, 271.
Zino halides, 271; complex, 284, 285.
Zinc hydroxide, 269,
Zino iodate, 277.
Zino iodide, 273.

Zino nitrate, 276.
Zino nitride, 868.
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Zlno niirUo-oompJexom, 231.
Zino niirito, 2715.
Zino nitro.oorapl«xoB, 281.
Zino oxalate, S75; oxalato-complexes, 282.
Zino oxido, IdO.
Zino perohlomi>t), 277.
Zino p«rojildo, 270.
Zino salts, hydration of, 271.
Zino soloni.lti, 270.
Zino iulphiitOp 270; sulphato-complexes, 283.
Zino sulphide, 270; sulphide complexes, 283.
Zino sulphite, 276.
Zinoatoi, 270.
Ziroonates, 036; peroxy-compounds, 637.
Zirconium aootylacetonate ZrA 4 , 10H 2 O,
641, 042.
Ziroonium ammines, 640.
Zirconium basic benzoate
(ZrO)4O(O • CO-<1>)6, 642.
Ziroonium carbide ZrC, 633.
Zirconium catechol complexes, 643, 644.
Zirconium dioxide ZrO 2 , 635.
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Zirconium heptafluorides M 3 ZrF 7 , 645;
crystal structure, 645.
Zirconium hexabromides M 2 [ZrF 8 ], 645.
Zirconium hexachlorides, 645»
Zirconium hydroxide Zr(OH) 4 , 636.
Zirconium metal, 632.
Zirconium nitrate Zr(NO 3 J 4 , 639.
Zirconium nitride ZrN", 634.
Zirconium oxalato-complexes, 643.
Zirconium oxygen-complexes, 641.
Zirconium peroxide, 637.
Zirconium sulphate Zr(SO4J2, 639; sulphatocomplexes, 644.
Zirconium tetrabromide, 638.
Zirconium tetrachloride, 638.
Zirconium tetrachloride, 638.
Zirconium tetra-iodide, 638.
Zirconium, divalent: dibromide, dichloride,
di-iodide, 652.
Zirconium, trivalent: tribromide, trichloride,
tri-iodide, 652.
Zirconyl basic acetate, 214.
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