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PREFACE

HIS book is an attempt to discuss in detail the properties of the

elements and their compounds in the light of modern ideas of atomic
and molecular structure. The development of these ideas in the last thirty
years has made it possible to transform ‘ Inorganic’ Chemistry from a mass
of disconnected facts mto an ordered system of relations. Inorganic text-
books are, however, usually so over-burdened with the details of mineralogy,
metallurgy, technical chemistry, and analysis that hardly any space is left
for the considerations of the theoretical relations; while the customary
exclusion of all but the simplest compounds of carbon deprives us of the
help of the best-known and most important of the elements. I have tried
to avoid these errors both of excess and of defect, and to give an account
of the compounds of all the elements, with special reference to the general
relations between them. The basis of classification is, of course, the Periodic
Table, the simplest arrangement for exhibiting the relations of the elements.

Among my many obligations I must first express my indebtedness to the
great Handbooks of Abegg and of Gmelin (8th edition), as well as to the
Abstracts published by the British and the American Chemical Societies :
to Professor Linus Pauling’s Chemical Bond (Cornell University Press, 2nd
edition, 1942): and to the Structural Inorganic Chemistry of A. F. Wells
(Clarendon Press, 1945). The numerous valuable monographs on particular
branches of the subject that I have consulted are acknowledged in their
places. But I would particularly mention the Thermochemistry of F. R.
Bichowski and F. D. Rossini (Reinhold, New York, 1936): G. W. Wheland’s
Theory of Resonance and its Application to Organic Chemistry (Wiley, New
York, 1944): and the Chemie der metall-organischen Verbindungen of
E. Krause and A. v. Grosse (Borntraeger, Berlin, 1937).

Among those from whom I have received personal help I must in the
first place express my deep gratitude to Professor Linus Pauling, who, in
addition to publishing a book of the first importance on molecular struc-
ture, has, especially during his residence in Oxford as Eastman Professor,
given up much time to answering my questions on a whole series of points
large and small, and has read and criticized in detail my itroductory
section. To my colleagues in Oxford, and especially to Dr. L. E. Sutton of
Magdalen College, and to Mr. H. M. Powell, University Reader in Chemical
Crystallography, I am very grateful for help and advice on many points.
I owe more than I can say to the late Dr. R. V. G. Ewens, formerly Scholar
of this College, and Reader in Chemistry at Guy’s Hospital Medical School,
who up to his untimely death had read nearly the whole of my manuscript,
and made numerous corrections and modifications of the greatest value to
me, Dr. M. W. Lister of Harwell, now Assistant Professor of Chemistry at
Toronto University, has read the whole book in proof and detected many
errors. I have been greatly helped by him and by Dr, Charles Coryell of the
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Massachusetts Institute of Technology in my account of the uranide
olements. In the laborious checking of the numerous references I have had
the nssistance of Mr. W. T. L. Neal of Exeter College, Mr. B. B. Goalby of
New College, Mr. M. F. Hoare of The Queen’s College, and Mr. A. Mackay
of this College. The indexes were compiled with the help of Mr. C. P,
Horgan of Trinity College.

The references I have tried to bring up to the summer of 1948 ; but the
dolays in the publication of original papers and abstracts, and in some
subjects the restrictions of military secrecy, make it peculiarly difficult to
asuign an exact term to this in the immediate post-war years. Many of the
statoments in this book already need correction and amplification, but
that is inevitable in so rapidly advancing a subject.

LINCOLN COLLEGE
OXFORD
May 1949
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Polar should be used only in the strict sense, meaning ‘having a dipole moment’.
Sol¥; gre. anhydrous substance dissolving in 100 gre. solvent.

} See p. xil.



xii ABBREVIATIONS

Square brackets [ ]: (1) in reaction kinetics mean concentrations (usually in
moles per litre) ; (2) in formulae indicate ions.
et al. = and others (authors).

Greek and Latin numerical prefixes (uni = mono; fer = tri ; sexa = hexa, &c.)
are used indifferently ; the supposed objection to ‘hybrid’ words, of which the
first part is derived from Greek and the second from Latin, if it were valid would
require us to say quadriffuoride but tetrachloride, would reject ‘metastable’,
and would condemn the Church of England for speaking of the Pananglican
Synod. Note that ennea = 9 and dodeca = 12. Symbols like al, hg, mean
atom/valency (al = 4 Al : hg = } Hg).

In types of formulae A is as a rule put for the central atom and B for the
covalently attached atoms. R is used for alkyls or aryls, X for halogens and
other monovalent radicals (ionized or not), and Am for NH; and similar amines,
Other abbreviations are Alk = alkyl ; Ar = aryl; Me, Et, Pr, Bu, &c. = methyl,
ethyl, propyl, butyl, &c.; ® = phenyl (C¢H;); Bz = benzyl (C¢H, CH,);
Py = pyridine ; en oren ethylenediamine ; Ox = oxalato-group (C,0,) ; Cy = CN.
A is sometimes used for the monovalent radical of a diketone or keto-ester (as
CsH,0, from C;Hg0,, acetyl acetone).

SOME USEFUL PHYSICAL CONSTANTS

Lengths: 1 p = 1074;1 pp = 10-7;1 Aor A.U. = 10-8 cm. 1 X unit for X-rays
= 1{1000 A (strictly 1/1002 A).

Velocity of light, ¢ = 2:99776 x 1019 cm./sec.

Quantum Theory : Energy E = hv, where v = frequency (vibrations/second) and
h (Planck’s constant) = 6-620 x 10-27 erg-seconds.

Absolute zero = 0° K. = —273-16° C.

1 calorie = 4-183 X 107 ergs = 4-183 joules.

1 electron-volt (e.v., energy acquired by an electron in moving through a
potential drop of 1 volt) is equal to 1-591x 10-12 erg, or 23-07 k.cals.
per g.-molecule.

1 Faraday = 96,500 coulombs,

Light Quanta
Wave-number = waves per cm. = frequencyjc.
Quantum of wave-length 7,000 A (red end of visible) = 40-8 k.cals./g.-mol.: of
wave-length 4,000 A (violet end) = 71-4 k.cals./g.-mol.

Factors for Absorption and Emission Spectm"

B Wave
nergy number,
Transition - | E.volts | Ht/g.-mol. Wave-length cem.!
Eleotronic . . . 1-10 | 23-230 k.cals, 12,350 to 8,100 tq
1,235 A 81,000
Oscillational or Vibrational | 1/10 28 k.oals. 128,500 A 810
- 12:38 i
Rotational » » ] 1/1000 23 onls, 1,’85 ] 81
= 01835 omn.




PHYSICAL CONSTANTS xiii

Einstein’s Equivalence of Mass and Energy

E = mc®. Hence the mass of one hydrogen atom corresponds to 940 million e.v.,
or of 1 gramme to 2-2x 100 k.cals.

Gas constant B = 1-9885 cals./degree C.

Avogadro Number N (molecules in 1 g.-molecule) = 6-025 x 10%,

Mean translational energy of N gas molecules at 7° is BT, = ca. 600 k.cals.
at 25° C.

The fraction N,/N of the molecules of a gas that have energies of nE or above
(where E is the mean energy) is for

n = 5 10 50
N)/N = 6-8x10-3 4-5x10-8 37x10-22

There are two scales of atomic weights in use, one physical and the other
chemical. On the physical scale the unit is fsth of the mass of the commonest
isotope of oxygen (140 = 16-000); on the chemical scale it is #th of the mean
atomic mass of the ordinary mixture of oxygen isotopes (0 = 16-000). Accord-

ing to Aston (1942) the ratio
Unit of Chemical Atomic Weight
Unit of Physical Atomic Weight

= 1-000275.






INTRODUCTION

FUNDAMENTAL PARTICLES!?

HE fundamental particles of which the universe is now believed to be

composed are given in the following table, with their dates of discovery,
electric charges (¢ = 4-802 x 10-1° E.S.U.),% masses (on the physical scale,
where 180 = 16-000), and their average lives.

Date of
Particle discovery Charge Mass Life
Proton .. +-e 1-00758 Infinite
Neutron 1932 0 1-0089420 Infinite
Electron 1897 —e 0-000548° Infinite
(FL/1838)

Positron 1932 +-e 0-000548 ca. 10~ sec.
Meson* 1935 {_e’ +e ca. H/9] ca. 10-¢ sec

(? also 0) and H/6 : ’
Neutrino 1934 0 ? 1018

a=9b="5¢=5

Of these the first three alone are of primary importance for chemistry.
The proton is, of course, the hydrogen nucleus or positive hydrogen ion
(see 1. 26).

The neutron®1? with a mass number of 1 and an atomic number of zero
may be called the first element of the Periodic Table, but as it can hold no
electrons it has no chemical properties. Owing to the absence of charge it
has an enormous penetrating power; while a proton of velocity 30,000
km./sec. (¢/10) will travel only one foot in air, a neutron may go several
miles in air before it loses all its energy, making only a few collisions on the
way. The absence of charge also makes the neutron a very effective pro-
jectile for nuclear disruption, since it is not repelled by the nuclear charge
as an a-particle would be. If neutrons could be concentrated they would

* There probably’-® are at least two kinds of mesons, one with & mass equal to
about 200 electrons, and the other about 320. The hoavier kind were made arti-
ficially in the big Berkeley cyclotron, by passing 380 m.e.v. a-particles through thin
plates of beryllium, carbon, or copper.®

} R. E, Peierls, Nature, 1946, 158, 773.

¢ L. Pauling, General Chemistry, S. Francisco, 1947, p. 570.

8 V. D. Hopper and T. H. Laby, Proc. Roy. Soc. 1941, 178, 243; T. H. Laby,
Nature, 1942, 150, 648, 4 D. J. Hughes, Phys. Rev. 1946, ii. 70, 219.
W. E. Stephens, Rev. Mod. Phys. 1947, 19, 19.

R. T. Birge, Phys. Rev. 1941, ii. 60, 766.
J. Ruling and R. Steinmauer, Experientia, 1946, 2, 108.
Sec Chem. and Eng. News, 22 Mar. 1948 (p. 850).
J. Chadwick, Nature, 1932, 129, 312; Proc. Roy. Soc. 1932, 136, 692; ib. 1933,
142, i (Bakerian Lecture).
10 See also P. B, Mocn, Ann. Rep. Chem. Soc. for 1938, 35, 21.

® ® N & o




xvi INTRODUCTION

form a gas half as dense as hydrogen ; the idea that liquid neutrons would
have an enormous density (with a radius of 2x10-13 em. one c.c. would
weigh 25 million tons) is fallacious ; the half quantum of zero-point energy
(see under helium p. 7) would bring its effective radius nearly up to that
of an ordinary atom.

A list of the International Atomic Weights of the elements is given in
Table T (p. xxiii).

ATOMIC STRUCTURES

The nucleus of every atom except hydrogen is made up of protons and
noutrons; if the mass number is N and the atomic number Z it consists of
7 protous and N—Z neutrons ; two isotopes have the same Z but different
Ns. In a Bray change we must suppose that a neutron changes into a
proton with the emission of an electron. In the neutral atom the nucleus
in surrounded by as many electrons as it contains protons; the atomic
number is (1) the ordinal number of the element in the periodic system,
(2) the number of protons in, and hence the positive charge of, its nucleus,
and (3) the number of electrons surrounding the nucleus im the neutral
isolated atom.

The electrons are arranged* in groups or shells according to their prin-
oipal quantum numbers 1, 2, 3, &ec. (K, L, M, N, O, P, Q, .. .); the elec-
trons of each group are further divided into subgroups (s, p, d, f, . . .); the
maximum number’of subgroups is equal to the principal quantum number,
and the largest number of electrons that each subgroup can contain is:

Subgroup . . . 8 P d S

Max. No. . . . 2 6 10 14
Hence the maximum size of the groups of principal quantum numbers
1,2,3,4,...nis 2, 8, 18, 32, ... 2n?,

A list of the structures of the elements is given in Table II, p. xxiv.

THE PERIODIC CLASSIFICATION

The periodic relations of the elements (Newlands, 1864; Mendeleeff,
1869; Lothar Meyer, 1870) can be expressed in two ways, each of which
hes its advantages. The form adopted by Bohr (Table III), in which each
period, beginning and ending with an inert gas, is written in one line, shows
most clearly the development of the atomic structures. The elements in
braokets are those with an incomplete (between 8 and 18) electronic group
in the core (i.e. as well as the outermost valency group); those within
double brackets (the lanthanide and uranide elements) have two such
groups, the second being between 18 and 32.

The second form of the table, due originally to Mendeleeff (Table IV),
is more useful for bringing out the chemical similarities (which are so

* For an explanation of the atomio struotures ses L. Pauling and E, Bright
Wilson, Jr,, Inéroduction to Quanium Meohanics, MoGraw-Hill, New Yerk, 1935
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dependent on the valencies), and is the one adopted in the following
chapters. There are nine groups, each except the first and the last with
two subgroups. The elements of the Nth group are (with an obvious
modification for Group VIII and for the lanthanides and the uranides)
those which have either IV electrons more than the preceding, or 8—N less
than the following inert gas; in the first two (typical and sub-typical)
periods one element satisfies both conditions; in the later periods there are
two, the elements of the first kind forming subgroup A, and those of the
second subgroup B.

MOLECULAR STRUCTURE

The atoms in a molecule are held together through their electrons, and
essentially in two ways: (1) by the transfer of electrons from one atom to
another, giving rise to an electrostatic (Coulomb) attraction (electro-
valency, Kossel, 1916), and (2) by the sharing of pairs of electrons between
two atoms, so that in a sense they belong to both (covalency : G. N. Lewis,
1916); the pair may either come one from each atom (normal) or both
from one of them (co-ordinate or dative). The conditions which favour the
passage of an electrovalency into a covalency are (Fajans, 1923-5) (1) a
large charge on the ion, (2) a small size of the cation, (3) a large size of the
anion, (4) the possession by the cation of a structure which is not that of
an inert gas.

The effective atomic number (E.A.N.) of an atom in a molecule is the
number of electrons which it has.after these changes, and so is the atomic
number plus 1 for each anionic charge, and for every electron from another
atom which it shares, and minus 1 for each electron which it loses in becom-
ing a cation. The valency of the atom is the difference between the number
of unshared electrons in the isolated atom (the atomic number) and the
number in the combmed atom (Grimm and Sommerfeld, 1926); its
covalency is the number of pairs of shared electrons that it holds. The
maximum value of the covalency is limited (save under exceptional
circumstances) in accordance with the period of the atom in the table,
being 4 for the first short period (Li—F), 6 for the second short and first
long periods (Na—Cl, K—Br), and 8 for the heavier elements.

RESONANCE!

This crude picture of atomie linkages is considerably modified in prac-
tice. Covalent links ean sometimes be formed by one or by three electrons,
and the links in molecules are often (perhaps usually) of an intermediate
or mixed character, owimg to the phenomenon of resonance. The equations
of wave mechanics show that if a molecule can be represented, on the
ordinary structural theory, by two different structures, then under certain

1 Bee Pauling, especially Chemical Bond, ed. 2, pp. 124-59; G. W. Wheland,
Theory of Resonance and its Application to Organic Chemistry (New York, 1944},

pp' 1-28 .
814 b
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conditions its actual state is not given by either, nor by a mixture of the
two in chemical (tautomeric) equilibrium, but is a hybrid between them,
and has to some extent the properties of both. The conditions which must
be satisfied for this resonance to be possible are three: (1) the positions of
the atoms i the two structures must be nearly the same, (2) the energy
contents of the two (their relative stabilities) must not differ too greatly,
the state of the hybrid being nearer to the more stable form, and (3) the
number of unpaired (not of unshared) electrons must be the same in both ;
this last condition is almost always fulfilled. The resonance produces two
important effects: (A) the energy content of the molecule is less, and its
stability greater, than in either form, and hence the resonance must always
oceur when the conditions 1-3 are satisfied ; (B) the linked atoms are rather
closer together than in either separate form, owing to the greater strength
of the link ; this result is of great diagnostic importance in giving evidence
of resonance.?

A typical example is that of carbon dioxide; the possible forms, with
their distances and heats of formation from the atoms, are given below,
and are compared with the observed values:

0=C=0 0=C—~>0 0« CZ=0 Observed
1-224-1-22 1-3741-10 1-104-1-37
Distance ... { 244 247 2-47 2-30 A
lloat of formation from 1734173 81-5-1-256 256--81-5
utorms . . . 346 337-5 337-5 380 k.cals.

Often, as here, the resonance formulae differ only in the multiplicity of
the links. But a very important form of resonance is that between a single
covalency and an electrovalency, as in H—F and H* F~; this will depend
on the relative attractions of the atoms for the shared electrons. Pauling
has shown!? that we can assign electronegativity values to the elements,
largely on the basis of their heats of linkage, as follows :

Electronegativities
H 21
Li 10 Na 09 K 08 Rb 0-8 Cs 07
Be 15 Mg 12 Ca 1-0 Sr 10 Ba 09
B 290 Al 15 Sc 1-3 Y 13 La—Ln ca. 1-3
V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga ca. 1-6 ’
¢ 25 Si 1.8 Ge 17 Sn 1.7 Zr 16
N 30 P 21 As 20 Sb  i-8
O 35 S 2:5 Se 24 Te 2-1
F 40 Cl 30 Br 28 I 2-4

The greater the difference in electronegativity between the two linked
atoms the stronger the bond that unites them, and the greater its partial

18 For lists of the resonance encrgics and the resonance shortening see Wheland,

op. oit., pp. 69, 286.
16 Ohemical Bond, ods. 1 and 8, pp. 88-78) Gensral Chemvisiry, 1047, pp. 160, 843,
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ionic character. If x, and z, are the values, the extra energy due to the
partial ionic character is about 23(x;—,)? k.cals./mole. With a difference
of 1-7 units the link is about 50 per cent. ionic.

It should be noticed that these mixed ionic-covalent links have in some
important respects the properties of covalent but not of ionic links. Two
of the principal properties by which ionic links are recognized are (1) the
independent motions of the ions (conductivity, low molecular weight in
solution), and (2) their freedom of position in the molecule, leading to
close-packing and the absence of isomers. Neither of these properties
is to be found with the ionic-covalent bond; it is a condition of resonance
that the atoms must occupy nearly the same places in both forms, so that
the ions cannot separate; and as the positions are fixed in the covalent
structure but adaptable in the electrovalent, the positions in the hybrid
must be those of the covalent form. Thus for many purposes molecules
with these mixed links must be regarded as covalent and not ionized.

STEREOCHEMISTRYM

The arrangements in space of the covalencies of poly-covalent atoms,
while they are subject to small variations seldom exceeding 5° or 10°, tend
to conform to one or other of quite a limited number of types. These are
very simply related to the size of the valency group of electrons (in
Lewis’s sense, the shared electrons counting for both atoms) if the
imaginary positions of the electronic pairs are taken to be the same whether
they are occupied (shared) or not.

I. When the valency group is 4 we have with a covalency of 2 a linear
structure (180°) as in C1l—Hg—Cl.

II. When the valency group is 6, if they are all shared we have three
covalencies and these are at 120° in a plane with the central atom, as has
been shown i boron trifluoride. Where only 4 of the 6 are shared the
valency angle is still about 120° (as in stannous chloride).

ITII. With a complete valency octet (apart from the transitional elements,
which require special treatment) the arrangement is tetrahedral ; if some
pairs are unshared the positions of the rest are only slightly affected (the
angles being usually reduced from 109-5° in the direction of 90°) and are
for a covalency of 3 (2, 6*) pyramidal, as in NH,, and for 2 (4, 4) triangular,
as in H,0.

With the transitional elements the size of the valency group is uncertain,
a8 it may include any or all of the electrons above 8 of the previous
(penultimate) group. It is found that when this maximum size () is not
much more than 8, the structure of a 4-covalent atom is tetrahedral, and
we may assume that there the valency group is a shared octet, all the

* Shared electrons are underlined.

4 N. V. 8idgwiok and H. M, Powasll, Proo. Roy. Soc. 1940, 176, 153,
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unshared eleetrons being in the previous group. When, however, » is not
much less than 18, the 4-covalent structure is found to be planar ; a reason
for this is suggested later under V.

IV. When there are 10 valency electrons (the so-called inert pair (see
p- 287) if present being counted in), the arrangement is that of a trigonal
bipyramid, with two points at the poles of a sphere and the other three
symmetrically disposed (at 120°) on the equator (Fig. 1).

1

e
Trigonal Bipyramid IF; Structure
Fia. 1 F1c. 2

With 5-covalent decets (10) this has been established in every case
examined, for example, with PF;, TaCl;, Fe(CO);, and Sb(CH,),(hal),.

The 4-covalent decet (2, 8) has the structure derived from this with one
of the five points empty. This has been established with K[IO,F,]!5 and
with TeCl,!¢ (Fig. 2).

The 3-covalent decet occurs in the aryl iodide-chlorides Ar.ICl,, but
their structure is unknown. The 2-covalent decet (4, 6) occurs in the
trihalide ions, as in M[ICl,] and M[I;], which are known to be linear (2
polar points).

V. Duodecet. In its fully shared form AB, this gives the octahedron
eatablished by Werner. On theoretical grounds!? the three structures below
are all possible : of these II is really a form of Lin which the B. - B distances

_:‘:5 bz;_—_ é

I. Trigonal Antiprism. II. Octahedron. III. Trigonal Prism.
Fia. 3

and the valency angles are all equal. Experimentally all AB; molecules
are found to have the octahedral structure II except a few giant mole-
oules (for instance, MoS, III, and nickel arsenide I and III). The reason,
no doubt, is that the octahedron gives for a fixed A—B length the
greatest distance from one B to another, and so is favoured, owing to the
mutual repulsion of the B’s, wherever the attraction of neighbouring atoms
does not interfere, as it does in the giant molecules.

15 L, Helmholz and M. T, Rogers, J.4.0.8. 1940, 62, 1587.
16 D, P, Stevenson and V., Sohomaker, ib. 1867,
¥ G, E. Kimball, J. Chen. Phys, 1940, 8, 186,
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The 5-covalent duodecet (2, 10) must occur in IF; (Fig. 2), but the
structure of this cannot be determined by electron diffraction because of
the great difference (53 to 9) between the atomic numbers of iodine and
fluorine.

The 4-covalent duodecet is found in the unusual type of M[ICl,], where
the anion has been shown to have a planar square structure, i.e. an octa-
hedron with two trans positions empty. It may be supposed that the same
4, 8 electronic arrangement occurs in the planar 4-covalent derivatives of
the later transitional elements, such as M,[Ni(CN),]; the nickel here has
the atomic composition 2, 8 (16, 8), which presumably should be written
2, 8, 12 (4, 8), giving the same type of duodecet as in M,[ICI,].

VI. 14-group. The very few examples of this rare condition that have
been measured show two types of structure, one (in K [ZrF,]) derived
from an octahedron by adding a fluorine atom to the centre of one face8
and the other (in K,[NbF,] and K,[TaF,]) from a trigonal prism by adding
a fluorine atom at the centre of a prism face,!® the strain in both cases
being eased by distortion.

VII. 16-group: covalency 8. Only one compound of this rare kind has
been examined, the very stable octacyanide K,[Mo(CN),]; the anion of this
salt has been shown2? to have neither the cubic nor the antiprismatic
(twisted cube) form, but that of a dodecahedron.

Multiple Links. With the octet the stereochemistry of these is well known;

B
the angles are A< 125-15° and both B=A==B and B—A==B 180°, The
B

poéitions of multiple links with larger valency groups are scarcely known
theoretically, and not at all practically.

ATOMIC RADII

By X-ray and electron diffraction, from the spectra, and in other ways,
the lengths (distances between the nuclei) of a large number of covalent
links have been measured, and it has been found that they can be approxi-
mately expressed as the sum of two values, one for each of the linked
atoms, which are known as the atomic radii (a similar additivity is found
to hold for ions, though the values are, of course, different). The observed
lengths are, however, subject to small variations, of which the most
important are those due to the multiplicities: in general the ratios of the
links A—B, A==B, A==B are roughly 1:0-9:0-8.21 Resonance shortens the
distances by introducing an element of multiplicity into single links, and
in addition by the shortening which resonance itself involves.22 There are

18 G. C. Hampson and L. Pauling, J.4.0.8S. 1938, 60, 2702.
¥ J. L. Hoard, ib. 1939, 61, 1252.

% J, L. Hoard and H. H. Nordsieck, ib. 1939, 61, 2853.

1 J, L. Kavanau, J. Chem. Phys. 1944, 12, 467,

88 H, A, SBkinner, Trans., Fur. Soc. 1045, 41, 645.
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other modifying influences as well, which are not yet fully understood.23-5
Where the distances in a molecule have been measured, it is useful to be
able to compare them with those derived from some standard series of
values of the atomic radii. A list (Table V) is therefore given (p. xxix) of
the most probable radii of the atoms in covalent and electrovalent links,
and values taken from this are appended (as ‘theory’) to the measurements
quoted in the text. This is merely to facilitate comparison, and the
‘theoretical’ values must not be supposed to have any special validity.

HEATS OF LINKAGE

The heat of formation H, of a molecule from its elements in their
(specified) standard states—for example, graphite, hydrogen gas, solid
iodine—can be ascertained thermochemically. If the heat of volatilization
or sublimation of the substance is known, and further the heats of atomiza-
tion of the component elements from their standard states, the algebraic
sum of all these quantities gives H,, the heat of formation of the gaseous
compound from its atoms ; this is expressed in k.cals. per g.-molecule. The
deduction from this of the heats of formation of individual links is (except
with diatomic molecules) to some extent a matter of convention. Thus
with water we have the following values (all, of course, for the gas)

(1) 2H+O = H—0—H+2x110-2 k.cals./mol.
2) H+O0—H=H-0—H + 1035 .
3 H+0 =H-O0 1+ 116-9 .,

Here we have three different values for the H—O link. The values (2)
and (3) depend on the stability of the radical O—H ; we are not concerned
with this but only with the relation between H,0 molecule and its con-
stituent atoms, i.e. with (1); our object is to get values such that their sum
for all the links in a molecule gives its H, as nearly as possible. Hence
the value used for the heat of linkage is got by dividing the H, of the
normal molecule AB, by ¥, the number of links that it contains (here
H--O = 110-2 k.cals.). With such values the additivity for molecules
with several kinds of links is found to hold very nearly, if allowance is
made for the resonance energy when this is to be expected ; the value of
the resonance energy is, in fact, usually obtained by subtracting from the
H, of the substance the sum of the normal (‘theoretical’) values for the
links that it contains. There are other influences which cause small changes
in H,, seldom amounting to 5 k.cals. ; these will be discussed as they occur
(see, for example, pp. 501-5).

The Tables VI A—D which follow give the most probable values for
A (p. xxx) the heats of atomization of the elements from their standard
states B (p. xxxi), the heats of formation H, of single links C (p. xxxii),
those of multiple links, and D (p. xxxii), the effects (where known) of
change of valency on the heat of formation of the link.

8V, Schomaker and D. P. 8tevenson, J.4.0.5, 1041, 63, 87,

“ W, Gordy, J. Ohem. Phys, 1847, 18, 81, 808,
@ L. Plullnm J.4.0,8. 1047, 69, 842 (ml’ m.wh);
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TaBLE 1
International Atomic weights 1948
At. At.
Symbol | No.| At. Wt. Symbol| No.| At. Wt.
Aluminium Al 13| 2697 Molybdenum Mo | 42 95-95
Antimony Sb 51 | 121-76 Neodymium Nd 60 | 144-27
Argon A 18 39-944 |Neon Ne 10 20-183
Arsenic As [ 33| 7491 Nickel Ni 28 . 5869
Barium Ba | 56 | 137-36 Niobium Nb | 41 92-91
Beryllium Be 4 9-02 Nitrogen N 7 14-008
Bismuth Bi 83 | 209-00 Osmium Os 76 | 190-2
Boron B 5 10-82 Oxygen 0 8 16-0000
Bromine Br 35 79-916 | Palladium Pd | 46 | 106-7
Cadmium Cd | 48 | 11241 Phosphorus P 15 30-98
Caesium Cs 55 | 132-91 Platinum Pt 78 | 19523
Calcium Ca 20 | 40-08 Potassium K 19 | 39-096
Carbon C 6 12-010 |Praseodymium| Pr 59 | 140-92
[Cassiopaesum = Lutecium] Protoactinium | Pa 91 | 231
Cerium Ce 58 | 140-13 Radium Ra | 88 | 226-05
Chlorine Cl 17 35-457 |Radon Rn 86 | 222
Chromium Cr 24 52-01 Rhenium Re | 75| 186:31
Cobalt Co 27 5894 Rhodium Rh | 45| 10291
[Columbium = Niobium) Rubidium Rb | 37 85-48
Copper Cu 29 6354 Ruthenium Ru | 44| 1017
Dysprosium Dy | 66 | 162-46 Samarium Sm | 62 | 150-43
Erbium Er 68 | 167-2 Scandium Se 21 45-10
Europium Eu | 63| 1520 Selenium Se 34 78-96
Fluorine F 9 19-00 Silicon Si 14 28:06
Gadolinium Gd | 64| 1569 Silver Ag | 47 | 107:880
Gallium Ga | 31 69-72 Sodium Na | 11| 22997
Germanium Ge 32 72-60 Strontium Sr 38 87-63
Gold Au | 79| 1972 Sulphur S 16 | 32-066
Hafnium Hf |72 | 1786 Tantalum Ta 73 { 180-88
Helium He 2 4-003 | Tellurium Te 52 | 127-61
Holmium . Ho | 67 | 164-94 Terbium Tb 65 | 159-2
Hydrogen H 1 1-0080 | Thallium Tl 81 | 204-39
Indium In 49 | 11476 Thorium Th 90 | 23212
Todine I 53 | 126-92 Thulium Tm | 69 | 1694
Iridium Ir 77 | 193-1 Tin Sn 50 | 11870
Iron Fe 26 55-85 Titanium Ti 22 47-90
Krypton Kr 36 83-7 Tungsten w 74 | 183-92
Lanthanum La 57 | 138-92 Uranium U 92 | 238-07
Lead Pb 82 | 207-21 Vanadium A\ 23 50-95
Lithium Li 3 6-940 | Xenon Xe | 54| 131-3
Lutecium Lu | 71| 17499 Ytterbium Yb | 70| 173-04
Magnesium Mg | 12| 24:32 Yttrium Y 39 | 88:92
Manganese Mn | 25| 5493 Zine Zn | 30| 6538
Meroury Hg | 80| 20061 Zirconium Zr 40 | 91-22




INTRODUCTION XXV
Group 1 2 3 4 5 6
Subgp. 8 |splepdl 8 » d f s p d 8 p
37 Rb 2 8 18 2 6 1
38 Sr 2 8 i8 2 6 2
30Y 2 8 i8 2 6 1 2
40 Zr 2 8 i8 2 6 2 2
41 Nb 2 8 i8 2 @6 4 i
42 Mo 2 8 18 2 6 5 1
43 Te 2 8 i8 2 8 8 1
44 Ru 2 8 i8 2 '8 7 1
45 Rh 2 8 18 2 6 8 i
46 Pd 2 8 i8 2 6 10 —
47 Ag 2 8 i8 2 6 10 i
48 Cd 2 8 i8 2 6 10 2
49 In 2 8 18 2 6 10 2 1
50 Sn 2 8 i8 2 6 10 2 2
51 Sb 2 8 18 2 6 10 2 3
52 Te 2 8 i8 2 6 10 2 4
531 2 8 i8 2 6 10 2 b5
54 Xe 2 8 i8 2 6 10 2 6
55 Cs 2 8 i8 | 2 6 10 2 6 1
56 Ba 2 8 i8 2 6 10 2 @6 2
57 La 2 8 i8 2 6 10 2 6 1 2
58 Ce 2 8 18 2 6 10 1 2 6 1 2
59 Pr 2 8 i8 2 6 10 2 2 6 1 2
60 Nd 2 8 18 2 6 10 3 2 6 1 2
6111 2 8 i8 2 6 10 4 2 6 1 2
62 Sm 2 8 i8 2 6 10 5 2 6 1 2
63 Eu 2 8 i8 2 6 10 6 2 6 1 2
64 Gd 2 8 i8 2 6 10 7 2 6 1 2
65 Th 2 8 i8 2 6 10 8 2 6 1 2
66 Dy 2 8 18 2 6 10 9 2 6 1 2
67 Ho 2 8 18 2 6 10 10 2 6 1 2
68 Er 2 8 i8 2 6 10 11 2 6 1 2
69 Tm 2 8 18 2 6 10 12 2 6 1 2
70 Yb 2 8 18 2 6 10 13 2 6 1 2
71 Lu 2 8 i8 2 6 10 14 2 6 1 2
72 Hf 2 8 i8 2 6 10 14 2 6 2 2
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TasLe II
Atomic Structures

2 3 4
s ple » d}fs »p

Group
Subgp.

1H
2 He

3 Li
4 Be
5B
6 C

TN
80

10 Ne

11 Na
12 Mg
13 Al
14 Si

5P
168
17C1
18 A

19K
20 Ca
21 Se
22 Ti

23V
24 Cr
25 Mn
26 Fe
27 Co
28 Ni

29 Cu
30 Zn
31 Ga
82 Ge

88 As
34 Se
35 Br
36 Kr
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TasLE 11
Atomic Structures (cont.)

Group 1 2 3 4 5 6 7
Subgp. 8 splspdis,p,df] ¢ » d f s p d f 8
73 Ta 2 8 i8 32 2 6 3 2

74 W 2 8 i8 32 2 6 4 2

75 Re 2 8 i8 32 2 6 5 2

76 Os 2 8 i8 32 2 6 6 2

77 Ir 2 8 i8 32 2 6 7 2

78 Pt 2 8 i8 32 2 6 8 2

79 Au 2 8 i8 32 2 6 10 1

80 Hg 2 8 i8 32 2 6 10 2

81 Tl 2 8 18 32 2 6 10 2 1

82 Pb 2 8 i8 32 2 6 10 2 2

83 Bi 2 8 i8 32 2 6 10 2 3

84 Po 2 8 i8 32 2 6 10 2 4

85 At 2 8 i8 32 2 6 10 2 5

86 Em 2 8 i8 32 2 6 10 2 8

87 Fr 2 8 i8 - 32 2 6 10 2 6 1
88 Ra 2 8 i8 32 2 6 10 2 6 2
89 Ac 2 8 i8 32 2 6 10 2 8 1 2
90 Th 2 8 i8 32 2 (] 10 2 8 3 1
91 Pa 2 8 i8 32 2 6 10 2 (] 4 1
92U 2 8 i8 32 2 6 10 3 2 6 2 1
93 Np 2 8 i8 32 2 6 10 4 2 6 2 1
94 Pu 2 8 i8 32 2 6 10 5 2 6 2 1
98 Am 2 8 i8 32 2 6 10 6 2 6 2 1
96 Cm 2 8 i8 32 2 6 10 7 2 6 2 1

The structures assigned to the last few elements are speculative; the
distribution of the electrons between the 5f and the 6d orbits is uncertain ;
seo W. F. Meggers, Science, 1947, 105, 514. In these elements the quantum
groups of the electrons are less important than the energies of the orbits,
which are often very similar.
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TasLe III

Periodic Classification (Thomsen-Bohr)
H
1

19 20

He

~

K Ca‘ScTi V Cr Mn Fe Co Ni|Cu Zn Ga Ge As Se Br Kr

e B

Cs Ba|La|Ce Pr---Yb|Lu Hf Ta, W Re 63 ir Pt
55 568 |57 158 59 70|71 72 7374 75 767778

3}_ 22 23 24 25 28 27 28[29 30 31 32 33 34 36 386

b Sr{Y Zr Nb Mo Te Ru Rh Pd{Ag Cd In 8n 8b Te e
7 388]39 40 41 42 43 44 45 46|47 48 49 50 51 52 53 54

W

AuHg TiPb Bi Po At Em
70 80 81 82 83 84 85 86

¥r Ra|A¢ Th Pa U|Np Pu Am Cm
87 88189 9¢ 91 92]9 94 95 96

xxvii
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TaBLE V
Atomic and Ionic Radii in A.U.
(Atomic for single links unless otherwise stated)
Atomic Ionic Atomie Tonic
H 0-30 H- i3 Yb 1-56 Ybt++  1-00
He 1-79 [Yb 1-70]
Ne 1-60 Lu 1-56 Lut++  0-99
A 191
Kr 1-97 Ga 1-26 Gat+tt:  0-62
Xe 2-18 In 1-44 Intt++  0-92
Tl 147 TI+++  1-05
Li 1-33 Lit+ 0-78 T+ 1-49
Na 1-57 Nat 0-98
K 203 K+ 1-33 C— 0-771
Rb 2:16 Rb+ 1-49 C= 0-665
Cs 2-35 Cst 1-65 C= 0-602
Si— 1-17
Cu 1-36 Cut ca. 1-0 Si= 1-07
Ag 1-53 Agt 113 Si= 100
Au 1-50 . Ge— 1-22
Ge== 1-12
Be 0-90 Bett+ 0-34 Sn— 1-40
Mg 1-36 Mg++ 0-78 Sn=— 1-30 Snt 0-74
Ca 1-74 Catt 1-06 Pb— 1-46 Pbe+ 0-84
Sr 1-92 Sr+t+ 1-27 Pbit 1-32
Ba 1-98 Bat+ 1-43 Ti 1-36 Tis+ 0-64
Ra Rat+ 1-562 Zr 1-48 Zrtt+ 0-87
Hf 1-48 ve
Zn 1:31 Zntt 0-83 Th 1-65 That 1-10
Cd 1-48 Cd++ 1-03
Hg 1-48 Hgt+ 112 N— 0-70 N3- 1-7
N= 0-60
B— 0-88 = 0-55
— 0-76 P— 1-10 pi- 2-1
= 0-68 = 1-00
Al 1-26 Al+t+  0-83 Pe= 0-93
Se 1-44 Set++  0-78 As— 1-2} Ast- 2.2
Y 1-62 Y++ 0903 As— 1-11
La 1-69 Lat+++  1-22 Sh— 1-41 Sh3- 24
Ce 1-65 Cett++  1-18 Bi— 1-46
Pr 1-65 Prtt+t+ .16
Nd 1-64 Nd++  1-15 A% 1-23
Nb 1-34
Sm 1-64 Sm+++ .13 Ta 1-34
Eu 1-63 Eutt+  1-13
[Eu” 1-85] 00— 0-66 0O-- 1-32
Gd 1-61 GaH+ .11 O= 0-55
Th 1-59 Th++  1-09 = 0:50
Dy 1:59 Dyt 1.07 S— 1-04 S-- 174
Ho 158 Ho++ 1.05 Se—=— 0-94
Er 1:57 Er-++  1.04 = 0-87
Tm 1:.56 ‘Tmt+  1.04 Ne— 1-17 Ne—- 191
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Periodic Classification (Mendeleeff)

1T

11T

v

v VI Vil VIIL 0
A. B A, B A. B. A, B. A, B. A. B. A. B
Perod 1. H1 He 2
2, Li3 Be 4 Bs5 cé N7 08 F9 Ne 10
a. Na 11 Mg 12 Al 13 Si 14 P15 816 Cl 17 Al8
4. K19 Ca 20 Se 21 Ti 22 V23 Cr 24 Mn 25 Fe 26 Co27 Ni28
Cu 29 Zn 30 Ga 31 Ge 32 As 33 Se 34 Br 356 Kr 36
6. Rb 37 Sr 38 Y 39 Zr 40 Nb 41 Mo 42 Tec 43 .1 Ru44 Rh45 Pd 46
Ag 47 Cd 48 In 49 Sn 50 Sb 51 Te 52 153 Xe 54
6. Cs 55 Ba 56 La 57 (Ce 58)
Ce 58
Pr 59
Nd 60
11 61
Sm-62
Eu 63
Gd 64
Tb 65
Dy 66
Ho 67
Er 68
Tm 69
Yb 70
Lu7l
Hf 72 Ta 73 W 74 Re 75 Os76 Ir77 Pt78
Au 79 Hg 80 Tl 81 Pb 82 Bi 83 Po 84 At 85 Em 86
7. Fr 87 Ra 88 Ac 89 Th 90 Pa 91 U 92
Np 93
Pu 94
Am 95

Cm 96

HIAXX

NOILONUJOYULNI
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TaBLE V (cont.)
Atomac Ionic Atomaic Tonac
Se=—= 1-07 I— 1-23
Te— 1-37 Te—— 2-11
Tes== 1-27 Tet+ 0-89 Mn 1-25
Po— 1-70 Re 1-37
Cr 1-25 Cr3t+ 0-65
Mo 1-36 Mo+ 0-68 Fe” 1-23 Fet+t 0-83
w 1-37 Wit 0-68 Fe” 1-22 Fett+  0-67
U 1-49 U 1-05 Co" 1-32 Cot+ 0-82
Co” 1-22
F— 0-64 F- 1-33 Ni” 1-39 Nit+ 0-78
F= 0-54
Cl— 0-99 Cl- 1-81 Ru” 1-33 Rutt 0:65
Cl= G-89 Rh” 1-32 Rht++  0-69
Br— 1-14 Br- 1-96 Pa” 1-31
Br—= 1-04 Og” 1-33 Ostt 0-67
I— 1-33 I- 2:20 Ir” 1-32 Irtt 0-66
TasnLe VI A
Heats of Atomization from Standard States; k.cals per g.-atom
H 517 Be 175 B 1i5 C 1704° N 1i2-6b
Li 390 Al 55 Si 850 P 74.6°
Na 259 Ge 850 As 586
K 198 Sn 780
Rb 189 Pb 475
Zn 27-4 Ti 100 V 85
Ccd — Zr 110
Hg 146 Tl 40
0 591 F 1674 Fe 94
S 663 Cl 289
Se 61-0 Br 26-9¢
I 256
% See IV. 923.

b See A. G. Gaydon and W. G. Penney, Proc. Roy. Soc. 1945, 183, 374 ; see also

Gaydon, Dissociation Energies, Chapman & Hall, London, 1947.

¢ Solid white phosphorus.
4 The evidence for this low value is mainly spectroscopic, from the heat of dis-
sociation of CIF as compared with Cl, and F,; see especially P. H. Broderson and
H. J. Schumagher, Z. Naturforsch. 1947, 2a, 358.

¢ Liquid bromine.

7 Solid iodine.
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TasrLe VI B
Heats of Formation of Links from Atoms (H,)
H c N o S F cl Br I
H 103-4 98-8 ; 929 | 1102 | 87-5 | 1324 | 102-7 | 87-3 | 7i-4
C 08-8 81-6 | 693 81-56 | 66-0 | 103-4 78-0 | 655 | 57-0
N 92-9 69-3 | 384 62-9 47-6
0 110-2 81-5 349 43-5 49-3
S 875 66-0 63-8 71-4 66-1 | 57-2
¥ 1324 103-4 | 62:9 43-5 | 714 33-3 71-3
Cl 102.7 780 | 47-6 49-3 | 66-1 71-3 57-8 | 52-7 | 51-0
Br 87-3 655 57-2 527 | 46-1 | 429
I 714 57-0 51-0 ) 42-9 | 36-2
Ag 70-4 | 67-7 | 60-1
Be 60-8 107-90 | 884 | 686
Zn 34-5
Hg ca. 15 529 | 450 | 35-4
B 140-6 96-7 | 76-9
Al 91-2 91-6
Tl 85-3 | 764 | 66-3
Si 751 69-1 89-3 | 609 | 127-9 85-8 | 69-3 | 51-1
Ge 104-1
Sn 780 | 66-2
Pb” 89-9 77-4 | 532 | 444
Ti 97-0
Zr 116-9
P 77-3 77-1 | 635 | 49-5
As 56-7 69-7 | 574 | 425
v 887
Se 73-0 | —C 707 67-1 66-8
=C 165-6
Te 62-3 78-3
Fe 651
As 110-4
(0s0,)

Si—Si 42-5 Ge—Ge 42-5 P—P 149-2 As—As 117-2 Se—Se 57-6
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TasLe VI C
Multiple Links
Abs. Rel. Abs. Rel. Abs. Rel.
Cc—C 81-6 1-00 S—S 638 1-00 C—N 69-3 1-00
C=C 146-1 1-79 S=S 103-4 1-62 C=N 135-0 1-95

C=C 192-1 | 235 | Se—Se 576 | 100 | C=N | 212-0 | 3-06
N—N 384 | 100 | Se=Se 92.5 | 163 | C—O 81-5 | 1-00
N= 97.6 | 2564 | P—Pb 475 | 1-00 —0 1730 | 2-12

=N { 2250 | 586 |} P=P 1170 | 246 | C=0 | 2560 | 3-14
0—0 34-9 1-00 | As—As| 343 100 | C—S 66-0 1-00
0=0°| 960 | 275 | As=As 91-3 | 260 | C=S 126:0 | 1.91

¢ For the 1D siate.
b See H. A. Skinner, Trans. Far. Soc. 1945, 41, 845; F. S. Dainton, ibid. 1947,
43, 244,

TasLE VID
Effect of Valency
P—Clin PCl; 77-1 I—Clin IC1 51-0 Al—Cl in AICl; 91-6
, inPCl, 620 , inICl, 420 , in ALCl, 737
Ratio 0-80 0-82 0-80

Sb—Cl in SbCl, 680
, in SbCl, 586

Ratio 0-82




GROUP 0
INERT GASES

HE inert gases occupy a peculiar position in Chemistry. They are

practically devoid of chemical properties, and yet for that very reason
they have provided the key to the whole problem of valency and the
interpretation of the Periodic Classification.

Further, their physical behaviour, largely owing to this inertness, is of
great interest. Helium in particular shows physical properties to which
there is no parallel elsewhere, and it has opened up quite a new field of
physical investigation, that of extremely low temperature—the ‘uncharted
infinity’ that lies between 1° K. and the absolute zero.

The more important physical properties of the inert gases are given in
the following table.

TABLE
He Ne A Kr Xe Em
B.-pt. °K. 4.216°% 27-17° 87-92° 120.9°¢ 165-1° 208°
°C. —268-94° —245-99° | —185-24° [—152-3° —108-1° —65°
M.-pt. °K. .. 24-5° 83:8° 105-9°¢ 161-3°¢ 160°
°C. - —248-7° |—189-4° —157-3° —111-9° —113°
rit.T. °K. 5-23°0 44.7°b 150-69° 209-4°b 289-9°0 377-6°
°C. —267-93° —228-5° |—122-47° —03-8° 4 16-7° +4-104-4°
Vol.ince.dn| 4,4 1821 (9,300 1 01 | 6x10°1
1 m3 air/
I1t, of evapn. 0-0196 042 1-569 2-138¢ 3:020
. fusion 0-00435 0-801 0-2808 0-3907¢ 0-5485°¢
(k.cals./g.at.)e (3° K.)
M.-pt./Crit. T? .. 0-548 0-556 0-554 0-557
Tronton 4-64 19-8 181 177 183
At. Diam. in .
Cryotal (&) 37 3-20 3-82 3.94 4-36

a=lb=2c=3d="e="5f=8g=",hh="8i="

HELIUM

This element was discovered spectroscopically in the chromosphere of the
sun in 1868 by Lockyer and Frankland, who therefore called it helium. In
1885, after the discovery of argon, Ramsay found that the inactive gas which
Hlllebrand had obtained in 1890 from cleveite and other uranium minerals
by heating or solution gave the same spectrum, and so must be helium.

' 3. 8chmidt and W. H. Keesom, Physica, 1937, 4, 963.
¥ K. Clusius and K. Weigand, Z. physikal. Chem. 1939, B 42, 111.
® K. Clusius and L. Riccoboni, ib. 1938, B 38, 81.
¢ K. Justi, Phys. Z. 1935, 36, 571.
® K. Clusius, A. Kruis, and F. Konnertz, Ann. Phys. 1938, [v] 33, 642.
¢ I. A. Paneth, Nature, 1937, 139, 181.
! I, Gliekauf, Proc. Roy. Soc. 1046, 185, 98.
! W. H. Keesom and K. W, Taconis, Proc. K. Akad. Amst. 1938, 41, 95.
v K. Clusius, Z, physikal, Chem. 1936, B 31, 459.
] B
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. Helium is produced in the decay of radioactive elements (1 kg. of uranium
inits conversion into 865 g. of lead forms 135 g. or 756 litres of helium), and
also by the bombardment of lithium, beryllium, and other (mainly light)
elements with projectiles or rays of high energy, such as cosmic rays,
X-rays, and high-speed protons and deuterons. These bombardments must
take place in nature, and give a continuous supply of helium.

On the other hand, owing to its lightness it will tend to escape from the
earth’s atmosphere. A molecule can do this!? if it has a velocity of 11-2
km./sec. (on the moon, of 2-4 km./sec.). Thus the nearer the mean velocity
is to this escape velocity, the more rapidly the gas will escape. The mean
velocities at 0° C. are:

Neutron| H, He Ne A Kr O, CO,

Km. /sec. i 2-60 1-84 i-30 0-58 ) 0-41 0-28 0-46 0-39

It can be shown that if the mean velocity of any gas is one-third of the
escape velocity (i.e. on the earth 3:7 km./sec.), half of the gas will escape
in a few weeks. It is therefore evident that the helium will escape fairly
rapidly, though not so rapidly as the hydrogen or the neutrons, while the
other inert gases will be retained. As Paneth has pointed out, helium,
in spite of its name, is the only (non-radioactive) element on the earth
that did not originate in the sun. All that we now have must have been
born on the earth since its separation.

The technical source of helium is certain natural gases, especially oil
gas in America and Canada, which often contains from 0-1 to 2 per cent.
From this source the U.S. Government had obtained by 19401 nearly 150
million cubic feet, mostly at Amarillo, Texas: the price then was less than
1-5 cents per cubic foot. This has been used for airships, since it is not
inflammable. Its lifting power as compared with hydrogen is

28-8—4
28-8—2/°
A large airship will contain 2-3 million cubic feet.

0'93(=

Isotopes

Four isotopes of helium are known: ‘He, which forms practically all
the natural element, and 3He, 5He, and ¢He, which can be made artificially,
and of the first of whieh there may be a trace in the natural gas.

SHe was found by Bleakney!? to be formed when deuterium is bom-
barded by deuterons; two reactions occur!3:

°D 42D —> 3He + ' and —> H 4 'H

10 H. N. Russell, Nature, 1935, 135, 223.

1 J. Ind. Eng. Chem. (News Ed.), 1940, 830.

12 W, Bleakney, G. P. Harnwell, W. W. Losier, P. T. Smith, and H. D. Smyth,
Phys. Rev. 1984, 46, 81.

s M. L. E, Oliphant, P, Harteck, and Lord Rutherford, Proc. Roy. Soo. 1984,
144, 698,
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the two resulting nuclei (composed respectively of two protons and one
neutron, or of one proton and two neutrons) both weigh 3-017213-15; both
are unstable, though they are relatively long lived.

This He has recently been found to be present in minute quantities in
natural helium; Alvarez and Cornog,'%1? using a 60-inch cyclotron as a
mass spectrograph, have got evidence that it occurs to an extent of 10-7
in atmospheric helium and 10-8 in helium from gas wells.

The isotope 5He is far more unstable. It is formed in several nuclear
reactions; it is produced!® when ‘heavy’ paraffin is bombarded with o-
particles:

2D + 4« — SHe + 'H.

It can also be madel®2° along with ordinary helium by bombarding
lithium with swift deuterons:

Li + 2D — 4He + He.
Its mass is 5:01062 ; it rapidly decays thus:
'He — 4He + .

SHe has a half-life of 0-85 sec.2
The following are the masses of the three isotopes:

5He | “He 5He
3-0172 4003868 5-0106°
3% 1-0057 4% 1-00097 5 x 1-0021

@ =2 D=2

From these figures it is evident that if four hydrogen atoms (4 x 1-00813
-= 4:03252) could be made to form a *He nucleus, they would lose 0-02866
of a unit of mass, and hence emit 0:02866 X 940 = 26-94 m.e.v. of energy ;
this is 622 million k.cals. for 4 g. of hydrogen, or 156 millions per gramme.
Bethe has shown?2® that this could be brought about in a star by the follow-
ing series of reactions:

NC+IH — 3N; UN - C+H et HO+IH > 4N;
UN 4 1H -» $0; %0 — YN + e+; YN +}H — 4C + {He.

4 N. R. Sen and U. R. Burman, Astrophys. J. 1944, 100, 347.

5 T, W. Bonner, Phys. Rev. 1938, 53, 711.

10 .. W. Alvarez and R. Cornog, ib. 1939, 56, 379.

" Th. 613.

* T, Joliot and I. Zlotowski, C.R. 1938, 206, 17, 1256.

' J. H. Williams, W, G. Shepherd, and R. O. Haxby, Plhys. Rev. 1937, 51, 888.
10 H, Staub and W. E. Stephens, ib. 1939, 55, 845.

91 F. Joliot and L. Zlotowski, J. Phys. Radium, 1938, [vii] 9, 403.
9% H. S. Sommers and R. Sherr, Phys. Rev. 1948, ii. 69, 21.

8 J, H, Jeans, Nature, 1943, 151, 7.

# K. T, Bainbridge, Phys. Rev. 1938, 53, 922.

# H., A, Bethe, ib, 1989, 55, 484.

8o I, N. Rumsell, J. Franklin Inst, 1089, 228, 143.
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the carbon acting as a catalyst; and that these could occur in the interior
of stars quickly enough to give the stellar temperatures required by
astrophysicists (e.g. sun 18-21, Sirius 22 million °C.).26

The rate of these nuclear reactions under bombardment is very sensitive
to temperature, and has a sharp maximum at a critical temperature which
is higher the heavier the nucleus attacked. It can be shown?? that as a
star condenses under its own gravitation after separation from its galaxy,
its temperature rises. When it reaches 3-7 million degrees, the Li, Be,
and B nuclei are attacked by the protons, which is no doubt why these
elements are abnormally rare. After they have mostly disappeared, a
further rise of temperature occurs, and at about 20 million degrees, which
actually is the approximate central temperature of the largest class of
stars (‘main-sequence’ stars), the carbon nuclei are attacked, and the chain
of reactions given above takes place, in which the carbon (unlike the Li,
Be, and B) is not used up, but merely catalyses the conversion of the
hydrogen into helium-energy. The amount of hydrogen being large, this
process will last for some time; the sun is now emitting 250 million tons
of energy a minute, and if it had only 4 per cent. of hydrogen (it certainly
has more) the energy of its conversion would last at this rate of loss for
2,000 million-years.

When the hydrogen has at last disappeared, the star will begin to con-
tract and warm up again, unless or until other nuclear reactions become
possible in sufficient amount to balance the emission of energy. This is
the condition of the very small and hot stars, whose central temperatures
are found to be much above 20 million degrees. (See further Sen and
Burman 14)

The chief scientific use of helium, the most volatile of liquids, is for the
production of low temperatures by its evaporation under reduced pres-
sures. The process was developed by Kamerlingh Onnes and Keesom at -
Leyden, until finally Keesom succeeded, by the use of a large battery of
pumps, in reaching 0-71° K. by keeping the pressure down to 0:00036 mm,
of mercury. This is about as far as the process can be usefully carried.
But much lower temperatures can be obtained by a method suggested by
Debye and by Giauque, and carried out by Giauque, de Haas, and Simon.
In a paramagnetic substance the atoms, or some of them, act as little
magnets, which are normally oriented at random. When it is magnetized,
these are all oriented parallel to one another, and this increase of order
(or fall of entropy) must, if the substance is thermally isolated, be accom-
panied by a diminution of order in the atomic motions, that is, by a rise
of temperature. Conversely when it is demagnetized by removing the
magnetic field, heat is absorbed. The substance used must remain para-
magnetic down to the lowest temperatures reached: Giauque used gado-
linium sulphate, but Simon and de Haas have found that one can use much
cheaper materials such as ammonium iron alum and potassium chromium
alum, The salt is enclosed in & metallio vessel surrounded by a vacuum,
the magnetic fleld is turned on, and liquid helium added, The helium gas
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is then pumped off until the vessel has fallen to 1° or 2° K., and the
magnetic field removed. In this way Simon, using a field of 14,000 Gauss,
has reached 0-03° K., while de Haas, with a much stronger magnet, claims
to have reached 0-005° Abs. To realize the result we must remember that
it is the ratio of the temperatures that matters, and not their difference.
The change from 0-005° K. to 4-22° K., the boiling-point of helium, is an
increase in the ratio 844 to 1; another step upwards of the same size would
bring us to 4-22 x 844, or 3,562° K., nearly the boiling-point of carbon.

The success of this process is helped by the facts that the specific heat
of the metallic container is almost uegligible at these low temperatures
(even at 12° K. 1 c.c. of helium under 100 atmospheres has as large a
capacity for heat as 1 kg. of copper), and that owing to the low pressure
of the gas (3 X 10-15 mm. at 0-2° K.) the vacuum jacket is an almost perfect
insulator.

These temperatures are measured down to about 1° K. by a helium gas
thermometer under low pressure, and below this by means of the mag-
netic susceptibility (to weak fields) of the paramagnetic material, which
is approximately proportional to the reciprocal of the absolute tem-
perature.

Liqurd and Solid Helium*

In the liquid and solid states helium has properties unlike those of any
other substance.

Liquid helium occurs in two forms, He I and He II, with a sharp transi-
tion point (the A-point) at 2-186° K. under 3-83 cm. mercury??; this falls as
the pressure rises, and the triple point for solid—He I—He II is 1-774° K.
under 28-91 atmospheres.?® He I (above this temperature) is a normal
liquid ; He IT, below it, is unlike any other known substance. He II ex-
pands on cooling ; it has 10 times the specific heat of He I, but this rapidly
fulls ; its conductivity for heat is enormous, being found (by the usual
mothods of measurement) to be about 3 million times that of He I, and
about 200 times that of copper at the ordinary temperature. Again, while
tho viscosity of He I is normal, and that of He IT as measured by a rotating
dlnk,2® though it drops rapidly with falling temperature, retains a finite
value, the viscosity of helium II measured in a capillary of fine bore or
by flow through a narrow slit appears to be zero3® or at least less than
10 ' poiges.

Rtill more remarkably, neither the heat conduction nor the viscosity
obey what are otherwise universal rules: the heat transport is not

* 1 am greatly indebted to Dr. K. Mendelssohn for his help in dealing with this
subjoot.

¥ (3. Schmidt and W. H. Keesom, Physica, 1937, 4, 971.

W J, J. van Laar, Proc. K. Akad. Amst. 1936, 39, 612, 822.

" W, H, Keesom and G. Ii. Macwood, Physica, 1938, 5, 737.

00 P, L, Kapitze, Nature, 1088, 141, 74: J. F. Allen and A. . Misener, Proc. Roy.
#oo. 19389, 173, 467.




6 Group 0. Helium

proportional to (i.e. the counductivity is dependent on) the temperature
gradient, and the flow through a fine capillary is independent of the head,
though it changes rapidly with temperature. It has further been shown3!
that when the liquid flows from a higher to a lower level through a capillary
it is cooled.

These very remarkable facts have been explained up to a point by an
observation of Allen and Jones,? who found that when one of two con-
tainers filled with liquid helium IT and connected by a capillary is warmed
(always below the A-point), helium will flow through the capillary towards
the higher temperature. By using a tube filled with emery (i.e. with many
fine capillaries) heated in the upper part by radiation from alamp outside,
a jet of liquid helium 3 or 4 cm. high can be got. The effect diminishes
as the tube gets wider, and vanishes at a diameter of about 1 mm. This
nnomalous flow seems to give rise to convection currents which are free
of friction in one direction. For instance, if a small flask with a heating
wire near the bottom is immersed horizontally in He II and the wire
heated, a stream of helium flows out through the neck and will move a
vane, though no helium appears to move in.3® For some reason helium
in this state can form a layer on any solid surface about 5x 10-¢ em. thick
(500 A.U., or, say, 140 atoms) which can move on the surface without any
measurable friction. The occurrence of this flow is easily demonstrated. 3438
1f the bottom of an empty vessel is dipped into He II it fills up to the
same level ; if it is then raised the level falls to that of the liquid outside;
if the vessel when full is lifted out of the helium, the liquid drips from the
bottom until it is empty. The rate of flow in c.c./sec. for every em. of
contact with the walls is 2-5x 10-5 at 2° K., and about 7-5x 10-% at 1° K..:
it is independent of the difference of height (the rate of movement of the
film at 1° K., if it is 5X 10-% cm. thick, must.be about 20 cm./sec.).

The Debye X-ray pictures show that helium is not a crystalline liquid -
at any temperature from 1-72° to 4-22° K.,3¢ and there is no change at
the A-point in refractive power,3? molecular volume, or surface tension.
At very low temperatures many of these peculiarities disappear. For a
general account of these phenomena see Darrow.3? The physical structure
underlying and explaining these peculiarities is not clear. Daunt and
Mendelssohn?® point” out the analogy between the properties of He II

31 J. G. Daunt and K. Mendelssohn, Nature, 1939, 143, 719 ; P. L. Kapitza, Phys.
Rev. 1941, 60, 354.

82 J. F. Allen and H. Jones, Nature, 1938, 141, 243.

8 P. L. Kapitza, J. Phys. U.S.S.R. 1940, 4, 181; 1941, 5, 59.

34 J, G. Daunt and K. Mendelssohn, Nature, 1938, 141, 911; 142, 475.

3 Id., Proc. Roy. Soc. 1939, 170, 423, 439.

8¢ W. H. Keesom and K. W. Taconis, Physica, 1937, 4, 28, 256 (the latter a small
correction).

% E, . Burton, Nature, 1937, 140, 10185.

88 J, F. Allen and A. D, Misener, Proc. Camb, Philos. Soc. 1988, 34, 209.

¢ K, K. Darrow, Rev, Mod, Phys, 1040, 13, 257,

¢ J, G, Daunt and XK. Mendelssohn, Natre, 1943, 150, 604.
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(frictional transport up to a critical rate of flow) and the phenomenon of
super-conductivity ; they say that He IT must contain atoms of low or zero
thermal energy, separated by their velocities from the rest. A theory of
liquid helium II based on the condensation of a Bose—Einstein gas has
been proposed by F. London#? and developed by Tisza.®! The theory of
Landau?3 follows similar lines but is not based on a special model. Accord-
ing to this there are two forms of liquid helium, one (N) a normal liquid,
and the other (S) with zero entropy and no viscosity. Down to 2-19° K,
the liquid is all N'; below this S appears in increasing quantity until at
0° K. it is all S. Thus when the flagk (p. 6) is warmed there is an outward
How of N and an inward flow of S, but the latter does not affect the vane
since it has no viscosity ; when this S reaches the heater it is changed into
N. The heat conductivity is due to the fact that heat must be expended
to transform the zero-entropy from S into N; the cooling on passage
through a capillary is due to a kind of filter effect, the S passing through
more easily than the N, and being then converted into N with absorption
of heat.

The theories of Tisza and of Landau both predict that in He IT tempera-
ture differences should be propagated in the form of wave motion with a
rharacteristic temperature-dependent velocity. This so-called ‘second
sound’ has indeed been observed.%

Solid Helium

Helium is the only liquid which cannot be frozen by lowering the
temperature; at the ordinary pressure it must remain liquid down to
the absolute zero. On the other hand, it is readily frozen by increasing the
pressure ; its freezing-point under various pressures has been found?®-48
to be:

Temp.°K. . . 1° 2° 3° 10° 20° 42°

Press., atm1. . . 25 35 75'6 590 1,740 5,450
"T'his is due to the ‘zero-point energy’. We now know that substances still
retain, even at the absolute zero, half a quantum of energy in every degree
of oscillational freedom. This can be deduced from Heisenberg’s Uncer-
tainty Principle; it is really no more surprising than that a hydrogen
atont at the absolute zero should still have its electron in the first quantum
state and not in the nucleus. The result is that the atoms in liquid helium
nontinue at the lowest temperatures to oscillate, and the energy of this
onclllation is greater than the heat of fusion; their motions are too lively
for them to form the crystal. It is only when these motions are restrained
by external pressure that the liquid can solidify. The effect is still per-

4 1. Tisza, Nature, 1938, 141, 913.

# |f. London, Phys. Rev. 1938, 54, 947.

4 [.. Landau, ib. 1941, 60, 356.

@ V. Poshkov, J. Phys. U.S.S.R. 1946, 10, 389.

" W, H. Keesom, Nature, 1926, 118, 81; C.R. 1926, 183, 26, 189.

¢ |, 8imon, M. Ruhomann, and W. A. M. Edwards, Z. physikal. Chem. 1929,
Bo,on,
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ceptible even in the crystal, as the interatomic distances show (He 3-57 ;
Ne 3:20; A 3-82 A.U.).

NEON, ARGON, KRYPTON, XENON, EMANATION

Of the later members of this group there is little to say, apart from a,
few special points, except on the obscure question of the formation of
chemical compounds. Their more important physical properties have
already been given in the table on p. 1.

Neon is used, generally mixed with helium, in the familiar neon lamps.
The efficiency (light/energy) of these is about four times as great as that
of the best metallic filaments, and nearly 25 per cent. of the theoretical
maximum, at which all the energy appears as light.

Argon?? is used for gas-filled incandescent lamps, mainly to prevent the
evaporation and sputtering of the filament, and is usually mixed with
about 15 per cent. of nitrogen to stop the formation of an arc.

Emanation. The importance of the three isotopic emanations—now
known by the rather unpleasant names of radon, actinon, and thoron—
in the discovery and development of the disintegration theory of radio-
activity, and in the explanation of the periodic classification, is obvious.
Their atomic weights and half-lives are:

l Actinon ‘ Thoron Radon
Atomic weight . . 219 220 - 222
Half-life . 39 sec. 54-5 sec. 3-8 days
Rel. half-life 1 14 84,200

Compounds of the Inert Gases

The compounds or supposed compounds of the inert gases are of three
kinds: (1) molecules and molecular ions of the inert gases themselves;
(2) supposed compounds of uncertain composition with other elements,
mainly metals; (3) solid phases of definite stoichiometric formulae formed
with certain other molecules such as water.

I. Tons of the He, type are undoubted diatomic molecules; He;" is
formed by the attachment of a metastable to a normal atom; the heat
of dissociation is 108-4 k.cals./mole.#® As long as they remain charged
gaseous ions they are reasonably stable,?5% though they cannot act as
the cations of salts; the atoms are 1-09 A apart (which should be compared
with the He- - He distance in solid helium of 3-57 A).

47 For entropy, etec., of argon (triple pt. 83-78° K. at 517 mm.) see K. Clusius and
A. Frank, Z. Elch. 1943, 49, 308.

4 F. L. Arnot and M. B. M’Ewen, Proc. Roy. Soc. 1939, 171, 108.

¢ 1., Pauling, Chemical Bond, 1989, p. 246.

80 T, Majorana, Nuovo Cim, 1981, 8, 28; L. Pauling, J. Chem, Phys, 1983, 1, 86;
8. Weinbaum, ib, 1088, 3, 547; L. Pauling and E. B. Wilson, Inired. lo Quantum
Meohanios, 858.
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II. Various metals have been stated to form compounds with inert gases
(practically only with helium), usually on sparking; when solid, the pro-
ducts have been found to give off their helium on heating or dissolving.
Manley®! describes a volatile compound with mercury, detected by the|
spectrum. Boomer5? obtained with tungsten a solid of the composition
WHe,, decomposed by heat. Damianovich®-5 found that on sparking
helium with platinum a brown deposit was formed containing up to 34 c.c.
of helium to 1 g. metal (Pt;;He); he obtained similar substances with
bismuth and uranium.5%-7 None of these substances have been shown to
be definite compounds, and it is at least possible that the solids merely
contain adsorbed helium on the dispersed metal; indeed, Damianovich
says® that his platinum product gave X-ray diagrams resembling those
given by colloidal platinum.

ITI. Substances of the third class are formed by the inert gases other
than helium, and the more easily the heavier the gas, with water, D,0,
phenol, and boron trifluoride. There is no doubt about the existence, nor
usually about the composition and formulae of these substances; but there
is no evidence of their occurring in anything but the solid state, and so
they are presumably van der Waals crystal aggregates, like the solid
hydrates of methane and methyl bromide.

The hydrates were discovered by de Forcrand,® who gives these com-
positions, melting-points, and dissociation tensions at 0° C.:

A, zH,0 Kr, 5H;0 |  Xe, 2H,0
Melting-point, . . 8° C. 13° C. 24° C.
Diss. tens. at 0°C. . 98 atm. 15-5 atm. 1-3 atm.

Tammann and Krige8® confirm these data for the solid Kr, 5H,0.
Deuterates of similar types, with the compositions Kr, 6D,0 and Xe,
6D,0 were made by Godchot et al.®1

Nikitin®2-4 showed that the solid SO,, 6H;0 will absorb the inert gases
other than helium if it is shaken with them, a definite ratio being estab-
lished between the concentration of the inert gas in the solid and the

81 J. J. Manley, Phil. Mag. 1927, vii. 4, 699.

52 E. H. Boomer, Proc. Roy. Soc. 1925, 109, 198.

83 H. Damianovich, C.R. 1929, 188, 790.

5 H. Damianovich and J. J. Trillat, ib. 991.

85 H. Damianovich, Anal. Quim. Argentina, 1929, 17, 95.

58 1d., Anal. Inst. invest. cient. techn. 1934, 3[4, 20.

5 For a summary of the evidence for the formation by He, A, and Xe of com-
ponnds with metals see H. Damianovich, Proc. 8th Amer. Sci. Congress, 1942, 7, 1317.

88 H. Damianovich, Anal. Inst. invest. cient. techn. 1931, 2, 15, 24.

80 R. de Forcrand, C.R. 1923, 176, 355; 1925, 181, 15.

8 G. Tammann and G. J. R. Krige, Z. anorg. Chem. 1925, 146, 179.

81 M. Godchot, G. Cauquil, and R. Calas, C.R. 1936, 202, 759.

8 B, A, Nikitin, Nature, 1937, 140, 643.

o 1d., J. Gen. Chem. Russ. 1939, 9, 1167, 1176.

8 1d., Z. ancrg, Chem, 1986, 237, 81.
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gnseous phase. He also% prepared with phenol the solid Xe, 2CH,OH,
which had a dissociation pressure of xenon of 1 atmosphere at 0° C, (the
v.p. of liquid xenon at 0° C. is about 46 atmospheres).

Booth and Willson®® measured the freezing-point curve for the system
A-BI, and got maxima for the compositions 1 argon to 1, 2, 3, 6, 8, and
16 BF3; pressure up to 40 atmospheres had no effect. It is very singular
that all the 6 maxima and the melting-point of BF; lie between —127°
nnd —129° C.; the melting-points of the components are argon —189-4°,
BI, —127°C. At higher temperatures (mostly from —40° to 0° C.) they
find no evidence of the existence of compounds.®’

We must conclude that apart from the molecular ions occurring in the
gas, there is in no case satisfactory evidence of the existence of chemical
compounds of any of the inert gases.

85 B. A. Nikitin, C.R. Acad. Sci. U.S.S.R. 1940, 29, 571.
8¢ H. S. Booth and K. S. Willson, J.A4.C.S. 1935, 57, 2273.
67 Th. 2280.




GROUP 1
HYDROGEN, DEUTERIUM, AND TRITIUM

YDROGEN, the lightest of the elements, was one of the chief

problems of the original Periodic Table, since it has close affinities
both with the alkali metals of Group I and with the halogens of
houp VII. We now realize that it stands at the head of both groups,
resembling the alkali metals in having a single easily detached electron,
and the halogens in having one electron less than the next following
inert gas. It thus occupies a unique position in the Table.

The amount of hydrogen in the earth’s crust, including the water and
the air, is estimated at 0-87 per cent. by weight and 15-4 per cent. by
ntoms. Free hydrogen occurs to a minute extent in the atmosphere
{according to Paneth! less than 1 part in a million by volume); it is con-
tinually being produced on the eartl’s surface from various sources, in-
cluding oil gas outflows, but at the same time the molecules move quick
onough to escape from the earth’s gravitational field (see above, p. 2).
Natural gas may contain up to 10 or even 30 per cent. of hydrogen, the
romainder being mainly methane and ethane. Commercially hydrogen can
be obtained from this source or from coal gas (of which it forms some
7i0 per cent.) by liquefying the other components, but it is more often got
(for example in making synthetic ammonia) from water gas, which is a
mixture of hydrogen and cdarbon monoxide, made by passing steam over
licated coal or coke; if this is mixed with more steam and passed over
n suitable catalyst (oxides of iron and cobalt are commonly used) at a
temperature not above 400° C., the carbon monoxide reacts with the steam
to give carbon dioxide and hydrogen. The carbon dioxide is removed by
washing with water under pressure, and the residual carbon monoxide by
trontment with ammoniacal cuprous solution, or by passing over heated
sada lime, which reacts with it to give sodium formate.

Hydrogen occurs in a surprisingly large number of forms.

I. There are three known isotopes of hydrogen, of mass-numbers 1, 2,
sud 3. The first two of these occur in nature in the proportions roughly
of 6,000 to 1; the third is now known not to occur in natural hydrogen
In detectable amounts, but it can be made by atomic bombardments, for
exanmiple, of deuterium by deuterons. These isotopes are distinguished as
Protium, Deuterium, and Tritium ; but the properties of pure protium and
It compounds are practically identical with those of the natural isotopic
mixture. The peculiar properties of deuterium, and so far as they are
known of tritium, are described in the next sections (deuterium, p. 36;
trltium, p. 57).

} F, A, Panelh, Nature, 1937, 139, 181.
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II. Elementary hydrogen exists in several states.

1. Diatomic hydrogen H,, the normal state of the gas. This can assume
two forms with different properties, known as ortho- and para-hydrogen,
and is normally a mixture of the two ; the same is true of deuterium D,.
The molecule can also have a positive charge Hy, as in positive ray tubes.

2. Monatomic or ‘active’ hydrogen H (see p. 15). This electrically
neutral form can be produced in the gas by electrical excitement, and
shows an intense chemical activity. The positively charged hydrogen
atom H* is the hydrogen nucleus, proton, or hydrogen ion (formerly
thought to be the unit of positive electricity), which is important both from
its chemical activity, and as a projectile for, and a product of, nuclear
disintegration.

3. Triatomic hydrogen Hj certainly occurs as the positive ion Hj in
positive ray tubes; its existence as a neutral Hy molecule, though it has
often been asserted, is very doubtful.

III. In its compounds hydrogen is found:

1. As a positive ion H* (except in the gas always solvated, as H*<X).

2. As a negative ion H™ (with two unshared electrons), only in the
hydrides of the alkalis and the alkaline earths, such as Li[H] and Ca[H],.

3. In the covalent form H—X (with two shared electrons), as in the
hydrocarbons, and organic compounds generally.

4. In the form of the ‘hydrogen bond’ or (perhaps better) the ‘hydrogen
bridge’ —H- -, as in the ion [F—H--F]” or in associated hydroxylic

compounds R—O—H - - O<IP; ; the mechanism of this link is different from

that of ordinary coordination (and so it should not be written with an
arrow X—H<-X), but its existence is indisputable (see p. 23).

Elementary Hydrogen

Ordinary hydrogen boils at —252-78° C. (20-38° K.) and melts at its
triple point under 54 mm. pressure at —259-24° C. (13-92° K.).2

In the liquid and solid states it is the lightest substance known; the
density of the liquid at 20° K. is 0-0700 and that of the solid at 13° K.
0-0763.

Its solubility at 25° (in c.c. per litre of solvent) is3: water 19-9; ethyl
alcohol 89-4; acetone 76-4; benzene 756,

Ortho- and Para-Hydrogen

It has been shown that, quite apart from isotopes, hydrogen gas under
all ordinary conditions is a mixture of two kinds of molecules. Of the two
nuclei and two electrons of which the molecule is made up, each is spinning
round its own centre, in a plane in which the axis of the molecule lies,

? F. G. Brickwedde, R. B, Soott, H. C. Urey, and M. H. Wahl, Phys. Rev. 1934,

45, 565, 708} J. Chem. Phyas. 1084, 3, 454,
' G, Just, &, p’w“mn Chem, 1001, 37. 348,
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The electrons must spin in opposite directions (antiparallel), or the mole-
cule would not hold together; but the spins of the nuclei may either be
in the same (parallel) or in opposite directions, and certain properties of
the molecule, especially its specific heat, will be different in the two
arrangements. In 1927 Dennison pointed out* that the observed specific
heats could be made to agree with the theory only if it was assumed that
the time of transition was very long in comparison with the time in which
the specific heats were measured, so that the gas was in effect a mixture
of the two forms in fixed proportions. Subsequent work has entirely con-
firmed this view. The two differ especially in the fact that of the rotational
energy (which is practically all the heat energy other than translational
that the molecules have up to high temperatures) the ortho (parallel)
molecules have the odd quantum states 1, 3, 5, ete., and the para (anti-
parallel) the even, 0, 2, 4, etc., which results in the ortho having, especially
at low temperatures, a smaller specific heat than the para. We thus have:

Ortho Para
o (o ;0 9
Spins parallel Spins antiparallel
Rotational quanta odd Rotational quanta even

The proportions can be determined from the heat conductivity (which
depends on the specific heat) by observing the rate of cooling of a heated
wire in the gas.

At equilibrium at the ordinary temperature and above it the gas con-
tains 25 per cent. of para and 75 per cent. of ortho, but on cooling the
percentage of para rises, because more of the gas can thus go into the
(even) zero-quantum state, and at the boiling-point of hydrogen (20-4° K.)
only a fraction of 1 per cent. of ortho remains. The proportions at equi-
librium and the specific heats are:

Temp. . .| 20°K. | 50°K. | 100°K. | 200 K. | 298°K. | Ing.
Per cent. para . | 998 | 769 385 26-0 . | 251 2500
Sp. ht. Pure para .. 0040 | 1504 | 2767 | 2-186 .
Pure ortho | .. 0000 | 0073 | 1-151 1-838
Normal*H,| .. 0-010 | 0431 1555 | 1925

* j.e. the equilibrium mixture at the ordinary temperature, which has 25 per
tont. para.

In order to make para-hydrogen (it is of course impossible to get the
ortho with less than 25 per cent. of para) the gas must be cooled (if possible
with liquid hydrogen, though liquid air under reduced pressure will give
# gas with 45 per cent. of para), and then brought to equilibrium by means
of a catalyst. This is most easily done by absorbing the gas on charcoal,
and then after some minutes or hours, according to the activity of the
the charcoal, pumping it off.

¢ D, M, Dennison, Proc. Roy. Soo\ 1927, 118, 488.
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The physical properties differ slightly, and the values for some of them
(those for pure ortho being got by extrapolation) are®5%$;

| Mopt. | Bopt. | Mol vol. 20°K.
Pure para 13-88° K. 20-29° 28-54
Pure ortho . 13-93° 20-41° 28-35
Normal (25 per cent. p.) . 13-92° 20-38° 28-40

Pure para-hydrogen remains unaltered in the gaseous state for weeks;
the half-life is calculated to be about 3 years. The interconversion can be
effected (1) by heat, at about 1,000° C.; (2) slowly in the liquid or solid
state: the half-life in the liquid is about 5 days; (3) by treatment with
atomic hydrogen (this is probably the mechanism of most of the con-

versions): H + Hyo) —> Hy(p) + H;

(4) by paramagnetic molecules (including contact with paramagnetic
metals, oxides, and salts?; and (5) by the catalytic action of certain
surfaces.

The last three of these methods have led to interesting results, and are
likely to lead to more. The conversion by atomic hydrogen (3) gives a
method of measuring the concentration of free hydrogen atoms in a
chemical reaction, and has been used for this purpose. In the para-
magnetic method (4) it has been shown that the transformation is catalysed
by oxygen, nitric oxide, and nitrogen peroxide, which are all paramagnetic,
but not by such diamagnetic gases as nitrogen, nitrous oxide, carbon
monoxide, or ammonia, nor by diborane B,Hy, which therefore is pre-
sumably diamagnetic also.

As to (5), a series of surfaces, especially platinum, and in a less degree
nickel and copper (and to a small extent even sodium chloride), have been
found to promote the change; this is no doubt due to the molecules
breaking up, so that the hydrogen atoms may attach themselves separately
to the surface.

This ortho-para difference should occur in all molecules containing two
identical atoms if these atoms have a nuclear spin (in such molecules as
He,, 12C,, 1%0,, and 323, the nuclei have no spin). It may probably be
found also with molecules of more than 2 atoms, such as H,O, but here
we should expect the equilibrium always to be maintained. The only other
molecule for which it has been established is deuterium D,, where the
relations are much the same as with ordinary hydrogen, but the ratio of
ortho to para at the ordinary temperature is 2:1 instead of 3:1,

For further information see Farkas®; for ortho- and para- D, see below,
Pp. 39.

8 K. Clusius and K. Hiller, Z. physikal. Chem. 1929, B 4, 158.

¢ R. B. Scott and F. G. Brickwedde, J. Ohem. Phys. 1937, 5, 736.

" H. 8. Taylor and H. Diamond, J.4.0.S. 1935, 57, 1251.

8 A. Farkes, Ortho.hydrogen, Para.hydrogen, and Heavy Hydrogen, Cambridge,
1038,
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The Molecule-ion Hf

This ion occurs in positive ray tubes,® and also gives a characteristig
band spectrum. It is of great theoretical interest, as the simplest possible]
case of two nuclei held together by a single electron: it contains the most
certain ‘one-electron bond’. The physics of this link was first worked|
out by Hund, and has since been discussed in more detail especially by
Pauling!® and Dickinson!!; Pauling has given a general account in his
Chemical Bond, pp. 13-17, from which the following is derived. The forma-
tion of such a link from a neutral hydrogen atom and a hydrogen io
cannot be explained by classical mechanics, but only by wave mecham‘clsl
through the theory of resonance; the molecule is a combination of the
two states H+H* and H*+-H ; the bond may be said to owe its stability]
to the resonance of the electron back and forth between the two nuclei,
with a resonance frequency equal to the resonance energy (50 k.cals.
mole) divided by the Planck constant %; this frequency is 7x 1014 pen
second, which is about one-fifth as great as the frequency of orbital motion|
about the nucleus, of the electron in the normal hydrogen atom.

A more detailed investigation of the problem by Dickinson!! and others!}
has shown that the total energy of the bond is 61 k.cals./mole, and the
internuclear distance 1-06 A, values which agree closely with experiment ;
the values for the normal 2-electron link in H—H are 103-4 k.cals. and
075 A,

Monatomic Hydrogen

At high temperatures hydrogen molecules are to some extent dissociated
into atoms, but on account of the large heat of dissociation (103-4 k.cals.)
the amount of atoms formed is very small, being at 1 atmosphere about
1 per cent. at 2,000° K. and about 9 per cent. at 3,000° K.13

The molecules can, however, be dissociated by other means at lower
temperatures, and they recombine relatively slowly (owing to the diffi-
culty of getting rid of the heat of reat¢tion*) especially at low pressures,
8o that the gas can be more or less completely converted into single atoms,
which remain in that state long enough for their properties to be examined.
This is known as ‘active’ hydrogen, and it is probably the only active
form which exists. It can be prepared in various ways.

1. Langmuir! has shown that wires of tungsten, platinum, or palladium,
heated to temperatures of from 1,000° to 2,000° C. in hydrogen gas at|
pressures of 0-01 mm. or less, give rise to atomic hydrogen (by absorbing|

* See below, p. 17.

¥ First observed by J. J. Thomson, Phil. Mag. 1911, [6] 21, 234, 239.

10 1., Pauling, Chem. Rev. 1928, 5, 173 ; cf. B. N. Finkelstein and G. E. Horowitz,
K. Phys, 1928, 48, 118.

8 T3, N, Dickinson, J. Chem. Phys. 1933, 1, 317.

10 1. A. Hylleraas, Z. Phys. 1931, 71, 739; G. Jaffé, ib. 1934, 87, 535.

10 1, Langmuir, Gen, Electric Review, 1926, 29, 153.

W J.A.0.8. 1012, 34, 1810; 1914, 36, 1708; 1915, 37, 417; 1916, 38, 1145.
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H; and emitting H) which is absorbed by the walls, especially at liquid
air temperatures.

2. It was found by R. W. Wood?? that if an electric discharge is passed
through hydrogen at a fraction of a millimetre pressure in very long tubes,
the central part of the tube gives a pure Balmer spectrum, showing that
it contains a large proportion of hydrogen atoms. Harteck and Roeder!®
improved this method by using an inert carrier gas such as neon (e.g.
25 mm. neon and 1 mm. hydrogen) ; this enables the hydrogen to be passed
into liquids of higher vapour pressures.

3. Cario and Franck!” showed that hydrogen with the same reducing
properties could be got in larger yields and at higher pressures (up to
15 mm.) by mixing it with mercury vapour and exposing it to the resonance
radiation (wave-length 2,537 A) of a mercury arc. The energy of this
radiation per g. atom (hv X N) is 112-0 k.cals., so that the excited mercury
atoms can disrupt the hydrogen, which needs 103 k.cals. This method
has been used also by Taylor and his collaborators,’® with hydrogen
pressures up to half an atmosphere.

4. Hydrogen is also atomized when it is bombarded by slow (10-20 e.v.)
electrong!?; its formation in the electric arc is probably due partly to this
effect and partly to the thermal action.

Hydrogen atoms recombine to molecules rapidly and with a large
evolution of heat in contact with certain solids, especially metals. Bon-
hoeffer has shown?® that the efficiency of different metals in causing the
recombination of hydrogen atoms is almost exactly in the reverse order
to their overvoltage values, as the following list shows; the metals are in
the order of their catalytic efficiency, and the overvoltage stands below
each:

Pt > Pd > W > Fe > Cr > Ag > Cu > Pb > Hg(zero)
0-000 0000 0157 0-175 0-182 0097 019 040 057

This seems to show that the overvoltage is due to the slowness of recom-
bination of the hydrogen atoms after they have neutralized their ionic
charges at the cathode, and suggests that the activity of ‘nascent hydro-
gen’ is caused by the presence of neutral hydrogen atoms in the liquid.
The heat of recombination of the atoms (51-7 k.cals. per gramme) has
been ingeniously utilized by Langmuir in his ‘atomic blowpipe’ in which
u stream of highly atomized hydrogen is directed on the metal to be
heated ; this has the further advantage that the hot metal is in a reducing

15 Proc. Roy. Soc. 1920, 97, 455; 1922, 102, 1.

16 P, Harteck and E. Roeder, Z. physikal. Chem. 1937, 178, 389.

17 3. Cario and J. Franck, Z. Phys. 1922, 12, 161,

18 H. 8. Taylor. J.4.C.8. 1926, 48, 2840; J. R. Bates and H. S. Taylor, ib. 1927,
49, 2438; H. S. Taylor and A. L. Marshall, J. physikal. Chem. 1925, 29, 1140;
A, L, Marshall, ib, 1926, 30, 1634,

19 A, L, Hughes and A. M, Bkellett, Phys. Rev, 1927, 30, 11; K. E. Dorsch and
H. Kellmann, Z., Phys, 1020, 53, 80.

io K, F', Bonhoeffer, &, physthal. Chem, 1084, 113, 190,
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atmosphere?! ; according to v. Wartenberg?? the temperature of the flame
noar the electrode, as judged by the reversal of the spectral lines in com-
parison with those of the sun, is 4,600-4,800°. From the heats of reaction
(H+H = H,+103-4 k.cals.; 2H,+0, = 2H,0+116 k.cals.) it follows
that for equal volumes atomic hydrogen is 34 per cent. more efficient than
*Knallgas’, and for equal weights it is 24 times as effective.

I the gas the rate of recombination is much slower. A collision of two
liydrogen atoms cannot of itself lead to the formation of a molecule,
hocause the resulting pair cannot get rid of the energy of reaction, and so
must separate again ; it is only fruitful when there is a three-body collision

2H + M — HM — H, + M,

o that the energy can be removed as kinetic energy of the H,-M (where
M of course may be the wall); this difficulty arises in all reactions of
unsociation or addition. Various determinations of the rate of recombina-
tlon of hydrogen atoms? have confirmed this view, and have shown that
the rate is that required by the triple-collision theory ; the half-life of the
atoms is about 1 sec. at 0-2 mm. pressure.

'The chemical reactions of atomic hydrogen are numerous, and have been
tho subject of many investigations.24-41

Atomic hydrogen is a strong reducing agent.?® It converts oxygen into
hydrogen peroxide?:27; it reduces ethylene to ethane®”; it reduces oleic
woid CgH,,-CH==CH - (CH,),COOH to stearic, but leaves the carboxyl

4 T. Langmuir, Science, 1925, 62, 463 ; Gen. Electric Review, 1926, 29, 153, 160.

8 1. v. Wartenberg and H. J. Reusch, Nach. Ges. Wiss. Qott. 1934, [ii] 1, 141.

W (a) Z. Bay and W. Steiner, Z. physikal Chem. 1929, B 2, 146; (b) H. Senftleben
and O. Riechemeier, Naturwiss. 1930, 18, 645; (¢) K. G. Emeleus, R. W. Lunt, and
Q. A. Meek, Proc. Roy. Soc. 1936, 156, 394; (d) Lunt and Meek, ib. 157, 146;
(¢) Lunt, Meek, and E. C. W. Smith, ib. 1937, 158, 729; (f) H. G. Poole, ib. 1937,
163, 404; (9) id., ib. 415; (k) id., ib. 424.

¥ K. F. Bonhoeffer, Z. physikal. Chem. 1924, 113, 199.

" [4d., ib. 1925, 116, 391.

8 K. Boehm and K. F. Bonhoeffer, ib. 1926, 119, 385.

¥ H. S. Taylor, J.4.C.S. 1926, 48, 2840,

% T. Haber and H. D. v, Schweinitz, Sitzb. Preuss. Akad. 1928, 499.

8 H, C. Urey and G. I. Lavin, J.4.C.S. 1929, 51, 3286.

00 1§, Pietsch, F. Senferling, W. Roman, and H. Lehl, Z. Elektrochem. 1933, 39,
871,

N K. H. Geib and P. Harteck, Ber. 1932, 65, 1550, 1551.

" P, Harteck, ib. 1933, 66, 423.

" K. H. Geib and P. Harteck, ib. 1815.

" 14., Z. physikal. Chem. 1934, 170, 1.

® H, Kroepelin, E. Vogel, and H. Pfeiffer, Ber. 1935, 68, 684.

# K. H. Geib and P. Harteck, Trans. Far. Soc. 1934, 30, 131.

" H. Kroepelin and E. Vogel, Z. anorg. Chem. 1936, 229, 1.

8 P, Harteck and E. Roeder, Z. physikal. Chem. 1937, 178, 389.

» P, Harteck and K. Stewart, ib. 181, 183.

4 J, K, Dixon, J.4.0.8. 1932, 54, 4262.

# J, P, W. Houtman, K. van den Berg, and P. M. Heertjes, Rec. Trav. 1943,
03, ¢78.

nu 0




18 Group 1. Hydrogen

group untouched.242%35 Tt reduces oxyazo to azo-compounds and ulti-
mately to anilines ; converts many dyes apparently into their leuco-bases;
initiates an explosion in a mixture of hydrogen and oxygen,?® and reacts
with many metals and their vapours to form what seem to be hydrides.3?

Kroepelin and Vogel3? have shown that compounds of heavy metals are
usually reduced with ease, alkaline salts are reduced to the metal when
the anion is one that is destroyed by hydrogen atoms (e.g. NO3;, CN*, C10}).
Aqueous solutions of silver nitrate, mercuric chloride, and cupric acetate
are reduced to the metal, chromate and permanganate ions in acid solution
to chromic and manganous salts, iodine to iodide, and hydrogen peroxide
to water.

Harteck3-® finds that with solutions of sodium sulphate and sulphite
the hydrogen atoms are all used up within the first 1,000 molecule layer;
with reactions not too slow to measure the heat of activation is from 0 to
5 k.cals. ; the heat of solution of hydrogen atoms in water is 1-54-1 k.cals.
per g. atom

Geib and Harteck3!-4 passed hydrogen at 0-5 mm. pressure, and about
60 per cent. atomized, along with another gas into a vessel cooled with
liquid air. The low temperature hinders any reaction that has at all a
considerable heat of activation (and substitutions usually have this), and
leads chiefly to additions, since these have a small heat of activation but
at ordinary temperatures are repressed by the necessity of triple collisions.

In this way they have been able to convert mercury into a hydride,
apparently HgH, and identical with the hydride detected by its spectrum
when a discharge oceurs through hydrogen containing mercury; it is a
solid which decomposes into its elements below —100°. With oxygen they
get a white solid of the composition H,0,, different from ordinary hydrogen
peroxide as it decomposes sharply at —125° into oxygen and water. With
nitric oxide they get a solid of the composition (HON), which is explosive,
and on warming slowly begins to decompose at —95°, and by the ordinary
temperature has all disappeared, giving some 20 per cent. of nitrous oxide
and water, and leaving a mixture of hyponitrous acid and nitramide.
At this temperature atomic hydrogen reduces benzene to dihydrobenzene
and ethylene to ethane, but it has little action on acetylene,

For further reactions, especially in the polymerization of unsaturated
hydrocarbons, see Houtman, van den Berg, and Heertjes.4!

The Proton H*

H*, the hydrogen nucleus, hydrogen ion, or proton, a particle with a
mass of 1-0078 (O = 16), a radius of about 2 10-13 em., and a charge of
+4-802 X 10-19 electrostatic units, was assumed to be the ‘atom’ of
positive electricity until the discovery of the positron in 1933. Its
behaviour is very different according as it is in a gas or in a solution,

1. In a gas it forms the hydrogen positive ray of J, J. Thomson and
Aston, produced by the action of cathode rays on hydrogen gas. It can
also be made by breaking off a hydrogen nucleus from & compound, us
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when solid paraffin is bombarded by deuterons or neutrons. It is likewise
formed when certain nuclei are artificially disrupted, as was shown in the
lirst artificial nuclear disruption, that of nitrogen by swift a-particles,
by Rutherford in 191942, the first proof that this involves the capture
of the a-particle by the bombarded nucleus was given by Blackett, by
means of a Wilson-chamber pliotograph, in 1925.43 It is also often formed
in the spontaneous decomposition of artificially produced (though never,
#o far as is known, of natural) radioactive elements. It can itself be used
us a projectile for nuclear bombardment, especially when it is accelerated
by falling through a large potential drop; this is effected very powerfully
in the cyclotron of E. O. Lawrence, in which protons with energies of
many million electron volts can now be produced.*

When the proton has not these velocities, but only the ordinary gas-
kinetic speeds, its life is very short, as it soon picks up an electron and
bocomes a neutral atom.

2. In solution as the hydrogen ion, H* plays a large part in many
ohemical and physiological phenomena. It has become evident that in
u liquid it never exists as the free nucleus. From its minute size (its radius
In only about 1/50,000 of that of the lithium ion, and its field strength,
measured by the charge divided by the square of the radius, is 2,500
willion times as great) its deforming power, in the sense of the Fajans
theory, is so great that it always passes into the covalent state, and in
water, for example, is always present as H;O*. It has been calculated*®
that the equilibrium constant for the reaction

H,O + H' == H,0"
s 10-130 which means that in 107° universes filled with a normnal acid
nolution there would be one unsolvated hydrogen ion. In solvents to which
thio hydrogen ion cannot attach itself, such as the saturated paraffins, all
auids, even the strongest, if they dissolve at all do so as covalent molecules.

The strong tendency of the hydrogen ion to revert to the covalent state
Is shown by the limited ionization of acids as compared with, say, their
alkaline salts. The ordinary organic acids (Ostwald’s ‘half-strong’ acids)
behave in water as mixtures of the covalent with a few per cent. of the
Jonized form, the latter being a strong electrolyte. Even strong acids like
hydrochloric, though almost wholly ionized in water at ordinary con-
oontrations,show in highly concentrated solutions (10to 15 timesnormal), by
tho perceptible v.p. of the acid, that there isa good deal of the covalent form

@ Phil, Mag. 1919, [6) 37, 537 ; Proc. Roy. Soc. 1920, 97, 374.

& P, M. S. Blackett, ib. 1925, 107, 349.

¢ See E. O. Lawrence et al., Phys. Rev. 1939, 56, 124 ; M. L. Oliphant, Nature, 1941,
148, 717. Oliphant describes Lawrence’s latest model ; this has a magnet made of
8,700 tons of steel and 300 tons of copper (enough for 2 destroyers), standing on
1,800 tons of conerete; the poles are 184 in. (15 ft. 4 in.) across and 40 in. apart.
It in Lo give 100 million e.v. deuterons. [Electrons from hot W wires ionize the gas,
H,, D,, or He; dees about 100,000 volts difference, 10 million cycles per second.]

@ I, M. Kolthoff, Reoc. Trav. 1980, 49, 401.
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present ; in the gas, and in the pure liquid and solid, hydrogen chloride is
wholly covalent. On the other hand, the alkaline salts of these acids give no
indication of the presence of covalent molecules ; they are always completely
ionized in solution, those of weak acids as well as those of strong, and it has
been shown that the alkaline halides are ionized not only in the crystal but
also in the vapour, where they are present as ion-pairs [M]X.

The N egative Hydrogen ton H™

This has been found by J. J. Thomson4® to oceur in hydrogen discharge
tubes and it has also been found when the discharge is passed through
water vapour.¥’ Its occurrence in compounds is limited to the hydrides
of the most electropositive metals, those of the alkalis and the alkaliné
earths. That the hydrogen in these compounds, such as Li[H] and Ca[H],,
is in the form of negative ions was predicted by G. N. Lewis in 1916, and
has been confirmed by experiment ; see p. 21.

Triatomic Hydrogen Hy and the ton HY

Both of these are described in the literature, but recent work, both
theoretical and practical, has shown that while the ion Hj exists, there
is no good evidence for the uncharged molecule H;. Bach® and Paneth4?.50
examined practically all the methods that are stated to give this molecule,
and found no evidence for its existence. So, too, Smallwood and Urey5!
tried to make Hg by the corona discharge, by the combustion of oxygen in
hydrogen, by a vacuum discharge, and by passing hydrogen over heated
metallic wires, but in vain. According to Conrad®? the positive triatomic
ions Hf in canal ray tubes may be neutral for some part of their path.

On the other hand, the positive ion H3 certainly exists, and has con-
siderable stability. Eyring, Hirschfelder, and others in a series of papers®3-7
have calculated the energies of H; and H3 by various methods and for
various models ; the lowest value is given by the triangular ion Hy ; this
lias an energy content 184 k.cals. per mole less than that of the system
H+H-+H*, so that the reactions

H, + H* - H}
and even H,+Hf > Hf +H

48 Phil. Mag. 1911, [6] 21, 234, 239; 1912, 24, 253.

47 W. H. Bennett and P. F. Darby, Phys. Rev. 1936, 49, 97.

48 A, Bach, Ber. 1925, 58, 1388.

49 F. A. Paneth, Z. Elektrochem. 1924, 30, 504.

80 F. A. Paneth, E, Klever, and K. Peters, ib. 1927, 33, 104.

81 H. M. Smallwood and H. C. Urey, J.4.C.S. 1928, 50, 520,

52 R. Conrad, Z. Phys. 1932, 75, 504.

8 J. Hirsohfelder, H. Eyring, and N. Rosen, J. Chem. Phys. 19386, 4, 121.
84 1d., ib, 180.

85 J, Himohfelder, H, Diamond, and H. Eyring, ib. 1987, 5, 695,
’e g, Hh‘lohf.ld.r’ ib, 1988, 6. 788,

” J, Himohfelder and O, M, Weygandt, ib, 8§00,
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are exothermic, the latter certainly by 11 and probably by 38 k.cals.;
the molecule is triangular, with angles between 90° and 60°, and for the
H—H distance they give the surprising value of 1-79 A58 (the distance
in H, is 0-75 and in Hy 1-06 A). The quantum mechanics of the ion have
also been discussed by Massey® and by Coulson’®; the latter finds by the
molecular orbital method that the molecule is triangular with an H—H
distance of 0-85 A, which seems much more probable.

On the experimental side it has been shown that the Hj ion can be
produced in the positive ray tube. Its mass was found by Aston with the
first mass-spectrograph to be 3-026 (3 1-0087), and this value is near
enough to show that the particle measured contained 3 hydrogen atoms;
no other molecule could have had so large an excess over a whole number
except HD ; but the concentration obtainable was too large for this. The
corresponding mixed ions H,D" and HDj have recently been observed.

Owing to its relatively high stability, the Hy ion is formed spontaneously
in the gas from the ordinary diatomic ion Hi. It has been shown by
Luhre® that if the ions produced by a glow discharge in hydrogen at
relatively high pressures are allowed to ‘age’ by drifting at a low speed
through some centimetres of the gas, the ordinary diatomic ions Hy (the
number of protons present is small) change over almost completely to
triatomic Hy ions, which may be made to constitute 95 per cent. of all
the ions present.

Binary Hydrides
The very numerous compounds of hydrogen with other elements are
discussed later under the other elements, but some general remarks may
be made here about one group of them, the binary hydrides H,A,. These
fall into four classes:

I. Salt-like hydrides, such as Ca[H],.
II. Volatile hydrides, such as CH, and H,0.

ITI. Metal-like hydrides, such as those of cerium and palladium: often
of uncertain composition and structure.

IV. Spectroscopic hydrides of the composition HA, formed by the
electric discharge in hydrogen in presence of the other element.
They cannot be isolated in quantity, but are detected through the
spectrum.

1. Salt-like Hydrides

'These comprise the hydrides M'[H] and M*[H],, formed by the metals of
the alkalis and the alkaline earths (but not by beryllium or magnesium),
and probably by them alone. They are colourless crystalline solids with
high melting-points (LiH, 680° C.), and the alkaline hydrides all have

% H. S. W. Massey, Proc. Oamb. Philos. Soc. 1931, 27, 451.
8 . A. Coulson, ib. 19085, 31, 244.
¢ O, Luhr, J, Chem. Phyes, 1938, 3, 146.
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NaCl (6:1) lattices, which are typical of salts. On electrolysis of the fused
hydrides (LiH and CaH,) hydrogen is evolved at the anode, in the quanti-
ties required by Faraday’s law ; they react readily with water to give the
hydroxide and hydrogen. These compounds are clearly the salts of the
unusual anion H™ (with the helium structure), as was suggested by G. N.
Lewis before their electrolytic properties were known.

It is remarkable that while in the first group all the elements form
hydrides, and lithium the most easily, in the second group they are formed
by calcium, strontium, and barium, but not by the first two elements,
beryllium and magnesium,

II. Volatile Hydrides

These include such compounds as the hydrocarbons, ammonia, and
water. It was pointed out by Paneth® that hydrides of this type are
formed by all the elements not more than 4 places before an inert gas,
and by no others except boron. These are in the table:

B C N 0 F
Si P S Cl
Ge As Se Br
Sn Sb Te I
Pb Bi Po

The boron hydrides are anomalous in structure, the simplest being B,Hj,
which seems to involve a valency of 4 for boron; all of them have more
hydrogen than corresponds to trivalent boron. The hydrides of the heavier
elements in the table are nearly all unstable and difficult to prepare;
PbH,, for example, decomposes spontaneously in a few hours in the cold ;
the covalent link to hydrogen weakens in almost every group as the atomic
number increases. The preparation and properties of these hydrides will
be discussed later under the other elements concerned. They are obviously
all covalent compounds, and so far as is known. all except the boron
hydrides are derived from the simple types CH,, NH;, OH,, FH, the
central atom always having a valency octet.

III. Metal-like Hydrides

These are compounds formed by transitional elements with hydrogen.
They are all solid, infusible, non-volatile, and difficult to obtain with a
definite stoichiometric composition. The hydrogen content is greatest in
the thorium and cerium compounds (about MH,) and least in such com-
pounds as palladium hydride Pd,H (see, for example, Higg,5? hydrides
of Ti, Zr, V, Ta, ete. ; Sieverts and Gotta,3 hydrides of rare earth metals).
They are more or less metallic in character, and form solid solutions with
their own metals. They are mostly interstitial compounds, the small
hydrogen atoms filling some of the holes between the atoms of the metallic

1 |, A. Paneth, Ber. 1920, 83, 1710.
" Q. Higg, Z. physthal, Chem. 1981, B 11, 433: B 12, 33.
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lattice ; this, however, leaves undetermined the nature of the linkage of
the hydrogen to the metal, which must be fairly strong, since it causes a
perceptible separation of the metallic atoms (for example, by 5-7 per cent.
—from 0-05 to 0-12 A—in the hydrides CeH,.,, TiH,, and ZrH,,,). See
further on interstitial compounds under binary carbides (IV. 519) and
nitrides (V. 663).

The well-known copper hydride (recently shown to be a very ill-defined
compound) obviously belongs to this third class.

[V. Spectroscopic Hydrides

When an electric discharge is passed through hydrogen gas in presence
of another element, the spectrum usually gives bands which are due to
diatomic hydrides of the type MH; these are practically never isolable,
and their existence is only known from the analysis of the band spectra,
which gives their heats of formation and the interatomic distances. There
is no doubt about the existence of these hydrides, which are of great
theoretical mterest in relation to the physics of molecular structure, but
they can scarcely be called chemical substances, and need not be further
considered here.%

The type of binary hydride formed by a metal depends on the electro-
negativity of the metal. If this is not greater than 1-0, a salt-like hydride
is formed: if it is between 1 and 1-6, the hydride is non-existent, unstable,
or indefinite. If it is greater than 1-6, the hydride is volatile.%

The Hydrogen Bond

"There can be no doubt that hydrogen is able under certain conditions to
hold two other atoms together, as in the polymerization of hydroxylic
compounds and in the formation of the acid fluoride ion [F-:-H---F]™; the
hiydrogen is then said to form a hydrogen bond, link, or bridge. This was
first recognized in 1912 by Moore and Winmill,%¢ who explained the weak-
ness of trimethylammonium hydroxide as a base, in comparison with tetra-
methylammonium hydroxide, by giving it the structure Me,N—H—O—H ;
soon after, Pfeiffer®” adopted the same view when he extended Werner’s
coordination formulae of the metallic derivatives of ortho-hydr-
oxyanthraquinones to the hydrogen compounds themselves. The first elec-
tronic formulation of these bonds was given by Latimer and Rodebush in

1920, who wrote the tertiary hydroxide (CH,;);N:H: 6:H, assuming (as

Lowis had done for the oxygen atoms in the SO, anion) that the second
bond was formed by sharing two electrons derived from the oxygen, so
that the hydrogen had increased its valency group from 2 to 4. Subsequent

8¢ For a further account of these hydrides see R. W. Berriman and C. H. D. Clark,
Proo. Leeds Philos. Soc. 1938, 3, 465,

83 D, T, Hurd, J.4.0.S. 1947, 69, 1647.

06 T, S. Moore and T. F. Winmill, J.C.S. 1912, 101, 1635.

87 P, Pleiffor, Ann. 1913, 398, 137.

o W, M, Latimer aud W. H. Rodebush, J.4.0.5. 1920, 42, 1419,
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work®® showed that the bond is very widespread, and its existence
was put beyond doubt by the X-ray measurements of crystals containing
it; thus W. H. Zachariasen showed” that in sodium hydrogen carbonate
two of the three oxygens of each CO, group are only 2-55 A from the nearest
oxygen of another CO,, while the third is 3-15 A away ; it is obvious that
the short links contain the hydrogen atoms of the NaHCO,; molecules.

At the same time it has become clear that the original formulation of the
hydrogen in this link with four shared electrons cannot be true. A hydro-
gen atom can only have two electrons in the first quantum group, and if the
other two were in the second quantum group they would be too weakly
held to form a bond, so that some other mechanism is needed.”!

Much attention has been devoted to the structure of this bond74-8°; a
full discussion is given by Pauling in his Chemical Bond, ed. 2, 1942, pp.
284-334. See further references.’2-3

The force which maintains this bond (which is commonly of the value of
5 to 10 k.cals.*) has been variously said to be resonance, electrostatic
attraction (giving a sort of ionized link), and dipole attraction. Now that
we realize that resonance between the ionized and the covalent link is
almost universal (nearly all covalent links having more or less of an ionic
character), these hypotheses are seen to be mutually compatible, and they
are probably all to some extent true. In the simplest and most typical
case, that of the acid fluoride anion, we may assume that we have a
resonance between the three forms

F—HT, F H'F, F H—F.

A new difficulty, however, arises through the length of the link. This has
been measured by X-rays and by electron diffraction for many molecules.

* The heat of association per g.-mol. of methyl alcohol in carbon tetrachloride
is found®! spectroscopically to be 4-72 k.cals./25°. That of hydrogen fluoride in the
vapour is about 6-8.%2 Harms calculates®® the dipole attraction of two OH groups on
one another to be at least 5 k.cals.

%% Tor example, T. M. Lowry and H. Burgess, J.C.S. 1923, 123, 2111; N. V:
Sidgwick and R. K. Callow, ib. 1924, 125, 527; N. V. Sidgwick, ib. 1925, 127, 907
(keto-enols).

70 J. Chem. Phys. 1933, 1, 634.

1 L. Pauling, Proc. Nat. Acad. 1928, 14, 359.

73 (3. Briegleb, Z. Elektrochem. 1944, 50, 35.

78 R, Brill, ib. 47.

74 J. D. Bernal and R. H. Fowler, J. Chem. Phys. 1933, 1, 515.

78 1d., Trans. Far. Soc. 1933, 29, 1049,

76 1., Pauling, Z. Krist. 1933, 85, 380.

77 J. D. Bernal and H. D. Megaw, Proc. Roy. Sac. 1935, 151, 384.

78 R. H. Gillette and A. Sherman, J.4.0.8. 1936, 58, 1135.

7% M. L. Huggins, J. Org. Chem. 1986, 1, 407,

80 8, N. Lassettre, Chem. Reviews, 1987, 20, 259.

1 R, Meoke and H. Htiokel, Naturwise. 18438, 31, 248.

s R, W. Long, J. H, Hildebrand, and W. 1. Morrall, J.4.0.8. 1048, 65, 182.

o I, Harma, £. phystkal. Ohem, 1089, B 43, 857,
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Now the primary condition for resonance is that the atoms should be in
nearly the same places for both forms, so that we should expect the
distance from A to B in the H-link A---H:--B to be nearly the sum of the
distances in A—H and H—B. Some of the values calculated on this
hypothesis together with those found experimentally are given in the
following table, quoted from Pauling, Chemical Bond, 1942, p. 334. They
show that the distance between the atoms attached to the hydrogen is
greater, and sometimes as much as an A.U. greater, than the calculated
value. This might mean either that the hydrogen atom is half-way
between the other two, or that it is the expected distance from one, and
much farther from the other (e.g. in the mean O—H-—O link either

TABLE
Distance A--B

Link A—H—B Obs. Cale. Diff.
F—H—F 2:26 1-88 +0-38
O—H—O0 max. 2:76 1-92 +0-84

,,  min. 2-54 " +40-62

. mean 2-64 ’s +0-76
N—H—O0 2-90 1-96 +0-94
N—H—N 317 2-00 +1-17
N—H—F 2-70 1-94 +0-76

01321320 or 022 HL%0), and in the latter event it might
oscillate between the two positions. It has been suggested?” that there
are two kinds of hydrogen bonds, of which only the shorter is sym-
metrical, but there does not seem to be any good reason for making a
sharp distinction, though in general it is clear that (as we should expect)
the links are shorter the stronger they are. There is, however, definite
evidence that the hydrogen bond can be unsymmetrical ; in the first place
the force constant for the A—H link as indicated by the absorption
spectrum (see below) is not so much changed by the formation of the
hydrogen bond as this lengthening would require,®® and Pauling has
shown?? that the entropy of ice at low temperatures is incompatible with
such a symmetry of the O—H—O bonds. On the other hand, the reson-
ance energy gained by the oscillation of the hydrogen atom between the
two positions would be very small, though the behaviour of the very
similar deuterium bond shows that such oscillation may probably occur.
Direct evidence of such oscillation of the hydrogen in the F-—H:-:F anion
has been obtained through infra-red measurements by Ketelaar®; see
nlso Sutherland.®?

84 P, C. Cross, J. Burnham, and P. A. Leighton, J.4.0.S. 1937, 59, 1134.
85 L. Pauling, ib. 1935, 57, 2680.

88 J, A, A, Ketelaar, Ree. Trav. 1941, 60, 528.

' @, B. B. M. Sutherland, Trans. Far. Soc. 1940, 36, 889.
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The experimental evidence for the existence of the link is mainly of
three kinds: (1) evidence of various sorts for the association of molecules;
(2) determinations of structure by X-ray and sometimes by electron dif-
fraction; (3) a very important section, the changes in the infra-red
absorption.

The evidence for association is familiar ; it includes the determination of
molecular weight, volatility, solubility, heats of mixing,® etc.

The crystallographic evidence is extensive ; a summary of the observed
differences is given above (for details see Pauling, Chemical Bond, pp. 296—
315). The F—H—F link in the polymerized vapour of hydrogen fluoride
wag found by electron diffraction to be 2-554-0-05 A,%® the value for the
ion beirg shorter, namely, 2-26 and 2-30 in KHF,%°-1 and 2-37 in NH,F,.%%

An important part of the evidence for the hydrogen link depends on the
observation of the infra-red absorption. This was first discovered by
R. Freymann,® and developed by Wulf, Hendricks, ef al. from 1933
onwards®?; they examined OH and NH compounds in carbon tetra-
chloride solution ; similar measurements were made by Errera on the pure
liquids, and by Badger and Bauer on the vapours (see later).

The characteristic absorption band of an unassociated hydroxyl group
is at about 2-76 x (3,600 cm.-1),* with a first harmonic at about 1-4  ; the
corresponding value of the fundamental for N—H is 2-94 p (3,400 cm.-1),
It was shown by Hendricks et al.?5-8 that a series of compounds containing
hydroxyl and imino groups whose structures allowed of chelation, such as
salicylic aldehyde, o-nitrophenol, and methyl salicylate, failed to give
these bands, though they were given by the corresponding meta- and para-
compounds ; it is a condition of chelation that the structure of the molecule
should allow of the formation of O---H---O or O---H-:N bonds in which
the Q-0 or O---N distance is about 2-6 A, In the same way Errera and
Mollet, ?® examining the pure liquids, found that the hydroxyl band which
is present in phenol, and in meta- and para-hydroxybenzaldehyde, is

108 10¢

* Nem.~! corresponds to —l-v—A =5

88 1.. A, K. Staveley, J. H. E. Jeffes, and J. A. . Moy (Trans. Far. Soc. 1943,
39, 5) find the effect of phenols, acids, amines, and ethers in increasing the solubility of
water in benzene: the orderis OH > NH, > @®.NO,, ®-NMe,: the ratio (mols extra.
water)/(mols org. donor) is usually 0-05 to 0-10.

80 §. H. Bauer, J. Y. Beach, and J. H. Simons, J.4.C.S. 1939, 61, 19.

%0 L. Helmholtz and M. T. Rogers, ib. 1939, 61, 2590.

o J. L. Hoard and W. J. Martin, ib. 1941, 63, 11.

92 1,, Pauling, Z. Krist. 1933, 85, 380.

93 R. Freymann, C.R. 1932, 195, 39; Ann. de Phys. 1933, [x] 20, 243.

%% U, Liddel and O. R. Wulf, J.4.0.8. 1933, 55, 3574.

95 G. E. Hilbert, O. R. Wulf, S. B. Hendricks, and U. Liddel, Nature, 1935,
1358, 147.

" Id., J.4,0.8. 1936, 58, 1991,

" Id., ib. 848.

" 0, R, Wulf, U. Liddel, and 8. B, Hendrioks, ib. §287.

¢ J, Errera and P, Mollet, 0.2, 1085, 200, 814,
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absent from salicylic aldehyde. Later Errera and Mollet!®® and Errera
and Sack!0! found similar effects with the change of association in alcohol.
The pure liquid showed a strong band at 3,350 cm.-1(2-99 u), which practi-
cally vanished at a dilution of 0-02 moles alcohol in 1 litre CCl,, and must
be due to the association of the hydroxyl groups. At the same time a new
band appeared at 3,640 cm.-! (275 u), which increased on dilution, the
molecular extinction coefficient being 4 at 0-05 moles/L and 15 at 0-005
moles/L; this must be the band due to an isolated hydroxyl group, a
conclusion supported by the fact that a rise of temperature from 0° to
70° C. greatly weakens the 3-0 and strengthens the 2-75 band. See further
references,102-7

Badger and Bauer1%® show that in the vapour of acetic acid the usual
hydroxyl band at 1-03 n disappears as the concentration of the vapour
increases, and its disappearance gives an exact measure of the association,
agreeing with the vapour density measurements of MacDougall.19? See
further references.110-16

It is clear that when a hydrogen bond is formed, the normal hydroxyl or
imine band is shifted towards the longer wave-lengths. Venkateswaranil?
produces evidence to show that this shift is greater the more acidic the
hydrogen. Rodebush et al.118 examine this conclusion, using the extreme
examples of hydrogen chloride and chloroform. With hydrogen chloride
the band shifts from 3-51 p in carbon tetrachloride to 4-14 u in ether; with
chloroform the shift is difficult to recognize, but on the addition of quino-
line the band moves from 3-28 to 3:37 u, with a great increase in intensity.

The second overtone of the fundamental hydroxyl band should be, and
is, at a wave-length of 2-86/3 = 0-97 u; the band at this place has been
shown to give evidence of the association of phenols and alcohols.119-21

100 Td., Nature, 1936, 138, 882,

101 J, Errera and H. Sack, Trans. Far. Soc. 1938, 34, 728.

102 W, Gordy, J.4.C.S. 1938, 60, 605.

103 W, Gordy and A. H. Nielson, J. Chem. Phys. 1938, 6, 12.

104 H, W. Thompson, J.4.C.S. 1939, 61, 1396.

105 T,. R. Zumwalt and R. M. Badger, J. Chem. Phys. 1939, 7, 87.
106 W, H. Rodebush and C. Kretschmer, ib. 1941, 9, 284.

107 R. Mecke, Z. Elektrochem, 1944, 50, 57.

108 R, M. Badger and S. H. Bauer, J. Chem. Phys. 1937, 5, 369, 605.
108 B, H, MacDougall, J.A.C.S. 1936, 58, 2585.

10 . Hoyer, Z. physikal. Chem. 1940, B 45, 389.

ul M. M. Davies and G. B. B. M. Sutherland, Nature, 1938, 141, 372,
1z P, Barchewitz, C.R. 1939, 208, 807.

us J, J. Fox and A, E. Martin, Nature, 1939, 143, 199.

"4 14., Trans. Far. Soc. 1940, 36, 897.

1ns O, R. Wulf and L. S. Deming, J. Chem. Phys. 1938, 6, 702.

ne R, C. Herman and R. Hofstadter, ib. 1939, 7, 460.

n7 C, 8. Venkateswaran, Proc. Indian Acad. 1938, 7, A 13.

18 A, M. Buswell, W. H. Rodebush and M. F. Roy, J.4.C.S. 1938, 60, 2528.
us Q0. R, Wulf and E. J. Jones, J. Chem. Phys. 1940, 8, 745.

190 O, R. Wulf, E. J. Jones, and L. 8. Deming, ib. 753.

1 T, R, Zumwalt and R. M. Badger, J.4.0.8. 1940, 62, 305.
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The corresponding deuterium bonds A—D-—B present exactly the same
problem as the hydrogen bonds, the only difference being that the O—D
absorption band is in a more convenient place than the O—H. The work
especially of Gordy!%?-¢ has shown that the O—D group in the non-
associated form has a band at about 3-73 u which shifts on association to
40 un. Many donor solvents which may be expected to have an effect on
the O—H group have themselves a band near 3-0 u which cannot be dis-
tinguished from that of a free O—H group ; but by substituting the O—D
for the O—H compound this confusion is avoided, since the fundamental
for associated O—D is at 4 u, where most of the solvents do not absorb.
Thus!® liquid CH,-OD has a band at 4-01 g, while in the vapour or in
dilute benzene solution the band is at 3-73 u. For further evidence from
Raman spectra see reference!??. See further reference!2,

The next question is the relation between the strength of an A—H—B
link and the nature of A and B. Experiment shows that in general the
tendency of an A—H group to form such a bond increases rapidly in the
order C—H < N—H < O—H < F—H, the value for C—H being nearly
zero : and that it also falls very greatly when we go from the first period to
the second, i.e. from O—H to S—H and from F—H to Cl—H. This is
natural, for we should expect atoms to be more ready to form such bonds
the greater their ‘electronegativity’ in Pauling’s sense, and, what follows
from this, the larger the ionic part of the A—H link and the greater its
heat of formation. The values, with the dipole moments are given below :

H C ’ N ’ 0 F S a
Electronegativity 2-1 25 3-0 35 4-0 25 3-0
Ht. of X—H 103-4 98-8 92-7 110-2 132-4 87-56 1027
(k.cals.)
Dip. mom. X—H 0 (0-4) | 131 151 215 0-68{ 103D

At the same time it is clear that the tendency of an atom to form such a
bond is greatly modified by the other atoms attached to it, and in particu-
lar that the hydrogen of a hydroxyl group forms a hydrogen bond more
readily the more acidic it is.

By far the greater number of hydrogen bonds known are those which
unite two oxygen atoms. These may be formed from one molecule to
another over an indefinite number of hydroxylic molecules: or between
two molecules!?®: or within a single molecule. Examples of the three

1232 W, Gordy, Phys. Rev. 1938, 53, 851.

123 1d., J. Chem. Phys. 1939, 7, 93.

124 W. Gordy and 8. C. Stanford, ib. 1940, 8, 170.

125 Td., ib. 1941, 9, 204.

126 T4, ib. 215.

187 G. V. L. N. Murty and T, R. Seshadri, Proc. Indian Acad. Sci. 1941, 14,
A 593; 1942, 15, A 154, 280, 288; 16, A 50.

188 For the effect of sterio hindranoce on the association of the phenols see N. D..
Coggeshall, J.4.0.8. 1847, 69, 1680,

18 R, E, Richards and H, W, Thompson, J.0.S5. 1047, 1960,
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kinds are alcohols, carboxylic acids, and many ortho-substitution products
of phenol. An examination of any of the properties indicating association
shows that with an alcohol the molecular weight in solution, say in ben-
zene, rises continuously from the formula weight at great dilution to
several times this value; with a carboxylic acid such as acetic the rise is
more rapid at high dilutions, but it does not go beyond twice the formula
weight ; while with an ortho-aldeliydo- or ortho-nitro-phenol it does not
exceed the formula weight. It is clear that with an alcohol the formation
of a hydrogen bond between two molecules still leaves the linkage of more
molecules possible, and the complexes may be at least partially represented
as in a state of resonance between the two systems

R R R R R R R R R R

666 b4 bbb bk
f f f & f % ok oh
With a carboxylic acid the formation of a dimer makes further associa-
tion impossible, as is shown by the formula

0...H—0
R-C< >C-R
O—H...O

The stability of this complex is so great that it is formed to a considerable
oxtent in the vapour ; the structures are supported by the X-ray measure-
ment of the crystals,!3? and electron diffraction of the vapour.131

With the third class of compounds, such as salicylaldehyde or the enolic
firm of acetylacetone, the associative power is used up within the single
molecule by the formation of a ring (chelation), the stability of which is
increased (as is that of the dimeric acids) by resonance between the two
forms, for example, with acetyl acetone

CHy, CH,
mol O H (} “ONm
No—0” >0=o

CH,” CH,

The hydrogen bond with one or two fluorine atoms, though it is extremely
strong (the association factor for hydrogen fluoride in the vapour at 1 atmo-
mphere and 20°C. is 3-45), is confined in its occurrence, owing to the
univalency of fluorine, to a few compounds such as hydrogen fluoride,
ammonium fluoride, hydrazinium fluoride, and the ‘acid fluoride’ anion
[W—H-F]". It is particularly to be noticed that fluorine attached to
oarbon seems to have no tendency to form a hydrogen bond even with
hydroxyl.

180 L. Pauling and L. O. Brockway, Proc. Nat. Acad. Sci. 1934, 20, 336. In
Puuling’s Chemical Bond, p. 306, is a picture of dimeric formic acid, with the

distances. See alto IV. 1008,
i I, L, Karle and L. O, Brookway, J.4.0.8, 1944, 66, 1974,
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The N—H---N is much weaker. It is obvious both from molecular
weight determinations and from infra-red measurements!32-3 that alkyl
and aryl amines are very little associated, though there is some association
with ammonia, and a shift in the infra-red bands has been detected in
some amines.!34:137  Molecular weight determinations in naphthalene
show 138 that glyoxalines and benziminazoles with unsubstituted NH groups
are considerably associated. Volatility data confirm this conclusion. Hayes
and Hunter135 find that those alkyl derivatives of pyrazole in which the
hydrogen attached to nitrogen is replaced are the most volatile, and the

N C.-H

N-H

same is true!® of the glyoxalines and benziminazoles. Thompson and
Harris1¥® find the same in the ethyleneimines; they quote the boiling-
points:

CH,-CH CH,

é >N-H | " N.CH,
B CH,

55-5° 67° 27-5°

o

They get further evidence from the variation with concentration of the
intensity of the band at 3-1 u in a solution of ethylene-diamine in carbon
tetrachloride. In the same way it can be shown that the cyanamides
H,N-.CN and HRN-CN are highly associated in benzene, while R,N.CN
is monomeric. 140

There is evidence that the N---H:--O bond is stronger than N-.-H---N.
Infra-red measurements indicate the formation of links of this kind in
diketopiperazine!4! and glycine.'42 Hunter and Marriott143 have shown
that the molecular weights in solution of the nitrophenyl hydrazones of
benzaldehyde O,N—CgH,—NH—N=CH-CgH; give strong evidence of
chelation when the nitro group is in the ortho position, and of association
when it is in the meta or para; but this is no longer so if the hydrogen of
the N—H is replaced by methyl.

122 A, M. Buswell, J. R. Downing, and W. H. Rodebush, J.4.C.S. 1939, 61, 3252.
138 'W. Gordy and 8. C. Stanford, ib. 1940, 62, 497.

184 Q. Jung and E. Wygasch, Z. physikal. Chem. 1941, B 49, 205.

1285 H. T. Hayes and L. Hunter, J.C.S, 1941, 1.

138 T, G. Heafield, G. Hopkins, and L. Hunter, Nature, 1942, 149, 218,
187 W, Gordy, J. Chem. Phys. 1939, 7, 167.

188 1,, Hunter and J. A. Marriott, J.C.S. 1941, 777.

129 H. W. Thompson and G. P. Harris, J.0.S. 1944, 301.

140 L. Hunter and H. A. Rees, J.0.8. 1945, 617.

141 R, B, Corey, J.4.0.8, 1088, 60, 1598,

16 G, Albrecht and R. B. Corey, Ib, 1038, 61, 1087,

i I, Huntor and J. A, Mm‘ott, J.0.8, 19‘0, 166,
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Further evidence of these N---H---O bonds is afforded by the work of
Marvel et al.,14* who showed that the volatile alcohols have a high solu-
bility in amines.

When we pass from N—H to C-—H there is a further drop in the ten-
dency to form hydrogen bonds. It is commonly assumed that the C—H
link has no such tendency, and this is true except when the other groups
attached to the carbon are of such a kind as to give the H some sort of
acidic character. This is particularly marked when these other groups are
halogen atoms, and the most familiar example is that of chloroform. It
has long been known that mixtures of chloroform with ether or acetone
behave abnormally and as though some kind of combination took place
between the components. Glasstonel4® pointed out that this must be due
to a hydrogen bond, especially as it does not occur with carbon tetra-
chloride or methyl chloroform; it is found to be less marked with bromo-
form, and still less with iodoform. Evidence of a C—H---N bond has been
got by Rodebush,14® who found that the chloroform band at 3-28 u was
slightly shifted (to 3-37 u), and considerably intensified, on addition of
quinoline. Later!4? Gordy, in solutions of chloroform and bromoform in
donor solvents (i.e. in solvents with atoms—usually oxygen or nitrogen—
able to coordinate as donors) such as ketones, esters, and amines, found a
new band at 4 x not given by either component, so intense that it probably
indicates hydrogen-bonding!4®; it is stronger with chloroform than with
bromoform ; it is stronger with ketones (like acetone) than with esters, and
is nearly as strong with pyridine or piperidine as with a ketone.

Zellhoefer and Marvel have given further evidence of the formation of
hydrogen bonds by hydrogen attached to carbon through their measure-
ments of the solubility of such volatile substances as HCCL,F in various
solvents!49-51; when the halide contains an unreplaced hydrogen atom it is
always more soluble in solvents containing oxygen or nitrogen (where it
can form C—H:--0 or C—H:--N) than in hydrocarbons and their halides ;
no such difference is found when the solute has no hydrogen, as with
CCl,, CCLF, and CCl,F,!%2; measurements of the heats of mixing!53-8
support this: the heat is positive when such hydrogen bonds can be
formed, and practically zero when they cannot.

14 M, g, Copley, E. Ginsberg, G. F. Zellhoefer, and C. 8. Marvel, J.4.C.8. 194],
63, 254.

M8 S, Glasstone, T'rans. Far. Soc. 1937, 33, 200.

s A M. Buswell, W. H. Rodebush, and M. F. Roy, J.4.C.S. 1938, 60, 2528.

u? 'W. Gordy, J. Chem. Phys. 1939, 7, 163.

U8 See, however, G. B. B. M. Sutherland, Trans. Far. Soc., 1940, 36, 892.

W9 G. F. Zellhoefer, M. J. Copley, and C. S. Marvel, J.4.C.S. 1938, 60, 1337.

180 T4d., ib. 2666.

181 1d., ib. 2714.

188 Id,, ib. 1939, 61, 3550.

188 @&, F, Zellhoefer and M. J. Copley, J.4.C.S. 1938, 60, 1343.

18¢ D, B, Maoleod and F. J. Wilson, Trans. Far. Soc. 1935, 31, 596.

180 C, 8, Marvel, M. J, Copley, and E. Ginsberg, J.4.C.S. 1940, 62, 3109.
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All observers agree that the bonding is less marked with bromoform than
with chloroform, and still less with iodoform ; but the position of fluorine
is less certain. On the whole it seems that it is less effective than chlorine ;
the ratio (real solubility)/(ideal solubility) falls in the order CHCl; >
CHCLF > CHCIF,; thus with CH,-O(CH,),-OCHj as solvent the values
are 2-20, 1-85, and 1-45 respectively, and the authors remark!%! on the
close similarity of CHCI,F' and CH,Cl,. The crucial experiments with
fluoroform do not seem to have been 1nade.

The position of sulphur is rather like that of carbon. Irom the fact that
hydrogen sulphide, in sharp contrast to water, shows no signs of associa-
tion, it has commonly been inferred that tlie S—H hydrogen cannot form
a hydrogen bond, and this fact is good evidence of the instability of the
form S—H---S; but it is now clear that the S—H hydrogen, though it
cannot link up to another sulphur, can do so to some other atoms. Thus
Gordy and Stanford!3 conclude from the intensity of the infra-red band
at 3-7 to 4-3 p that while thiophenol does not associate with itself, it does
so with ether, aniline, pyridine, and dibenzylamine—i.e. it will not form
S—H---S but it will form S—H---O and S—H-:-N. Hunter!%¢ finds from
cryoscopic measurements in naphthalene that thioamides which have un-
replaced hydrogen on the nitrogen are markedly associated, but if all the
hydrogen is replaced they are monomeric; he also finds that the consider-

able association of thioacetanilide CgH,-NH . C< is completely pre-

vented by the presence of ortho-substituents on the phenyl which can
chelate with the N—H hydrogen (such as —NO, or —CO -OMe), showing
that the tendency of S—H to hydrogen bond formation is much less than
that of O—H. Marvell® finds heats of mixture up to 1-1 k.cals./mole
R .SH when thiophenol is mixed with ether, acetone, or dimethylacetamide,
but not when the thiophenol is replaced by hexyl mercaptan.

For a recent account of the hydrogen bond see M. Davies, Ann. Rep.
Chem. Soc. 1946, 43, 5.

158 . Hopkins and L. Hunter, J.C.S. 1942, 638.
157 M. J. Copley, C. S. Marvel, and E. Ginsberg, J.4.C.S. 1939, 61, 3161.




DEUTERIUM

[Numerous summaries of the literature of deuterium have appeared; there have
been special sections devoted to it in the Annual Reports of the Chemical Society for
1933, 30, 28-34; 1934, 31, 13-21; 1935, 32, 40-50; 1937, 34, 32-41. Much of the
earlier work is described by Farkas in his book.}#8 Polanyi (1935)}5° gives a general
account of the properties and theoretical importance of the isotope; a section of the
French Tables Annuelles!®? is devoted to a complete list of the recorded constants of
deuterium and its compounds up to June 1936. A discussion on the chemistry of
deuterium was held by the Bunsen Gesellschaft in Leipzig in 193718 ; several of the
papers are of considerable importance and are quoted later. For a discussion of the
thermodynamic properties of isotopes in general see Urey.}"4]

DrvurerIoM is the isotope of hydrogen with the mass number 2; it is the
most distinctive isotope of any element, and so it is convenient to give it a
special name.

The possibility of the existence of such an atom (and also of the neutron)
was forecast by Rutherford in 1920162; arguing that nuclei in general are
built up of electrons and hydrogen nuclei (he does not yet call them pro-
tons), he says: ‘It seems very likely that one electron can bind two hydro-
gen nuclei, and possibly also one hydrogen nucleus. In the one case this
entails the possible existence of an atom of mass nearly 2 carrying one
oharge, which is to be regarded as an isotope of hydrogen. In the other
onse it involves the idea of the possible existence of an atom of mass 1
which has zero nuclear charge.’

As a result of certain measurements of Aston’s which curiously were
found afterwards to be erroneous, physicists'®® were led to suspect that
ordinary hydrogen contained an isotope 2H, and soon afterwards Urey,
Brickwedde, and Murphy 144 examined the final fraction from the evapora-
tion of a large quantity of liquid hydrogen, and found that the usual
Balmer lines were accompanied by faint companions with exactly the
wave-lengths required for 2H ; thus for H  (6,562-793 A.U.) the observed

184 Ortho-hydrogen, Para-hydrogen, and Heavy Hydrogen, Cambridge, 1935.
159 M. Polanyi, Nature, 1935, 135, 19.

100 T'ables Annuelles, Section by G. Chainpetier, Paris, 1937.

181 Z. Elektrochem. 1938, 44, 3-98,

168 Rutherford, Proc. Roy. Soc. 1920, 97, 396.

108 R. T. Birge and D. H. Menzel, Phys. Rev. 1931, 37, 1670.

184 H. C. Urey, F. G. Brickwedde, and G. M. Murphy, ib. 1932, 39, 864,
165 'W. Bleakney and A. J. Gould, ib. 1933, 44, 265.

146 G. N. Lewis and R. T. MacDonald, J. Chem. Phys. 1933, 1, 341.

167 N. F. Hall and T. O. Jones, J.4.C.S. 1936, 58, 1915.

145 N. Morita and T. Titani, Buwll. Chem. Soc. Japan, 1936, 11, 403,

189 1,, Tronstad and J. Brun, Trans. Far. Soc. 1938, 34, 766.

170 T', Titani and M. Harada, Bull. Chem. Soc. Japan, 1935. 10, 261.

N M, Dole, J.A.0.S. 1936, 58, 580.

1% J, A. Swartout and M. Dole, ib. 1939, 61, 2025.

118 A, Unséld, Naturwiss. 1932, 20, 936.

" H, Q. Urey, J.0.8, 1047, 562 (Liversidge Lecture).
it D
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difference was 1-791 and the calculated 1-793 A ; the existence of the new
isotope was thus established.

From measurements with the mass spectrograph Bleakney and Gould
in 1933'%% concluded that the ratio H/D in natural water was between
4,500 and 6,500. Practically all later work gives values between these
limits, but inclining towards the second of them; thus Lewis and Mac-
Donald got 6,5001%; Johnston from the densities of the water before and
after electrolysis found 5,750+ 250 ; Hall and Jones!6? 6,4004-200 ; Morita
and Titanil®® not less than 5,400; Tronstad and Brun!é® 5 960+ 300.
K. Wirtz,1?% from densities of pure D,0 and H,0 5,900. Many other
natural sources of hydrogen have been examined to see if they are richer
in deuterium—salt lakes, petroleum, water of crystallization of minerals,
and a whole series of animal and vegetable substances; but in none does
the proportion vary seriously from the normal (probably never as much as
50 per cent., and very likely much less!66.170-2)  The only source that is
distinetly richer is electrolytic liquor, as explained below.

On the other hand, the hydrogen lines in the solar spectrum indicate
that there is much less deuterium in the hydrogen of the sun’s atmosphere,
the H/D ratio being greater than 100,000,173

Concentration

The original method used for the concentration of the deuterium
wag164.176-7 the fractional distillation of the element. Other methods that
have been proposed include the diffusion (especially the thermal diffusion)
of the element, the fractional distillation of water, and above all the
electrolysis of alkaline solutions in water, which is the usual commercial
method.

Keesom!?™ by the fractional distillation of 40 litres (2,800 g.) of liquid
hydrogen near its triple point got 2 litres of gas (0-18 g. or 1/16000 of
the whole) which was shown to contain 3 per cent. of D. A more hopeful
method is the fractional distillation of water, which causes at the same
time a concentration of the 180 ; Urey1?? has described an elaborate appa-
ratus for this purpose (see further under the isotopes of oxygen).

Diffusion

The diffusion method was elaborated in 1932 by Hertz,!8° who used
porous-walled diffusion units, so designed that a number of them could be
arranged in series, with a number of mercury diffusion pumps. In this way

178 Naturunss. 1942, 30, 330.

176 H. C. Urey, F. G. Brickwedde, and G. M. Murphy, Phys. Rev. 19032, 40, 1.

177 E, W. Washburn and H. C. Urey, Proc. Nat. Acad. 1932, 18, 496.

178 W, H. Keosom, H. van Dijk, and J. Haantjes, Proc. K. Akad, Amst. 1933,
36, 248,

119 G, B, Pegram, H, C. Urey, and J. Huffman, Phys. Rev. 1980, 49, 883.

180 G, Horte, £, Phys, 10388, 79, 108, Soe aleo Ann. Rep, Clom. Soo, 1988, 35, 1388.
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he has been able!8l-2 to obtain deuterium spectroscopically free from
protium. This method has also been used by others.!83

More recently a very efficient diffusion method of another kind for the
separation of isotopes has been introduced by Clusius and Dickels!®4;
this depends on thermal diffusion. The mixed gases are enclosed in a long
vertical tube which has an electrically heated wire running along it, and
is cooled externally ; the difference of temperature causes through diffusion
an accumulation of the lighter constituent at the hot and the cooler at the
cold surface ; at the same time there is a continuous convective streaming
of the hot and intrinsically lighter layer upward and of the cold gas
downward ; these two processes lead to a concentration of the lighter
inotope at the top and the lower at the bottom. (For more details see
Welch.188) This method, with tubes up to 9 metres long, has been applied
to a large number of isotopic separations (see especially under oxygen and
chlorine) with great success; it was used for the isotopes of hydrogen by
Neaborg.186

But the method most commonly used for the separation of deuterium
is one which is not practically effuctive for other isotopes, that of electro-
lysis. This was first used by Washburn!®-® and further developed by
lLowis189-90 and by H. S. Taylor!®!; it has since been adopted in Norway
for the production of D,0 on the technical scale.

'The method depends on the fact that il water containing deuterium is
oloctrolysed, the gas evolved has a smaller D/H ratio than the liquid from
which it comes. The separation factor ¢ = (H/Dygas)/(H/Dyyuia), on which
the success of the process depends, has a value which varies to somne extent
with the conditions* but is not far from the equilibrium constant, which is
3:8, of the reaction

HD + H,0 == H, + HOD.
* See the list of results in Tables Annuelles, Deuterium, p. 8.

181 G, Hertz, Naturwiss. 1933, 21, 884,
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It is probable!?27 that this reaction plays a large but not an exclusive
part in determining the separation factor; according to Walton and
Wolfenden1®® this also depends on the material of the cathode, and while
for mercury or tin it is about 3, it rises to 5-7 for cathodes of silver,
platinum, or nickel. Johnston and Davis2°? find it to vary from 1-5 for
water on potassium to 6-1 for sulphuric acid on iron.

In this preparation the liquor from old electrolytic cells can conveniently
be used as the starting material ; in such cells, where the water flows in as
fast as it is electrolysed, it is clear that the enrichment will go on until the
H/D ratio is the same in the gas coming off as in the water going in, that
is, till the liquid contains « times as much D as the water used, if a is the
separation factor.

Analysus

Mixtures of hydrogen and deuterium are usually analysed either by
converting the element into water and determining the density of this
(which gives the proportion of deuterium with an accuracy of from 0-2 to
2 per cent., according to the amount of water available), or by converting
it into hydrogen, and measuring the thermal conductivity of this from the
rate of cooling of a hot wire. This second method is due to A. and L.
Farkas,199.200 who claim that it is possible in this way to determine the
composition of 2-3 c.mm. of the gas in a few minutes, with an accuracy of
0-1 per cent. The details of the various methods of analysis are discussed
by Harteck.201

Properties of Deuterium and its Compounds

Something may be said here about the uses of isotopes in general. These
are of two kinds, one depending on the differences between the isotopes,
and the other on their essential similarity. The amount of difference
between the isotopes of an element depends on the.ratio of their masses
(here 2:1) and also is to some extent more marked the lighter the element
(see further, p. 39), so that on both these grounds it is particularly great
with hydrogen. Such differences enable us to test a whole series of theories
(especially in chemical kinetics), since we can use two kinds of atoms
differing in mass and in nothing else except the properties resulting from
mass. For such work deuterium is a very convenient material, but the
isotopes of carbon, nitrogen, and oxygen are also being used for this
purpose.

The essential similarity of the isotopes of an element (even a light
element) enables us to earmark a particular set of atoms or molecules;
we can use the isotopic atoms as ‘tracers’; in this way we can find, for

198 H. F. Walton and J. H. Wolfenden, Trans. Far. Soc. 1988, 34, 436.
109 A, and L. Farkes, Proc, Roy. Soc, 1984, 144, 467.

800 A, Farkas, Trans. Far. Soc, 1086, 32, 413.

101 P, Hartook, Z. Blskiroohem, 1938, 44, 2.

800 H, L, Johnston and 0. O. Davis, J.4.0.8. 1944, 64, 3013,
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example, how long a given quantity of water remains in the human body,
whether free hydrogen is liberated in a reaction, whether an atom is
ionized or not, and so forth. It is in this way that we can use the radio-
active isotopes, natural and artificial. They have the additional advantage
that their radioactivity makes them peculiarly easy to detect and estimate.
This has already been done by Hevesy and Paneth with the very limited
number of elements which have naturally both active and inactive isotopes,
like lead. With the modern discovery of artificial radioactive isotopes the
possibilities of the method are enormously widened.

Deuterium can of course exist in the same numerous states as hydrogen.
The most important points about it are (1) the changes in physical and
chemical properties that occur when hydrogen is replaced by deuterium,
and (2) the conditions under which such replacements are brought about.
Section 1 may be divided into

A. Deuterium atoms, neutral and positive.
B. The elementary diatomic gases HD and D,.
C. Compounds of deuterium.

According to Mattauch (1940)203 the atomic weight is 2-01472 (H =
1:00813).

The Deuteron

‘I'he deuterium nucleus D*, the deuteron, is obviously made up of a
proton and a neutron. Chadwick and Goldhaber?°? have succeeded in
disrupting it into these products by exposure to the y-rays from thorium

i"; Chadwick, Feather, and Bretscher20s found the heat of linkage of the
proton to the neutron to be 2-25 m.e.v. (25 million k.cals. per gramme:
250,000 times the heat of linkage of hydrogen to hydrogen).

"I'ne deuteron has proved of great value in nuclear bombardments ; thesc
are always specific for the projectile used, since they involve its capture,
Kxamples of nuclear reactions with high-speed deuterons are206-7:

6Li 4 2D == 2 *He
*Li 4 2D = "Li 4 'H
7Li + 2D = 2 *He + n

Ollphant 208 separated ®Li and 7Li with a coarse mass spectrograph, getting
about 10-¢ g. of each, which he bombarded ; the results completely sup-

ported these equations.
Rutherford’s most spectacular effects were obtained by bombarding

Wi J, Mattauch, Phys. Rev. 1940, 57, 1155.

804 ), Chadwick and M. Goldhaber, Nature, 1934, 134, 237.

¥ J, Chadwick, N. Feather, and E. Bretscher, Proc. Roy. Soc. 1937, 163, 366.
¢ M, L. Oliphant, B. B. Kinsey, and Lord Rutherford, ib. 1933, 141, 722.

107 P, I, Des and H. T. S. Walton, ib. 738.

Wi M, L, Ollphant, K, 8. 8hire, and B, M. Crowther, Naturs, 1934, 133, 377.
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deuterium ov its compounds with deuterons.2® If an ammonium salt is
bombarded either with protons or with deuterons, the only result is that
some of the protons are driven out of the salt. But if an ammonium salt
containing deuterium is bombarded by deuterons, even of energies as low
as 100,000 volts, an enormous evolution of swift protons occurs, more than
in any other known reaction, and it is obvious that energy is being liberated
in some nuclear change. On examination?1®-!? jt was found that the
process is very complex, giving (1) protons of 14 cm. range (3x 108 e.v.;
30 times the energy of the bombarding particles), (2) neutrons, (3) singly
and (4) doubly charged particles of shorter range; (3) and (4) were found
to be 3H and 3He. It thus appears that two reactions occur:

22D = 3H 4 'H
22D = 3He 4 In

In this way Dee was able to show that the mass of the tritium nucleus is
3-0151.

A further use of deuterons is as the ions in a cyclotron ; they are more
effective than protons, because the practical limit of the apparatus is the
velocity rather than the energy of the particles.213-16

General Comparison of the Properties of Hydrogen and Deuterium
wn their Compounds

The deuterium atom has the same electronic structure as hydrogen
(protium), and almost exactly the same atomic and molecular volumes, so
that the electric fields round the nuclei are almost identical. This implies
a close resemblance in properties, and as a first approximation we should
expect the static properties of the corresponding hydrogen and deuterium
compounds to be the same. These remarks apply to isotopes in general,
and in those of the heavier elements it has been shown that the differences
are barely perceptible, except in properties directly dependent on mass.

But with the hydrogen isotopes the 2:1 difference in mass will cause a
considerable difference in the rate of reaction. The deuterium atom will
oscillate more slowly than the lighter protium atom does under the same
forces and accordingly the half-quantum %v/2 of zero-point energy will be
smaller. The total energy required to make the molecule react will be
almost the same for the deuterium as for the hydrogen compound, and so
the critical increment will be larger, and hence the rate of reaction smaller,
for the deuterium compound. Polanyil®® points out further that the

200 M. L. Oliphant, P. Harteck, and Lord Rutherford, Nature, 1934, 133, 413.
210 P, 1, Dee, ib. 564.
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s P, I, Dee, ib. 1935, 148, 628.
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extent of the chemical differences between the isotopes of hydrogen is not
only due to the high mass-ratio 2:1, but also to the small mass of both
isotopes, which makes the zero-point energy much larger (for H,O it is
13-10 and for D,0 9-53 k.cals./mole) ; if we had two isotopes of, say, lead
with atomic weights of 207 and 414, the differences would be much
smaller.

The difference in mass also involves a difference in the chemnical con-
stant, and hence small differcnces will be found in the equilibrium con-
stants, but these will seldom exceed 50 per cent., while the velocities may
vary in the ratio of 10 to 1. All these differences will diminish as the
temperature rises, and the half-quantum becomes relatively less important.

Thus in general we may expect large differences in the velocity of reac-
tion wherever a D or H link is concerned, and rather small differences in
the equilibrium constants. The differences in the physical properties will
usually be small except in those which are directly dependent on mass.
Among these is to be included the spectroscopic behaviour, and it is for
this reason that the use of compounds in which protium is replaced by
deuterium is of particular value in the assignment of the lines to the proper
links, and the correct elucidation of the spectral analysis with Raman and
infra-red spectra.?!7-18

Elementary Deuterium

Three kinds of diatomic hydrogen molecules occur, H,, HD, and D,.
NSome of their more important physical properties are given in the following
table, 219

H, HD D,
M.-pt., °K. . . . 13-95° 16-60° 18-65°
B.pt,°K. . . . 20-38° .. 23-6°
Ht. of fusion, g.cals. . 28-0 37 47-0
Ht. of evaporation/195 mm. 219-7 263 302-3
Press. at triple pt., mm. . 53-8 95 1285
Zero-pt. energy solid, g.cals. 305 260 215

Separate ortho and para forms occur of D, as of H,22° (not, of HD), but
with the differences that the no-quantum rotational state at low tempera-
tures is ortho for D, but para for H,, and also that at the ordinary tempera-
ture where H, has 25 per cent. ortho, D, has 33 per cent. para,221,222
Tho rate of thermal transformation between the two at 850-1,000° K. is
2-4 times as great for H, as for D,,222 this difference being mainly due to
tho differences in the collision numbers and in the number of atoms formed

" 1, Bartholomé and H. Sachsse, Z. phystkal. Chem. 1935, B 30, 40.

4 E, Bartholomé, Z. Elektrochem. 1938, 44, 15. 219 K. Clusius, ib. 22,
80 A and L. Farkas and P. Harteck, Proc. Roy. Soc. 1934, 144, 481.

Wl H, L. Johnaton and F. A. Long, J. Ohem. Phys. 1034, 2, 389.

e K. Cluslus, Z. physikal. Chem. 1985, B 29, 159,
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at these temperatures. The rate of conversion by paramagnetic nitric
oxide and oxygen was found 22 to be 3-8 times as great for H,; according
to Wigner224 this should be the ratio of the nuclear moments of H and D;
if that of H is taken to be 2-46 nuclear magnetons this gives 0-65 for the
moment of D, which agrees well with other determinations of this value,225

Chemical Properties of Deutertum

The interconversion of the elementary molecules H,, HD, and D, will
be discussed under the exchange reactions of deuterium. A few of the
roactions of D, may be mentioned here, especially with the double carbon
link C=C, with oxygen, and with the halogens. [For a discussion of
theory of its reactions see Bawn and Ogden?® and Bonhoeffer,23?]

Pease and Wheeler?2¢-7 have shown that the addition to the double
carbon link, both the thermal reaction at about 500° and the reaction at
0° catalysed by nickel or copper, goes from 1-5 to 2-5 times as quickly with
H, as with D,. [The collision rate is ¥2 = 1-4 times as great with H, as
with D,.]

Hinshelwood, Williamson, and Wolfenden?28-? have made use of deu-
terium with great effect to test their theories of the mechanism of combina-
tion of hydrogen and oxygen. Further work on the same subject has been
done by Melville239-1 and by Clusius,232-3

Halogens. Farkas®* showed that in light at 30° chlorine combines with
hydrogen 3 times as fast as with deuterium. With bromine Bonhoeffer?235,236
has examined the thermal reaction at higher temperatures; at 578° it is
3:3 times as fast with H,, and the heats of activation of the reaction
(X3+Bry = 2XBr) are 19-3 k.cals. for D, and 17-2 k.cals. for H,; this
may be explained by the difference in zéro-point energy. With iodine
Geib and Lendle®7 find that at 710° to 780° C. the velocity constant is
2-2 times as great with H, as with D,; allowing for the difference in the

238 1,, Farkas and U. Garbatski, J. Chem. Phys. 1938, 6, 260.

24 |, Wigner, Z. physikal. Chem. 1933, B 23, 28.

225 T, I, Rabbi, J. M. B. Kellogg, and J. R. Zacharias, Phys. Rev. 1934, 46, 157.

226 R, N. Pease and A. Wheeler, J.4.C.S. 1935, 57, 1144.

297 A, Wheeler and R. N. Pease, ib. 1936, 58, 1665.

228 C, N. Hinshelwood, A. T. Williamson, and J. H. Wolfenden, Nature, 1934,
133, 836.
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number of collisions this implies that the heat of activation is 0-75 k.cals.
less for H, than for D,

The chemical properties of the D* ion are discussed later under D,0 as a
solvent.

Deuterrum Compounds

By this time a large number of compounds of deuterium have been pre-
pared, and have had their more iniportant properties examined: A variety
of methods of preparation have been used, and a general survey of these
(with copious references) has been given by Erlenmeyer.?4® So far as the
methods depend on the direct replacement of hydrogen by deuterium they
are dealt with later in the section on exchange ; in all the preparations the
possibility of such an exchange occurring (particularly with the hydrogen
of ordinary water) must be borne in mind, especially among the inorganic
compounds.

For making deuterium compounds any reactions involving H, or H,0
can be adopted; thus lithium deuteride can be made from the metal
and deuterium gas: deuteroacids such as D,SO, or DCI by the action of
sulphur trioxide on D,0, or (at a higher temperature) of D,0 on mag-
nesium chloride ; salt deuterates like Na,SO,, 10D,0 can be synthesized
directly.

These methods can also be used for organic compounds; the succinic
acid C,D,(COOD), can be made by the reduction of acetylene dicarboxylic
acid COOH -C=C-COOH with sodium amalgam in D,0, and the malonic
acid CD,(COOD), by the action of D,0 on carbon suboxide C,0,; CHD
and CD, can be got by the action of D,0 on methyl magnesium bromide
CH ;MgBr and aluminium carbide Al,Cg respectively, and CD4- CDO by the
addition of D,0 to C,D, (made from D,0 and calcium carbide) in presence
of a mercury catalyst.

But on the whole the commonest method of making organic deuterium
compounds is by exchange, usually with D,0; in this way, for example,
we can get from benzene a series of deuteration products up to C¢Dg by the
action of water in presence of a suitable catalyst, or by that of DCl in
presence of aluminium chloride.?4!

Properties of Deuterium Compounds

The properties chiefly examined are, among the physical, the thermo-
dynamic (including melting- and boiling-points) and the spectroscopic, for
rcasons discussed below: among the chemical, mainly those concerned
with ionization and hydrogen exchange ; with D,0, which has for some
years been obtainable in quantity, a very thorough examination of the
properties both physical and chemical has been made.

The study of the absorption spectra of many of these compounds is of

%40 H, Erlenmeyer, ib, 19088, 44, 8.
11 A, Klit and A, Langseth, Z. physikul. Chem. 1936, 176, 65.
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importance, because the changes produced when hydrogen is replaced by
deuterium are of great value in the assignment of the observed frequencies
to particular links. This subject is discussed by Bartholomé242; an instruc-
tive example of the application of the method is afforded by the work of
Ingold and his colleagues243 on the spectra of benzene and its deuteration
products, which he has summed up in his Bakerian Lecture24¢; in this
work he was able to show that the coincidence between the infra-red and
the Raman lines which had led some physicists to reject the plane sym-
metrical structure for the molecule are accidental.

The melting- and boiling-points of a series of compounds of deuterium,
inorganic and organic, along with those of their hydrogen analogues, are
given in the following tables, being taken mainly from the paper of
Clusius?!?; it should be remembered that sometimes, especially in the
earlier work, the measurements were made with small and perhaps impure
specimens.

The vapour-pressure differences are affected by several factors. They
always diminish as the temperature rises, and so the actual differences in
boiling-point depend partly on the absolute values of the boiling-points.
But it was pointed out by Clanssen and Hildebrand,24% and their conclu-
rion is supported by later work, that with respect to the differences in their
boiling-points compounds fall into three classes: (1) non-associated sub-
stances, like methane and hydrogen chloride, where the vapour pressures
of the deuterium and hydrogen compounds differ but slightly; (2) sub-
stances associated in the liquid but not (or only slightly) in the vapour,
such as water and ammonia, where the deuterium compound has the
lower vapour pressure; and (3) substances associated in both liquid and
vapour, such as hydrogen fluoride and acetic acid; in this class the deu-
terium compound has the higher vapour pressure, and usually the lower
boiling-point.

Molecular volumes. Where the substance is not associated, the mole-
cular volume is scarcely affected by replacing H by D ; the lengths of the
H—X and D—X links are practically the same, though the ‘deuterium
bond’ A—D---B may be considerably longer than the hydrogen bond.246-8
As to the negative ions, Zint1?4° has shown that LiH and LiD both have
the NaCl lattice, and that the @ values for this are 4-085 and 4-065, giving
the mol. vols. LiH 10-33, LiD 10-18 c.c. Similar results have been found
with the volumes of the deuterated and hydrated salts.280-1

212 ', Bartholomé, Z. Elektrochem. 1938, 44, 15.

M3 J.0.8. 1936, 912-87; Nature, 1937, 139, 880.
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145 W. H. Claussen and J. H. Hildebrand, J.4.C.S. 1934, 56, 1820.
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Deuterium Compounds : Melting- and Boiling-points
A. InorcaNic: Temperatures in °K.
Melting-points Boiling-points
D H Deff. D H Diff.
X.F .. .. . 291-8° 293-1° —1-3°
X-Cl 158-2° 162-2° —4-0° 191-6° 188-1° +3-5°
X Br 185-7° 186-2° —0-5° 206-3° 206-3° +0°
). | 221-5° 222-3” - 0-8° 237-0° 237-5° —0-5°
X,0 277-0° 273-2° | 3-8° 374-6° 373-2° +1-47
X,S 187-1° 187-6° —0-5° ..
X,Se 206-2° 207-4° —1.2° .. .. ..
XN 199-6° 195-3° +1-3° 242-1° 239-8° +2-3°
B. Oraanic: Temperatures in °C.
Hydrocarbons
CX, —184-0° |—182:6° | —1.4° .. .. ..
CeX, -} 6-6° 455 | 4 1-1° | 4 792° | --80-1° | —0-9°
C1oXe 77-5° 80-2° | -.2.7° . .. ..
n-C;H; X —21-5° —20-5° —1-0° | +380" | 4-37-8 +0-2°
Aldehydes
CX,-CXO —121-7° | —123-5° 4 1-8° 20-5° 20-2° + 0-3°
Par. (CX,; CXO0), 13-7° 10-5° +3-2° 124° 124° +0°
Acids
CH,-COOX 15:4° 16-6° | —1.2°
CX,-COOH 17-2° 18:6° | +0-6°
CX,-COOX 15-8° 16-6° | —0-8°
X, COOH 120-9° 121-7° —0-8°
C,H,(CO0X), 179-5° 183-0° | —3-5°
C,X,(COOH), 181-6° 183-0° | —1.4°
0, X,(COOX), 178-5° 183:0° | —4-5°
Ivster
(',X,(COOCH,), 17-0° 18:2° | —1.2° | 195-3° | 196° —0-7°
Anhydride
(,X,-C,0, 119-5° 119-5° | 40°
N-compounds
CH,-NX, ~80-2° | —031° | +4+39°| —52° | —62° | 41.0°
CgH, - NX, —78-5° —80-6° +2-1° | +17-4° | +16-6° +0-8°
(CH,4),NX —93-1° .. .. +6-9° +17-2° —0-3°
X-CN —12° —14° +2° +25-9° | +425-3° -+0-6°

A remarkable effect of the replacement of hydrogen by deuterium on
the transition points in the solid state of methane252-3 and of ammonium

189 A, Kruis, L. Popp, and K. Clusius, Z. Elektrochem. 1937, 43, 664.
98 T, Bartholomé, C. Drikos, and A. Iducken, Z. physikal. Chem. 1938, B
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salts254-8 has been detected and examined ; it is no doubt connected with
the rotation of the molecules in the crystals. The barrier to free rotation
in C,Dq was found, however, by the specific heat measurements of Kistia-
kowsky?259.260 {0 be the same as in ethane, 2-75 k.cals. per mole.

Stereochemical Effect

The question whether the difference between hydrogen and deuterium
is sufficient to produce optical activity in a molecule CabHI) has been
examined both theoretically and practically. On general grounds it seems
c¢lear that it must be so, since the atoms and the links are not identical ;
but the activity is likely to be very small. R. P. Bell?6! shows on theoreti-
cal grounds that the replacement of H by D must affect the refractive index
and hence can cause optical activity; and the asymmetric d-I and d-d
compounds used for the separation will form solid solutions, as do H,0
and D,0, and also H,Se and D ,Se.262 Hence the resolution will be difficult,
and its establishment will involve very accurate measurements. For these
reasons much of the experimental evidence is of little value, because the
quantities used were too small to admit of adequate purification and
fractionation. Failures to detect any resolution are numerous?63-8; in
some cases it has been found?26%-?! that an asymmetric molecule CabcOH
has its rotatory power affected when the H is replaced by D, but it must
be remembered that the replacement will affect the degree of association
of the hydroxyl. It does not appear that so far we have any satisfactory
evidence that the stereochemical difference between hydrogen and deu-
terium can be experimentally detected.

D,0, ‘Heavy Water’
D,0 is by far the best known of the compounds of deuterium ; since it is
associated, its properties* differ more from those of water than the pro-

* For the thermal properties see Lange??2; for the electrolytic Schwarzenbach,2?3
For a theoretical discussion of the differences between D,0 and H,O see Bernal
and Tamm,??4
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perties of, say, C4Dg from those of benzene, as the replacement affects the
degree of association. The whole behaviour of D,0 indicates that it is
more associated than H,0, and that the degree of association at any
temperature is the same as that of water at a lower temperature. The
most obvious sign of thisis that the temperature of maximum density (where
on cooling the effect of the increase of association begins to overcome the
normal contraction) is for D,0 11-:22° C.,%75-6 being 4-08° for H,0 ; freezing-
points in dioxane solution?”? give the association factor for a 2-molar
solution as 1-78 for D,0 and 1-73 for H,0 ; the Raman spectrum of liquid
D,0 is like that of H,0 at a lower temperature.2?8

Of the other properties the freezing-point, as we have seen, is 3-8° and
the boiling-point 1-4° higher than those of water. The heat of evaporation
is 11-10 k.cals. [10-7]*; the critical temperature is 371-5° C.29 [374-2°] ; the
density 2:1-10726 [0-99998], giving a molecular volume at 20° of 18-:092
[18-016], a difference of 4 0-4 per cent., due to the greater association of
the D,0. The specific heat of the liquid at 4-25° is 1-028 [1-018]: the heat
of fusion in k.cals./mole 1-523 [1-435] and of evaporation 9-919 [9-719]. The
dielectric constant at 0° is 80-7 [81-5] (Lewis?%); the dipole moment in
benzene at 25° is 1-78 [1-76]28! and in dioxane 1-87 [1:86].282 The surface
tension is very slightly smaller and the viscosity28 at 25° 1-23 times as
great as that of water.

On cooling, D,0 and H,0 form a continuous series of solid solutions, the
freezing-point curve being almost but not quite a straight line2*; the
maximum difference between liquidus and solidus is 0-020° at 42 per cent.
D,0. The crystal structure of solid D,0 is the same as that of ice,?®5 the
values of a differing by less than 0-1 per cent. The solid-liquid relations
have been measured by Bridgman?®® up to 12,000 kg./em.%, and found to
be very similar to those of H,0.

* Figures given in square brackets in this way are the corresponding values
for H,O.
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The mixed compound HDO undoubtedly exists, and it has been calcu-
lated to boil at 100-76° C., but in mixtures the equilibrium

H,0 + D0 == 2 HDO

must always be present ; Wirtz has shown?¥ by measurement of the ab-
sorption at 1-7 u that the formation of HDO is complete within 20 seconds
of mixing. It is presumably owing to this reaction that there is an evolu-
tion of heat (30 k.cals./mole) when D,0 and H,0 are mixed.2%®

D,0 as solvent

An important group of the properties of D,0 are those which it exhibits
a8 a solvent, especially in relation to ionization both of the solvent itself
and of the salts dissolved in it. Small differences are found in the mutual
solubilities with organic solvents such as ether and phenol, the upper
critical solution temperature being higher and the lower when it can be
observed lower, in D,0; small differences are also found in the heats of
solution, that of mercuric cyanide, for example, being at 35° —3-7 k.cals.
in D,0 and —3-5 in H,0. The partition of iodine between carbon tetra-
chloride and water is 85:1, while with D,0 it is 103:1.2% Greater differ-
ences oceur in the solubilities of salts; the heats of solvation of the ions
(obtained from the heats of solution of the salts) show individual differ-
ences up to 0-8 k.cals., the D,0 values being usually the sinaller. The
salts themselves are usually less soluble in D,0 : the ratio of the solubilities

Mols salt R
M, = Mols X,0 for D,0/H,0 at 25° are (Lange,*® p. 41):
D,0 . . ] v
M,I_—I—6 for LiF LiCl, 1 aq. NaCl KCl1 Ba(Cl,
2 1-16 1-02 0-928 0-912 0-89
BeSOy, 4 aq. CuSOy, 5 aq. AgMn0,(20°) Quinone
0-994 0-947 0-735 1-11

The related question of solid salt-deuterates is discussed below (p. 49).

In considering the ionization in D,0 it must be remembered that owing
to the instantaneous interchange of D and H in hydroxyl groups we can
only measure ROD compounds in D,0 and ROH compounds in H,0 (and
the same with the halogen acids). The ionic mobilities in D,0 are smaller
than in H,O, as is to be expected from the 1-23 times greater viscosity of
the former. When the D,0 values are multiplied by 1-23, the mobilities
are nearly the same for all ions except H* and D* (and perhaps OH™ and
OD"™). Thus the very accurate values obtained by McInnes?®! at 25° give
the results shown in the following table:
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Ion | Aw Aw7y DyO | Agw, HyO | Ratio D/H
D(H) 250-05 307-6 | 351 0-896
Na, 41-64 51-2 51-3 0-998
K 61-31 754 74-4 1-013
cl 62-79 77-2 76.6 1-013

In the same way LaMer?®2 find the ratio 1-019 for the acetate ion.
In considering the ionization, we may call the equilibrium constant,
1 A~

%:;—%]']t[——XAK]]’ K, when X = H, and K; when X = D this will apply to
acids in the wider definition of Brénsted as including all molecules that
can lose a proton. It has been shown (see Schwarzenbach,2? p, 47) that
at the ordinary temperature K;/K; is never less than 1, and on the average
is about 3 ; but it tends to rise as the acids get weaker : thus for oxalic acid
1t is 1-04, for phosphoric 1-61, for chloracetic 2-7, for acetic 2-87, and for
water itself 5-43. (For a theoretical discussion of this see Halpern.?%4)

Replacement of non-ionized H by D seems to have little effect on the
ionization in water ; Erlenmeyer?® found no difference between the disso-
ciation constants of CgH;-COOH and C;D;-COOH in water at 25°, both
of which were 66 x 10-5,

Effects on the Rates and Equilibria of Chemical Reactions

The rate may be affected2% by three causes: (1) the pure solvent effect ;
(2) the replacement of H by D in a reactant; (3) the formation or de-
composition in the reaction of water: these three factors usually cannot
be separated. Effect (1) is likely to be small: D,0 differs from H,O in
dielectric constant by less than 1 per cent. and in viscosity by about 20 per
cent.; we may thus expect the effect (1) to be of the same order as the
offect on the solubilities, that is, some 20 per cent. We have perhaps an
oxample of this in the bromination of acetone as catalysed by the acetate
union, 2% which goes 20 per cent. quicker in H,0 than in D,0. (2) All
liydrogen atoms attached to oxygen or nitrogen are replaced in presence
of D,0 practically at once ; thus the rate of decomposition of nitramide in
D,0 is really that of D,N.NO,. On the other hand, hydrogen atoms
atlached to carbon, if the carbon is also joined to a carbonyl or a nitro
group, are indeed replaced in D,0, but only slowly, so that we can usually
determine the rate of the reaction before and after replacement. It is
found that the replacement sometiines makes a great difference. Thus
the rate of bromination, either with H" in H,0 or with D* in D,0, of

282 V, K. LaMer and J. P. Chittum, 1b. 1936, 58, 1642.

283 (3, Schwarzenbach, Z. Elektrochem. 1938, 44, 47.

914 O, Halpern, J. Chem. Phys. 1935, 3, 456.

85 H, Erlenmeyer and A, Epprecht, Nature, 1936, 138, 367.
W O, Roitz, Z. Elektrochem. 1988, 44, 72.
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CH,;-CO-.CH,is 7-7 times as quick as that of CDy-CO-CD,,2% while with
either of these acetones the rate in H,0 is 2-1 times as great as in D,0;
this shows that the rate-determining step is that in which the H or D is
removed from the carbon.

The following are a series of reactions catalysed by the H* or D* ion,
with the values of Ky o+/Kgo+ at about the ordinary temperature (for
references see Reitz2%7):

Ratio of K’s

1. Saponification of methyl acetate . . 1-85

2 ’ » ethyl . . . . 15

3 » » ethyl orthoformate . . 2-05

4. ’ . acetal . . . . 2:66

5. Enolization of acetone . . . . 2-1

6. ” ' *heavy’ acetone . . . 2:1

7. Decomposition of diazoacetic ester . . 2-70(0°)
8. Inversion of cane sugar . . . . 2-05

9. Mutarotation of d-glucose . . . . 0-7

It will be seen that all but the last are quicker in D,O. Since reactions
are as a rule slower with deuterium, as we should expect, this implies that
[Xs0™]-[A7]
[X,0]-[XA]
X = H. This also agrees with the observation that when reactions 5, 6, 7,
and 8 above are carried out in mixtures of H,0 and D,0, the change on
adding D,0 is at first slow, and then at high concentrations of D,0 is
rapid : in the lighter water D will be present as HDO, and this will lose its
H rather than its D, since the dissociation constant of H,0 is 5-4 times
that of D,0.

Reactions catalysed by OH™ (OD™) show similar effects, and here too the
mutarotation reaction is an exception to the general behaviour. The
following table shows some results:

the equilibrium constant is smaller for X = D than for

Ky p,0/Emm,0
Saponification of ethyl acetate. . 1-33
Hydrolysis of diacetone alcohol . 1.22
' »  monochloracetate . i-2
Mutarotation of glucose:
with H,0 (D,0) . . . 0-38
with acetate anion . . . 0-42

An interesting reaction whose rate has been measured in H,O and in
D,0 is the conversion of aluminium carbide Al,C; into methane. Urey and
Price??® using a specimen of finely powdered carbide found that with H,0
it began to react in the cold, and at 80° a given quantity gave 100 c.c. of
CH, in 2 minutes, When Dg0 was used there was no visible action until
it was heated at least to 65°, and at 80° the same quantity needed at least
45 minutes to give 100 o.c, of CD,: the ratio of the rates is thus 23:1.

s OI R.‘b.’ z' M’Dﬂl. Oh.’n' 1987’ 179’ 119'
w i, (o8 UW and D, Pﬁo., J, Chem, ka‘- 198‘, 2. 800,
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Barrer?®® claims to have found at 0° (where the reaction is of course very
slow) a ratio of 3-9: if this is so, the reaction (which is heterogeneous) must
be more complicated than appears; the ratio could not otherwise increase
(6 times) when the temperature was raised from 0° to 80°.

The effect of the solvent on equilibrium is, as we should expect, very
much less than on the rate. Kailan and Ebeneder3°1-2 found with a series
of alkyl acetates and benzoates that while the rate of the uncatalysed
reaction is much slower with D,0, the proportions at equilibrium are
practically unaffected ; the same results were got by Nachod,?%® who also
found3°4 that the percentage of enol at equilibrium in a solution of acetyl-
ncetone changes from 19-6 to 12-0 when D,0 replaces H,0; with methyl
ncetylacetone the change is from 3-6 to 2-5; the solubilities in H,0 and
1),0 show the corresponding differences.

D,0 of Crystallization

The relative affinity of anhydrous salts for H,0 and for D,0 of crystal-
lization depends on the salt. It does not seem that the difference is great ;
if it were, we should expect the proportions of hydrogen and deuterium
lo water derived from hydrated minerals to be different from the usual
value, Riesenfeld and Tobiank3%% examined several such minerals (tincal
Na,B,0,, 10 aq. ; carnallite KCl, MgCl,, 6 aq.; polyhalite K,S8O,, MgSO,,
20aS0, 2 aq. ; and gypsum CaS0,, 2 aq.) and found that the density of the
water got from them did not differ from that of ordinary water by more than
3 p.p.m. (about 3/100,000 in the D/H ratio, or 5 per cent. in the abundance)

much the same as the differences found in the density of ordinary water.
ixperiments on artificial deuterates have given similar results; Erlen-
meyer and Gértner3% found that if sodium sulphate is recrystallized from
b per cent. heavy water, the D/H ratio is the same in the liquid as in the
wolid ; Ingold et al.3%7 using 2 per cent. heavy water got the same results
with Li,SO,, H,0; SrCl,, 6 aq.; CuSO,, 5 aq.; Na,CO,, 10 aq.; and also
with the oxalate K,C,0,, H,0, in which the water is usually thought to
be attached to the anion; they conclude that the water in hydrates is not
structurally linked, but the D,0 concentration was obviously too low to
Juntify this conclusion.

Later experiments, made when heavy water was more readily obtainable,
show small but definite differences in the physical properties of the
hydrates and deuterates, including the heats of formation. Saur2s® finds
that the replacement of H,0 by D,0 has no measurable effect (less than
0:1 per cent.) on the lattice constants of potassium aluminium and potas-

800 R. M. Barrer, Trans. Far. Soc. 1936, 32, 486.

801 A, Kailan and F. Ebeneder, Z. physikal. Chem. 1937, 180, 157.

v Jd., ib. 1938, 182, 397.
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sium chromium alum, KCr(Se0,),, 12 aq., or UO4(NO,),, 6 aq. The small
differences of solubility of salts in the two solvents have already been dis-
cussed; we can, of course, only measure the hydrates in H,O and the
deuterates in D,0. Bell3?® finds for a number of hydrated salts that the
replacement of H,0 by D,0 causes a decrease of not more than 2 per cent.
in the molecular volume, except in oxalic acid, 2 aq. (4 2-3 per cent.) and
snhydrous KH,PO, (+1-4 per cent.), in both of which the hydrogen
(deuterium) bonds are important.

In the transition points of the hydrates there are again only small
differences. The following table is mainly from Bell3°®; the Na,SO, value
is from Taylor?®® and those for SrCl, and CuSO, from Menzies.3!0

Transition Points

Salt Mols. Water TH.0 Th.0 Diff.
Na,S0, 10==0 32-38° 33-48° +1-10°
CoCl, 6 2 52-3° 51-1° —1-2°
Srcl, 6 2 61-3° 565° —4-8°

. 2 1 132° 127° —5°
NiCl, 6 4 36-3° 35-9° —0-4°
NaBr 2 0 50-7° 47-7° —3-0°
MgSO, 7 6 48-4° 46:8° —1-6°
CuS0, 5 3 95-0° 95-9° +0-9°

For several of these the vapour pressures have been measured at various
temperatures, and the heats of hydration of the solid salts determined.
Thus Bell?5! has in this way measured the heats for a large number of
salts; the general conclusion is that the deuterates have higher vapour
pressures and lower heats of formation; the differences in the heats are
from 0-31 to 3-2 k.cals.

Other D-compounds include the amines, D,0, D,S, D,Se, and the
D-halides; their more important points of interest have already been
mentioned.

Ezxchange of Hydrogen and Deuterium

Many investigations have been made on this subject, the importance of
which is obvious as throwing light on the conditions of rupture of the
link of hydrogen to other atoms, and on the extent to which free hydrogen
atoms form part of a chemical reaction. The literature is very extensive,
and up to 1938 has been summed up by Ingold and Wilson.3!1

Like other isotopic exchanges, these are essentially chemical reactions,
with their own rates and heats of activation ; the rates range from practi-
cally zero, as with hydrocarbons in the cold in the absence of catalysts, to
practically infinite, as with ionizable hydroxylic hydrogen and deuterium.

808 H. S, Taylor, J.4.0.8. 1984, 86, 2643.

809 J, Bell, J.0.8, 1087, 450,

8o F, T, Miles and A, W, 0. Moneies, J.4.0.8, 1987, 59, 2802,
LG, K, Ingold und O, L, Wilson, &. Hlskiroohem, 1938, 44, 63-70,
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The rate of reaction obviously depends on both of the reactants, the
hydrogen compound and the deuterium compound. For practical pur-
poses we are mainly concerned with two deuterating agents, D, and D,0;
the exchanges go much more readily with the latter.

Deuteration with Dy

Elementary deuterium acts only or almost only when it is broken up
into atoms, either by heat, or by the electrical discharge (Wood’s atomiza-
tion of Lydrogen), or by solid catalysts like platinum, or by irradiation in
the presence of mercury vapour. The simplest example is the reaction of
D, with H, to give HD, which occurs above 600°; at these temperatures
D, will react with H compounds in general, such as CH,, NH;, or OH,.
The deuterium atoms have in some cases®!2-13 been prepared in a Wood’s
tube by electric discharge, and then mixed with the hydrogen compound.
The rate of deuteration depends of course on the nature of the latter; it
has been shown that the heat of activation of the reaction

D+X—H=D—X+H

is about 17 k.cals. for CH,,313 11 for NH,,314-1% and probably about 7
for H,0.318

Numerous solid catalysts have been used, mainly metals (see Ingold
and Wilson,3!! p. 69). Thus D, reacts with hydrogen in presence of nickel :
with water in presence of platinum or nickel, and at higher temperatures
of iron, silver, copper, or chromic oxide31®; Hirota and Horiuti find the
order31? of catalytic activity in promoting the reaction

H,0 4 HD = HDO + H,
to be Pt > Ni > Fe > Cu > Au > Ag > Hg,

the last having none; this is practically the order for promoting the
recombination of 2H to H,, for overvoltage, and for hydrogenation.

In these substitutions with deuterium the rate depends primarily on the
case with which the X —H link of the hydrogen compound is broken, and
»o varies in the order O—H > N—H > C—H, but among the hydro-
onrbons there is a large range of velocities. The olefines react more readily
(usnally both by substitution and by addition) than the paraffins, and
umong the latter the ease increases in the order

CH, < —CH; < >CH, < >CH;

thus Taylor has shown3!® that with a nickel catalyst reaction occurs
within a few hours with C,H, down to —85°, with CH, at 180° C., with

m [, W. R. Steacie and N. W. F. Phillips, J. Chem. Phys. 1936, 4, 461.

3 N. R. Trenner, K. Morikawa, and H. 8. Taylor, ib. 1937, 5, 203.
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M8 A. Farkas and H. W. Melville, Proc. Roy. Soc. 1936, 157, 625.
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ethane at 110°, with propane H,C.CH,.CH, at 65°; even with normal
paraffins the rate increases as the chain lengthens; thus the Farkases319-21
find the relative rates over platinum to be

CzHG 3H8 4H10 = 1:36:0@. 160-

Tertiary hydrogen reacts with D,0 with exceptional ease. The effect of
1D, photosensitized by mercury has been examined by Taylor,322-3 Mel-
ville,324 and others.

A remarkable reaction is that discovered by Bonhoeffer and Wirtz325 of
H, with D,0. At 100° C. in presence of 0-2 to 1-normal sodium hydroxide
there is in some hours a considerable exchange with the formation of HD.
The OD™ ion must form a complex with the dissolved hydrogen thus:

|D—0~ + H-H + D—0—D| = DOH 4 HD + OD-.

Deuteration with D,0

The second class of reactions are those with D,0 (and similar compounds
such as ND,, D,SO,, or C,H; OD). Here it is obvious that the deuterium
is already in the ionic state, and that if the hydrogen compound is also
ionized the interchange should be instantaneous, as it is in fact found to be.
An early observation of Bonhoeffer32¢ was that while ammonium chloride
on solution in D,0 has all its hydrogen replaced by deuterium, sugar only
Las about half, these being obviously the hydroxylic hydrogens. In general
it is found that D,0 reacts at once with hydrogen attached to halogens,
oxygen, sulphur, or nitrogen, but with hydrogen on carbon only under
special conditions—i.e. it reacts readily with the hydrogen only so far as
this is ionized.

The rapid reaction of D,0 with H,0 is shown by the heat evolved when
the two are mixed, and by the impossibility of isolating HDO from the
mixture ; with ammonia, hydrazine, and the amines all the evidence327-9
is that the reaction is instantaneous, even when the ammonia is combined
in cuprammonium and cobaltammine salts 3301

The behaviour of hydrogen attached to carbon is of great importance in
its bearing on theories of organic reaction. With unsaturated hydrocarbons
the addition of D,0 will of course occur under the same conditions as that
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of water (not necessarily at quite the same rate), and reversible addition
will lead to deuteration. This will apply also to those compounds which
can assume an unsaturated structure by a tautomeric change, especially
to those which contain the groups H.C—C==0 (keto-enols) and H-C-NO,.
Many of the reactions of such compounds (bromination, enolization, race-
mization, etc.) are assumed to proceed by a similar ionization of the hydro-
gen, and if this is so, the rate of deuteration should be the same as that of
the other reaction. In several cases this equality has been established
experimentally. Thus Ingold®? showed that the rate of deuteration of
phenyl-B-n-butyl ketone is equal to its rate of racemization in D,0 : with
such optically active ketones the rates of racemization and of halogenation
are known to be equal. Walters and Bonhoeffer33 showed that the rate
of exchange of acetone with D,0 in presence of sodium hydroxide is equal
to that of iodination under the same conditions, so far as the latter can be
calculated. Ives and Wilks found* that the active form of the acid
®(tol)CD -COOH in H,0 with excess of sodium hydroxide exchanges its
deuterium at the same rate as it racemizes.

As we should expect, the exchange of hydrogen in the H-C.C=0 group
is much slower when the CO forms part of a carboxyl group. Thus Klar?35
finds no exchange between D,0 and sodium acetate below 100°, nor at the
ordinary temperature even after some weeks.?3¢ The free acid3’ reacts
even more slowly than its ion (this of course does not apply to the carboxyl
hydrogen). In presence of normal sodium hydroxide acetic acid will react
with D,0 at 100° in 100-400 hours ; but the higher acids like propionic and
isobutyric, as well as acids with the carboxyl directly attached to the ben-
zene ring (and so with no a-hydrogen) like benzoic and toluic, will not.338

The acid hydrolysis of acetamide in D,0 is instructive (Reitz33%). In
N/10 acid the rate is 1-5 times as great in D,0 as in H,0 ; with 2-3-normal
acid the rates are the same ; with 3-4-normal acid the rate in D,0 is only
0-85 of that in H,0 ; a similar result is found in the enzymatic splitting of
the glucosides. This is because the velocity of the reaction is the product
of the concentration of the complex formed with the catalyst (in the
Bronsted sense) and its rate of decomposition. At low concentrations of
the catalyst the amount of the complex is much greater in D,0 while at
high concentrations practically all the substance is in the form of complex,
and this factor does not come in : the velocity is then lower in D,0 because
the intrinsic rate of decomposition of the complex is less in that solvent.

The reactions by which D,0 can be made to replace the hydrogen in
unsaturated and aromatic hydrocarbons, and even in paraffins and cyclo-

32 §. K. Hsi, C. K. Ingold, and C. L. Wilson, J.C.S. 1938, 78.
33 W. D. Walters and K. F. Bonhoeffer, Z. physikal. Chem. 1938, 182, 265.
334 D. G. d. Ives and G. C. Wilks, J.C.S. 1938, 1455.
9% R. Klar, Z. physikal. Chem. 1934, B 26, 335.
3388 S, Liotta and V. K. LaMer, J.4.C.S. 1937, 59, 946.
187 L, D. C. Bok and K. H. Geib, Naturwiss. 1938, 26, 122.
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puraffins, are remarkable (see Ingold and Wilson,*!! p. 66); it was shown
by Ingold?®40 that this can be brought about by D,SO,, or by a concentrated
solution of H,80, in D,0. As we might expect, it goes much more easily
with aromatic hydrocarbons than with paraffins. With benzene Ingold,
Raisin, and Wilson34! found thatif it is shaken at the ordinary temperature
for 12 hours with an equimolecular mixture of D,0 and D,SO, (D,0,
N,80,, or (D;0)-[SO,D]: 85 per cent. by weight), a large amount of
denteration occurs, which by repetition of the process can be carried to
(‘gDg. This cannot be due to reversible sulphonation, because it can be
shown that at this concentration (i.e. as soon as the composition reaches
that of (D40)-[SO,D]) sulphonation ceases; also an acid of this strength
will not split off the sulphonic group from benzene sulphonic acid.342
Ingold et al. emphasize the impossibility of this sulphonation theory34%;
it inight hold for unsaturated hydrocarbons like ethylene, but not for
henzene. Ingold points out that this reaction has the characteristics of
substitution by electrophilic reagents (it will be shown later that it obeys
the ordinary orientation laws for such reactions) and he gives the same
explanation for it as he had previously given34® for nitration :

QH + DO-SOH
- b
O ".0.80,H
D .
QD + HO-SOH

This view is supported by the results of their investigation of the
efficiency of other catalysts in this reaction.3¢ They conclude that the
cfficiency decreases in the order

H,80, > H,;Se0, > H,0" > ©-0OH > H,0 > OH~
"The efficiency of the substituents in the benzene is in the order
0 > NMe, > O.Me > H > SO,H.

This is the order of the proton-accepting and donating power.

These conclusions are further supported by the positions taken up by
the introduced deuterium atoms, which are governed by the ordinary
rules of benzene substitution, that are of course derived from the behaviour
of electrophilicsubstituting agents. Thisis wellillustrated by the behaviour
of the phenols ; the deuterium always takes up the positions to be expected
on the ordinary rules for bromine or nitro groups ; this is easily ascertained
by brominating or nitrating the product, and seeing whether it is the
hydrogen or the deuterium that has been replaced ; it is often indicated

340 (C, K. Ingold, C. G. Raisin, and C. L. Wilson, J.0.S. 1986, 1643.
841 1d., ib., 918,
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without any such test by the number of deuterium atoms that can be
introduced (the hydroxylic hydrogen is of course replaced at once); in this
way Best and Wilson34® showed that the deuteration of phenol and of
aniline goes to the ortho and para positions.

Koizumi and Titani3® find that with ortho-, meta-, and para-nitro-
phenol in alcohol at 100° the OH hydrogen goes at once ; then there are
replaced two H atoms of the ortho and para and three of the meta :

OH (I)H ?H
— —NO, — <« — <
NO,
0 0 |
] m b

i.e. all the hydrogen atoms that are ortho or para to the hydroxyl are
readily replaced.

It is remarkable that while meta- and para-nitrophenol react at equal
rates, the ortho reacts much more slowly; this they ascribe, no doubt
correctly, to the chelation of the ortho compound, which has an interesting
bearing on the mechanism of the reaction. They find34? the heat of activa-
tion of the nuclear replacement in meta- and para-nitrophenol to be 29
and 28 k.cals., while in the unsubstituted phenol it is 25.

The simple poly-phenols behave similarly. Resorcinol34® in D,0 ex-
changes its hydroxyl hydrogens at once ; of the three hydrogen atoms ortho
to OH two are replaced at a measurable rate, and the third (presumably
the one between the OH groups) much more slowly; Geib%4? has shown
that the reaction goes 5,000 times as quick in normal hydrochloric acid as
in water; but even in acid solution the last hydrogen atom (which is not
ortho to an OH) is not exchanged, even at 230°. In the same way in pyro-
gallol35® the two hydrogen atoms ortho to OH are much more easily
replaced than the third, while in phloroglucinol all the hydrogens are

easily replaced.
?H ?H
—OH
—OH —OH OH. —OH

?H
Resorceinol Pyrogallol Phloroglucinol
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Kharasch3?! finds that in the absence of acid, aniline only exchanges the
hydrogen on the nitrogen, and dimethyl aniline does not exchange at all.
Also the exchange from amines of nuclear hydrogen occurs with about
equal ease with aniline, diphenylamine, and triphenylamine, so that the
formation of the ion does not seem to be a necessary intermediate stage.

Deuterium can also be introduced into benzene by treating it with DCl
in presence of aluminium chloride.?32-3 The DCl is conveniently made
from D,0+thionyl chloride; by the repetition of the treatment all the
hydrogen in benzene can ultimately be replaced.

The reaction of D,0 with acetylene has been disputed, but it seems that
it exchanges its H in presence of normal sodium hydroxide, though not in
neutral or acid solution.3%4-7 See further reference.35?

In all these exchanges the distribution of the deuterium between the
water and the other compound is never equal, though it does not depart
far from equality. Ingold and Wilson (ref. 311, p. 64) give these values of
K — D/H in compound

D/H in water

Link CUompound K

C—H Acetone 0-70-0-87
» Nitromethane 0-78

N—H Aniline 1-11
”» PY-'-TOI 0-88

O0—H Benzoic acid 1-04
» Benzyl alcohol 1-10
» n-Amyl aleohol 1-09
’ Phenol 1-08

S—H Ethyl mercaptan 0-43

Theoretical calculations on the partition have been made and compared
with experiment by Halford.358
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TRITIUM

THE third isotope of hydrogen, 3H or tritium, was at one time supposed to
oceur in very small quantities in natural hydrogen, but later work makes
this very improbable. Oliphant, Harteck, and Rutherford3®-! got from
the Norsk Hydro-Elektrisk Actieselskab of Oslo 11 c.c. of water which was
the residue of the electrolysis of 43-4 kg. of 99-2 per cent. heavy water,
which itself had been got by the electrolysis of 13,000 tons of ordinary
water. This 11 c.c. was examined by Aston in his precision mass-spectro-
graph ; he found that the 5-line for D,H was strong, but there was no sign
of the 5-line of DT, which should have been 0-5 mm. away ; the D, line
was clear after 1 second exposure, but the DT line did not appear at all
after 50 minutes; hence the ratio DT/D, is less than 1/50,000 in this small
residue from 13,000 tons of water. This conclusion was confirmed by
allowing an accelerated beam of the ions to fall on a deuterium compound ;
if there had been any tritium, a-particles should have been formed accord-

ing to the equation
2D + 3H — *He + .

No signs of a-particles were got, and the results showed that by this test
even in the electrolytic residue the T/D ratio is less than 1/5,000. Bleakney
et al.3%2 confirmed this conclusion. Geiger-counter measurements with
pure deuterium show that if we assume that tritium has a half-life of
31 years,3 the amount of it in ordinary hydrogen is less than 1 part in
1017‘373

On the other hand, this isotope can be made by the bombardment of
deuterium by deuterons, as we have already seen (p. 38).360363 The
tritium so formed, which has a mass of 3-:0171 (for H = 1-0081), was at first
supposed to be stable, but it has been shown that it does actually decay,
though only slowly,364-7 probably changing to (the also slowly decaying)
%He ; the half-life is 3148 years.38® That the substance is actually hydro-
gen was demonstrated by Alvarez and Cornog,?® who showed that the
bombardment of deuterium compounds by deuterons produces a radio-
active gas of long life which will diffuse through palladium. Seaborg et al.37°

380 M, L. E. Oliphant, P. Harteck, and Lord Rutherford, Proc. Roy. Soc. 1934,
144, 692.

381 Lord Rutherford, Nature, 1937, 140, 303.

862 R, Sherr, L. G. Smith, and W. Bleakney, Phys. Rev. 1938, 54, 388.

383 B, Hudspeth and T. W. Bonner, ib. 308.

884 T, W. Bonner, ib. 1938, 53, 711.

965 A, J. Ruhlig, ib. 54, 308.

866 (3, J. Perlow, ib. 1940, 58, 218.

367 §, C. Brown, ib. 1941, 59, 954.

868 R. D. O’Neal and M. Goldhaber, ib. 1940, 58, 574.

860 T,. W. Alvarez and R. Cornog, ib. 1939, 56, 613.

G. T. Seaborg, A. C. Wahl, and J. W. Kennedy, J. Chem. Phys. 1940, 8, 639.

"1 J, F. Black and H. 8. Taylor, ib. 1943, 11, 395.
1 W, F. Libby, {b, 101,
8 M, L, Eidinoff, ib, 1947, 18, 416.
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have shown that the mixture of deuterium and tritium got by Alvarez and
Cornog, which contains about 1/1011 of tritium, can be concentrated by the
Clusius- Dickel hot-wire diffusion method. The electrolytic protium/tritium
separation factor with platinum electrodes in alkaline solution at 20°
is 14.374

Black and Taylor3”! measure the equilibrium in the reaction

HT 4 H,0 = H, + HTO

and show that this reaction from left to right evolves 1-46 k.cals. at 25°,
The equilibrium constant in this reaction at 20° has been calculated to
he 6-24, and found experimentally to be 6-47.37

For a theoretical discussion of the equilibria between X, and X,0,
where X = H, D, and T, see Libby.372

374 M. L. Eidinoff, J.4.C.S. 1947, 69, 977, 2507,




GROUP 1(2)

Li, Na, K, Rb, (s, 87: A
Cu, Ag, Au: B

HIS group consists of two subgroups: (1) elements whose atoms con-
tain one more electron than an inert gas (typical and A elements:
alkali metals) and (2) those with 7 less than the next following inert gas,
i.e. one more than the pseudo-inert-gas structure ending in 18 instead of
8 (B elements: copper, silver, and gold, the coinage metals). These two
subgroups agree in having one electron more easily removed than the rest:
how much more easily may be seen for Group I.A by comparing the
ionization potentials of neon, sodium, and the sodium ion, as obtaired
from the spectroscopic data; they are given below in electron-volts and
in k.cals. per g. atom.
(e.v. = 2307 k.cals. per g. atom: the average heat of formation of a
covalent link from its atoms is about 70 k.cals. or 3 e.v.)

Ne Na Nat
216 518 47-0 e.v.,
K.cals./g.atom 496-0 119-5 1085

Hence all the elements of this group have a valency of 1. The resemblance
between the two subgroups scarcely extends beyond this; it is a charac-
teristic of the Periodic Table that the difference between the two divisions
of a group is greatest in the earliest and latest groups. In Group I the lack
of resemblance between the two subgroups is mainly due to two causes.
The first is the great difference in the energy required to detach the valency
electron, as is shown most clearly in the first gaseous ionization potentials,
or in the electrode potentials in solution:

| Li | Na K | Rb Cs Cu Ag | Au

as ion. potl. 5-36 5-18 4-4]1 4-16 3-96 77 7-5 9-3
Soln. el. potl. | —2:09 | —2-71 | —2-92 —2-92 | —2-93% 4-0-35 | +0-81 | +1:38
a — 918

"I'his results in the B elements having, even in their monovalent state, a
much greater tendency to form covalent links.

The second difference is that while the A elements are invariably mono-
valent, the B can assume higher valencies, because the 18-group of elec-
trons can be broken down by chemical action, whereas the 8-group cannot.
'I'his is shown by the ratios of the gaseous ionization potentials

Nat/Na = 47-0/5:18 = 909,
Cut/Cu’= 20-2/7-68 = 2-63.
Hence the two subdivisions of Group I must be treated separately.
% H, E, Bent, 0. 8, Forbes, and A. F. Forzlati, ib. 1989, 61, 709,
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Grouvr TA
THE ALKALI METALS

This is the most closely related series of elements with which we shall
have to deal. The radii of the neutral atoms and of the monatomic ions
are as follows (the values for the B elements are given for comparison):

Li | Na | K |[Rb | Cs | Cu | Ag Au

-At. rad. 1-33 | 1-567 | 2:03 |} 2-16 ‘ 2-35 | 1-35 | 1-63 1-50 A.U.
Ionic rad. M+ 078 | 0-98 | 1-33 | 1-49 ! l~65[ i-0 1-13 jca.1'1 AU,

Hence on the principles of Fajans the alkali metals have every reason to
form electrovalencies rather than covalencies: the charge on the ion is only
1, the ion is relatively large, and it has an inert gas structure.

The chemistry of the alkali metals, as ordinarily understood, is almost
entirely that of the ions Li*, Na*, K*, Rb*, and Cs*; it is concerned with
the behaviour and the reactions of the salts, which are practically all
strong electrolytes—that is, they are ionized under all conditions. The
reactions and structures of their anions will be dealt with later, under the
electronegative elements from which they are derived, so that the discus-
sion of the salts will not take long. The covalent compounds of the alkali
metals, though they are formed both by the charged and by the uncharged

“atoms, are comparatively few. In general the attachment of an alkali
metal atom to hydrogen, nitrogen, oxygen (and hence to the anions of
oxy-acids), and to a halogen, is electrovalent. There are only two serious
exceptions: the link to carbon in the alkaline derivatives of the hydro-
carbons can certainly be covalent, and there must of course be covalent
links in the limited number of complex compounds.

The alkali metals form so closely knit a series that it is best to consider
them all together, so as to see how each property changes as we proceed
from lithium to caesium,

Inthis, as in every other periodic Group, the most peculiar of the elements
is the first; lithium differs far more from the other members than they do
from one another. The gap between sodium and potassium, though less
than that between lithium and sodium, is considerable, and is greater than
that between any of the later elements. The general order of change of
any property is along the series in one direction or the other, though not
infrequently the order is not exactly that of the atomic numbers; this is
largely because we are nearly always considering the behaviour of solids,
and the stability of the crystal lattice may vary for geometrical reasons in
a somewhat complicated way. Disregarding such small irregularities we
find the following directions of change (for simplicity only the extreme
values are quoted) in the physical properties:

Melting-points <— Li 179° to Cs 28-5°
Boiling-points «— Li 1338° to Cs 760°
Hardness <+ Li 0-8 to Os 0:2
Ion. potl, in gas «— Li 5:36 to Os 8:06
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Atomic radius —— Li 1-33 to Cs 2-35
Ionic radius — Li 0-78 to Cs 1-65
Tonic mobility —> Li 39-6 to Cs 79-9

Density —> Li 0-534 to Cs 1-87
Elements
The amounts of these elements in the earth’s crust, in grammes per ton,
376 .
are™™ oy Na K Rb Cs [87]
65 28,300 25,900 310 7 [0]

Though they differ greatly in abundance they are all very widely distri-
buted. The general tendency of these elements to become rarer as the
atomic number increases is obvious, as is also the exceptionally small
proportion of lithium, which (like that of beryllium) is undoubtedly due
to its disappearance through the natural process of nuclear bombardment.

The almost equal abundance of sodium and potassium in the earth’s
crust is remarkable, especially in view of the large excess of sodium in
natural waters; there is about 4 times as much sodium as potassium in
river waters, and at least 30 times as much in the sea.

There are two special questions of interest to be discussed with reference
to the elements, the radioactivity of potassium and rubidium, and the
possible existence of element No. 87,

Lathitum Isotopes

The isotopic nuclei of lithium are of special interest because they take
part in a variety of important nuclear reactions. Lithium consists of
7-5 per cent. of ¢Li (at. wt. 6-0177) and 92-5 per cent. of 7Li (7-0182).
'The difference of 17 per cent. in mass makes their separation possible, and
it has been effected in various ways.

Oliphant et l.377 and Rumbaugh ez al.37%? used modified forms of mass-
spectrograph (for details see Walker,380) and the latter were able to get as
much as 0-018 mg. of 8Li and 0-200 mg. of 7Li. A considerable degree of
onrichment of the isotopes has been obtained in other ways too. On
electrolysis the ®Li is found to separate preferentially with a factor of
1-02-1-08.381-5

Lewis and MacDonald3® found that if a thin stream of liquid lithium

¥16 V. M. Goldschmidt, J.C.S. 1937, 656.

877 M. L. Oliphant, E. S. Shire, and B. M. Crowther, Proc. Roy. Soc. 1934, 146,
922,

"8 W. R. Smythe, L. H. Rumbaugh, and S. S. West, Phys. Rev. 1934, 45, 724.

370 1.. H. Rumbaugh and L. R. Hafstad, ib. 1936, 50, 681.

880 Kor details see O. J. Walker, Ann. Rep, Chem. Soc. 1938, 35, 136, 143, 146,

881 A, Euoken and K. Bratzler, Z. physikal. Chem. 1935, 174, 269.

888 T, I, Taylor and H. C. Urey, J. Chem. Phys. 1937, 5, 597.

" 1d., b, 1088, 6, 429,

W L, Holleok, Z. Elekiroohem. 1988, 44, 111.

0 L, L. Johnston and C. A, Hutchinson, J. Chem. Phys. 1940, 8, 869.

19 G, N, Lewis and R. T, MacDonald, J.4.0.8. 1986, 58, 2519.
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amalgam falls through lithium chloride solution, the ¢Li goes preferentially
with the amalgam. With half a ton of 0-6 molar amalgam in 18-metre
tubes they raised the percentage of ¢Li from 7-5 per cent. nearly to 20.
Some of the nuclear reactions of the two isotopes may be quoted ; for
details and references see Braddick.387
8Li + 'n == 3H 4 4He
+ 'H =: SHe + *He

4-2D = 2 4He
Li + o= 8Li (0-7 sec.)
+-1H -~ 2 ‘He
+ 2D = 8Li 4 'H
» = %Be 4+ n
» =2 4%He -+ n

Radvoactivity of Potassium and Rubidium

With the exception of the two rare earth metals, samariumm and lute-
cium, whose radioactivity has recently been discovered, these are the only
elements lighter than thallium (81) that show natural radioactivity. In
1906288 N. R. Campbell found that potassium and rubidium have a feeble
B-ray activity, about a thousandth of that of uranium; about 4 times as
many f-rays are emitted by rubidium as by potassium. No other alkali
metals (except of course No. 87) show any sign of radioactivity. The
activity of the potassium is undoubtedly due to the element itself and not
to an impurity, since it is constant for specimens of potassium from the
most diverse sources, animal, vegetable, and mineral.?8?

By ‘ideal distillation’ (i.e. by distillation under such conditions that the
distance between liquid and condensate does not exceed the free path in
the vapour, when the rates of distillation are proportional to the square
roots of the atomic masses) Hevesy was able3?° to separate from potassium
a small fraction of higher atomic weight, and show that this had a greater
radioactivity.39® As the only isotopes then known were 3°K and 4K, he
assumed that the active atoms were 41K, thougli this did not seem consis-
tent with the fact that calcium extracted from old potassium minerals
was found to have the normal atomic weight of 40-083! and to be fiee
from 41Ca (Aston).392

887 H. J. J. Braddick, Ann. Rep. Chem. Soc. 1936, 33, 25, 27.

888 N. R. Campbell and A. Wood, Proc. Camb. Phil. Soc. 1906, 14, 15; N. R. Camp-
bell, ib. 14, 211, 557. Indications had been obtained by J. J. Thomson, Phil. Mag.
1908, [6] 10, 584.

380 See M. C. Neuburger, Ahrens Sammlung, 1922, 26, 229; W. D. Harkins and
W. G. Guy, Proc. Nat. Acad. Wash. 1925, 11, 628.

890 @. v, Hevesy, Nature, 1927, 120, 838 ; G. v. Hevesy and M. Logstrup, Z. anorg.
Chem. 1928, 171, 1; G. v. Hevesy, W. Seith, and M. Pahl, Bodenstein Festschrift,
1081, 800.

81 G. v. Hevesy, M. Pahl, and R. Hosemann, Nature, 1984, 134, 877.

8s F, W, Aston, ib, 1984, 133, 800,

® The eleotrolytic soparation factor for potassiuru 89/41 in 1-0054/20°; D. A,
Hutchlwon, J, Chem. Fhys. 1040, 14, 401.
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In 1935, however, a third isotope of potassium, 4°K, present only in very
small quantity, was discovered by Nier3** and by Brewer.395-¢ The propor-
tions of the isotopes in potassium from any source are:

Atomic weight . . . 39 40 41
Proportion . . . 8300 1 586
Per cent. . . . . 93-5 0-011 6-5

Smythe and Hemmendinger3®? have succeeded by means of a high-
intensity mass-spectrograph in separating the three isotopes in sufficient
quantity to show that only the 4°K is active, and that its B-rays on analysis
give the same two bands as the rays from ordinary potassium. The half-
life of this isotope is 2-4 X 10® years®7® (about one-seventeenth of that of
UI). This discovery removes the difficulty about the atomic weight of the
calcium produced, since the loss of a B-particle would convert 4°K into the
common isotope of calcium 4°Ca.

With rubidium also the isotopes have been separated in sufficient
quantity for examination by Hemmendinger and Smyth,3® and by
Walcher,3*® who have shown that the only radioactive isotope is 87Rb,
which forms about 28 per cent. of the whole; its half-life must thus be
6-:3x 101 years. This should of course go by a B-ray change into 37Sr;
and it has been shown by Otto Hahn, Strassmann, and Walling4°® that the
strontium extracted from a Canadian mica rich in rubidium contains 99 per
cent. of 87Sr, of which ordinary strontium contains only about 7 per cent.
This conclusion has been confirmed by Mattauch! by means of the mass-
spectrograph.

It is interesting to consider the amounts of the-products of disintegration
of these two elements.4%2 Potassium emits 8- and y-rays ; rubidium only 8.
The potassium change can thus go in two ways:

10K — 3Ca + e (N
K +e — BA +y @)

The greater intensity of the B-radiation shows that the disintegration must
go by (1) much more than by (2).
With rubidium as there are no y-rays we have only:

FRb —> 5ISr +e.
'The older rocks are about 1-5x 10? years old. In this time about 50 per

894 A O. Nier, Phys. Rev. 1935, ii. 48, 283.

398 A. K. Brewer, ib. 640.

we A K. Brewer, J. Ind. Eng. Chem. 1938, 30, 895.

97 W, R. Smythe and A. Hemmendinger, Phys. Rev. 1937, ii. 51, 178.
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WY W. Walcher, Physikal, Z. 1937, 38, 961,
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cent. of the 4°K must have changed over, and about 1-5 per cent. of the
87Rb. The amounts of these substances which are now present in and above
the earth’s crust are, in parts per million:

WK 10Cy, 0A 7Rb 878y

29 35,200 35 86-3 29-4
Thus the amounts produced during the last 1-5x 10° years-are about 3
parts per million of 4°Ca or 4°A, and about 1-2 of 87Sr. Thus anything up
to the whole of the 4°A now present in the atmosphere (which is 99-4 per
cent. of the total argon) might have been formned in this way.

Caesium neither has nor has had such a radioactive isotope ; Hahn has
pointed out?03 that if it had, barium from caesium minerals must contain
133Ba, (which does not occur in normal barium) formed by a S-ray change;
Wahl found no 132Ba in the residues from pollucite, and this has been
confirmed by Hahn et al., who showed that barium from pollucite has the
isotope composition of ordinary barium.

Element No. 87, Francium

The last member of the alkali metal series, element 87 (eka-caesium), has
not been observed until lately, and even now its existence is not quite
certain. On general grounds we should expect that it would be of short
life if it existed at all. Of all the elements heavier than bismuth (83) only
radioactive isotopes are known. Aston hasshown by an elaborate investiga-
tion that there is no inactive isotope of 86 (emanation) in the atmosphere,
the stablest isotope being radon (half-life 3-85 days): and the longest-lived
isotope of 88, radium, has a half-life of 1,600 years only; as an odd-
numbered element No. 87 is likely to be shorter lived than either of its
neighbours. All the three ordinary radioactive series jump over 87, as they
do over 85, in an a-ray change. Hevesy has shown!%* that if any 87 is
formed by a B-ray change from radium, it is less than 1 in 500,000 of the
main product. The supposed discovery of a stable isotope of 87 in certain
minerals, especially samarskite,295-% has been shown47-8 to be probably
erroneous.

Quite receutly, however,4!! reasons have been given for thinking that
No. 87 exists as a very shortlived by-product of the decay of actinium.
This decay is mainly a B-ray process, in which the actinium (89) with a

408 O, Hohn, F. Strassmann, J. Mattauch, and H. Ewald, Naturwiss. 1942, 30,
B541.

4 G, v. Hevesy, Kgl. Dansk. Vid. Selsk. 1926, 7, no. 11, 1.

408 J, Papish and E. Wainer, J.4.C.S. 1931, 53, 3818.

408 T,. L. Barnes and R. C. Gibbs, Phys. Rev. 1932, ii. 40, 318.

407 T, R. Hirsh, ib. 1937, ii. 51, 584.

e 14, ib. 1943, ii. 63, 93.

40 J. A, Cranston, Phil. Mag. 1918, 25, 712.

40 3, Gueben, 4nn, Soo, Soi. de Bruwelles, 1982, 82, 66; 1938, B3, 1185.

1 M, Perey, C.R. 1989, 208, 97; J, Phys. Radium, 1989, 10, 435; M. Perey and
M. Leooln, ib, 430 ; M., Perey, J. Olim. Phys, 1046, 43, 158, See also O, R. Frisch,
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half-life of 20 years goes to radioactinium, an isotope of thorium (90). It
has long been known that a feeble a-radiation accompanies the change, but
this was ascribed to impurities. Perey has shown that the a-radiation con-
tinues when all the impurities are removed, and that while the 8-radiation
of the normal actinium B and C only begins to appear after some days, a
minute B-radiation (some } per cent. of the final value) develops up to a
maximum in an hour or so, and hence must be due to a direct product of
the decay of actinium by a branched-chain reaction, with a ratio of about
1:100 to the main reaction and a half-life of 214+ 1 minutes. This active
product can be separated chemically, and is found to follow the reactions
of an alkali metal ; it cannot be removed by precipitation with sulphides
or carbonates, but it crystallizes out with CsClO, and with Cs,PtClg. This
is to be expected of an a-ray product of actinium, which would have the
atomic number 87. It would thus seem that this last alkali metal does
actually exist. It isalso possible that it may be formed to a minute extent
by the a-ray decomposition of mesothorium 2 (at. no. 89). Cranston4??
claimed to have found that 3 atoms in 100,000 decomposed in this way ;
Hevesy4% could find no sign of this occurring even to the extent of 1 atom
in 500,000 ; but later work by Gueben?!® has confirmed Cranston’s results.

Metals

The more important pliysical properties of the alkali metals have already
been mentioned. As regards their chemical properties there is a marked
increase in reactivity as we go from lithium to caesium. Metallic lithium
is relatively inert, and can be melted and poured in the air without losing
its bright surface ; dry oxygen does not combine with it below 100°, and it
reacts only slowly with cold water: Troost proposed to free it from sodium
and potassium by washing with water. Sodium and potassium tarnish
rapidly in the air, as we all know, but they do not catch fire in dry air
unless they are heated. Rubidium and caesium catch fire at once on
exposure to air. Lithium and sodium react only superficially with liquid
bromine, whereas potassium detonates when brought in contact with it.

In general the reactivity with oxygen and the halogens is least with
lithium and greatest with caesium, whereas with hydrogen, carbon, and
nitrogen it is greatest with lithium and least with caesium.

The vapours of the alkali metals, though mainly monatomic, contain a
perceptible proportion (of the order of 1 per cent.) of diatomic molecules,
which give a characteristic band spectrum. From an examination of this,
onpecially over a range of temperature, we can calculate!® the heat of
llnkage and the distance between the nuclei. The values are given below,
tho heats of linkage (the heats evolved in forming the link from its atoms)
bulng expressed in k.cals. per g. mol.,, and the ‘calculated’ distance being
that between two nearest neighbours in the solid metal, with its much
larger ’oo-ordination number’,

a1 J, H, Bartlett and W. H. Furry, Phys. Rev. 1931, 38, 1615.

418 N, Rosen and 8. Ikehara, ib. 1983, 43, 5.
s )
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Diatomic Molecules of the Alkali Metals

Internuclear distance
Heat of
Compound | formation Observed Calculated Reference
Li, 26-3 2-67 2-66 412
Na, 17-6 3-08 3-14 413
K, 11-8 3-91 4-06 413
Rb, 11-3 —_ 4-32 415
Cs, 10-4 4-55 4-70 414, 416

The nature of the links in these molecules is discussed by Pauling,417-18
who concludes that they are covalent bonds formed by the valency elec-
trons in a normal manner Li:Li, and that the weakness of the link is
explained by the large spatial extension of the orbitals. It is singular that
the link should always be some 14 per cent. shorter than the metallic link,
which usually has the same length as the single covalent link.

Hydrides

All the alkali metals form hydrides of the general formula MH. As has
already been mentioned under hydrogen (p. 21), these are alkaline salts
of the negative hydrogen ion H™. They are all colourless crystalline com-
pounds; the lithium salt melts at 680°,419420 gnd the sodium salt at 700-
800° with decomposition!® ; the rest dissociate below their melting-points.

They all have the sodium chloride lattice4?t-3 which is characteristic of
ionized crystals; further, it has been shown#1942¢ that when fused lithium
Jhydride is electrolysed, hydrogen appears at the anode, and#?® m the
amounts required by Faraday’s Law. The compounds are formed by the
direct combination of the elements on heating, lithium hydride at
700-800°, the rest at 360-400°, '

In their general properties the hydrides closely resemble one another,
dissociating at high temperatures, dissolving in water to the hydroxide
and hydrogen, and reacting with halogens or acids to form their salts.
But lithium hydride is far more stable than the others, behaving more like
an alkaline earth hydride. It is not attacked in the cold by dry oxygen
(which does not react with it below a red heat) or by chlorine or hydrogen

44 F. W. Loomis and P. Kusch, Phys. Rev. 1934, 46, 298.

418 N. T. Ze and T. S. Tsiang, ib. 1937, 52, 91.

416 W, Finkelnberg and O. T. Hahn, Phys. Z. 1938, 39, 98.

47 L. Pauling, The Chemical Bond, 1942, p. 50.

418 For a mathematical treatment of the Li, molecule by the Heitler-London
methods see H. M. James, J. Chem. Phys. 1934, 2, 794; 1935, 3, 9.

419 K. Moers, Z. anorg. Chem. 1920, 113, 179,

40 D, C. Bardwell, J.A4.C.S. 1922, 44, 2499.

@ LiH: J. M. Bijvoet, Rec. Trav. 1928, 42, 859.

4 NaH: G. F, Hiittig and F, Brodkorb, Z. anorg, Chem. 1927, 161, 358.

¢s KH, RbH, CsH: E. Zintl and A. Harder, Z. phyatkal. Chem, 1931, B 14, 268.

¢ W, Nernst and K. Moers, Z. Elskiroohem. 1980, 26, 328,
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chloride; but it is decomposed by water with the evolution of hydrogen.
Metallic lithium can be freed*2® from traces of potassium by heating it in
hydrogen to 700-800°; at this temperature the potassium does not com-
bine with the hydrogen but distils off ; the lithium remains behind as the
hydride LiH, which can then be decomposed by heating to 1,000°.

The heats of formation of these salts, and the interatomic distances, are
of interest. In the following table are given the heats of formation?-$
(1) H; from the solid metal and hydrogen gas, (2) H, from the atoms, for
(a) the gaseous MH molecule, so far as this is known, and (b) for the solid
hydride. The distances!*® include the observed separation M—H in the
solid, the normal value of the M* radius, and the resulting radius of H*.
To show what the deformation amounts to in other salts, the correspond-
ing values for the fluorine and iodine ions in the alkaline halides are added.

Compound (L)Hy (2)Ha M—H [Rad.MtRad. H-] M—F |[Rad.¥~| M—1 Rad. 1™
LiH gas —33 +57-9 | 2404 | 078 | 1-20 | 2-04 | 1:26 3-03 2-25
solid +-21-6 112-5
NaH gas —2563 525 | 244 ) 0-98 | 1-46 | 2.31 1-33 3-23 2:25
solid i4 9]-8
KH gas —27-2 44-5 | 2-85 | 1-33 | 1-62 | 2-66 | 1-33 3:53 2-20
solid 10 817
RbLH solid 12 82-8 | 302 | 1-49 | 1-63 | 2.82 | 1-33 | 3-66 2-17
(%H solid 12 827 | 3-19 | 1-65 | 1-54 | 3-00 | 1-35 | [3-95] | [2-30]
Corrected 3-83 2-18

T'lie CsI value is for an 8:1 instead of a 6:1 lattice; this causes an expan-
sion amounting (according to V. M. Goldschmidt) to 3 per cent.; a 6:1-
(wl lattice would thus have a Cs-I distance of 3-83 A, giving 2-18 as the
ridius of the iodine ion.

The variation in the apparent radius of the H™ ion is remarkably large,
amounting to 20 per cent., while that in the fluorine ion is only 8 per cent.
"I'he change in the iodine ion is only 4 per cent., and for some reason is in
the opposite direction.

Alkaline Derivatives of Hydrocarbons

The compounds included under this heading are of several kinds, and
$ho structures of most of them are not yet clear. They can all be regarded
&8 derived from hydrocarbons of one kind or another by the replacement
of ono or more of their hydrogen atoms by atoms of an alkali metal ; their

puliarities and especially their reactivity are largely due to the fact that
&e normal link of an alkali metal atom is electrovalent, while the normal
link of a carbon atom is covalent.

T'he tendency of the C—H link in a hydrocarbon to ionize is always
amall; in a paraffin it is practically zero, but with the introduction of
multiple links and the attachment of aryl groups to the carbon it is

s A, Guntz and W. Broniewski, J. Chim. Phys. 1909, 7, 468.

47 P, R. Bichowsky and F. D. Rossini, Thermochemistry, 1936.
4% Pauling, Chemiocal Bond, 1942, p. 50.
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increased ; a triple link has an especially strong effect, and acetylene and
all those of its derivatives in which the C=C—H group remains can be
regarded as definite though extremely weak acids.

The alkaline derivatives of the hydrocarbons vary in properties accord-
ing to the acidity of the hydrocarbons from which they are derived. They
can be divided into three groups, although intermediate cases occur.

I. Derivatives of the paraffins, such as LiCH; or NaC,H;. They are
colourless, are non-conducting in the fused state or in solution (except in
zine ethyl, with which they almost certainly react); all but the lithium
compounds are insoluble and decompose on heating without melting. They
are all extremely sensitive to air and moisture ; in air they are in the highest
degree spontaneously inflammable. It is to be noticed that the aryl deriva-
tives in which the metal is directly linked to the aromatic nucleus, like
KCgH;, belong to this class.

II. Derivatives of hydrocarbons in which the ‘activity’ of the C-—H
link is increased by the attachment to its carbon atom of doubly linked or
aromatic radicals, as in sodium benzyl, NaCH,-C¢H;. These are more or
less highly coloured ; they usually dissolve in ether and then form conduct-
ing solutions. These are also very sensitive to air and water, and usually,
though not always, spontaneously inflammable in air.

III. Derivatives of hydrocarbons with definitely acidic hydrogen. The
extreme examples are the derivatives of acetylene and the mono-substituted
acetylenes such as CgH;—C=C—H. These are definite salts of the
[C=C] or [R -C==C] anions, like calcium carbide Ca[C==C], whose structure
has been determined by X-ray analysis. They are colourless and insoluble,
being hydrolysed by ionizing solvents like water or alcohol. They are
easily oxidized, but usually stable in air at the ordinary temperature.
Intermediate between classes IT and IIT are such compounds as the deriva-
tives of cyclopentadiene and fluorene which usually have some colour and
are more or less easily oxidized by air, but have not the spontaneous
inflammability of the compounds of classes I and II.

1. Simple Alkyls and Aryls (colourless)

The alkaline alkyls are so similar to those aryls in which the metal is
directly attached to the aryl nucleus that the two groups can be treated
together.

All these compounds are so sensitive to air and moisture that special
precautions are necessary in working with them. Schlenk, who first isolated
them, carried out the reactions as far as possible in exhausted and sealed

429 W, Schlenk, J. Appenrodt, A. Michael, and A. Thal, Ber. 1914, 47, 473.
430 'W. Schlenk and E. Marous, ib. 1664.

1 W, Schlenk and J. Holtz, ib. 1916, 49, 603.

8 W, Sohlenk and R, Oochs, {b, 608.

s W, Schlenk and J. Holt, ib, 1017, 50, 268, e 1d,, ib, 274.
0 W, Schlenk and E. Bergmann, Ann. 1998, 463, 1-8238; 464, 1-43.

K, Ziegler and F, Thislmann, Ber. 1983, 56, 1740,
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vessels, but it has since been found#4® that it is usually sufficient to work
in a stream of pure and dry nitrogen.

Wanklyn in 1858 observed that sodium will dissolve in zine ethyl ZnEt,
with separation of zine to form a compound of the composition NaZn(C,H;);.
But the alkaline alkyls proper were first isolated by Schlenk and Holtz.433
They can be made:

(1) By the action of the alkali metal on mercury dialkyl (this is reversible).

(2) By the action of the alkali metal on an alkyl halide, especially in
benzene solution.#4? In such reactions the liquid potassium-sodium alloy
(usually with about 80 per cent. potassium) is often found to be very
reactive?®®; when excess of this alloy has been used the product has been
shown to be the potassium and not the sodium alkyl.451

(3) The compounds can also be made from one another; thus lithium
cthyl and mercury dimethyl give the relatively insoluble lithium methyl:
potassium acts on lithium phenyl to form potassium phenyl and lithium.

The ease of formation varies. Of the halides (method 2) the alkyl
derivatives, as we should expect, are more reactive than the aryl; also a
chloride is more effective (in the percentage yield) than a bromide, and
n bromide than an iodide45-¢; this rather surprising result is largely due to
n further reaction taking place between the alkaline alkyl produced and
the unchanged halide ; for example:

Li-R + RI = LiI + R—R,

which occurs most readily with the heavier halogen; this is more pro-
minent with the alkyls than with the aryls. Another competing reaction4®

is with ether:
Li-R + Et,0 = Et—R -+ Li-OEt:

but this can be avoided by using benzene as the solvent.

7 K, Ziegler and K. Bihr, ib. 1928, 61, 253.

438 K, Ziegler, F. Crossmann, H. Klciner, and O. Schifer, Ann. 1929, 473, 1.
M K, Ziegler and H. Kleiner, ib. 57.

40 K. Ziegler and H. Zeiser, Ber. 1930, 63, 1847.

“r K, Ziegler and H. Wollschitt, Ann. 1930, 479, 123.

442 K, Ziegler and H. Colonius, ib. 135.

W3 K. Ziegler and H. Zeiser, ib. 1930, 485, 174.

44 K, Ziegler and F. Dersch, Ber. 1931, 64, 448.

¢ . Gilman, E. A. Zoellner, and W. M. Selby, J.4.C.S. 1932, 54, 1957.
W 1d,, ib. 1933, 55, 1252,

447 . Gilman and R. H. Kirby, ib. 1265.

“r |1, Gilman and R. V. Young, ib. 1935, 57, 1121.

40 |1, Gilman and M. Lichtenwalter, Rec. Trav. 1936, 55, 561.

#0 1], Gilman and R. H. Kirby, J.4.0.S. 1936, 58, 2074.

@1 11, Gilman and R. V. Young. J. Org. Chem. 1936, 1, 315.

4 [1. Gilman, A. L. Jacoby, and H. Ludeman, J.4.C.S. 1938, 60, 2336.
4 H, Gilman and M. Lichtenwaltor, ib. 3085.

@4 11, A. Pacevitz and H. Gilman, ib. 1939, 61, 1603.

@ J, A. Wanklyn, Ann. 1838, 108, 67,

M J, U. Nef, {h. 1899, 308, 244,
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Gilman?®8 finds that the rate of the reaction
0~CyoH,-Br + Li-R —-> a-CyoH,-Li
goes in various solvents in the decreasing order
Bu,0 > Et,0 > P-NMe, > CH; > Cyclohexane:
and with different R’s in the order
n-Pr > Et > n-Bu > CH; > CHj,

the last hardly reacting at all.

"The simple alkyls have now been made with all five alkali metals. The
lithium compounds show some remarkable differences from the rest ; like
the others they are colourless, but with the exception of the methyl com-
pound* they are soluble in benzene and ligroin, and from the ‘propyl
compound upwards they are liquid at the ordinary temperature.

* A high melting-point and a low solubility often distingnish a methyl compound
fram its homologues.

487 J, Thiele, Ber. 1901, 34, 68.

48 R. Weissgerber, ib. 1659.

450 M, Moissan, C.R. 1903, 136, 1219.

460 T S. Acree, Amer. Chem. J. 1903, 29, 588,

01 Td., Ber. 1904, 37, 2753.

402 P, Schorigin, ib. 1908, 41, 2723.

463 R. Weissgerber, ib. 2913.

464 Td., ib. 1909, 42, 569.

s Id,, ib. 1911, 44, 1436.

408 |, Krause, ib. 1924, 57, 216,

407 F. Hein, E. Petzchner, K. Wagler, and F. A. Segitz, Z. anorg. Chem. 1924, 141,
161.

488 T8, W. Guernsey and M, S. Sherman, J.4.C.S. 1925, 47, 1932.

469 T*, D. Hager and C. S. Marvel, ib. 1926, 48, 2689.

470 I, Krause and H. Polack, Ber. 1926, 59, 777.

471 A, v, Grosse, ib. 2646.

41 K. Fredenhagen and G. Cadenbach, Z. anorg. Chem. 1926, 158, 249.

472 'W. H. Carothers and D. D. Coffman, J.4.C.S. 1929, 51, 588.

474 D, D. Coffman and C. 8. Marvel, ib. 3496.

47 I8, Bergmann and J. Hervey, Ber. 1929, 62, 893.

47 M. E. P. Friedrich and C. 8. Marvel, J.4.C.S. 1930, 52, 376.

477 'W. H. Carothers and D. D. Coffman, ib. 1254.

478 H. E. Bent, ib. 1498.

47% H. P. A. Groll, ib. 2998.

480 F. Hein and H. Schramm, Z. physikal. Chem. 1930, 151, 234.

481 K. Ziegler and O. Schiifer, Ann. 1930, 479, 178.

488 C. B. Wooster and F. B. Smith, J.4.C.S. 1931, 53, 179.

463 1, E. Bent, ib. 1786.

48 J, B. Conant and G. W, Wheland, ib. 1982, 54, 1212.
48 A, Schleede and M. Wollmann, Z. physikal. Chem, 1982, B 18, 1
s8¢ N, D, Soott, J. F, Walker, and V, L. Hansley, J.4.0.8. 1086, 58, 2442.
1 N, B, Koovil and ¥, . Bent, ib. 1038, 60, 103.
0 I, Gllman and F, W, Moore, ib. 1040, 63, 1843,
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Lithium methyl, LiCH,,%3 is a white microcrystalline solid, almost
insoluble in benzene or ligroin. It burns brilliantly on exposure to the air.

Lithium ethyl, LiC,H;, is best made by the action of the metal on mer-
cury ethyl in benzene. It is readily soluble in benzene or ligroin especially
when hot, and separates in colourless crystals which melt at 90° and distil
at a higher temperature partly undecomposed.

Lithium propyl,*3 butyl, amyl, and heptyl#%? are liquids at the ordinary
temperature.

Lithium ethyl4®® is a non-conductor of electricity in the fused statet?;
it is highly associated in benzene solution, the average value of the associa-
tion factor being 6: this is further discussed below. The dipole moment of
n-butyl lithium in benzene is 0-97 D, indicating that the Li—C link is
essentially covalent.4#0

Lithium phenyl, LiC¢H;. This can be made in all the usual ways, includ-
ing the action of lithium on the Grignard reagent ; it is most conveniently
prepared?4144® by adding phenyl bromide to lithium in ether. It is a fine,
colourless powder, slightly soluble in benzene. On oxidation it is chemi-
luminescent, and gives a mixture of phenyl, diphenyl, and p-hydroxy-
diphenyl.454:490

The alkyl and aryl compounds of the other alkali metals are all colour-
less, solid, amorphous, non-volatile, and insoluble in all solvents other than
zine ethyl (see below, p. 73) except with decomposition.4®? Their inflam-
mability gets less violent as the size of the alkyl group increases. Sodium
methyl, ethyl, propyl, and octyl have been prepared?3?; even the octyl
compound is quite insoluble in ligroin.

Sodium phenyl was the first compound of the group to be isolated, being
prepared in 1903 by Acree®%! by the action of sodium on mercury
phenyl. It is a white43 infusible solid.

The potassium analogues of most of these compounds have been
made, 1474501 and the rubidium and caesium ethyls®s!; they all resemble
the sodium compounds very closely; they are colourless, infusible,
Insoluble, and non-volatile.

In their chemical reactions* the derivatives of all the five alkali metals
nro very similar; the reactivity (especially with halides and with nitriles)
nooms to be greatest with the caesium alkyls, and to fall off in the order#4?

Cs > Rb > K > Na > Li > MgBr.
On heating, all but the lithium alkyls decompose without melting

* A great deal of work on the formation and reactions of the alkaline alkyls and
aryls hos been published by Gilman et al., especially in J.4.C.S. 1940, 1941: but
{t i mainly of organic interest.

488 Tor its reactions see further: G. Wittig, G. Pieper, and G. Fuhrmann, Ber. 1940,
I8, 1108 ; G. Wittig and H. Witt, ib. 1941, 74, 1474.

0 M. T. Rogers and A. Young, J.4.C.S. 10946, 68, 2748.

¢ For long-chain alleyl derivatives of Li, Na, and K, e.g. the normal dodecyl-Na,
Na. O Hyg, w00 Ro N. Mouls, J, Org. Chem. 1944, 9, 211,
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Carothers and Coffman#34’7 have shown that sodium methyl and potas-
sium methyl break up at temperatures from 100° to 300° according to the
equation

8 MCH; = 6 CH; + M,C, + 6 M,

while sodium ethyl decomposes into sodium hydride and ethylene, though
some of the latter is reduced by the sodium hydride to ethane.

The alkaline hydrides are formed from the alkyls in other ways too ; the
ulkyls absorb hydrogen gas, or remove hydrogen from hydrocarbons which
oasily lose it (such as dihydronaphthalene) with the formation of the hydro-
carbon and the hydridet?:

MR + H, — MH + HR.

’ Again, the tendency of the metal to combine with oxygen is very strong ;
not only does the alkyl react with elementary oxygen with violence, but it
will attack ether (even so stable an ether as diphenyl ether) thus®:

MR + R,0R, = MOR, + R-R,.

Miiller and Topsel4®? show that lithium alkyls, like Grignard reagents,
wheon dissolved in ether readily react with oxygen to give carbinols (prob-
nbly through the peroxides: lithium phenyl reacts with a peroxide to give
nlcohol4-Li-O-®). Lithium aryls with substituted aryl groups (such as
tolyls) give with oxygen diaryls (as ditolyl) and much Ar-O-Et, the Et
being got from the solvent.

Lithium aryls do so too when the aryl groups are substituted (as with
tolyls); but lithium phenyl gives 65 per cent. diphenyl, and Li-CgH,-®
givés 85 per cent. quaterphenyl,

of which this is the best method of production.

These alkyl compounds exchange their alkyls with great readiness (as
when lithium ethyl and mercury methyl give lithium methyl and mercury
ethyl); also one metal can expel another, as in the conversion of lithium
phenyl and potassium into potassium phenyl and lithium ; and the reaction
of the alkali metal with a mercury alkyl is reversible so that mercury will
turn the alkali metal out of its alkyl compound.

Conversely it is possible by treating an alkyl with a hydrocarbon to
replace one radical by another; thus potassium or sodium ethyl (but not
lithium ethyl) when boiled in benzene give some potassium or sodium
phenyl 462450 This reaction has been called by Gilman ‘metalation’ of the
hydrocarbon®® on the analogy of chlorination, and has been very exten-
sively used.

From their exceptional reactivity these compounds can be used for the
alkylation of other elements where even the Grignard reagents fail. Thus
thalllum triethyl has been made from lithium ethyl and diethyl-thallium

¢ E. Miller and T, Ttpnol, Ber. 1930, 72, 873,
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chloride (Groll*?), and platinum tetramethyl from trimethyl platinum
chloride and sodium methyl (Gilman and Lichtenwalter?58). The fact that
Marvel and his collaborators have in vain endeavoured to prepare the
penta-alkyl compounds of nitrogen,%¢® phosphorus,?? and arsenict?® in this
way is good evidence that these penta-alkyls cannot exist.

All these alkyls, even those that are insoluble in all other solvents, will
dissolve in zinc ethyl (Wanklyn, 185835) and the solution is a good conduc-
tor of electricity.46® This is commonly taken as evidence that the alkaline
alkyls are ionized compounds, but on evaporation a crystalline compound,
MZnEt,, is left, and this is probably a comnplex zine salt, M[ZnEt,], which
dissociates ionically in the zinc ethyl solution. See also Hein 8¢ This is
further discussed under zine (see II. 277).

1. Coloured Alkaline Alkyls, Aryls, etc.

In these compounds the carbon attached to the metallic atom is also
joined to one or more aromatic nuclei, or to a system of conjugate double
links. The simplest examples are the derivatives of toluene or triphenyl
methane, such as CgH;-CH,K and (C¢H;),CNa.

Compounds of this class can be made by any of the methods described
in the last section, for example, by the action of the alkali metal on the
halide, or on the mercury compound,*3 or on the (Grignard reagent,¢ or
on a mixed ether such as benzyl ethyl ether, which gives the reaction?3¢:

®.CH;—O—FEt + 2 Na = ®-CH;Na 4- Na-O—Et:

nlso by several reactions which cannot be used for preparing the simple
nlkyls and aryls, of which the most important are (1) the addition of an
wtom of the metal to the free trivalent-carbon radical, and (2) the addition
of two atoms to the double C=C link in certain unsaturated or aromatic
hydrocarbons. Another reaction (3) is the addition of the alkaline alkyl
Itself to a double'link:

M..R + C=C = C—C—R
M

This reaction seems to occur only when at least one of the two doubly
linked carbons (that to which the metal attaches itself) is linked to an
aromnatic ring ; for example®38:

®,C=CH, + Lift = ®,C—CH,—C,H,
Li

'hin veaction gives for the first time an explanation of the well-known
offoot of the alkali metals in causing the polymerization of unsaturated
hydrocarbons. Butadiene and its derivatives, styrene, and other hydro-
oarbons with conjugated double links, can be converted by the catalytic
influence of sodium powder into highly polymerized ‘artificial rubbers’.
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Ziegler and Bihr have shown®37 that 2-phenyl-isopropyl potassium will
react with stilbene thus:

®(CH,;),C.--K 4+ OCH=CH® = O.CH—CH.Q

K (CH ,),®

The product will obviously be able to react in the same way (as it still
has the metal attached to carbon) with another molecule of stilbene, giving
n substance which again has the active §—C..-K (i.e. C=C—C---K) group-
ing, and so the polymerization can proceed without limit. Ziegler and
Kleiner showed®?® that phenylisopropyl potassium reacts with butadiene
to give unsaturated polymerization products containing up to 10 mole-
oules of butadiene. 4

The intermediate formation of free radicals when, for example, triphenyl
methyl chloride is treated with sodium, is shown3® by the solution first
going yellow from the production of triphenyl methyl, and then darkening
with separation of the brick-red salt ®,C..-Na.

Other radicals, such as biphenyl naphthyl phenyl methyl, react in the
sne way ; the products are always deeply coloured (indigo, dark violet,
reddish-yellow, etc.). Not only can hexaphenyl ethane be converted in this
way into sodium triphenyl methyl, but dibenzyl ®-CH,-CH,-® will react
with sodium to give sodium benzyl, though dibenzyl itself shows no signs
of digsociation 436

Reaction (2), the addition of alkali metal to a double C=C link, which
produces dialkaline compounds, is considered later (p. 76).

Of the mono-alkaline compounds the best known are the benzyl and
triphenyl methyl derivatives.

Lithium benzyl, CgH;- CH,Li, cannot be made directly from lithium and
benzyl chloride, since it reacts with the unchanged benzyl chloride to give
lithium chloride and dibenzyl; it can be made from lithium phenyl and
mercury dibenzyl,6? or from benzyl magnesium bromide and lithium
plionyl.#¢ It differs in some ways from the other benzyls; it is bright
yellow®? whereas the sodium compound is deep red, and it also differs
from the latter in not attacking ether.81

Sodium benzyl*?® forms garnet-red crystals, which are insoluble in
benzene or ligroin, but in ether give a dark yellow-red conducting?3? solu-
tion very like that of sodium triphenyl methyl, which soon loses its colour
owing to the reaction

®.CH,.--Na -+ Et—0—Et = ®-CH,.Et + NaOEt.
A similar compound of phenyl isopropyl ®(CH,),C-K is known*3%448; it,
also is dark red.

The most fully investigated series is that of the triphenyl methyl eom-
pounds,*

* v, Grosse has pointed outt’ that there is a ouriously close correspondence in
oolour solubility and solvation between this MC®, series and the series of boron com.

pounds MB®, (both of which are known for all the alkali metals from lithium to
oasslum) obtained by Krause®® and Po'ack.'’® Soa further under Boron, III, 878,




Alkaline Alkyls and Aryls 75

Lithium triphenyl methyl LiC®;*?! forms an etherate LiC®;, 2 Et,0 in
bright orange-red crystals. At 90° ¢n wvacuo this loses its ether and is
converted into a pale yellow powder of LiC®,; the ethereal solution is also
yellow, and much paler than those of the other alkaline triphenyl methyls (a
similar difference of colour was noticed in the benzyls).

Sodium triphenyl methyl NaC®,430 is best made by the action of sodium
on triphenyl methyl chloride; it forms no etherate. It consists of red
crystals which dissolve in ether to give a red conducting solution. Careful
measurements of the conductivity in ether of derivatives of sodium tri-
phenyl methyl, such as phenyl diphenyl naphthyl methyl sodium, indi-
catet®? that the dissociation constants in this solvent are very small, of
the order of 10-12,

The potassium, rubidium, and caesium compounds were prepared by
v. Grosse®™ ; they are all blood-red powders, which are very slightly soluble
in ether; they form no etherates.

Apart from the characteristic colour, and the solubility and conductivity
in ether, these compounds behave very much like the simple alkaline
alkyls. They arei3? spontaneously inflammable in air, and at once decom-
posed by water to the hydrocarbon and the alkaline hydroxide ; methyl
iodide converts triphenyl methyl sodium into triphenyl ethane ®,C—CH,
and sodium iodide. On slow oxidation they first yield the free radical (as
®,C) and sodium peroxide Na,0,, and then on rurther treatment the
organic peroxide

®,C—0—0—Cd,.

T'heir reactivity is so high that acetone and ethyl acetate react with them
as pure enols,*? for example,

CH,-CO-CH, + Na.--C®; = CH,—C(ONa)CH, + ®,CH.

They are much more reactive than the Grignard reagents, which will not
do this, 432

The alkaline triphenyl methyls absorb carbon dioxide to form the
triphenyl acetate, and sulphur dioxide in a similar way to form the sul-
phinate ®,C-SO,Na. It is curious that they will not react with carbon
monoxide at all.

Ziogler has shown?4! that triphenyl methyl sodium dissolves in pyridine
to give a solution of high conductivity, which, however, soon loses its
aolonr. The reaction is obscure, but with a simple lithium alkyl the same
loas of colour occurs, and it can there be shown that this is due to the
roplacement of the a-hydrogen of the pyridine not by the lithium but by
Itw alkyl groupt40.443:

+ LieAlk = + LiH.
—Alk
N

N
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Di-metallic compounds

T'hese are formed by the direct addition of sodium or potassium to a
double carbon link429,435;
| |

—(=C— 4 2K = —C—(C—
K K
(T'his reaction does not oceur, or hardly ever, with the Grignard reagent.4?)
With the alkali metals the addition occurs only when the C:=C group has
nn aryl group attached to it, or at least two conjugated double links as in
GO
¢«
days in contact with sodium in a sealed tube from which all air has been
oxpelled, a dark brown-violet powder separates, which must be the di-

sodimn derivative, since it is converted by water into symmetrical diphenyl
othane, and by carbon dioxide into the salt of s-diphenyl suceinic acid:

¢.CH—CH-® —> &.CH,—CH,-® or ®.CH— CH.Q
CO,H CO,H

C=C. For example, if stilbene??® is dissolved in ether and left for

In the same way tetraphenyl ethylene ®,C=C®, gives the dark red
D,C—CD,.
Na Na
If only one of the doubly linked carbons is conjugated with double links,
this alone as a rule takes up the alkali metal, while the other saturates itself

by polymerization: thus unsymmetrical diphenylethylene gives the sym-
motrical tetraphenyl butane derivative

®,C—CH,—CH,—C®,.
Na Na,

Anthracene itself is converted with great readiness into the di-sodium

compound
H Na
g
AN
H Na
a dark blue solid only slightly soluble in ether, but giving a violet solution
in it. Recently it has been shown®¢ that this addition of sodium to
aromatic hydrocarbons goes much more readily in dimethyl ether at — 30°,

or in glycol dimethyl ether at the ordinary temperature, In these solvents
diphenyl and naphthalene and its homologues readily add on two atoms of
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sodium ; the action of the solvent is obscure: if the naphthalene compound
is formed in dimethyl ether, and ordinary diethyl ether added, the com-
pound dissociates again into naphthalene and sodium.

These dimetallic compounds have much the same properties as the
monometallic derivatives; they are strongly coloured: the naphthalene
compound is dark green and its ethereal solution is a good conductor.
They are all spontaneously inflammable, and have two main reactions:
(1) when treated with mercury, oxygen (slowly), or benzyl chloride they
reform the original hydrocarbon; (2) with water, alcohol, or any organic
compound that evolves hydrogen with sodium—even with acetylene—
they are converted into the dihydro-derivatives. In solution in liquid
ammonia naphthalene will even take up 4 atoms of sodium,*82 which must
all be attached as H—C-.-Na groups to one ring, since the compound on
treatment with water gives 1, 2, 3, 4-tetrahydronaphthalene (tetraline).

An interesting compound was obtained by Schlenk and Bergmanni®
from tetraphenyl allene ®,C==C=C®,. This takes up 2 atoms of sodium to
give a product which should probably be written (since its colour indicates
ionization)

®,C==C——CD,

Nat Nat

in which each carbon atom has a complete octet. This with alcohol is
converted into diphenylmethyl-diphenyl ethylene ®,CH—CH=C®,, and
with carbon dioxide gives a dicarboxylate, presumably

®,0—C=CO,,
CO,H CO,H

which loses carbon dioxide to give the salt of tetraphenyl-vinyl-acetic

uoid
®,C=-CH—CD,

O,Na.

Other similar compounds have been obtained.4?®

1. Cyclopentadiene Derivatives

A remarkable series of hydrocarbons which give relatively stable alkaline
sompounds consist of cyclopentadiene and its mono- and dibenzo-deriva-
tivon indene and fluorene:

0 l{n i)

Oyolopenbwdione Indene Fluorene
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In all these substances the CH, group of the 5-ring is extremely reactive,
and one of its hydrogen atoms can be replaced by an alkali metal.

Thiele*™ showed that if cyclopentadiene is dissolved in benzene and
treated with potassium powder (but not with sodium) it evolves hydrogen
even in the cold. Yellowish flocks separate which after drying form a
yellowish powder which catches fire in air in a few minutes; it was not
analysed, but its ready reactions with water (regenerating the hydro-
carbon), with halides, and with carbon dioxide (this last causing poly-
merization and giving a dicarboxylic acid of dicyclopentadiene) are enough
to show that it is the expected compound

HIC—CH -
HC CH| [KJ.
/

The behaviour in this reaction of indene®4?% and of fluorene®$:463 wag
oxamined by Weissgerber. The readiness with which fluorene reacts is
remarkable ; if it is heated with solid potassium hydroxide to 260-280°
water is evolved and the compound C,;3H K formed (none of the hydro-
carbons hitherto mentioned is able to react with alkaline hydroxide).
Sodium reacts at a lower temperature (200°) and sodamide NaNH, at
120°, Indene reacts with sodamide in the same way as fluorene, at 110°.

The indene derivative is a dark mass which when pure seems to be
iransparent and ruby-red ; none of these three compounds could be made
to dissolve, and so it was not possible to purify any of them. In the air
the indene derivative oxidizes fairly rapidly, the surfacé darkening; but
it does not catch fire.

Sodium fluorenyl is a brownish-yellow mass which readily gives the
usual reactions with water, carbon dioxide, and alkyl halides. Nothing is
said of its oxidation.

It will be seen that these three compounds are much more stable,
especially to oxidation, than those which preceded them, and that this
stability is greater the more rings the molecule contains. In the fluorene
derivative we have an alkaline compound which is formed from the
hydroxide like a salt, and does not appear to be oxidized by air at all
readily.

1v. Acetylene Derivatives

These constitute the last term in the series, as being formed from the
most acidic of all hydrocarbons. Alkaline derivatives are formed by
acetylene and by a variety of mono-substituted acetylenes R—-C=C—H
which still have a hydrogen attached to a triply linked carbon.

The acetylides MCyH and M,C; are the only deflnite carbides (in the
usual sense of the term) of the alkall metals that are known. They can
be made by the action of acetylene on the heated metal or on its solution
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in liquid ammonia ; this latter reaction commonly produces in the first
instance the hydrogen compound MC,H, which can then be converted into
the binary compound M,C, and acetylene by heating to 200° or so. Both
types, MC,H and M,C,, have been prepared with all the five alkali metals,
largely by Moissan.

These acetylides are colourless crystalline gubstances, which are violently
decomposed by water to the alkaline hydroxide and acetylene, are stable
to air when cold, though they are oxidized by it with great readiness if
they are warmed,%? and react with alkyl halides to give homologues of
acetylene. Though their crystal structure has not yet been examined,
there can be no doubt that they are salts, like calcium carbide and the
acetylides of the alkaline earths generally, which have been shown by X-ray
analysis to be the salts of the anion [C=C]"".

With lithium and sodium?® the acetylides can be made by heating the
elements together, but with the heavier alkali metals this does not occur;
instead of acetylides, rather indefinite solid solutions of the metal in
carbon are formed, in which the metallic atoms are interposed between
the layers of the graphite lattice.472485

Mono-alkyl acetylenes produce similar alkaline derivatives, such as
CH ,—C=C[Na].

The alkaline salts of phenyl acetylene have been examined in some
detail. The sodium salt ®.-C=C[Na] was first made by Glaser in 1870,
and his work was repeated by Nef in 1899.4%¢ If phenyl acetylene is dis-
solved in ether and treated with sodium wire, hydrogen is rapidly evolved
nnd the salt is deposited as a white very hygroscopic powder. If exposed
to the air when moist with ether it catches fire.

The other alkaline salts of phenyl acetylene have been made by Gilman
and Young.*®! The potassium, rubidium, and caesium salts can be made
lilke the sodium salt by the action of the metal on the hydrocarbon. The
lithium salt cannot be made in this way (metallic lithium is of course the
least reactive of the alkali metals), but it can be prepared by the action of
lithium butyl on phenyl acetylene. The colours of these salts are51:

Li Na K Rb Cs
Colourless Colourless Light tan Dark tan Dark tan

The reactivity is greater the heavier the alkali metal: the times for reaction
under the same conditions with benzonitrile are

MgBr Li Na K Rb Cs
Hours 86 60 6-8 50 47 3-8

An interesting study of the acidities of these hydrocarbons by means of
$he behaviour of their alkaline salts has been made by Conant and
Wheland.®¢ The acidities are of course far too small to be determined by
the usual methods; but the hydrocarbons and their alkaline salts are
poluble in ether, and if we may assume that the degree of ionization of the
#alts Is the same independent of the strengths of the acids from which they
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are derived,* then the acid which displaces another from its salt in solution
must be the stronger. The extent of the displacement can sometimes be
measured by means of the colour: where this was not possible the solution
way treated with carbon dioxide and the acids produced were determined.
In this way Conant and Wheland have been able to arrange in the order
of their relative strengths a large number of hiydrocarbons of the kind
whose alkaline salts we have been discussing, beginning with phenyl iso-
propane (2-phenyl propane CH,—CH®—CH,) as the weakest (though no
doubt it is much stronger than the paraffins themselves) and ending with
indene, phenyl acetylene, and (for comparison) acetophenone, which with
its enol form is almost as acidic as alcohol. The displacement experiments
were (with one unexplained exception) self-consistent, the sodium and
potassium salts giving the same results. If we wished to express the results
in terms of the dissociation constants we should start with pK = ca. 20
for acetophenone (K for alcohol is 7 x 10-20), and the rest would all have
higher pK values; but though their order is determined we have no real
means of finding the magnitude of the steps.

In the table which follows, the acids are given in the order of their
strengths, beginning with the weakest; the colour of the solution (which
usually differs but little from that of the solid salt) is stated under each:

1 2 3 4 b5
(47 (/)
\C[M] P,C=CH—CH,[M] D,CH[M] 2\C [M] DCM]
7 /
(HgC)y 1ot
Red Red-brown Orange Green Orange-red
6 7 8 9
H H
(Dz\C[M] s 4\0 / eHa\ /H (IJBHA\C /CsH
®-CH,” Nea”" o g o CH M|
Purple Orange-red (Fluorene) (Phenyl fluorene)
Yellow Orange
10 11 12
H O[M]
CoH, - C=CIM] CoH—,
@H \ Hz
H [M]
(Indene) (Phenyl acetylene) (Acetophenone)
Light yellow Colourless Colourless

It will be seen that the order arrived at by Conant and Wheland agrees
essentially with that indicated by the general behaviour of these com-
pounds; that the acidity increases with the number of aromatic groups

* There is reason to think that this is approximately true. It is of course true
of the salts of all acids strong enough to be measured electrochemically ; ammonium
acotate in solution, so far as it is not hydrolysed, is as much ionized as potassium
chloride ; and among the salts of the triaryl methyls we have evidence of the same
thing?'®¢8 ; the sodium salta of triphenyl methane and of tri.p-nitrotriphenyl
metbane have the same conduotivity though the strengths of the acids aro very
differant,




Structures of Carbon Compounds 81

attached to the acidic carbon atom; that it is especially marked with the
derivatives of cyclopentadiene (indene and fluorene) ; and that it reaches
a climax in the acetylenes, which are practically as highly ionized as
hydroxyl compounds.

Structures of the Alkaline-Carbon Compounds

So far we have considered the facts, and said little about their causes.
1t is clear that the alkaline derivatives of acetylene and its mono-substitu-
tion products are fully ionized salts and that they are colourless, so that the

presence of a negative ‘Carbonium’ ion [—C ]~ (valency group 2, 6)

does not involve colour. Colourless alkaline derivatives appear also at
the other end of the series, where ionization is least to be expected, in
tho simple alkyl and aryl compounds such as NaCH, and KCgHj ; but the
hitermediate compounds, derived from hydrocarbons whose acidity is
minute but not zero, are intensely coloured. The evidence both of the
oharacter of the parent hydrocarbons, and of the behaviour of the alkaline
derivatives, which give conducting solutions in ether, supports the view
that these coloured compounds are ionized, and to a fairly high degree;
while the simple alkyl derivatives, which are non-conductors and contain
liydrocarbon radicals which we know to be very reluctant to form anions,
must be taken to be covalent compounds.

"I'liis view is strongly supported by the behaviour of the so-called ‘penta-
ulkyl’ compounds of nitrogen, which were discovered by Schlenk.431.434
'I'hose are highly coloured, and closely resemble the coloured alkaline hydro-
earbon derivatives ; they all contain, in addition to the usual four simple
alkyl groups, one hydrocarbon radical of the kind that can form a coloured
sonducting alkaline derivative, such as benzyl or triphenyl methyl: with
$howo nitrogen compounds we have a further reason for thinking that the
g¢ompound must be ionized, in that the covalency maximum of 4 for
Rltrogen makes a fifth covalency impossible. All efforts to obtain a ‘penta-
alkyl’ nitrogen in which all five groups are of the simple alkyl type—i.e.
®f tho kind which are found in the colourless sodium alkyls—have failed,6?
$he products breaking up into a tertiary amine and a mixture of hydro-
#arbous: thus from tetraethyl ammonium iodide and lithium ethyl we get
$plethyl aniine, ethane, and ethylene. The reason obviously is that a group
Bks bonzyl or triphenyl methyl can oceur in the ionized form while methyl
OF phonyl cannot.

o may therefore conclude that the three classes of alkaline hydrocarbon
derivatives are constituted thus:
I. Colourless compounds like sodium methyl: covalent, but highly
ussociated. '
I1. Coloured compounds like sodium triphenyl methyl: ionized.

I11. Colourless compounds like sodium phenylacetylene, or sodium

carbide: ionized.

L) [
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This leaves the following questions to be considered:

1. The cause of colour in Class II.

2. The difference in Class I compounds between the lithium compounds
(soluble, fusible, volatile) and those of the other metals.

3. The cyclopentadiene derivatives.

[The cause of the acidity of the acetylenes is discussed under Carbon
(IV. 508)].

1. Colour of Class 11 Compounds

The only possibilities for the link between the alkali metal and carbon
would seem to be that it should be (1) ionized, or (2) covalent, or (3) a

resonance hybrid between the two. The ionized [M]C— link, as in the

acetylene salts, is colourless; the covalent link is colourless in the simple
alkyls, and in any case there is no reason why this covalent link should be
coloured, any more than the links in the colourless beryllium dimethyl.
Further, we have no evidence that when a link shows resonance between
the covalent and the electrovalent form this of itself will cause colour: such
resorfance occurs in a high degree in hydrogen fluoride, which is not
coloured. Evidently we must look for the cause of the colour elsewhere
than in the link itself: it must be due to the conditions in the hydrocarbon
radical which make the ionization possible. These consist in the presence
of aromatic nuclei or conjugated double links: in fact it is obvious that
the same peculiarities of structure favour both the formation of coloured
alkaline salts and that of free radicals, though the latter are less easily
produced. The essential point is that the structures should be able to
assume a variety of resonance forms; in triphenyl methyl, for instance,
owing to the presence of the adjacent aromatic structures the unsaturation
(to put it crudely) may be on any one of the nineteen carbon atoms, and
this high degree of resonance greatly increases the stability. A corre-
sponding number of resonance forms must be available for the anion [®,C]™
and its derivatives, and the same must be true for all the radicals occurring
in the coloured alkaline salts (the case of the acetylene derivatives, which
are colourless, is different, and is discussed below). It must then be the
resonance which gives rise to the colour, and that is to be expected. A
wide experience shows that when resonance affords several possible posi-
tions for an electric charge, colour is produced (as in the triphenyl methane
dyes, or in ozone), and such possibilities are afforded here.* On the other
hand, the resonance between C—M and C[M] does not involve any such
shift of the charge, and so should not cause the production of colour.

2. Difference in Class I between the Lithium Alkyls and the Rest

This difference, which has already been pointed out, is considerable.
The lithium alkyls, except lithlum methyl, are either low-melting solids

* Neo furthor under Carbon: free radioals (IV. 533).
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or liquids, are readily soluble in benzene and in ligroin (being associated
and non-conducting in the solution), and the ethyl compound at least can
be distilled with only partial decomposition. The alkyl compounds of the
other alkali metals are all solids which on heating decompose without
melting ; they are quite insoluble, even sodium octyl, in any solvent except
zine ethyl, with which they react. On the other hand, they agree with the
lithium alkyls in being colourless, and agree also in their reactions, though
the lithium compounds are on the whole less reactive. If the whole series
nre to be regarded as covalent compounds it would seem as if a reason
n.ght to be given for these differences.

Now it is clear that the differences are what we should expect if the
nlkyls of the metals from sodium to caesium are more highly associated
than those of lithium, and that such a difference in the degree of associa-
lion would be sufficient to account for them ; only in that case we ought
to be able to explain why the association is so much less with lithium.
llere, however, we come up against the fundamental difficulty that it is
not possible at present to explain why metallic alkyls are associated at all.
Lithium ethyl, as we have seen, is some 6 times associated in benzene solu-
lion. The alkyls of the other alkali metals are presumably more highly
nsvociated still. Nor is the phenomenon confined to these elements. All the
nlkyl derivatives of the elements of the first three periodic groups except
bhose of boron, zine, cadmium, and mercury (more than twelve elements
in all) can be shown to be associated in the fused state or in solution. Now
Inn all these metallic alkyls there are no unshared valency electrons, so that
un attachment by co-ordination is impossible, and there is no other obvious
mothod. The problem is at present unsolved, and as long as we do not
kuow why any of these compounds are associated it is useless to ask why
nome are more associated than others. The cause of the association may
possibly be a high dipole moment of the M--C link (dipole association), or
sowme resonance scheme, for example:

R—M R-M* R M

M—R MR- M
A dilficulty here is the interatomic distances. The ions of the alkali metals
are much smaller than the covalent atoms, the differences being
Li 0-55 Na 0-59 K 0-70 Rb 0-67 Cs 070 A.

l1once in passing from the covalent to the electrovalent state the metallic
atom contracts by nearly one A.U., and it seems improbable that the
oarbon atom can expand by as much as this in acquiring a single negative
ohiarge, though the hydrogen atom does so in forming the hydrogen bond.

8. T'he Cyclopentadiene Derivatives

These hydrocarbons (eyclopentadiene, indene, and fluorene), though
thoy belong to the general olass of ‘active methylene’ ecompounds, are
exceptionally high in the acidic series, and evidently have an arrangement
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of double links which makes the negative ion peculiarly stable. We can
see why this is so; in the cyclopentadienyl ion we have a structure not

HC——CH |~

uulike the neutral benzene molecule: a perfectly symmetrical molecule
with five similarly placed CH groups, and at the same time six more
valency electrons than are required to maintain single links in the mole-
cule—the ‘aromatic sextet’ which is found not only in the true aromatic
hydrocarbons but also in such semi-aromatic substances as pyridine
and pyrrol. If the arrangement of these electrons gives any one carbon
atom a unique position, as in the ordinary symbol above, there inust
clearly be a complete resonance between five different but equivalent
forms.

The increase of stability caused by attaching to the 5-ring one or two
benzene rings (in indene and fluorene and their homologues) is to be
expected, as further possibilities of resonance are thereby created.

NITROGEN COMPOUNDS

The alkali metals form two kinds of binary compounds with nitrogen ;
the salts of hydroazoic acid N ;H, which are definite salts, and the true
nitrides MyN ; these are substitution products of ammonia, and along with
them we have to consider the products in which the hydrogen is only
partially replaced, the imides M,NH and the amides MNH, ; finally there
are what may be called the substitution products of ammonium, the
‘alkali ammonias’ MNH,.

Nitrides, MgN

The relative stabilities of these are remarkable ; the lithium compound
is formed from its elements even at the ordinary temperature, and rapidly
above the melting-point, while none of the other metals will take up nitro-
gen at any temperature or pressure, even in the presence of an active
catalyst such as iron.4®® None of these nitrides except the lithium com-
pound has been obtained in the pure state.

Lithium nitride LizN, which is made from its elements in this way, is
described as a black hygroscopic mass, which when it is heated is con-
verted into a crystalline form containing some ruby-red crystals: these are
presumably the pure nitride, the remainder being contaminated mainly
with iron.#%-7 The crystal structure has been examined by Juza and

48 I, W, Guernsey and M. 8. Sherman, J.4.C.8. 1925, 47, 1083.

¢ Heo Wells, p. 4885, ¢ L, Ouvrard, O.R. 1892, 114, 120.
W A Gunte, ib, 1800, 123, 98,

@ 7, W, Dafort and R, Miklaus, Mon. 1810, 31, 797,
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Hahn**% who find that each N has 2 Li at 1-94 A, and 6 more at 2-11; this
seems to suggest the structure Li[Li—N-—Li]; in any case the compound
is presumably ionized in some way. It is not attacked by dry air in the
cold, but is decomposed at once by water to the hydroxide and ammonia,
and is readily oxidized by air on warming.

The other alkaline nitrides can be made by the action of an electric
discharge on the metal in nitrogen, or by the partial dissociation of the
azide. Fischer and Schrotert?® found that if an electric discharge is passed
between electrodes of sodium, potassium, or rubidium in a liquid mixture
of 10 per cent. nitrogen and 90 per cent. argon, a dark mixture of the
nitride and the metal is produced, from which the nitride cannot be iso-
Inted; but it readily loses nitrogen on warming (sodium nitride even
oxplosively) and gives ammonia with water. Suhrmann and Clusiug?®®
showed that if an alkaline azide is heated in vacuo a certain amount
(20 per cent. with potassium azide, 40 per cent. with rubidium azide,
10 per cent. with caesium azide) remains behind as the nitride. It is
romarkable that if the excess of rubidium is distilled away from its nitride,
the residue is colourless and very stable to heat. (On colour see below.)

BBoth these methods of preparation have been repeated and extended by
Wattenberg.5°® He showed that the action of active nitrogen (or nitro-
gou in presence of an electric discharge) on a sodium film is to give first
bho nitride and then on further action the azide; with potassium and
rubidium at the ordinary temperature the stability of the nitride is so small
ns compared with that of the azide that only the latter is formed; but
ab 200° or in presence of potassium vapour the nitride can be obtained.
Tho preparation of the nitride by decomposition of the azide is much
Inmproved if an intimate mixture of the azide with the metal (got by the
evaporation of a solution of the metal and the azide in liquid ammonia)
In used ; the metal catalytically lowers the decomposition temperature of
the nzide. This is the best way of getting sodium nitride. Potassium azide
behaves in the same way, but the temperature of decomposition is nearer
to the explosion temperature of the azide.

Rodium nitride obtained in this way will not dissolve in any solvent
wltliout decomposition, and is too unstable to heat to be purified by
sublimation ; hence it is contaminated by azide and free metal, which
oannot be removed. It is a crystalline substance, which undergoes a
reinarkable change of colour with temperature:

"'mnperature . . —180° -4-20° 4-100° -4-300°
Colour . . . Orange Cinnabar Dark red Black

Bodlum nitride begins to lose nitrogen at 150°, and at 350° the dissocia-
lon s complete in a few minutes. Its chemical behaviour is very like that

s T, Fisoher and F. Schréter, Ber. 1910, 43, 1485.
49 R, Suhrmann and K. Chusius, Z. anorg. Chem. 1926, 152, 52.
800 H, Wattenberg, Rer, 1080, 63, 1667,
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of metallic sodium. It is very sensitive to moisture, which at once turns
it white with liberation of ammonia ; with alcohol it behaves in the same
way. Hydrogen gas reduces it at 120° to the hydride and ammonia. Dry
oxygen gas has no action on it in the cold, but it burns in oxygen on

warming.
These alkaline nitrides are of peculiar interest as being probably among
the few salts of the trivalent nitrogen anion N™77. But their colour

suggests that they are not fully ionized.

Imides, Amides, and Ammonia Compounds
Imides MNH

Only one of these is known, lithium imide Li,NH (another sign of the
abnormally strong affinity of lithium for nitrogen); it is made by heating
the amide LiNH, in vacuo almost to its melting-point (374°), and finally
to 450°.80% Tt is a colourless crystalline very reactive substance; it is
insoluble in indifferent organic solvents, and does not melt below 600°,
where it begins to decompose.

Amides MNH,

Amides MNH, are formed by the action of ammonia on all the alkali
metals, and the more easily, the heavier the metal ; with liquid ammonia
the times of reaction of the metals under comparable conditions were
found to be’®: caesium 15 min.; rubidium 30 min.; potassium 60 min.;
sodium and lithium several days They are white crystalline substances,
insoluble in the ordinary organic solvents, but at once decomposed by
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water, the caesium compound catching fire in the process. They have
rather high melting-points:

LiNH, NaNH, KNH, RbNH, CsNH,
M.pt. 374° 208° 338° 309° 261°

nnd at higher temperatures can usually be sublimed or distilled with some
decomposition. It is quite clear that they are ionized (and are among the
Iow salts of the NH, ion); the conductivities in the fused state are®3
NaNH, 0-593 at 215°; KNH, 0-389 at 340°. McGeeb® gives rather higher
values.

Alkuli-ammonias, -amines, and -ammoniums

I1. has long been known that the alkali metals have a singular power of
dIsolving in liquid ammonia to give a blue solution. On evaporation of
tho nmmonia a copper-coloured solid separates, which loses ammonia,
wontiimously until the metal is left behind, usually in a crystalline condi-
tlon.5%2 The more recent experimental work on this subject is that of
Rul¥ and especially of Kraus.

"I'he nature of the process is not yet clear. Earlier workers claimed
to have isolated definite solid compounds,5%451¢ but this has not been
poulivmed. Ruff®085% showed that if the red solid is pressed with a
twolod glass rod, a blue liquid can be squeezed out of it; he considered
thnt it is a spongy mass of finely divided metal with absorbed liquid.
Phy abservation of Joannis®® that the dissociation tension of the solid
fn tho same as that of the liquid, if it is correct, certainly supports this
viow,

An regards the liquid, all the five alkali metals can dissolve in liquid
pmmonia. The solubilities at 0° of the first three of them were found by
Rull and Geisel% to be:

Li Na K
Ats, M to 100 mols. NH, . . 254 17-0 21-1
g. Mto 100 g. NH; . . . 941 18-7 32-7

Kraus®0? found from the vapour pressures that the molecular weight of
$he xodium in ammonia was not more than 23. The observation of Taylor
ahd Lowis®? that sodium in ammonia solution is paramagnetic strongly
#upports this. The solution is a good conductor of electricity, and perhaps
#ontains solvated sodium ions [Na(NH,),]*; the difficulty is to see what

nnions can be. The transport and conductivity measurements of
ﬁlﬂl"‘”'“03-510'514’517’522 indicate that in concentrated solution the mobility
®f tho anion is enormously greater than that of the cation (up to 280 times
# groat’'9), from which he concludes that the anion is a more or less
pelvated electron, which must be supposed to have a kind of Grotthus
genduoctivity (like the hydrogen ion in water).

Thess conclusions are in agreement with the spectroscopic results of
Oibaon and Argo.®8 They showed that solutions of lithium, sodium, and
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potassium gave identical absorption spectra in liquid ammonia, the absorp-
tion being proportional to the concentration (Beer’s law) ; in liquid methyl-
amine the absorptions were different and no longer proportional to the
concentration. They assume that the absorption is that of the negative
ions [e(NH,),]” (e = electron), and that these are wholly dissociated, but
that the corresponding methylamine ions are only partially so. In a later
pnper®?! Gibson and Phipps obtained conductivity measurements which
outirely supported these conclusions.

The behaviour of these solutions has been, discussed from the theoretical
side by L. Farkas,52* and his conclusions though physically more precise
are on the whole in accord with what has been said above. The work of
Kraus and of Gibson®® shows that the equivalent conductivity of a
solution of sodium in ammonia-falls as the concentration rises from low
values to about decinormal ; then with a further increase of concentration
the conductivity rises, reaching abnormally high values, and finally when
saturation is reached (at about 8 times normal) attaining a value com-
parable (in specific conductivity) with that of metallic mercury; at the
sume time the contribution made by the sodium ions to the carriage of the
current diminishes rapidly and becomes insignificant.

The supposed equilibrium between electrons, neutral NH; molecules,
and NH; anions will not account for the magnitude of the rise in conduc-
tivity. Farkas gives a quantum-mechanical discussion of the problem,
and gets a fair agreement with observation on the assumption that the
conductivity is the result of quantum-mechanical transitions of electrons
between the sodium atoms in the solution. This really makes the general
mechanism of the conductivity very like that of a metal.2

The sodium solution gives a eutectic at 13 per cent. sodium, m.pt. —110°.
The solid has been said to be superconducting at —200°, but this has not
been confirmed.526=

This power which the alkali metals have of combining in some sense
with bases is not limited to ammonia. Primary alkylamines will behave
in the same way,5% although the power falls off rapidly with an increase
in the size of the alkyl and in the atomic weight of the metal ; thus lithium
will not dissolve in propylamine nor sodivm in ethylamine ; and secondary
and tertiary bases have no solvent power. Further, as we have seen, the
electrolytic dissociation of the product appears to be more complete with
ammonia than with methylamine.

It has also been known since 1870 that sodium acts on pyridine, a-
picoline, and quinoline to give dark masses from which various decomposi-
tion products have been isolated, including «-, o’-dipyridyl. The nature of
the primary product in this reaction was made known by the investiga-

8¢ Z. physikal. Ohem. 1982, 161, 858.

8 See summaries in C. A. Kraus, Propertiss of Kleotrioally Conducting Systems,
New Yorlk, 1082; W, O, Johnson and A. W. Meyer, Chem. Reviews, 1981, 8, 278.

80 See further: 8. Froad and N, Rugarman, JJ. Chem. Phys. 1043, 11, 884.

8 A, J, Bireh and D, K, ¢, MacDonald, 7'rans. Far, Son. 1047, 43, 703.
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tions of Emmert.5!! He showed that sodium dissolves in pure pyridine in
an atmosphere of nitrogen to give a solution which is at first red, and as it
becomes stronger goes dark green and finally black: no hydrogen is
evolved. Iftwo molecules of pyridine are used to one atom of sodium, the
product is dry: if excess of either component beyond this is taken, either
liquid or metallic sodium is left over. The product is extremely reactive ;
it catches fire at once in air.

If a large excess of pyridine is used, and the excess carefully distilled off,
the product has the composition Na(C;H;N),: it is dark green, and in air
at low pressure it forms sodium peroxide Na,O,. «-Picoline behaves in
the same way: the product has the composition Na(picoline),, and is dark
blue and spontaneously inflammable. The pyridine compound (like the
solution of sodium in liquid ammonia) reacts with nitric oxide to give the
liyponitrite Na,N,0,.518

Zintl and his collaborators®?? have made use of these ammonia solutions
for the examination of intermetallic compounds. For example, lead, which
is quite ingoluble in ammonia, will dissolve in the sodium solution to give
green solutions, from which on evaporation the compounds Na,Pb or
NaPb, can be obtained.

OXIDES

The alkali metals can form oxides of four types of the compositions
M,0, M,0,, M,0,, and M,0, ; the existence of suboxides M,0 has not been
confirmed. The affinity for oxygen, and especially the tendency to form
the higher oxides and their stability when formed, increase markedly with
the atomic weight of the metal, as the following list of the oxides formed
by each element shows.

M,0 M,0, M,O0, M,0,
Li . . -+ o 0 0
Na . . -4 -+ 0 0
K . .| + + ? +
Rb . . -+ - + +
Cs . . + + + +

In the same way the highest oxides that can be formed by heating the
motal in oxygen are Li,0, Na,0,, K,04, Rby0,, and Cs,0,.

Monoxides MyO. These can all be made by the action of oxygen on the
motal, but with all except lithium the action is liable to go too far; with
potassium, rubidium, and caesium a defect of oxygen must be used, and
the excess of metal distilled off in vacuo; with sodium the monoxide can
bas made by the remarkable method’?® of heating sodium azide with
sodium nitrate at 280°:

5 NaN, + NaNO,; = 3 Na,0 4 8 N,.
Those oxides all have a fluorite lattice.528-30

" o I8, Zintl, J. Goubean, and W. Dullenkopf, Z. physikal. Chem. 1931, 154, 1.
08 NagO: 16, Zintl and H. H. v. Bawmbach, Z. anorg. Chem. 1931, 198, 88.
0 1,01d. M. Bijvoet and A, Karssen, Rec. T'rav, 1024, 43, 680,
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They have a tendency to be coloured, increasing with the atomic weight
of the metal and the temperature, which is characteristic of this whole
group of oxides. Lithium and sodium monoxide are colourless; K,0 is
white when cold but yellow when hot ; rubidium monoxide Rb,O is pale
yollow when cold, golden yellow at 200°, and reddish at higher tempera-
tures; caesium oxide Cs,0 forms orange-red needles, which go purple at
100° and nearly black at 250°. The lithium compound alone of these
oxides will not take up more oxygen in the gas, even under 12 atmospheres
at 480°,

All these oxides combine readily with water to form the hydroxides
MOH, the later ones, especially the rubidium and caesium compounds, with
inflammation and almost explosively.

* Dioxides’ M,0,. Lithium dioxide Li,O, is the only one of these that
cannot be made by the direct action of oxygen on the metal or the mon-
oxide; but if lithium hydroxide LiOH is treated with hydrogen peroxide
i1 aleohol, a compound of the composition Li,0,, H,0,, 3 H,O separates;
md when this is heated®! or dried over phosphorus pentoxide’3? it is con-
verted into the dioxide Li,O,, which is not very stable, and if heated in
vacuo at 300° loses oxygen and gives the pure monoxide.?3 The other
peroxides can be made by the direct action of oxygen on the metal either
dry or dissolved in ammonia, and the peroxides of the heavier metals can
nlso be made by the partial dissociation of the higher oxides. They show
the same deepening of the colour with the rise of atomic weight of the
netal as the monoxides ; for example, in the cold the colours are:

Li, 0, Na,0, K,0, Rb,0, Cs,0,
White Pale yellow Orange Dark Yellow
brown (black if
fused)

As before, the colour deepens on heating: thus potassium peroxide goes
olive-brown at 100°,

‘Triowides’ My,03. The supposed sodium sesquioxide Na,O,; has not
heen confirmed,’33-4 and the potassium ‘compound’ K,0; behaves like a
mixture of the dioxide and the tetroxide.®5¢ Rubidium and caesium
sesquioxides Rb,0; and Cs,03 can be obtained as solid phases by the

oxidation of the metal or a lower oxide, or by the partial decomposition
of the tetroxide.537

‘Tetroxides’ MyO,. These are the highest products of the direct oxida-
tion of potassium, rubidium, and caesium, and can be made directly from

830 K,0: E. Zintl, A. Harder, and B. Dauth, Z. Elektrochem. 1934, 40, 589.

8231 R. de Forcrand, C.R. 1900, 130, 1465,

888 P. Picrron, Bull. Soc. Ohim. 1939 [v], 6, 235.

8 R. de Forcrand, C.R. 1898, 127, 364.

164 C. A. Kraus and E. F. White, J.4.C.S. 1926, 48, 1786.

88 A. Helms and W. Klemnm, Z. anorg. Ohem. 1089, 241, 97.

¢ §, I. Rolohstein and I. A. Kagurnovaki, J, Phys. Chem. Russ. 1988, 11, 743,

W' B, Rengade, O.R. 1008, 143, 1169 1007, 144, 930 Ann. Chim. Phys. 1907,
[8] 11, 848,
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these elements; with potassium (at 180-200°) the conversion is not com-
plete, unless the metal is in a very thin layer such as can be formed by the
evaporation of its solution in liquid ammonia,’¥® but in the cold the
stability of potassium tetroxide is so great that it is formed by the spon-
taneous aecomposition of the hydrated dioxide:

3 (K,0,, H,0) = K,0, + KOH + H,0.

Some of the physical properties of these compounds are:

Compound . . . . K,0, Rb,0, Cs,0,
Colour . . . . . Orange- Dark Reddish-
yellow orange yellow
M.pt. . . . . . 380° 4]2° 515°
Diss, tens. of O, = 30 mun. at. . 471° 600° 900°

They are very hygroscopic, and are violently decomposed by water
with the formation of hydrogen peroxide and the evolution of oxygen; on
heating they lose oxygen more readily the lighter the alkali metal.

The structures are fairly clear of all these oxides except the trioxide.
The monoxide M,0 is obviously the ionized salt M,[O]” ~. The dioxides
M,0, must be the salts of hydrogen peroxide (like barium peroxide) having
the divalent anion O—O~ ~; the formation of hydrogen peroxide when the
dioxide is treated with water is good evidence for this. The trioxide M,0,
is still somewhat obscure; it may well be a crystal aggregate of the
dioxide and the tetroxide.

The ‘tetroxides’, which are usually written M,0, (the conventional
names are all derived from formulae M,0,,}, have been examined in detail,
nnd shown to have only half this formula, being of the type M[O,], with
the ‘odd’ monovalent ion [0—O]". The X-ray study of potassium
tetroxide®® shows the crystal to be made up of potassium ions and O3 ions,
the O—O distance in the anions being 1-284-0-07 A.U. (the normal value
for the single 0—O link is 1-32 A.U.). The salt is paramagnetic,54® though
that is equally compatible with the presence of Oy ions.’# Helms and
Klemm in 193953 have reinvestigated all three compounds KO, RbO,,
and CsO,; they show that they are all of the same type ; they confirm both
tho X-ray results and the paramagnetism (amounting for each compound
{0 nearly 2 Bohr magnetons; for spin only of one electron it should be
1:73), and find that the lattice is essentially the same as that of calcium
oarbide Ca[C;]. There can therefore be no doubt that the salt has the
mimpler formula of MQ,, with an odd-numbered anion of the structure
[O% 07",

886 0. A. Kraus and E. I. Parmenter, J.4.C.S. 1934, 56, 2384.

80 V. Kasatotchkin and S. Kotov, J. Plhys. Chem. Russ. 1936, 8, 620.
80 B, W, Neuman, J. Chem. Phys, 1934, 2, 31.

i W, Klemm and H. S8odomann, Z. anorg. Chem. 1938, 225, 273.
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SULPHIDES, SELENIDES, AND TELLURIDES

All the alkali metals form compounds of the M,X type with sulphur,
selenium, and tellurium. Poly-derivatives are formed with sulphur up to
M,S,, and in a less degree with selenium and tellurium. The mono-
derivatives M,X are usually prepared by the combination of the elements
(excess of the metal being used, and this excess distilled off ¢n vacuo at
nbout 300°), or by the dehydration of the hydrates, or (with sulphur in
particular) by the reduction of the sulphates with carbon. The solid com-
pounds have some tendency, but much less than the monoxides, to become
coloured as the metal gets heavier or the temperature higher; in the cold
they are all colourless except caesium telluride Cs,Te, which is pale yellow,
but rubidium sulphide becomes orange at 300°%42; in air, however, they
readily become discoloured through oxidation. They all have the fluorite
Inttice, so far as is known.543-¢ The melting-points that have been observed
nre as follows547:

Na K Rb Cs
Sulphide . . 1180°¢ 840° 530° 510-520°
decpn. decpn.
Selenide . . 875° -4~ .. 640° 600°
decpn. decpn.
Telluride . . 953° .. 690° 680°
decpn. decpn.
Q = 548

The salts are hygroscopic, and some, especially caesium monosulphide,
react with water violently, with the formation of polysulphides. The
sulphides and especially the selenides often form hydrates with large
amounts of water, more particularly those of the lighter metals: thus we
have Li,Se, 9aq.; Na,S, 9, 6, etc., aq.; Na,Se, 16, 10, 9, etc., aq.; K,S, 5,
2 aq.; KgSe, 19, 14, 9 aq.; Rb,S 4, 2 aq. They are readily oxidized by
atmospheric air, and the more so, the heavier either component; thus
caesium selenide catches fire in the air if it is warm.

There are no signs that the higher sulphides are less readily formed by
the lighter metals, as are the oxides.

Rengade found that caesium oxide was able to take up more of the
metal at a low temperature, though no definite suboxide was isolated.
Bergmann®7 has examined the behaviour of caesium sulphide selenide and

849 1. Rengade and N. Costeanu, C.R. 1913, 156, 792; 1914, 158, 946 ; Bull. Soc.
Chim. 1914 [4], 15, 720.

843 LigS, Na,S: A. Claassen, Rec. Trav. 1925, 44, 791.

84¢ Li,8e, Li,Te: C. D. Wost, Z. Krist. 1934, 88, 115.
59;“ K¢S, KSe, K,To: K. Zintl, A. Harder, and B. Dauth, Z. Elektrochem. 1934, 40,

Mt Rb,8: K. May, Z. Kriat. 1036, 94, 412.

%7 A, Bergmann, £. anorg, Chem. 1987, 231, 260.

4 @, Courtols, C.K. 1989, 208, 199,
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telluride from this point of view. He shows that the caesium compounds
can all take up caesium vapour at temperatures from 30° to 150°, becom-
ing coloured (the sulphide and selenide violet, and the telluride olive-green)
and also conductors of electricity in the process. The quantity taken up
by the sulphide may amount to nearly 2 per cent. This is too much to be
due to a mere surface action, and the caesium atoms must penetrate the
lattice. A remarkable point is that the rubidium compounds show no such
effect ; they do not acquire either colour or conductivity in presence of
rubidium vapour,54?
HALIDES

The alkaline halides M(hal) are typical salts; so far as can be ascer-
tained they are completely ionized under all conditions. This is proved
for the crystalline state by the form of their lattices, in which each ion
is symmetrically surrounded by 6 (or 8) ions of the other kind, and is
oqually related to all of them. It is shown in the fused salts by their high
conductivities:

Salt LiCl Nall KQl Rb(l CsCl
Npee. conductivity® . 5-87 3:50 2-24 1-50 1-54
Mol. conduectivity? . | 166 133 103 78-2 667
"Pomp. . .| 6200 850° | 1776° 733° 660°

@ = 549 b = 850

wmid in dilute aqueous solution by the agreement of the observed conduc-
tivities with those calculated by Debye and Hiickel for a completely
ionized salt. In the gaseous state the molecules are present as ion-pairs
| M](hal); this is proved by their behaviour on photodissociation®* and by
thie magnitude of their electrical dipole moinents as measured by the beam
method. *52

'T'he crystalline forms of these halides are of two kinds, a 6:1 (sodiun
vhloride) and an 8:1 (caesium chloride) lattice. It can be shown by
goometry that in an AB crystal formed of spherical A and B ions the 6:1
lnttice gives the closest packing when the ratio of the radii of A and B
In loss than ¥3—1 = 0-73, and the 8:1 when it is more than this. The
ohange over from a 6:1 to an 8:1 lattice in the series of alkaline halides
doos not come exactly at this place, but near it, as the following table
shows. The diagonal line indicates the point at which the change should
theoretically occur; those salts (CsCl, CsBr, and CsI) which have the 8:1
Inttice at the ordinary temperature and pressure are enclosed in frames,
aiul those which can be made to assume it by a suitable rise of pressure or
temperature in dotted frames.

My W, Biltz, Z. anorg. Chem. 1924, 133, 312,

0 W, Biltz and W. Klemm, ib. 1926, 152, 267.

% H. Sponer, Z. Elektrochem. 1928, 34, 483.

5 KC] 8:0; KBr 9-1; KI 9-2¢ D: W, H. Rodebush, L. A. Murray, and M. E.

Bixlor, J. Ohem. Phys. 1986, 4, 872; correoted by R. U. J. Fraser and J. V., Hughos
{h, 780, Nes alwo H, Soheffers, Phys. Z. 1984, 35, 428.
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The reason why the change of form does not occur exactly at the
calculated point is obviously that the electrostriction leads to a deforma-
tion of the ions which the geometrical calculation has not taken into
account. In the same way the thallous halides TIC], TIBr, TII all have 8:1
lattices, though the radius of the thallous ion is the same (1-49 A) as that
of the rubidium ion. (See III. 483.)

Ratio of the Ionic Radii A/B

Li(078)  Na(0-98) K (1:33)  Rb(149) (s (1:65)
F (1-33) 0-59 0-74 1-00 112 1-24
Cl (1-81) 0-43 0-54 0-73 10-82 [0-91]
Br (1-96) 0-40 0-50 0-68 076 [0-84]
I (2-20) 035 0-45 0-61 ‘0-68 075

Some of the halides which come near the dividing line can be made to
change their lattices by a suitable change of temperature or pressure.
Caesium chloride (8:1) goes over at 445° into a second modification with a
6:1 lattice,5* and rubidium chloride bromide and iodide (all of which
are 6:1) can be made to go over into the closer packed 8:1 form by high
pressures,®s5 6 the pressures in atmospheres required at 50°, and the com-
pression produced, being : rubidium chloride 5525, 14-6 per cent. ; rubidium
bromide 4925, 11-3 per cent. ; rubidium iodide 4050, 10-7 per cent. That
the new modifications have the caesium chloride lattice was proved by
X-ray analysis.553

The melting- and boiling-points and the interatomic distances®? are
given in the following table.

Melting- and Boiling-points

Li Na K Rb Cs
M.pt.| B.pt. |M.pt.| B.pt. |M.pt.| B.pt. | M.pt.; B.pt. |M.pt. | B.pt.
MF | 840° | 1,670° | 992° | 1,705° | 846° ; 1,498° | 775° | 1,408° | 684° | 1,253°
MCl1 | 606° | 1,382° | 803° | 1,430° | 768° | 1,411° | 717° | 1,383° | 638° | 1,303°
MBr | 535° | 1,310° | 740° | 1,393° | 748° | 1,376° | 681° | 1,350° | 627° | 1,300°
MI | 450° | 1,189° | 653° | 1,300° | 693° | 1,330° | 638° | 1,305° | 621° | 1,280°

G. Wagner and L. Lippert, Z, physikal, Chem. 1988, B 21, 471: 1936, B 31, 263.

8¢ Q, D, Went, Z. Krist, 1934, 88, 94.

8 TJ, C. Slater, Proo. Amer. Aoad, 1885, 61, 147.
i P, W, Bridgman, . Krist, 1088, 67, 363,

1 W, H. Zacharissen, ib, 1081, 80, 137,
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Interatomic Distances in Crystals

{8:1 crystals in brackets.]

LiF NaF KF RbF CsF
204 2:31 2-66 2-82 3-00
LiC1 NaCl KCl RbCl [CsC1]
2:57 2-81 314 3-29 3:56
LiBr NaBr KBr RbBr [CsBr]
2-75 2-98 3-29 3-43 371
LiI Nal KI RbI 1CsI|
3-:03 3:23 3-53 3-66 3-95

The solubilities of these halides in water are discussed in the next section,
along with those of other salts.

ALKALINE SALTS

The best known of the salts of nearly all acids are those formed by the
alkali metals. Many of them will be discussed later under the elements
from which their anions are derived, but a few general remarks may be
made about them here.

In water the salts of the alkalies are as a rule more soluble than those of
the metals of any other periodic group ; in ordinary analysis the alkalies
remain in solution after all the other metals have been pregipitated. A
comparison of the solubilities in water of the salts of the different alkalies
shows that in general there is a continuous change from lithium to caesium,
though the number of (mostly small) departures from this order is not
inconsiderable, owing partly to changes in crystal structure, and partly to
the formation of hydrates, whose solubility is necessarily less than that of
the anhydrous salt at the same temperature, but we cannot as a rule
calculate how much less. Disregarding such small irregularities we find
in almost every case a very simple but peculiar effect of the rise of atomic
number of the alkali metal on the solubility: of the salts of a strong acid
the lithium salt is the most soluble, and of the salts of a weak acid it is
theleast. The following table gives some quantitative evidence of this: the
nolubilities are expressed in grammes of anhydrous salt to 100 g. of water
nt a temperature near 25°.558 Where the solid in contact with the solution
is known to be hydrated (this is almost confined to the lithium and sodium
snlts) the solubility is marked 4. Of the salts given here the first four
MOH, M,CO,, MF, and the azides MN, show an increase of solubility
with a rise of atomic weight of the metal, and the rest a fall.

568 Tho values are taken mainly from A. Seidell, Solubilities, New York, vol. i,
1920, vol. ii, 1928 ; Landolt-Bérnstein, Tabellen, and Gmelin, Handbuch, ed. 8 (Alkali
motals 1926-39). Also for the sodium salts (at 25°) from J. E. Ricei, J.4.C.S.
1944, 66, 1015, )
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Solubilities of Alkaline Salts in g. anhydrous salt to 100 g. water
at ca. 25°

Salt Li Na K Rb Cs
MOH 1304 108-3+ 112-8 197-6 (30°) | 3856 (15°)
M,CO,4 1-33 2144 1127 222-7 261-5
MF 0-133 4-13+ 96-5-4 1306 366-5
MCl1 80-8 4 359 34-4 91-2 185-8
MBr 163 94-1 65-0 108-3 1234
MI 165-3 184-1 144-6 156-4 69-9
MCIO, 440-5 4 100-4 7-16 5-36 6-28
MBroO, 152-5+4 38:3 6-89 2-93 3-66
MIO, 80-3 9-10 81 2-1 261
MCIO, 56--(3aq.) | 209-8 1-67 1-28 1-97
MNO, 7244 9]-8 316 53-4 23-0
MN, 66-4 41'6 497 1141 3074
M,SO, 34-8 61-3 1111 481 179-1
M alum (none) 23-0 13-5 2-27 0:619

There are many other series of alkaline salts where the data, though
incomplete and often only qualitative, are sufficient to show in which
direction the solubility is changing. These are included in the following
table, and are divided into three groups: (I) those in which the lithium

I Li > Cs II. Doubtful IIT. Li -2 Cs
MI MOsO,N MCcCi MF
M(hal), M,0s0,(0OH), MBr MOH
MCI10, M,0s0,F, “M,80, M,CO,
MBro, M,Ir(OH,)Cl, MNO, MN,
MIO, M,IrClL,(NO,), M,Se0,
MCcCIO, M,IrCl,(NO,),C,0, M,PO,
MNO, M,IrCl,(C,0,), M,SbO,
M alum M,Ir(py)Cly M[V" ¥, aq,]
M,CrO, M,IrCl, M,[Ta¥,]
M,Cr,0, M,PdcCl, M,8,0,
M,TeCl, M,PtCl, Formates
M,TeBr, M,PtCl; Acetates
M,Tel, M,PtCl, Oxalates
M,RuCl, M,PtBr,
M,0sCl, MCuS,
M,080,(C,0,), MAuCl,

salts are the most soluble and the caesium salts the least; (II) a small
number of doubtful series, in which the lithium and caesium salts are both
more soluble than the potassium; and (III) finally those in which the
caesium salt is the most soluble and the lithium salt the least. When we
look at the table os a whole, it is obvlous that the strong acids (the complex
sclds in which the central atom has attained its maximum effective
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covalency are all strong) come in group I, and the weak acids in III,
although in the latter group there are one or two acids that it is surprising
to find there, such as selenic.*

The hydration of these salts is discussed in the following section, under
the complex compounds.

COMPLEX COMPOUNDS

The complex compounds of an element are those which it forms by
means of co-ordinate links, either as an acceptor or as a donor, but in the
earlier groups as an acceptor only. A simpler definition which covers
nearly every case is that a complex compound is one in which the cova-
lency of the element is greater than its valency.

The alkali metals ionize more readily than any other elements, and are
vorrespondingly reluctant to form covalent compounds of any kind, includ-
ing complexes. The complexes which they do form may be divided into
oomplexes of the ions and those of the neutral atoms.

Complexes of the Alkaline Ions

'These occur in the solvated—hydrated and ammoniated—salts. It is
obvious, as was pointed out by Fajans,35? that the alkaline cations with
their single charges have a relatively small tendency to form complexes
but that this tendency will be stronger with the smaller ions of the lighter
oloments, although the number of links which they can form is less (this is
lhnited to 4 for lithium, 6 for sodium and potassium, and 8 for rubidium
wnd caesium, though these higher values are seldom or never realized in
fuct). The degree of solvation of the ions in solution is a matter of doubtful
argument. That it diminishes as we go from lithium to caesium is obvious
from the order of the ionic mobilities, which increase with the radii of the
monatomic ions, the values at 25° being:

| Li Na K Rb Cs
Mobility . .| 396 51-4 756 77-3 79-9
Radius 0-78 0-98 1-33 1-48 167 A

The water of crystallization in the hydrated salts, though it need not be
tho sane as, and is presumably often much less than, the water combined
with the salt in solution, gives us a rough measure of the co-ordinating
power of the ions, and we know that the hydration of solid salts is mainly

duo to the cation, which forms the link M<——O<E

the known alkaline salts of some 30 of the commoner inorganic acids shows

. A comparison of all

* Tho ferrooyanides do not seem to fit in, as the acid is (at least in its first and
seound diswociation constants) strong, while the solubilities increase from Li to Cs.
Pomibly the rule does not apply to tetrabasic acids; see VIIL. 1335.

M K, Fajans and G. Joos, Z. Phys. 1924, 23, 1; K. Fajans, Naturwiss. 1923, 11,
188 £. Kris. 1024, 61, 18,
T B
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that of the lithium salts 76 per cent. form solid hydrates; of the sodium
salts 74 per cent.; of the potassium salts 23 per cent.: while of the rubi-
dium and caesium salts in the list only one of each is hydrated, in both
cases the ferrocyanide. Itis quite possible that with the last three elements
the cation is never hydrated in the solid, and that the water of crystalliza-
tion that is found is attached to the anion; this view is supported by the
observation of Lembert®°? that when the potassium salt of an ‘acid is
hydrated, the ammonium salt of that acid (in which the cation, being
co-ordinately saturated, can scarcely take up water) is hydrated too, as
the following list shows:

Mols. of water of cryst.
Ammonium Potassium
Carbonate . . . 1 3/2,2
Oxalate . . . i 1
Acid oxalate . . 1/2,1 1, 2
Pentasulphide . . i (K,S5,:8)
Sulphite . . . 1/2, 1, 4/3 1,2
Thiosulphate . . 1/3 1
Iodate . . . 1/2 ?1/2
Periodate . . . 2,3 4
Dithionate . . . 1/2 0
Orthophosphate . . 1 0

As evidence of the covalency limit it is to be noticed that the lithium
salts, in spite of their strong tendency to hydration, never form hydrates
with more than 4H,0 except the bromide, iodide, and hydroxide, at
temperatures well below zero; these exceptions may be due to hydration
of the anion, to the presence of double water molecules (as was suggested
by Werner) or to the formation of crystal aggregates of molecules of
different kinds.

Another series of co-ordinated ions is found in the ammoniates, the
solid compounds of the salts with ammonia and amines. They have been
investigated by Biltz%!-2 by measuring the dissociation tension over a
range of composition of the system solid salt+ammonia gas. Some of them
are of considerable stability, such as Lil, 4 NH,, which has a dissociation
tension of 100 mm. at }60-5°, but in others the tension is not much less
than that of solid ammonia at the same temperature. The results in
general show, as we should expect, that the stability of the ammines falls
off in the order Li > Na > K. With the halides of the same alkali it is
found to fall off in the order I > Br > Cl; the problem is of course compli-
cated by the influence of the crystalline forces and the change in the
lattice energy. The stability of the tetrammines of the lithium salts is
especially marked.568

%0 M, I&, Lembert, Z. physikal, Chem. 1923, 104, 101.
sl W, Biltz and W. Hansen, Z. anorg. Chem. 1928, 127, 1.

"8 W, Bilts, ib, 130, 08.
i F, Ephraim, Ber, 1019, 53, 236,
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The ammonia in these compounds can be replaced by alkylamines
(primary, secondary, and tertiary) but the products are much less stable.564-5
In the same way a series of alcoholates, corresponding to the hydrates, is
known 568

Neutral Alkaline Complexes

An acceptor naturally forms a co-ordinate link more easily when it lLias
u positive charge, and so complexes are less readily produced by neutral
ntoms of the alkali metals than by their ions. We should expect the neutral
complexes to be formed, if at all, especially as chelate derivatives of
p-diketones and S-keto-esters, and this is so. The hydroxylic hydrogen in
Lhe enolic forms of these diketones is of course readily replaced by an
nlkali metal. The products are usually salts: when they are heated they
char without melting, and they dissolve in hydroxylic solvents but not in
hydrocarbons. They can, however, be made to assume the covalent
form,367-8 but only when a further co-ordination converts the metal into
the more stable 4- or 6-co-ordinated form (completes its valency octet or
duodecet). Thus sodium benzoylacetone has all the properties of a salt,
nd as such is insoluble in benzene or toluene ; but if it is recrystallized
lrom 96 per cent. alcohol, it takes up two molecules of water from the
solvent, and the resulting ‘dihydrate’ is perceptibly soluble in toluene. It
is evident that the water molecules have attached themselves to the
wadium ion, and the salt has then gone over into the covalent chelate form,
which is not stable in the anhydrous compound where it would give the
wulium a covalency of only 2, but becomes so when the co-ordinated
waler raises the covalency to 4:

(D\ _
0—0 |[NaJ* N
| =0 OH,
C.H — " \Na¥
C| o >C=0/' “\OH,
CHa/ CH,

Fho stability of the product is proved by the fact that the necessary water
s withdrawn from its dilute solution in aleohol, and the covalent character
by its solubility in toluene.

I'he necessary increase in the covalency can also be attained by adding
to Lhe enol salt a second molecule of the same or another enol, which can
form n chelate addition compound. Thus Hantzsch showed? that sodium
ethylate reacts with salicylaldehyde (C,HgO,) to give a compound of the
eomposition C;H,0,Na, C,HgO,, and that this ‘acid salt’ is so stable that

%4 A, Simon and R. Glauner, Z. anorg. Chem. 1929, 178, 177.
505 A, Simon and H. Kimmerle, ib. 1931, 202, 385.

8¢ Lithium: Gmelin, pp. 234-5: sodium, Gmelin, pp. 858-61.
807 N, V. 8idgwick and F. M. Brewer, J.C.S. 1925, 127, 2379.
88 |7, M. Brewor, ib. 1931, 361.

589 A, Hantzach, Der. 1906, 39, 3089.
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it is not decomposed by excess of sodium ethylate. The structure is
evidently this: H
N
O
Na\
=0 o=

| |
H H

If a second molecule of a chelating compound is added in the same way,
a molecule with a 6-covalent alkali atom is formed. By these methods a
series of 4- and 6-covalent compounds have been made, containing all the
alkali metals.?67-8 Various chelate groups were employed: acetylacetone,
benzoyl acetone, aceto-acetic ester, salicylaldehyde, methyl salicylate,
o-nitrophenol, o-nitrocresol, and quinizarine (a-dihydroxyanthraquinone).
The 4-co-ordinated compounds are either monochelate with two water
molecules (which, as we should expect from the hydration of the salts, are
found only with the lighter alkali metals), or dichelate: the 6- are mono-
chelate with four water molecules, or tri-chelate. The covalency with
lithium never exceeds 4: all the other elemients give derivatives in which
they have covalencies of 4 and 6. The following are examples of the com-
pounds of this kind that have been prepared.®67-71

Neutral Complex Alkaline Compounds

Abbreviations: HA acetylacetone ; HB benzoylacetone ; HQ }(quinizarine) ;
HS salicylaldehyde ; HNp o-nitrophenol.

Metal 4-covalent »  Ref. 6-covalent Ref.
Lithium LiB, 2 H,0 567 None
LiS, HS 568
Sodium NaB, 2 H,0 567 NaB, 4 H,0 570
NaNp, HS 567 NaQ, 2 HS 567
Potassium KA, 2 H,0 567 KQ, 2 HS 567
KS, HS 569 KS, 2 HS 568
Rubidium RDbS, HS 568 RbS, 2 HS 568
Caesium CsS, HS 568 CsS, 2 HS 568

APPENDIX: Peculiarities of Lithium
Lithium, like every ‘typical’ element, differs in many ways from the
other members of the group, and in most of these differences shows a
resemblance to magnesium. This is an example of the ‘diagonal’ rela-
tionships observed in the Periodic Table, which are largely explained by
the Fajans theory. In such a series of elements as these:

Li\Be\\ B\ C
Na ‘Mg Nap Vg

810 ¢, Weygand and H, Forkel, J. prakt, Chem. 1927, 116, 208.
" Beg also O. L. Brady and W, H, Bodger, J.0.9. 1932, 952.
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the deforming power of the cation is increased as we move to the right,
owing to the increase in the ionic charge, and is diminished when we move
downwards, owing to the increase in the atomic radius. If we make both
movements (as indicated by the arrows) and go from lithium to mag-
nesium, from beryllium to aluminium, or from boron to silicon, the two
changes will more or less compensate one another, and we shall reach an
ntom of about the same deforming power, and so far of similar properties
{0 the one from which we started.

The resemblances between lithium and magnesium are numerous, and
they are all points in which lithium differs from the other alkali metals.
The most important are the following : the relative inertness, high melting-
point, and hardness of the metal ; the instability of the higher oxides, the
refusal to form an oxide higher than M,0 by the direct action of oxygen,
and the absence of any oxide with more than two oxygen atoms to two
oquivalents of the cation; the relative instability of the carbonate*; the
ready combination of the metal with carbon and with nitrogen; lithium
and magnesium can be used indifferently to remove nitrogen in the isola-
Lion of the rare gases. Another difference is in the low melting-points and
cnsy solubility in hydrocarbons of the lithium alkyls, in which they are
sharply distinguished from the alkyls of the other alkalies, but resemble
those of beryllium and magnesium.

"T'he stronger hydration of the lithium ion is a result of its sinaller radius,
und a similar effect is produced in magnesium by its double charge. The
rolubilities of the lithium salts in water also show many resemblances to
magnesium: the high solubilities of the chlorides, bromides, and iodides,
and the relatively low values for the fluorides, hydroxides, carbonates,
phosphates, and oxalates. Another point of similarity is the enormous
solubility of the perchlorates of lithium (but not those of the other alkalies
oxocpt to some extent sodium) and of the alkaline earths, especially in
organic solvents. The following are the values in moles of perchlorate to
100 moles of solvent at 25° in water, aleohol, acetone, and ethyl acetate’?2:

Li Na | K Rb Cs Mg Ba
Waior 95 1 308 | 0216 0130 0-153 803 | 106
Kthyl nlcohol | 648 552 | 0-0040 0-0024 0-0022 494 | 170
Aoniane 744 | 245 | 0065 0-030 0-037 11-1 215
fithy! acotate | 78:4 693 | 000095 | 000076 | O 27-9 29-6

* ’I'lio dissociation pressures of the alkaline carbonates in mm. at 1,000° are
poughly:
Li,GO,4 Na,CO, K,CO, Rb,CO, Cs,C0;,
90 19 83 11 43 mm.
A prowsuro of 90 mm. would be reached by magnesium carbonate at about 500°, and
saloluin carbonate about 650°,

" 'The solubilitles in orgenioc solvents are from H, H. Willard and G F. Smith,
J:A4.0.5. 1933, 45, 293,
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It will be seen that, as in some other properties, sodium follows lithium
to a certain extent, and that there is a second large change between sodium
and potassium.

The cause of these high solubilities in organic solventsis obscure. Among
the alkaline salts (apart from the perchlorates) it is most marked on the
one hand in the iodides, and on the other in the salts of lithium; it is
ontirely absent in the fluorides, sulphates, and nitrates. Now the lithium
ion has the highest deforming power of all the alkaline cations, and among
the anions the deformability of the sulphate, nitrate, and fluoride is very
small, but in the halides it rises rapidly in the order F << C1 << Br < I. So
far the results suggest that for some reason it is the salts with highly
deformed anions that are readily soluble in organic solvents, and this
conclusion is supported by the behaviour of many highly deformed salts
of other metals, such as the iodides of magnesium, zine, and cadmium.
But the high solubility of the perchlorates in these solvents must be due
1o some other cause, since the perchlorate anion ClO, is remarkable for its
small deformability, as is shown by the persistence with which perchloric
acid remains fully dissociated in solvents of low dielectric constant, in
which nitric and even hydrochloric acid do not.




GROUP I(3)
COPPER, SILVER, GOLD

HE contrast between the two subdivisions of this group is perhaps

greater than obtains in any other, even in Group VII. The alkali
metals form the most closely related series we know ; their differences are
practically all in degree and not in kind, and the properties change
regularly with the atomic numbers; they are all strictly confined to the
group valency of 1, and the metals pass into the ionized state more readily
than any others. The ‘coinage’ metals of Group I. B show few regular
graduations of properties: silver cannot be said to be in any chemical
sense intermediate between copper and gold. Each of them has at least
two states of valency, which are not the same in all of them, and which
differ enormously in relative stability according to the metal ; finally, these
metals pass into the ionic state with more difficulty than any others, and
the more so the higher the atomic number, while of the alkali metals
caesium ionizes the most easily.

A study of the properties of this subgroup shows the truth of Fajans’s
fourth rule, that the inert gas form of cation has less deforming power than
any other. In these B metals, in which the outermost electronic group of
the ion is a complete or incomplete 18, the simple rules that apply to a
cation with an outermost group of 8, like sodium, no longer hold. The
deforming power, which leads to covalency formation, has little relation
here to the size of the ion ; the radii of these ions are Cu* 1-0, Ag* 1:13, Au™
probably less than 1-2: that is, they are all of about the same size and come
between Na* 0-98 and K* 1-33 A ; but the change in the principal quantum
number of the outer electron group in the ion as we go from one period to
the next, from 3 in copper to 4 in silver and 5 in gold, has a great effect on
the properties, and in ways we do not yet fully understand ; even the stable
numbers of the valency groups in the complexes—the co-ordination num-
bers—are different.

Each of these elements has two different states of valency. When this
happens with an element, the compounds belonging to the two states have
quite independent properties, and form groups as distincet from one another
ns the compounds of two different metals. At the same time the range of
their existence is limited by the possibility of one valency passing over
into the other, and this limitation is of particular importance with these
three elements.

The established valencies are: copper 1 and 2; silver 1 and 2; gold 1 and
3. In the monovalent condition, where they have the group valency, they
are of course comparable with the alkali metals, though the resemblance
soarcely extends beyond the value of the valency. In particular, the
ouprous, argentous, and aurous compounds have a far stronger tendency to
pass over into the covalent state, and this tendency on the whole increases
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with the atomic number, which is the opposite to what happens in the
alkali metals of Group I. A.

In their polyvalent states these elements belong to the transitional class,
which is defined as having the outer electronic group of the ion greater than
8 and less than 18; in Cu™* and Ag** it is 17, and in Au*** 16; their
nearest analogues are to be found among the members of the preceding
triads. They accordingly show the characteristic properties of transitional
elements ; while the cuprous and argentous compounds are colourless and
diamagnetic, the cupric and argentic are coloured and paramagnetic. In
the auric compounds the combined effects of the triple charge and of the
increased tendency to covalency formation which accompanies the rise of
atomic number make the covalent state so much more stable that the
ion does not practically exist at all. Indeed the effects go beyond this. Not
only are all the auric compounds covalent, but they are all, so far as can
be made out, complexes which have increased their covalency by co-
ordination to 4.

The Elements Copper, Silver, and Gold

None of these elements is common on the earth, copper being about
twentieth in the order of abundance, and gold amongst the rarest of known
clements ; the amount in the earth’s crust in g. per ton are®?: copper 100;
silver 0-1; gold 0-005.

Copper

This is probably the most technically important metal after iron. It boils
at 2,310° and melts at 1,083°; this is the melting-point of the pure element ;
if air is not excluded in its purification cuprous oxide is produced, which
forms a solid solution with the metal, and this may depress the melting-
point as much as 20°.57 This trace of oxide, which has a bad effect on the
mechanical properties of the metal, cannot be removed by heat alone, as
the oxygen is not all given off until a temperature is reached at which the
copper begins to volatilize; it can be removed by carbon monoxide at
temperatures above 800°, or by hydrogen, which last, however, renders the
metal very brittle.575

At high temperatures (from 450° upwards) liydrogen will diffuse through
the metal 57 The rate of diffusion through copper that is spectroscopically
free from oxygen has been measured by Ham,5?7 who finds that it is
proportional to the square root of the hydrogen pressure even as low as
450°. At a red heat metallic copper will take up nitrogen from ammonia
(see below, p. 116, under the compounds of copper with nitrogen).

Copper is readily attacked by sulphur, selenium, and the halogens. Its

8%V, M. Goldsohmidt, J.C.S. 1987, 656.

8¢ E. Heyn, Z. anorg, Chem, 1904, 39, il.

81 O, E. Ransley, J. Inat. Met, 1089, 65, 147.

™ J, H. 8lmons and W, R, Ham, J. Chem. Phys. 1089, 7, 800.
"W, R, H“m, ib, 908,
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reaction with chlorine has been investigated by Frommer and Polanyi®?®
at 470°, and also at 750° where the halide evaporates at once and the
metallic surface remains clean. The pressure of the chlorine was from
0-04 to 0-002 mm. The heat of activation was found to be very small
(about 2 k.cals.), and the yield per impact was at 470° 0-3 (the product
being over 70 per cent. cupric chloride).

Copper occurs to a minute extent, between 3 and 12 mg./ton,*"® in sea-
water, and has even been supposed to be the cause of its blue colour, but it
is too little for this,

Copper and its salts are highly toxic to the lower organisms, much more
than to man; it is, however, an essential constituent of certain proteins.

Copper, like other metals of a transitional character, is very important
as a catalyst, especially in oxidations, as in Deacon’s process

4HCl 4+ 0, = 2Cl, + 2H,0
in the oxidation of organic dyes, the production of formaldehyde from
methyl alcohol and air, and the dehydrogenation of ethyl alcohol to
ncetaldehyde. It isalso used in the Gattermann and Sandmeyer reactions,
and in many others.

Nilver

M. pt. 960-5°: B. pt. 1,927°589; for the imagnetic moment of the atom see
ierlach and Stern.®81

Silver is intermediate in hardness between copper and gold ; next to gold
it is the most extensible of metals. It is unaffected by water or by atmo-
spheric oxygen, but is blackened by ozone with the formation of the
monoxide Ag,0, and also by sulphur and many of its compounds: a solu-
tion of hydrogen sulphide blackens it at once in the cold. The tarnishing
of silver in the air is due to the formation of a film of sulphide by the
reduction of sulphur compounds (probably sulphur dioxide) which the air
vontains,

Concentrated nitric acid dissolves silver (and copper) but not gold.
Ifused alkalies dissolve silver if the air has access to the mixture but not
otherwise. Potassium cyanide attacks it at once, especially in presence
of air,

(lold

Metallic gold is remarkable for its ductility, and for the thinness to
which it can be reduced. Ordinary gold-leaf has a thickness of about
1/10,000 mm. (10-5 cm.: about 350 atoms) and transmits a characteristic
greon light.

Glold melts at 1,063° and boils at 2,200°. Its chief chemical charac-
toristio is its extreme inactivity, in which it resembles the platinum metals

878 L. Frommer and M. Polanyi, Z. phystkal. Chem. 1928, 137, 201.
879 H. Kalle and H. Wattenberg, Naturwiss. 1938, 26, 630.

880 . Baur and R. Brunner, Helv. Ohim. Acta, 1984, 17, 988.
11 W, Gorluoh and O, Btern, Z, Phys, 1081, 8, 110,
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more than silver or copper; it is not attacked by the strongest acids, nor
of course by oxygen ; halogens at the ordinary temperature only act super-
ficially if at all, and all its compounds are very readily decomposed, nearly
always with separation of the metal.
Its tendency to ionization is so small that in the reactions
2Au + 2H* = 2Aut + H,
and 2Au + 6H* = 2Au*tt 4 3H,

only a minute concentration of gold ions can be reached, even with the
strongest acids. The removal of gold ions by complex formation cannot
raise the concentration of the hydrogen H, to the point at which the gas
is evolved, and so enable the reaction to proceed; in a centinormal
potassium cyanide solution, in spite of the formation of the very stable
[Au(CN),] ~ ion, only 0-2 mg. of gold will dissolve per litre. If the solution
is to proceed, the hydrogen concentration must also be reduced. In the
presence of potassium cyanide this can be effected by the addition of
oxygen itself, or better of sodium peroxide, as is done in the cyanide
process for the extraction of gold.?® Otherwise gold will only dissolve in
presence of the strongest oxidizing agents, especially those which contain
chlorine, and so form the stable complex halide anions.

Gold occurs in sea-water, but in much smaller quantity than was formerly
believed. According to Caldwell®®® the amount is from 0-1 to 0-2 mg.
per ton.

Later work by Stark®% gives rather higher values: 0-02, 0-4, and 2-0 mg.
per ton in the waters of the Adriatic, the Mediterranean, and the Atlantic
respectively.*

Compounds of Univalent Copper, Silver, and Gold

The range of existence of the cuprous, argentous, and aurous compounds
is limited in two ways. With every element that has more than one
valency we have to reckon with the possibility of the atom being oxidized
or reduced from one state to another by its surroundings (of which in the
salts the anions forms a part). But there is also a further limitation, the
possibility of the ions of lower valency reacting with one another to form
ions of higher valency and the free metal:

2Cu* = Cu** + Cu
2Agt = Agtt + Ag
3Aut = Auttt 4+ 2Au.

* This shows that the extraction of gold from sea-water is not likely to be a com-
meroial success. We may compare its value per ton of sea-water with those of the
bromine and the magnesium, which are extracted on the large scale; they are
bromine 100 g. worth about 8d.; magnesium 1-3 kg. worth ls.; gold, say 1 mg.,
1/18th of a penny. [Prices taken to be gold 170s. per oz.; bromine ls. per lb.;
MgCO, 4d. per 1b.]

800 Beo G Bodlénder, AArens Sammlung, 1809,
0 W, E, Caldwell, J. Chem. Bduo. 1088, 18, 507,
0w W, Biark, Helv, OMm, dota, 1043, 26, 484,
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This is of special importance in this subgroup because here the metallic
state is exceptionally stable, as is shown by the small tendency of the metal
to ionize; also the metal is of course almost insoluble, which promotes its
separation. It is obvious that the monovalent form can only exist so far
as this reaction does not take place, and therefore we have to inquire into
its nature and its extent.

With copper the conditions of the reaction are known with some accuracy.
The equilibrium between the two ions in presence of the metal has been
determined by measuring the amount of cuprous salt present in a cupric
solution which is in contact with metallic copper.58-¢ The measurements
are difficult because the amount of cuprous salt is so small, and special
care has to be taken to exclude atmospheric air. At equilibrium we have

[Cutt].[Cu]

[CutP?
The value of [Cu], the minute solubility of metallic copper in water, is of
course unknown, but it can be taken to be constant, and so we may write

[Cut*]

[CutFF —
The mean value of this constant at 20° (the proportion of cuprous salt rises
with the temperature) is found to be 1x 108, Hence copper will dissolve
in a molar solution of cupric ions until the cuprous concentration is 10-3
normal (63 mg. Cu’ per litre), and in a hundredth molar cupric solution
until it is 10-4. We can also see that the cuprous ion cannot reach the
concentration of the cupric as long as the latter exceeds 10-6.

Hence a cuprous compound can only exist in any quantity so long as it
does not ionize. This explains the curiously limited number of cuprous
compounds that are known. The oxide, sulphide, and the halides (except
the fluorides) can be prepared, because they are so insoluble in water that
the ionic concentration never reaches its very low limit. A soluble cuprous
compound may be prepared if it is prevented from forming cuprous ions,
either by not letting it ionize at all, or by causing the ions to form com-
plexes. Thus cuprous sulphate Cu,SO, can be made by the action of
dimethyl sulphate on cuprous oxide, but it is at once decomposed by water
to metallic copper and cupric sulphate CuSO,. Cuprous oxide will also
dissolve in ammonium sulphate solution in presence of ammonia to form
the complex salt [Cu(NH,),],80,: similar complex anions are formed when
cuprous chloride dissolves in hydrochloric acid or sodium chloride solution,
and complex cations in aqueous ammonia ; in the same way cuprous nitrate
can be obtained as the stable complex [Cu(CH,-CN),]NO,.587

When we come to the silver salts, it is clear that the reversible reaction

2Agt = Agtt 4 Ag

888 17, Fenwiock, J.A4.C.S. 1926, 48, 860, ,
s8¢ 3, Heinerth, Z. Hlektrochem. 1981, 37, 681.
087 Moo further J. 1. B, Randloes, J.0.8. 1041, 802.

= k.

K. -
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is possible, but that the equilibrium is very far over to the left-hand side.
The divalent argentic ion has so strong a tendency to give up half its charge
to its surroundings—to act as an oxidizing agent—that its salts can only
oxist if the ion is stabilized by co-ordination, and even then the co-ordinated
groups must be very firmly attached, or the anion must be incapable of
further oxidation; the known argentic salts, apart from the oxide AgO
which is doubtful, and perhaps the fluoride AgF, which may not exist as
such, and anyhow has an unattackable anion, are all co-ordination com-
pounds which either, as in the persulphate Ag(py)sS,05 have exceptionally
stable anions, or have exceptionally stable co-ordinating groups, as in the
nitrate or chlorate of the complexes with dipyridyl or ortho-phenanthroline.

The behaviour of gold is more like that of copper: the monovalent ion
goes over with great readiness into metallic gold and the auric form. The
position is complicated by the enormously strong tendency of gold,
especially in the auric state, to form complexes. This makes it impossible
to determine the equilibrium between the ions, but it is found that all
aurous salts that are not. complex are decomposed by water with separa-
tion of metallic gold.

Thus the stability of the polyvalent as compared with the monovalent
ion is much greater with copper and gold than it is with silver; the elec-
tronic group of 18 is much less easily broken down in silver than in either
of the other two elements. This is in accordance with the structures of the
elements preceding these three in their respective periods of the table.

The elements of the middle series (which includes silver) have a much
stronger tendency than the others to retain electrons in the large penulti-
mate group (see Table, p. xxv), and this is clearly reflected in the reluc-
tance with which silver loses an electron from this group to become
divalent.

We have next to compare the monovalent compounds of these elements
with one another, and with those of the alkali metals. We may begin with
the solubility in water, although the data, apart from the nearly insoluble
oxides, sulphides, and halides, are practically confined to the silver salts;
all the aurous compounds must be omitted, as they are decomposed by
water, and all the more soluble cuprous compounds for the same reason.

The only freely soluble silver salts—giving a more than normal solution
in water at 25°—are the fluoride, nitrate, and perchlorate. A few others,
such as the chlorate, sulphate, and acetate, have solubilities between
normal and centinormal; the rest are relatively insoluble, the oxide, sul-
phide, chloride, bromide, and iodide especially so. The corresponding
salts of sodium, the alkali metal whose ionic radius (0-98 A) comes nearest
to that of silver (1:13 A), are all very soluble. One point is worth notice.
We know that the structure of the argentous ion gives it a greater deform-
ing power (as compared with an alkaline ion) than corresponds to its size.
8inoce the Uthium ion (radius 0:78 A) is much smaller than the silver ion,
we might expect that this difference in size would to some extent compen-
sate for the difference in struoture, and that in tho solubilitios of ita salts
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silver would resemble lithium rather than sodium. But there is no sign of
this. Lithium fluoride is abnormally insoluble, while silver fluoride is
abnormally soluble (about 1,400 times as soluble as lithium fluoride at
25°) ; the chloridé and bromide of lithium are far more soluble than those
of sodium, but silver bromide and chloride are almost insoluble. Again, it
in characteristic of lithium, as we have seen, that its salts with weak acids
nve less soluble than those of strong, but there is no sign of this with silver,
where the acetate, for example, is among the more soluble salts. Again the
lithium ion has the strongest tendency to hydration of any alkaline ion,
nnd practically all its salts are hydrated, which is plausibly explained by
the Fajans theory as being due to its large deforming power. On the other
hand, silver, which certainly has a greater deforming power than lithium,
has scarcely any salts that form hydrates; almost the only salts that do
so are the fluoride and the perchlorate, which are exceptional in other
ways too.

These facts illustrate the general principle that in an ionized molecule
tho two ions in spite of the deformation remain essentially distinet, and
tho properties of the salt can be regarded as depending on two factors, the
deforming power and the deformability ; but that in covalent molecules the
strength of the link depends on the particular affinity of the two component
ntoms for one another, which is not necessarily the same for any two
oqually deforming or equally deformable atoms. Accordingly in their
covalent compounds the relations between different elements are much
more selective than they are in the salts. This is well exemplified by the
coinage metals. Their most obvious characteristic is a relative indifference,
ospecially in silver and gold, to oxygen, but a strong tendency to combine
with sulphur. Again among the co-ordination compounds of their mono-
valent atoms we shall find a much stronger affinity for nitrogen as donor
than for oxygen: this is illustrated by the readiness with which silver com-
ponnds co-ordinate with ammonia while they refuse to hydrate, and it no
doubt explains why the less stable states of these elements are ‘ protected’
by co-ordination to nitrogen, but not to water.

It is thus of fundamental importance to be able to ascertain whether a
glven link is predominantly ionized or covalent. Among the methods used
for determining this two of the more important are the crystal structure
for the solid and photodissociation for the vapour. The characteristic
orystal structures for an ionized compound of the formula AB (i.e. a
blnury compound with equal numbers of the two kinds of atoms in the
molocule) arc, as we have seen in the alkaline halides, the close-packed 6:1
(sodium chloride) and 8:1 (caesium chloride) lattices. For a covalent AB
vompound when the sum of the valency electrons of A and B is 8, the forms
are nearly always either the zinc blende, wurtzite, or diamond lattices88;
thls is found, for example, with the compounds AgI, CdTe, InSb, and SnSn
or metallio tin, These three types of lattice are open structures, in which
eaoh atom has four nearest neighbours of the other kind, at the points of

8¢ T, G, Grimn and A. Sominerfeld, Z. Phys. 1920, 36, 36,




110 Group 1(3). Copper, Silver, Gold, Univalent

a regular tetrahedron of which it is at the centre. It is evident that such a
crystal forms a continuous molecule—a ‘giant’ molecule; by a kind of
co-ordination each atom has 4 of the 8 electrons and behaves like a carbon
atom, the covalent links extending from atom to atom through the crystal
as they do in diamond, which in fact is a typical crystal of this class. The
formation of one of these 4:1 lattices is good evidence of a covalent
structure.

All the four cuprous halides, with the possible exception of the fluoride,
crystallize in the zinc blende form, so that they are clearly covalent.
Silver fluoride, chloride, and bromide have sodium chloride lattices, and
are therefore ionized in the crystal. Silver iodide crystallizes in three
forms, which have many peculiarities, but the more important are a low-
temperature y-form which has a zinc blende lattice, and a regular form
with a sodium chloride lattice, which must be ionized. These conclusions
are supported by the interatomic distances, which are as follows:

Interatomic Distances

Calcd. Calcd.

Compound covt. Obsd, Tonic Conclusion
CuF 1-99 1-85% 2-33 Cov.
CuCl 2-34 2-34 2-81 Cov.
CuBr 2-49 2-46 2-96 Cov.
Cul 2-68 2:62 3-20 Cov.
Cu,0 2-01 1-85 2-32 Cov.
AgF 217 2:46 2-46 Ionic
AgCl 252 277 2-94 Ionic
AgBr 2-67 2-88 3-09 Ionic

3-05 Ionic
Agl 2-86 2-83 3-33 Cov.
Ag,0 2-19 2-04 2-45 Cov.

* This result is not certain: see below under cuprous fluoride, p. 119.

The two oxides are added because the distances establish their covalent
character; but their crystal structures are of course necessarily different
from those of the AB compounds.

In the vapour state the covalent molecules can be detected by the fact
that one of the two neutral atoms into which they break up on photo-
dissociation is electronically active. By this test it has been shown that
silver chloride, bromide, and iodide are covalent in the vapour.’®® It is
not surprising that a molecule which is ionized in the crystal should become
oovalent in the gas; the deformation is likely to be greater when the ion-
pair is isolated than when it is packed into the erystal,5°

89 T, Franok and H, Xuhn, Z, Phys. 1027, 43, 164 (Agl); 44, 607 (AgBr).
809 Sa0 A, Sommerfsld, &. Dlektrockem. 1928, 34, 518,
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We can therefore sum up the conclusions as follows:

| F cl Br I | o
C {Gas - Cov. Cov. Cov. ..
opper Crystal Cov. Cov. Cov. Cov. Cov.
{Gas e Cov. Cov. Cov. ..
Silver Ion.
Crystal Ton. Ion. Ton. Cov. Cov.

These results indicate that copper has a stronger tendency than silver to
nssume the covalent state, which is opposed to the usual rule, since it has
the smaller atomic number; this is another example of the exceptional
position of silver in the series, since in gold the co-ordinating power is
much stronger again. That the iodide should more readily form a covalent
link than the other halides is in accordance with Fajans’s theory, since the
iodide anion is the largest and most deformable ; so too is the covalency
of the links in the oxides owing to the double charge on the oxygen in the
ionized form.

We may now consider some of the individual compounds of the mono-
valent metals.

Copper and Hydrogen: Copper Hydride CaH

The formation of a brown solid supposed to be cuprous hydride CuH
when copper sulphate is warmed with hypophosphorous acid H,PO, was
discovered by Wurtz in 1844. The product certainly contains hydrogen,
nnd evolves it on warming, but it is insoluble and cannot be purified.

The more recent work of Hiittig and Brodkorb®®! indicates that the
product undoubtedly contains cuprous hydride, but that it is mixed with
oopper, copper oxide, and water. It is very unstable; it is oxidized slowly
by air in the cold, and on heating it gives off hydrogen, at first slowly, and
then at 110-120° the whole of the rest of the hydrogen comes off at once®?;
It is also liable to decompose explosively,?#2 It thus has two main reactions:

4CuH + 30, = 4Cu0O 4 2H,0
2CuH = 2Cu+ H,,

Hiittig and Brodkorb®®! found the lattice to be identical in type with
that of metallic copper, but expanded, the distance between two neigh-
bouring copper atoms being 3-06 A instead of 2:70 as in the pure metal.
'This suggests that like other hydrides of a metallic character copper
hydride may have a metallic structure, in which CuH molecules take the
place of the Cu atoms in the metal itself. The radius of the CuH molecule,
rogarded as a sphere, would be (3:06—2-70)/2 = 0-18 A greater than that
of the copper atom in the metal; the normal ‘radius’ of a covalent hydro-
gon atom, for example in the halogen hydrides or in the C—H group, is
about 0:80 A.U.

91 @G, F. Hiittig and E. Brodkorb, Z. anorg. Ohem. 1926, 153, 235.
898 O, Neunhdffer and F. Nerdel, J. prakt. Chem, 1985, (2) 144, 68.
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The spectrum of copper vapour in hydrogen at 1,400° indicates the
presence of a hydride CuH (presumably the same compound), with a heat
of dissociation of about 65 k.cals.5%3

Silver and Hydrogen

A solid hydride of silver formed from the elements has been described5%4;
but it seems very doubtful, especially since Steacie and Johnson3% have
measured the absorption of hydrogen by silver in complete absence of
oxygen, and shown that this does not exceed about 1 atom of hydrogen
to 2,400 of silver.

Farkas% obtained evidence of the formation of a gaseous hydride of
silver from the loss of weight when the metal is heated in hydrogen at
1,100°. For half a mole of gas this was 2-7 mg. with nitrogen and 3-2 mg.
with hydrogen, the difference presumably being due to the hydride
AgH 5%¢ The results give a heat of dissociation of 5716 k.cals.

Awurous Hydride. Similarly Farkas5® found with gold at 1,400° a loss of
weight per half-mole of gas of 11-1 mg. with hydrogen, 0-9 with nitrogen,
and 1-4 with helium; from his results he gets a heat of dissociation of
72 k.cals., while the spectrum gives 75-6.

Compounds with Carbon

These are of two kinds, (e¢) substitution products of hydrocarbons,
especially acetylene and benzene, and (b) addition products of unsaturated
hydrocarbons like ethylene, and of carbon monoxide. Class (b) are complex
compounds, and so will be considered later.

Acetylides

Cuprous acetylide Cu,C,. Acetylene, or any of its derivatives that still
contain the C==C—H group, when treated with an ammoniacal solution
of a cuprous salt will give a precipitate of a cuprous compound. With
acetylene the product has been shown®7? to have the composition Cu,C,, H,O
after drying over calcium chloride in the cold; at 80-100° over calcium
chloride, or in a current of dry carbon dioxide, it loses the water and
Cu,C, remains. The reaction is quantitative and can be used for the
estimation of copper, the ammoniacal solution being reduced with hydroxyl-
amine®®®; a visible precipitate is formed at a dilution of 1 in 1,100,000,
so that the solubility of the acetylide is less than 1-1 mg. per litre. It is
reddish-brown, insoluble in all inactive solvents, but explodes violently at
120° or in contact with nitric acid, sulphuric acid, chlorine, or bromine,?%°

%38 A, Farkas, Z. physikal. Chem. 1929, B 5, 474.

804 1. Pietsch and F. Seuferling, Naturwiss. 1931, 19, 573.

8#8 1. W. R. Steacie and F. M. G. Johnson, Proc. Roy. Soc. 1928, 117, 662.

89¢ TFor the band speotrum of the hydride AgH see L. Ger$ and R. Schmid, Z,
Phys. 19438, 121, 459,

%97 J, Soheiber and H. Rocklebon, Ber, 1911, 44, 210,

898 J, Boheiber, &, anal, Ohem, 1000, 48, 520,

8% H, Rupe, J, praki. Chem, 1913, (3) 88, 79,
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It regenerates acetylene on treatment with dilute hydrochloric acid or
potassium cyanide solution.
The only mixed derivative for which there is much evidence is

CuyCy, CuCl, H,0,

obtained by Manchot®°0 as a dark violet powder by the action of acetylene
on a solution of cuprous chloride in hydrochloric acid. With ammonia it
produces copper acetylide Cu,C,, and with hydrochloric acid it evolves
acetylene.

. The structures of these compounds are uncertain. The formula
CuyCH-CHO suggested for the hydrate is disproved by the fact®®? that
when treated with acids it gives acetylene and no trace of aldehyde. The
formula H.C=C—Cu—Cu—OH is incompatible with the fact that
cuprous copper consists of a sgingle monovalent and not two divalent
ntoms, '

If the anhydrous compound is covalent Cu—C=C—Cu, its non-vola-
tility and insolubility show that it must be highly associated, presumably
tu the same obscure way as the alkaline alkyls.

Silver acetylide, Ag,C,. This is similar to the cuprous compound, and is
obtained in a similar way, but it is more explosive, and never seems to
Liave been got quite free from oxygen and water. It is purer and less
oxplosive when itis forined from an ammoniacal solution of silver nitrate.8%
14 is also formed by the action of a hot silver nitrate solution on sodium
ncotylene-dicarboxylate Nay(0,C—C=C—C0,)%°%; the cuprous compound
soems to be formed in a similar way.%%! Since the pure substance can give
no volatile product on explosion, forming only carbon and silver, the force
of the explosion must be due to the effect of the heat evolved (which,
nocording to Berthelot, is 87 k.cals. per mole) on the surrounding air.
liggert893-4 exploded it electrically in an exhausted glass globe ; there was a
flame, and the glass became covered with a deposit of silver and carbon,
but with the pure material (but only with this) the globe was not broken.

The pure acetylide is more sensitive to a blow even than mercury ful-
minate, and it explodes when heated to 120-140°, but not when brought in
vontact with nitric or sulphuric acid, which regenerate acetylene.

Awurous acetylide, Au,C,. This is said to be formed in the same way as
the copper and silver derivatives, and to be explosive.8%

Alkyl and Aryl Compounds

These are very imperfectly known ; their stability is small, and falls off
rapidly in the order aryl > alkyl, and Cu > Ag > Au. No alkyl com-

800 W, Manchot, Ann. 1912, 387, 270.

801 A, v. Baeyer, Ber. 1885, 18, 2273. 802 W, Lossen, Ann, 1893, 272, 140,

100 J, Eggert and H. Schimank, Ber. 1918, 51, 454.

004 J, Kggert, Z. Elektrochem. 1918, 24, 150.

W00 A, Btettbeoher, Z.f.d. ges. Schiess- u. Sprengstoffwesen, 19186, 11, 1 [Chem. Centr.
19, 11, 126).

100 J, A, Mathews and L, L. Watters, J.4.C.4. 1900, 22, 108.

sue 1
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pounds of any of the elements have been isolated, and no gold compounds
of either kind.

Cuprous Alkyls

Cuprous iodide will dissolve in an ethereal solution of ethyl magnesium
bromide at —18° to give a green solution, which behaves as if it contained
cuprous ethyl Cu-Et, but is extremely unstable, and rapidly decomposes
at any temperature above — 50°,697

Cuprous Aryls

Cuprous phenyl, Cu-CgH;.8°7-? If a solution of phenyl magnesium
bromide in ether is treated with cuprous iodide in an atmosphere of nitro-
gen, a green solution is formed, from which a grey precipitate separates,
of the composition CuCgHy ; an 86 per cent. yield can be obtained.6%7 It is
unstable; on warming it suddenly decomposes at 80° to copper and
diphenyl ; on standing in a vacuum in the cold it completely decomposes
within two days to a black mass. It is slowly hydrolysed by water to
benzene and cuprous oxide. It is practically insoluble in benzene, carbon
tetrachloride, or chloroform, but dissolves readily (probably with reac-
tion) in pyridine, benzonitrile, and benzaldehyde. With benzoyl chloride
it forms benzophenone, and many similar replacements can be effected.

Cuprous aryls can also be obtained in solution®? by the action of copper
powder on diazonium borofluorides at about 80°; the aryls (phenyl, p-
tolyl, and o- and p-nitrophenyl) were identified by their reactions (e.g. with
butyl bromide and with water) but were isolated only in the form of the
phenyl and nitrophenyl pyridine complexes Ar-Cu, py,.

Argentous alkyls. Semerano and Riccoboni®!! claim to have made silver
methyl, ethyl, and n-propyl by the action of lead tetra-alkyl on alcoholic
silver nitrate at —60° to —80°. The products are precipitated as solids
from the solution ; they decompose rapidly at temperatures from —35° to
—60°. This was confirmed by Theile.®12

Argentous Aryls

Silver phenyl, Ag-C¢H;. An addition product of the composition
(Ag-CgHj)z, AgNO; was obtained by Krause and Schmitz®!3 as an unstable
bright yellow powder by treating the ethyl-triphenyl compound of lead or
tin MEt(CgH;)4 (but not the tetra-phenyl) with silver nitrate. Challenger
and Allpress®4 prepared it by the action of silver nitrate solution on bis-
muth triphenyl. The aryl silver itself was made by Krause and Wendt$1®

807 . Gilman and J. M. 8. Straley, Rec. Trav. 1936, 55, 821 [B.C.4. 1936, 1528].
608 R, Reich, O.R. 1923, 177, 322.

605 W. M. Whaley and E. B. Starkey, J.4.C.S. 1946, 68, 793.

510 |, A, Bolth, W. M. Whaley, and E. B. Starkey, ib. 1943, 65, 1456.

811 (3, Semerano and L. Riccoboni, Ber. 1941, 74, 1089.

818 H, Theile, Z. Elektrochem. 1948, 49, 420.

#1s £ Krause and M, Sohmitz, Ber, 1919, 52, 2150.

04 F, Challenger and C, F. Allpress, J.C.S, 1081, 119, 0186,

s 1, Krause and B, Wendt, Ber, 1083, 56, 3064.
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by treating silver chloride suspended in ether with phenyl magnesium
bromide; it forms a dark slightly soluble product of the composition
Ag.CgH;. Ifitis exposed to the air, it decomposes violently as soon as the
other has dried off, evolving clouds of diphenyl vapour ; this decomposition
into silver and diphenyl is good evidence of its structure. Reich®°® made
thie compound in the same way from silver bromide. Gilman, who made it
from silver iodide and the Grignard reagent at —18°,8%7 found that the
yicld was much smaller than with copper.

The formation and decomposition of these silver aryls were made use of
by Gardner®1®-17 for the preparation of a number of diaryls and dialkyls
(vuch as diphenyl, ditolyl, dibenzyl, octane, and unsymmetrical com-
pounds like anisyl benzene) by adding the appropriate Grignard reagent to
ilver bromide suspended in ether, and boiling ; he did not isolate the inter-
mediate silver compounds, but it is clear that they must have been formed.

(lold Aryls
These are the most unstable of all the aryls and have never beenisolated ;
but Kharasch and Isbell®!® have shown that they are formed, and obtained
u solution of one of them.
"They showed that an ethereal solution of the carbonyl AuCl-CO reacts
wilth a Grignard reagent thus:
2R-MgBr 4+ 2AuCl-CO = 2 Au + R-R + 2MgCIBr + 2CO.
The more electronegative R is, the slower is the precipitation of gold,
Indicating the intermediate formation of R-Au; and with a-naphthyl
mngnesium bromide CO is evolved and a clear red solution left which does
not deposit gold until it is heated.
1t is evident that all the alkyls and aryls of this subgroup that actually
exint are highly polymerized.
Cyanides
Cuprous cyanide, CuCN. This forms colourless crystals which melt with
decomposition at 473°.61° Like the iodide it is formed from a cupric salt,
the cupric cyanide Cu(CN), which is first precipitated on addition of
potassium cyanide soon breaking up into cuprous cyanide CuCN and
tyanogen (in other words, the cupric cation being reduced by the anion).
Aovcording to Barber®?® it can be made in almost quantitative yield from
topper sulphate, potassium cyanide, and sodium bisulphite at 60°, It is
Innoluble in water and dilute acids ; it dissolves in potassium cyanide solu-
tlon to form the double cyanide K[Cu(CN),], but this is a rather weak
oomplex, and is decomposed by water with precipitation of cuprous
ayanide; the stability of these cyanide complexes increases with the
atowic number of the central atom.
816 J, H. Gardner and P. Borgstrom, J.4.C.S. 1929, 51, 3375.
817 J, H. Gardner, L. Joseph, and I. Gollub, ib. 1937, 59, 2583.
618 M, S, Kharasch and H. S. Isbell, ib. 1930, 52, 2919.

819 W, Truthe, Z. anorg, Chem. 1912, 76, 144.
%o I, J, Barber, J.0.S, 1948, 70.
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Argentous cyanide, AgCN. This is a colourless compound which melts
with decomposition between 320° and 350°.61% It is very slightly soluble
in water; the saturated solution at 20° is 1-6 X 10-® normal (0-22 mg. per
litre).82! It has been said to be dimorphic, but this is not s0.22 Its crystal-
line structure is of peculiar interest,’? especially in view of the dispute as
to whether it was a cyanide or an isocyanide. The crystal is made up of
endless parallel rectilinear chains —Ag—C=N-—Ag—C=N—, etc. (a
structure which must be linear), the Ag---Ag distance being 5-26 A. The
calculated distance for this formula is 5-68 A ; the shortening of 0-42 A,
or 7-4 per cent., is presumably due to resonance. Thus the compound is
covalent, and is at once a cyanide and an isocyanide.

Silver cyanide is soluble in concentrated but not in dilute acids. It is
also soluble in ammonia and in alkaline cyanides; the complexes formed
with the latter are more stable than those of copper, and do not appear
to break up in water (see later under complexes). The solid absorbs about
1 mole of ammonia from the gas at 1 atmosphere in the cold. Its reaction
with alkyl halides is familiar, but remarkable; it gives mainly the isoni-
trile, whereas an alkaline cyanide gives mainly the nitrile, presumably
because the Ag—C link is stronger than the Ag—N ; the mercuric cyanide
behaves like the silver compound.

Aurous cyanide, AuCN. Yellow crystals. This compound like the iodide
is formed when we should expect an auric compound, by the action of
prussic acid on auric hydroxide. It can also be made by the decomposition
of auric cyanide, or by heating the double cyanide K[Au(CN),] with
hydrochloric acid to 50°. The crystal structure is the same as that of
silver cyanide.5*

Aurous cyanide is apparently more stable than the cuprous and argen-
tous compounds. On heating it breaks up at a red heat, leaving metallic
gold. It is even less soluble in water than aurous iodide, and it has a
stronger tendency to complex formation than any of the aurous halides
(see below, p. 134),

Nitrogen Compounds

Of the binary nitrogen compounds, apart from the highly explosive
azides MN ;, only cuprous nitride is at all well known.

Cuprous nitride, CuyN, can be made by heating copper to redness in
ammonia, or more conveniently®?® by passing ammonia over anhydrous
cupric fluoride at 280°. It is a dark green powder which is stable in air
when cold, and if heated in a vacuum does not change until it reaches
450°, where it decomposes completely into its elements. An X-ray
examination of its crystal structure showed®?® it to be anti-isomorphous

881 W. Béttger, Z. physikal. Chem. 1903, 46, 559.

61 O, Schmitz-Dumont, Ber. 1939, 72, 298,

48 O, D, West, Z. Krist. 1938, 90, 5885,

¢ G, 8, Shdanov and E. Bochugam, Aola plys. chem. U.R.8.9. 1945, 20, 253,
50 R, Juga and H, Hahn, Z. ancrg, Chem. 1039, 241, 172,

w 14, ib, 1088, 289, 868,
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with rhenium trioxide ReQj,, the copper atoms being at the middle of the
edges. The C—N distance of 1-90 A (theory Cu—N 2-05; Cu[N] 2:7 A)
suggests a covalent linkage, although each nitrogen is surrounded by six
copper atoms. It is dissolved by acids with the formation of cupric salts
and the precipitation of metallic copper. It is an endothermic compound,
being formed from the metal and gaseous nitrogen with absorption of
17-8 k.cals. per Cu;N.625

A compound Cu,N, perhaps the same, is formed by treating a solution
of copper nitrate in liquid ammonia with potassamide KNH,, and heating
the green precipitate that is formed (which may be cuprous amide CulNH,)
in vacuo to 160°.627

Argentous nitride, Ag,N, is said to occur in Berthollet’s explosive silver,
which is made by heating a solution of silver oxide in ammonia.®2®

Aurous nitride, AugN. Raschigs?® treated aurous oxide with ammonia,
nud obtained an explosive compound of the composition Au,N, NH; as
one of a series of compounds that could not be purified.

Phosphides, Arsenides, etc.

Of these compounds little is knowu, except of the phosphides of copper.
llaraldsen®®® has examined the system Cu-+P in detail, by therinal
nnalysis, X-ray analysis, measurement of dissociation tensions, etc.; he
linds that there are only two definite compounds, Cu,P and CuP,. Cu,P
in got from the elements at 1,000°; it is silvery-white, hard, metallic,
friable, and readily soluble in nitric acid. Its existence is proved by its
ennstant dissociation tension (e.g. 100 mm. at 762°). It forms solid solu-
tions with phosphorus up to the composition CuP,.44.

CuP, is similar: it is metallic, and like CuyP diamagnetic. It also forms
solid solutions with phosphorus, almost up to the composition CuP,. Its
erystal structure is extremely complicated.

Oxides

Cuprous oxide, C11,0. (A suboxide Cu,O has been described, but there
in no good evidence for it.) Cuprous oxide or cuprite is shown by its
orystal structure®! to be a covalent compound. It melts above 1,230°. Its
supposed paramagnetism has been shown,%2 as we should expect, to be an
orror, due probably to the presence of cupric oxide; pure cuprous oxide
has the magnetic susceptibility (per gramme) —0-18 x 10-8,

'I'he colour of cuprous oxide varies according to the method of prepara-
tlon, and is variously described as yellow, orange, red, or even dark brown.
1t has been supposed that there are two forms of the oxide, yellow and

087 1, F. Fitzgorald, J.4.0.8. 1907, 2Y, 656.

8 I, Raschig, Ann. 1886, 233, 03. 829 Tb, 1886, 235, 349.

80 H, Haraldsen, Z. anorg. Chem. 1939, 240, 337.

el P, Niggli, Z. Krist, 1922, 87, 268. For further referenoes see R. W. G. Wyckoff,
Ntruoturs of Orystals, 2nd od. 1981, p. 2386,

" W, Klemm and W. Sohfith. Z, anorg, Chem. 1081, 303, 104,
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brown, and it is often assumed that the red is the true oxide Cu,0 and the
yellow the hydroxide CuOH. But the X-ray measurements of Strau-
manis and Cirulis®3? have proved that both forms have the same crystal
lattice and so are the same substance ; the X-ray lines are fewer and less
sharp with the yellow specimens, which is a sign that their particle-size
is smaller.

Cuprous hydroxide, ChOH. The light yellow colour of the precipitate
formed on treating cuprous chloride with alkali suggests that it is a
hydroxide; but no definite compound of this composition has been
isolated.

Argentous oxide, Ag,0. G. N. Lewis has shown®! that in the system
Ag—O0, the only stable phases are Ag, Ag,0, and O,, so that Ag,O, if it
occurs at all, must be metastable.

Argentous oxide, Ag,0, is almost black in colour; it separates from solu-
tion in ammonia in violet crystals. It has the cuprite lattice, and the
Ag—O distance (see above, p. 110) shows that the molecule is covalent.835
It is difficult to remove the last traces of water from it without its dissociat-
ing to some extent.’3 It begins to evolve oxygen at 160°, and does so
rapidly at 250°. It readily absorbs carbon dioxide from the air. It is
decomposed by light ; it reacts with hydrogen peroxide and with ozone to
give silver and oxygen; in its reaction with ozone it was shown by Strutt®3?
that at low pressures practically every ozone molecule which hits the silver
oxide surface is decomposed.

The use of ‘moist silver oxide’ in organic chemistry to replace halogens
by hydroxyl is familiar. The basic character of the oxide is shown in
many ways, as in its power of absorbing carbon dioxide. An aqueous
suspension of silver oxide has a distinct alkaline reaction, though the
solubility is minute (2-2 X 10-4 normal, or 27 mg. per litre at 25°). But the
hydroxide is amphoteric, with a very minute tendency to dissociate into
AgO~ and H*, the ratio (AgO~)/(Ag*) being, according to Laue,%® about
{0-4, It is more soluble in alkaline hydroxide solution than in pure water
(about 25 times as soluble in 6-5 normal sodium, potassium, or barium
hydroxide), from which it can be calculated that the acid dissociation
constant of silver hydroxide is 7-9 x 10-13.839 Thig is about the same as the
third dissociation constant of phosphoric acid.

Aurous oxide, Au,0, can be made by precipitating the aurobromide
K(AuBr,) with alkali, Itssolubility in water is 0-04 mg. per litre at 25°. It
is a pale grey-violet solid which can be dried at 200°, but gives off oxygen
a few degrees above this, and rapidly at 250°. Like silver oxide it is some-

688 M. Straumanis and A. Cirulis, Z. anorg. Chem. 1935, 224, 107.

884 7. physikal. Chem. 1908, 55, 449.

88V, M. Goldschmidt, Geoohem. Vertheilungs. ges. viii. Oslo, 1927.

685 See H, B. Baker and H. L. Riley, J.0.S. 1926, 2527 : the purest oxide they could
prepare contained 0-3 per ocent. of water.

%7 R, J, 8trutt, Proo. Roy. Soo. 1912, 87, 302.

¢ 1, Lauo, Z. anorg. Chem, 1087, 168, 315,
e H, L, Johnston, F, Outa, and A. B, Garrett, J/,4,0.9, 1038, 58, 8811,
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what amphoteric ; when freshly precipitated it dissolves in alkali, but the
solution rapidly deposits gold.
The higher oxides of copper, silver, and gold are described later (pp. 150,
174, 179).
Sulphides, etc.

The sulphides can all be made by heating the elements together, and
they are all extremely insoluble in any solvent that does not decompose
them.

Cuprous sulphide, Cu,S, is dimorphic, occurring in a rhombic and a
regular form, of which the first is a fairly good conductor of electricity, and
the second has a fluorite lattice. The heat of formation from copper and
rhombic sulphur is 18-3 k.cals.%4°

Argentous sulphide, Ag,S, is formed by the direct combination of the
olements even in the cold; this is the cause of the tarnishing of silver in
the air. The heat of formation from silver and rhombic sulphur is 7-6 k.cals.
nt 25°.841 Tt is decomposed by mercury, especially in presence of sodium
ohloride, into mercuric sulphide and silver (Mexican ‘amalgamation’ pro-
ooss for extracting silver); it is probably the least soluble of all the com-
pounds of silver, 542

Aurous sulphide, Au,S, is a dark brown solid, whose solubility product
is loss than 10-13, Dilute acids have no action upon it, but it dissolves in
aqua regia, in sulphide solutions, especially polysulphides, and in potas-
winm cyanide.

The system Ag—Te has been examined by Koern, who found®? that
only two compounds were formed, argentous telluride Ag,Te, and a com-
pound Ag,,Te; both of which are dimorphic.

Halides

With the possible exception of two of the fluorides (CuF, AuF), all the
mono-halides of these elements are known, and we have in addition
the very singular silver subfluoride Ag,F. It is convenient to deal with
the halides of each metal separately.

COuprous Halides

Cuprous fluoride, CuF. It is doubtful whether this compound exists in
the pure state. Poulenc’s supposed preparation from cuprous chloride and
gawoous hydrogen fluoride® is not accepted by Ruff.®

Ilbert and Woitinek®4 passed fluorine mixed with chlorine over metallic

s | A, Korschunov, J. Phys. Chem. Russ. 1940, 14, 134.

01 A, P. Kapustinski and I. A. Korschunov, ib. 131.

84 P, Rahlfs, Z. physikal. Chem. 1936, B 31, 157, determines the X-ray structure
of Ag.H, Ag,Se, and Ag,Te; they all seem to have ionic lattices, though the oxide
(p. 118) is oovalent.

0 VY, Koorn, Naturwiss. 1939, 27, 432.

4 (), Poulene, O. R. 1893, 116, 1446.

0 O, Ruff, Das Fluor, Berlin, 1920, p. 124.

0 I, Kbort and H. Wolitinok, Z. unory. Ohemn, 1988, 210, 260,
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copper, and considered that the red layer next to the metal was cuprous
fluoride; they examined this with X-rays and concluded that it had a
zinc blende lattice; this would be of great interest as showing that the
cuprous fluoride had a covalent structure. But the recent work of v. War-
tenberg®? throws great doubt on this. He shows that cupric fluoride
CuF, melts (not sharply) at about 950° and the fused mass then loses
fluorine, and at 900-1,200° contains about 70 per cent. of cuprous fluoride.
But when it solidifies, however suddenly it is quenched, this goes over into
metallic copper and cupric fluoride; condensation of the vapour gave
nothing but cupric fluoride. Once only a melt on chilling formed a deep
red transparent solid composed of 60 per cent. CuF and 40 per cent. CuF,,
which, however, changed over in a few days to a mixture of cupric fluoride
and the metal. This certainly suggests that cuprous fluoride is ionized in
the solid (fluorine has of course a stronger tendency to ionize than any
other halogen), and that accordingly the cuprous ions undergo the normal
change to cupric ions and metallic copper.

Cuprous chloride, CuCl, is a colourless substance, usually made by reducing
n cupric solution with metallic copper in presence of excess of hydrochloric
acid. M.pt. 430°; b.pt. 1,367°. It is polymerized in the vapour to Cu,Cl,
even at very high temperatures; the vapour density at 1,700° indicates
that it consists almost entirely of double molecules®48; this conclusion is
supported by the absorption spectrum®4?; the structure is presumably

u /Cl\
\01/'

(see below, p. 125). In solvents like pyridine the molecular weight is
uearly normal, but such solvents do not contain cuprous chloride but a
co-ordination complex,

In the solid state, especially when heated, cuprous chloride is a good
conductor of electricity. Frers®? finds that at 170° the conductivity is
almost wholly metallic, but at 200° it is as much as 10 per cent. electro-
lytic, the only mobile ion being monovalent copper.

Cuprous chloride is almost insoluble in water, the saturated solution at
25° being 1-1 X 10-3 normal (0-11 g. per litre), but it is readily soluble in
hydrochloric acid, in solutions of alkaline chlorides, and in ammoma
owing to the formation of complexes such as H[CuCl,] and [Cu(NH, )2]01]
which are ionized and soluble (see later under complexes).

Cuprous bromide, CuBr. Pale greenish-yellow ; melts at 483° and boils
at 1,345°. The saturated aqueous solution at 25° is 2-0x 10-* normal
(0-029 g. per litre). It is very similar in every way to the chloride The
vapour pressure has been measured statically by v. Wartenberg®! and

847 H, v. Wartenborg, Z. anorg. Chem. 1989, 241, 381.
&s H, Biltz and V. Meyer, Z. physikal. Ohem. 1889, 4, 267.
0 J, Torrlon, Ann, Phys, 1088, [xI] 9, 477.

600 J, N. Frern, Bor, 1027, 60, 804,
W H, v, Wartenberg and O. Bosse, &, Hlskircohem, 1993, 28, 3384,
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gravimetrically by fransport by Jellinekss?; their results taken together
give the molecular x\bveight at 910-1,100° as that of the double molecule
CuyBr,. By the same methods it was shown that at these temperatures
the iodide is not associated, but is Cul.

Cuprous iodide, Cul, is pure white ; it melts at 588° and boils at 1,293°;
as we have seen, it is not associated in the vapour. The saturated solution
in water at 25° is 2-2 X 10-® normal (0-42 mg. per litre). (For a comparison
of the solubilities of the cuprous halides with those of the other metals
soe below, p. 125.) The iodide is very similar (apart from the association)
to the other halides, but it differs from them in being formed directly from
u cupric salt by warming with potassium iodide:

2CuS0, + 4KI = 2K,80, + 2Cul + I,
(nreaction used for the quantitative estimation of copper). The iodine ion
is so readily oxidized to the neutral iodine atom that it removes a charge
Irom the cupric ion and reduces it to cuprous. Cupric iodide is actually
formed in this reaction, but it cannot be isolated, and rapidly loses iodine
to give cuprous iodide. The cyanide behaves similarly.

Argentous Halides

We may begin by considering silver subfluoride Ag,F, which is quite
nnomalous, and in which it is difficult to say what the valency of the
silver is.

Silver subfluoride, Ag,F. Chemical literature contains a large number of
‘sub’ compounds, especially subhalides, in which an element, usually a
wotal, appears with only half its normal valency; examples are K,Cl,
(nCl, CdCl, CusO, and Ag,Br. All these have been found when fully
investigated to be non-existent in any chemical sense* ; some of them can
live long enough in a vacuum tube to give an absorption spectrum ; many
prove to be mixtures of the normal compound with excess of the metal.
The one member of this group whose existence is beyond doubt is silver
subfluoride, Ag,F'. It is made by leaving silver fluoride solution in contact
with metallic silver for some time, best at 50° to 90°; dust and light must
ho carefully excluded.®3-5 It is also formed at the cathode in the electro-
lysis of silver fluoride solutions with low current density.6% It forms small
hut good crystals with a bronze reflex. It is a good conductor of electricity.
On heating it begins to decompose into silver and argentous fluoride Aglf
ut 100°, and is completely converted by 200°; it is decomposed by water
Into silver and silver fluoride. Its crystal structure has been found by
Terrey and Diamond®57 to show that it contains neither free silver nor free

* See, for example, Ag,Cl (p. 122): Ag,Br (p. 123).

82 K. Jellinek and A. Rudat, Z. physikal. Chem. 1929, 143, 58.
63 A, Guntz, 0.R. 1890, 110, 1337; 1891, 112, 861.

8¢ T, Wohler, Z. anorg. Chem. 1912, 78, 239.

88 O, Ruff, Das I'luor, 1920, p. 38.

98 A, Hettloh, Z. anorg. Ohem. 1927, 167, 67.

' H, Terrey and H. Diamond, J.0.S. 1928, 2820.
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argentous fluoride; there are successive layers of silver, silver, and
fluorine; the two silver atoms are united to one another, since their
distance apart is 2-86 A, which is very nearly twice the normal radius
(1-563 A) of the silver atom in the covalent and in the metallic state: the
Ag---F distance is 2-46 A, which is the same as that in ordinary (ionized)
silver fluoride.

Pauling®8 considers this to be intermediate between a salt and a metal,
the bonds between the silver layers being metallic, and those between the
gilver and the fluorine ionic-covalent (in resonance).

Argentous fluoride, AgF, is peculiar in many ways. It is colourless and
melts at 435°; it dissolves in its own weight of cold water, the saturated
solution at 25° being 14-normal, and containing 64-2 per cent. of anhydrous
salt, It forms hydrates with 4 H,O stable from —14° to +18-7°, and
2 H,0 stable to 39-5°.85° This is very unlike the usual behaviour of silver
salts, which are scarcely ever hydrated, and is in strong contrast to the
other silver halides, which are all very insoluble. Fused silver fluoride
conducts electricity well, apparently by metallic conduction. It forms acid
fluorides AgF,H and AgF,H,,%0 the first no doubt Ag(F..-H—F): the
other can be formulated in a similar way.

Aqueous silver fluoride has a neutral reaction (both hydrofluoric acid
and silver hydroxide are rather weak electrolytes), but it dissolves silver
oxide and becomes alkaline. It has been suggested that this is due to the
formation of a base (Ag,F)OH, which in view of the linkage of the two
silver atoms to one another in silver subfluoride is not impossible.

Stlver chloride. AgCl (horn silver). This white crystalline solid melts at
449° to an orange-yellow liquid, which boils at 1,554°. The saturated
solution in water at 25° is only 2-1x 10-% normal (30 mg. per litre). It
appears to be less associated in the vapour than cuprous chloride ; H. Biltz
and V. Meyer®! found the density at 1,735° only 20 per cent. greater than
corresponds to AgCl, but at a lower (unspecified) temperature it was some
50 per cent. higher than this,

Silver chloride is soluble in solutions of many salts, such as potassium
cyanide, sodium thiosulphate, concentrated solutions of potassium chloride
or hydrochloric acid, and in ammonia, in every case through the formation
of complexes.

Silver subchloride, Ag,Cl, has been described,%2 but the supposed arrest
in the E.M.F. curve for the system Ag-—AgCl ,which was believed to show
its existence, has been found to be due to an error.68

Silver bromide, AgBr, m. pt. 419°; saturated solution in water at 25°
2:9 X 105 normal (5:5 mg. per litre). It resembles silver chloride in every
way.

88 COhem. Bond, lat ed. 401; 2nd ed. (1942), 421.

69 W. Jahn.Held and K. Jellinek, Z, Blektrochem. 1986, 42, 608.

80 A, Gunte, Bull. Soo, 1805, [3] 13, 114.

861 . physikal Chem. 1899, 4, 368, s A, Cunta, C.R. 1891, 112, 861,
000 geo E. Baur, £. physthal. Chem, 1008, 48, 613 ; H. Weias, ib, 1008, 84, 805.
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Solid silver bromide has a \i'elatively high electrical conductivity when
heated. Tubandt and Lorenz®* showed that the specific conductivity is
0-44 reciprocal ohms in the solid state at 410° and 2-76 when melted at
422°. This was explained by Frenkel®5 by supposing that the argentous
ions can leave their places in the lattice (which can then be filled up by
other argentous ions) and occupy intermediate positions. A study of the
density and lattice constants of the salt at 410° supports this conclusion.%68

Silver bromide is of great importance from its use in photography. The
nature of the reduction product which makes the silver bromide grains
more easily reduced to metal has been much disputed. It has been shown
by E. J. Hartung®®?-? not to be a subhalide. Later work, especially on the
physics of the solid phase (see Mott87%1 and Huggina®?2), has indicated that
the change is physical rather than (in the ordinary sense) chemical.

Silver iodide, Agl. This compound has remarkable properties in the
solid state.8?4 It is trimorphic. The liquid solidifies at 555° to the dark
brown a-form, which is regular (cubic). This gets paler on cooling, and
changes at 146° to the greenish-yellow hexagonal f-form. This can remain
in the metastable state down to much lower temperatures, but below 137°
the stable form is the y, which like the « is cubic. There is a remarkable
contraction on going from B to a; the densities at 145-8° are a« 6-00,
B 5-68.87 According to Wilsey®” the y-form has a zinc blende lattice
and the 8 a wurtzite. The later examination of the 8-form by Helmholz®7
shows that at —180° C. it has an almost exact wurtzite lattice, but at
ordinary temperatures there is probably a random distribution of silver
atoms among 4 positions which surround tetrahedrally the ideal wurtzite
positions, the Ag---I distances being 2-74 and 3-03 A (theory Ag—I 2-86,
Ag[I] 3-33).

The structure of the « (high-temperature cubic) form is equally remark-
nble. According to Strock®” it consists essentially of a body-centred cubic
lattice of iodine atoms 2-18 A apart: in the 30 largest gaps in this structure
the silver atoms are placed at random. The Ag---I distances depend on the
co-ordination numbers of the silver (the number of iodine atoms at this
distance from it) thus:

Co-ord. No. . . 2 3 4
Distance . . . 2:52 2:67 2-86 AU,

884 (. Tubandt and E. Lorenz, ib. 1914, 87, 513.

%8s J, Frenkel, Z. Phys. 1926, 35, 652.

8¢ C. Wagner and J. Beyer, Z. physikal. Chem. 1936, B 32, 113.
7 J.C.S. 1924, 125, 2198 (Ag-+Br,).

%66 Th. 1925, 127, 2691 (Ag+Cl,). 889 Th, 1926, 1349 (Ag+-1,).
670 R. W. Gurney and N. F. Mott, Proc. Roy. Soc. 1938, 164, 151.
81 N. IF. Mott, Phot. J. 1938, 78, 286 [B.C.A4. 38 i. 318].

3 M, L. Huggins, J. Chem. Phys. 1943, 11, 412, 419.

78 L, W. Strock, Z. physikal. Chem. 1934, B 25, 441.

¢v¢ T, Helmholz, J. Okem. Phys. 1985, 3, 740.

s R, B, Wilsey, Phil, Mag. 1928, 46, 487.
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"This structure explains the high conductivity of the solid, and the way
silver atoms diffuse into and out of it.

Silver iodide is extremely insoluble in water; the saturated solution at
25° is 24 X 10-7 normal (0-056 mg. per litre). Its solubility in ammonia is
much less than that of the chloride or the bromide ; the tendency to com-
plex formation is not strong enough to overcome the effect of the extremely
small solubility product. Silver iodide is moderately soluble in sodium
thiosulphate and in concentrated hydrochloric acid.

Copper, Silver, Gold, Univalent

Aurous Halides

Awurous fluoride, AuF. Moissan claimed to have obtained this compound,
but Lenher®’® was unable to repeat the work, and Ruff®?? considers that
up to 1920 no definite fluoride of gold had been obtained. The instability
of aurous fluoride is probably due to the same cause as that of cuprous
fluoride, the strong tendency of the fluorine to ionize, and the great
instability of the aurous as of the cuprous ion.

Awurous chloride, AuCl, is formed by heating auric chloride AuCl, to 200°,
but it decomposes a little above that temperature. It is unstable and even
when dry slowly changes in the cold into auric chloride and gold; this
change is at once brought about by water. From the dynamics of the
reversible reaction between chlorine gas and gold at 500-900° Biltzé78
showed that at these temperatures the vapour was essentially Au,Cl,.
He got no evidence of the formation of a dichloride AuCl, (as with copper
and silver) or of a complex salt of this with potassium chloride.®?®

Aurous bromide, AuBr. Obtained by warming bromauric acid HAuBr,
until it is converted into auric bromide, and then carefully heating this
to 115°. A little above this temperature it decomposes into its elements.
Water decomposes it to auric bromide and metallic gold.

Awurous todide, Aul. This compound is markedly endothermic (—5-52
k.cals.), but it is more easily made than the other halides. It is formed
from auric iodide at the ordinary temperature: from auric oxide and
hydriodic acid: by the action of potassium iodide solution on auric
chloride, or of iodine on gold at 50°.

Aurous iodide is more slowly acted on by water than the other halides;
water and dilute acids decompose it. only on warming. This is no doubt
due to its smaller solubility.

It will be seen that the order of solubilities of the monovalent halides,
as observed for copper and silver, and inferred for gold, is the same for
all of them Cl > Br > I. The measured solubilities of the halides of
copper and silver are as follows:

Normality . Normality
Compound %104 My./L. Compound X 104 My./L.
CuF . S AgF 140,000 1,800,000
CuCl 110 110 AgQl 2-0 30
CuBr 2:0 20 AgBr 029 80
Cul 0-088 048 Agl 0-:0084 0-086
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There is an evident tendency for the monovalent halides of these metals
to form double molecules in the vapour. This is common among the
covalent halides (other than the fluorides) of metals and semi-metals of
groups I, IT, and III. It is clearly due to co-ordination with the halogen
atom as donor and the metal as acceptor. This involves for a double mole-
cule a structure of the type with angles of 90° on the average, in which the
metal has a quartet of shared electrons. We have evidence that with such
a quartet the natural angle of the valencies is 180° (see, for example,
M[Ag(CN),]), but also that it is very easily deformed,* so that this struc-
tare does not seem to involve an excessive strain.

SO
Cu,\Cl /Cu

Derivatives of Oxy-acids

As we have already seen, the tendency of cuprous and aurous ions to go
over into the polyvalent state with separation of the metal greatly limits
their power of-forming salts. Practically no simple aurous salts are known,
and the only cuprous salts are those in which the cation is complex. A
few (probably covalent) cuprous derivatives of carboxylic acids are known.
On the other hand, the argentous salts of most of the oxyacids have been
prepared.

The silver salts of oxy-acids show curious changes of colour. It was
suggested by Pitzer and Hildebrand®®® that the colour of a compound
formed from colourless ions is proportional to the degree of covalent
character in the links between them. This view, which is supported by a
comparison of the colours and bond lengths in a series of binary iodides,
has been applied by Helmholz®®!-2 to the silver derivatives of oxy-acids;
he gives the following tablet (theory for ionic [Ag]O 2-45, for covalent
Ag—O0 2-19 A):

Compound | Mean dist. Ag-.-O Colour
AgClO, 2:54 A Colourless
Ag,S0, 2-50 Colourless
KAgCO, 242 Colourless
Ag,PO, 2-34 Yellow
Ag,AsO, 2:34 Deep red
Ag,CO, 2-30 Yellow
Ag,0 2-06 Black

* For evidence of this see Hg(CyHj;),, II. 309.
1 For reference see ©82,

978 V. Lenher, J.4.C.S. 1903, 25, 1136.

877 Q. Ruff, Das Fluor, 1920, p. 125.

¢7¢ 'W. Blitz, W. Fischer, and R. Juza, Z. anorg. Chem. 1928, 176, 125.
679 'W. Blitz and W. Fischer, ib. 81.

680 K, 8, Pitzer and J. H. Hildebrand, J.4.C.S. 1941, 63, 2472,

81 T,, Helmholz and R. Levine, ib. 1942, 64, 354.

18 J, Donohue and L. Helmbholz, ib, 1944, 66, 295.
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Carboxylic Actd Dervvatives
Formates

Cuprous formate Cu-0-CHO is made by dissolving cuprous oxide in
excess of formic acid, and precipitating with alcohol; air must be carefully
oxcluded.®® It forms colourless crystals which are stable when dry, but
are at once hydrolysed by water with the separation of cuprous oxide,
and on treatment with aqueous formic or sulphuric acid are converted into
the cupric salt and metallic copper. We should expect that the formate
like the acetate would be volatile on heating, but this point was not
investigated.

The argentous and aurous formates do not seem to have been made.

Acetates

Cuprous acetate, Cu-0-CO-CH,. When cupric acetate is heated in
vacuo to temperatures above 220° a sublimate of cuprous acetate is formed,
while carbon dioxide, acetic acid, and other decomposition products are
ovolved.88

Cuprous acetate is a colourless crystalline compound which very easily
volatilizes, and is at once hydrolysed by water with precipitation of yellow
cuprous oxide Cu,0.

Stlver acetate, Ag-0-CO.CH,, is a perfectly stable compound, of which
1:12 g. dissolve in 100 g. of water at 25° C.%88 It seems to behave completely
as a salt, and to be non-volatile.

Aurous acetate is unknown.

Ozxalates

According to Daniels®®® cuprous oxalate Cu,C,04, H,0 can be made by
the action of oxalic acid on cuprous oxide or sulphite, and is a brown sub-
stance which on heating turns first grey and then greenish-blue, and
explodes feebly. His material was probably impure.

Argentous oxalate is a colourless crystalline substance which on heating
undergoes the exothermic reaction%®0

Ag,C,0, = 2Ag 4 2CO0,4 + 29-5 k.cals.

The reaction begins about 140° and easily becomes explosive. The silver
is obtained in an extremely bulky form, partly as a grey smoke.®?! The
salt is almost insoluble in water, of which 100 g. dissolve 3-79 mg. at 21°,692

83 A Angel, J.C.S. 1908, 89, 345.

888 A. Angel and A. V. Harcourt, ib. 1902, 81, 1385.

888 J. Knox and H. R. Will, J.C.S. 1919, 115, 853.

080 L1, C. Daniels, J.4.0.S. 1918, 37, 1169.

890 O, Holtaema, Z, physikal, Chem. 1896, 11, 148,

991 VY, Kohlsohutter and E, Eydinann, Ann, 1913, 398, 9.
10 G, 8, Whitby, Z. anerg, Chem. 1010, 67, 108,
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The crystal structure of silver oxalate has been examined by Griffith, 693
It consists of a series of chains

—Ag—O0 0—>Ag—0 O——>
Py o™X
—Ag—O O—Ag<« 0—
held together in sheets by cross Ag—O links. In the chain the Ag—O
distances are 2-17 and 2-30 (theory Ag—O 2-19); between the chains
in the sheet 2-58 and 2-61; between the sheets 2-93 and 3-00. The
distance between the two Ag atoms in the chelate ring is 3-56 A (in the
metal Ag---Ag is 2:88 A).
Aurous oxalate is not known.
Salts of oxy-acids of elements of the 5th, 6th, and 7th periodic groups
are numerous with silver, but the corresponding cuprous and aurous deri-
vatives have not been prepared.

Oxy-salts of Nitrogen

Silver hyponitrite, Ag,N,0,, is a pale yellow anhydrous salt scarcely more
soluble in water than silver chloride ; it is made by adding silver nitrate
to the sodium hyponitrite solution obtained by reducing sodium nitrite
with sodium amalgam.

Silver nitrite, AgNO,, forms pale yellow hair-like crystals. It is rela-
tively unstable and at 100° or above decomposes reversibly according to
the equation

2AgNO, == Ag + AgNO; + NO,

the decomposition evolving 13-4 k.cals. per g.-atom of silver.6® 100 g. of
water at 25° dissolve 0-414 g. of the salt.®%® This salt is of course used for
the preparation of aliphatic nitro-compounds; for example, ethyl iodide
roacts with it to give about equal quantities of ethyl nitrite and nitro-
othane, whereas with potassium nitrite it gives only the nitrite. This has
been explained by supposing that the silver compound is derived from
H—NO, and the potassium salt from H—O—N=0; but of course the

nitrite ion has the same structure (0—N=0) whether it is derived from
one form or the other.

Silver nitrite forms a series of double salts such as Cs[Ag(NO,),], which
are discussed below, p. 138,

Silver nitrate, AgNO,. This familiar salt melts at 208-6°, and forms no
hydrates down to its cryohydric point of —7-5°.8%¢ It is dimorphic with
& transition point of 159-8°097; its solubility in water can be followed up
to its melting-point.®®-® It is very soluble not only in water where it gives

808 R. L. Griffith, J. Chem. Phys. 1943, 11, 499,

894 M. Randall, G. G. Manov, and O. L. I. Brown, J.4.C.S. 1938, 60, 694.
89 H. J. M. Creighton and W. H. Ward, ib. 1915, 37, 2333.

8% W. Middelberg, Z. physikal. Chem. 1903, 43, 313.

9? J, v. Zawidzki, ib. 1904, 47, 721.

98 D, J. Himink, ib. 1900, 32, 543.
0 A, N. Campbell and M. L. Boyd, Oanad. J. Res. 1948, 21 B, 168,
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an abnormally small depression of the freezing-point, suggesting associa-
tion, 7% but also in alcohols, the lower esters, amines, and nitriles, as is
shown by the following list (from Seidell?°!), which gives the solubilities in
moles of silver nitrate to 100 moles of solvent at 25° or 20°:
Water 27:2 (72 per cent. salt at 25°).
Alcohols, ete.: Methyl alcohol 0-679; ethyl 0-566; isopropyl 0-678; isoamyl
0-343. Iithyl acetate 1-38; acetone 0-215.
Nitrogen compounds: Aniline 9-77 ; pyridine 21-3; quinoline 3:-66; acetonitrile
41-6; benzonitrile 9-16.
'The large effect of the nitrogenous solvents (which is no doubt due to
solvation of the silver) is obvious.

Oxy-salts of Sulphur

Silver sulphite, Ag,SOy, is a white solid, very slightly soluble in water.
Itis unstable, and sensitive to light ; it is decomposed by boiling water into
gilver, silver sulphate, and sulphur dioxide.

Silver sulphate, Ag,S0,: sol’* 0-83/25°.7°2 From acid solutions an acid
sulphate can be obtained.

Silver thiosulphate, Ag,S,0,, is insoluble in water. It slowly decomposes
to silver sulphide and sulphuric acid, and forms numerous complex salts.

Oxy-salts of the Halogens

Silver chlorite, AgClO,:yellow ; sol¥ 0-45/25°, 2-13/100°.79 It explodes
at 105°,

Silver chlorate, AgClO4: melts at 230° and decomposes into silver
chloride and oxygen at 270°. Sol¥ 20 at ordinary temperature. The
bromate and iodate are known ; their solubility in water falls off rapidly,
being for the bromate 0-204/25°,7% and for the iodate 0-024/75°.7% Silver
bromate gives a double salt AgBrO, NaBrO,, which forms solid solutions
with it.

Silver perchlorate, AgClO,, is one of the most remarkable of salts. Unlike
nearly all other silver salts it forms a hydrate: it is abnormally soluble in
almost all solvents, even hydrocarbons: it forms solid compounds with
benzene and toluene: in benzene solution it is highly polymerized, and at
extreme dilution it has the large dipole moment of a salt (10-7 D.). Its
properties are considered in detail under perchloric acid (Gp. VII. 1230).

Silver periodate. Various salts with complicated formulae are known;
they are nearly all derived from the acid HIOq, the simplest being
Ag,I10,.

* This symbol is used throughout the book to mean grammes of anhydrous salt to

100 g. of water (or other solvent if specified) in a saturated solution at the tempera-
ture given.

700 See N. V. Sidgwick and E. K. Ewbank, J.C.S. 1924, 125, 2273,
101 A, Seidell, Solubilitigs, 2nd ed., New York, 1920.

708 E, L. 8imons and J, E. Ricol, J.4.0.8. 1946, 68, 2194,

108 G, R, Levi, 4it{ R, 1088, (5] 33, {. 628,

14 J, B, Riooi and J. J. Aleshniok, J.4.0.9, 1844, 66, 980.

108 W, P, Baxter, ib, 1096, 48, 818,
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Silver permanganate, AgMnO, (1 g. of which will dissolve in 100 g. of
cold water), is peculiar in having in solution a much greater oxidation
potential than an alkaline permanganate?®-7; the cold solution absorbs
hydrogen far more readily than potassium permanganate; silver salts,
especially the nitrate, increase this, and the reactivity is greater to organic
substances as well. This effect may be due to the presence of undissociated
silver permanganate, or to the catalytic influence of the silver ion, as in
oxidations with persulphates. In pyridine solution, where the complex
cation is that of [Ag(py),]MnO,, the reactivity is less.

Silver perrhenate, AgReQ, is colourless; it melts at 430°7978; itg sol” is
0-32/20°, less than that of the permanganate.?08

COMPLEX DERIVATIVES OF UNIVALENT COPPER,
SILVER, AND GOLD

These three elements, even in the univalent state, have a great ten-
dency to form complex compounds by co-ordination, as might be expected
from their high deforming power and low position in the electrochemical
series.

The complexes formed by an element are of importance as showing how
that element behaves when the restriction imposed on the covalency
by the number of valency electrons is removed. The two fundamental
points to notice about the complexes are the number of links which the
atom forms (its co-ordination number) and the nature of the atoms (nitro-
goen, oxygen, halogens, ete.) with which it forms them.

The stability of a complex group XA, will be determined by that of the
X -—A link, together with the influence on this of the number of such links
thut are formed, and no doubt that of the resulting charge if any on the
complex. On all these points we have very little a priori knowledge, and
this makes it the more important to collect and compare the known facts
about complex formation.?0®

The corresponding compounds of the three metals in their monovalent
state are sufficiently similar to be treated together. They include both
open-cham and ring complexes, but the latter are few with these mono-
valent elements, and confined to those that are linked through oxygen or
sulphur or both. The complexes are classified by the nature of the donor
eboms, which can be carbon, nitrogen, phosphorus, arsenic, oxygen,
sulphur, or the halogens.

1. Donor atom Carbon

These include addition compounds of ethylene and its derivatives; of
earbon monoxide; of the CN group ; and of isonitriles.

100 T, Hein and W, Daniel, Z. anorg. Chem. 1929, 181, 78.
70" B, Hein, W. Daniel, and H. Schwedler, ib. 1937, 233, 161.
1% D, Vorlénder and G. Dalichau, Ber, 1983, 66, 1584.
108 J, and W. Noddack, Z. anorg. Ohem. 1929, 181, 25,
109 Que further N, V, Sldgwiok, J.0.8, 1041, 433,
s -
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1. (a) Ethylene derivatives

Berthelot1° observed that ethylene dissolves in a solution of cuprous
chloride in dilute hydrochloric acid. Manchot and Brandt™! showed that
if ethylene is passed into water containing cuprous chloride in suspension,
both the gas and the chloride dissolve, the amount of gas reaching one
molecule per copper atom (CuCl,C,H,), or nearly so, at 0° under 1 atmo-
sphere pressure. The compound will not separate out, being far more
highly dissociated than the corresponding carbon monoxide compound
(p. 131)inspite of the fact that ethyleneis about six times as soluble in water
as carbon monoxide. The addition of concentrated hydrochloric acid or a
rise of temperature breaks up the complex.

Solid cuprous chloride also can take up ethylene under pressure.?!2
According to Gilliland and his colleagues?? solid cuprous chloride will
absorb (mostly under pressure) ethylene, propylene, and isobutylene, the
first two up to one molecule per copper atom, the dissociation tensions
being about 1 atmosphere at the temperatures: CuCl, ethylene —8-3°;
propylene —11-5°; butylene —6-0°. Cuprous bromide forms a compound
with ethylene which has a dissociation tension of 17-5 atmospheres at 0°.

Argentous complexes of ethylene derivatives are also known, though so
far only in solution. Lucas and his colleagues?4-1% have established their
existence by determining the partition of unsaturated hydrocarbons (and
certain unsaturated oxygen compounds) between carbon tetrachloride and
an aqueous solution of (a) potassium nitrate, (b) silver nitrate, (c) a mixture
of the two salts, the total ionic concentration being kept at 1-normal. If
we call the unsaturated hydrocarbon B, it was found that the equilibrium
constant

[B-Ag*]
~ B TAgH

remained constant when the concentration of the silver ion was changed.
A large number (7) of unsaturated hydrocarbons with one or two* double
links were examined. The values of K vary from about 900 to 13 (at
25°). They seem to fall steadily as more of the hydrogen atoms in the
ethylenc are replaced by alkyl groups. Thus we have the values

RHC=CH, R,=CH, RHC=CHR R,C=CHR
925 62 63 13
860 79 (cy)

* Where there are two double links the constant should obviously be halved.

710 M. Berthelot, Ann. Chim. Phys. 1901, 23, 32.

11 W, Manchot and W. Brandt, Ann. 1909, 370, 286.

"2 H. Tropsch and W. J. Mattox, J.4.0.S. 1935, 57, 1102.

18 E, R. Gilliland, J. B, Seebold, J. R. Fitz-Hugh, and P. S. Morgan, ib. 1939,
61, 1960,

¢ W, F, Kbere, H, J, Walge, D, M, Yost, and H. J. Luoas, J.4.0.8. 1987, B9, 45.

18 §, Winasteln and 3, J, Luoas, ib. 1038, 60, 836,
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(cy = cyclohexene); when there are two double links which are conjugated,
the constant is very much reduced ; thus for H,C=CH - CH,-CH,- CH=CH,
it is 1,850 (2 x 925), whereas for H,C—CMe-CMe==CH, it is only 22-5.

The constants for cyclohexene and trimethylethylene were determined
at 0° and 25°, and the results showed that thie heat of linkage of the double
C=Clink to the silver is about 6-0 k.cals. (6-01 and 5-80 for these two hiydro-
carbons); for the amine ion [Ag(NH,),]" it is found to be 2 x 6-7 k.cals.

The authors suggest that the structure of the complex is that of a
resonance hybrid between the three forms

NG N\ + N
C“‘/C< N K Do
Ag Ag Ag*

a view which is supported by the Raman spectra of the products.?1¢

This is effectively a 3-ring ; but they point out that the strain due to this
contraction of the valency angle must be less than a third of that in cyclo-
propane, since only one angle is concerned, and this is larger than 60°
owing to the greater size of the silver atom: the strain should therefore
be less than the resonance energy, which they estimate at about 10 k.cals.

Now if we take the radii of the atoms concerned as 0-77 for carbon and
1-35 for silver, the angle

—F¢
\Ag,"

will be 65° 34’, and so the Baeyer strain or deflection of the valency angle
44°, compared with 49° 30’ in cyclopropane. As a rough approximation
the strain is proportional to the square of the angular contraction, and
It should therefore be (44/49-5)% or 0-790 of the strain on one carbon atom
of the 3-ring. Now the total strain energy in cyclopropane is almost the
same per molecule as in ethylene, 17-2 k.cals., or 5-73 k.cals. per angle.
Hence the strain in one angle of the silver-ethylene complex should be
B-73 X 0-790 or 4-53 k.cals., and much less than the resonance energy, if
that is about 10 k.cals.
No corresponding aurous compounds are known.

1. (b) Carbon Monoxide Complexes

It has long been known that solutions of cuprous chloride, for example
in ammonia, will absorb carbon monoxide, and this fact is used in gas
analysis. W. A. Jones™7 isolated a solid compound ; on re-examining this,
Manchot and Friend™8 found that cuprous chloride dissolved in dilute
or ooncentrated hydrochloric acid or ammonia, or suspended in water,
abmorbs carbon monoxide, and at 0-12° very nearly one molecule per atom
of oopper; on heating, the solution loses its carbon monoxide again below

18 H. J. Taufen, M, J. Murray, and ¥. F. Cleveland, J.4.C.S. 1941, 63, 3500.
"1 4dmer. Chem. J. 1899, 22, 287,
' W, Manchot and J. A, N, Friend, Ann. 1908, 3589, 100.
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100°. From the cold solution a compound CuCl,CO,H,0 separates m
colourless crystals, which lose carbon monoxide slowly in air ; no addition
product with hydrogen chloride can be made to separate, even from con-
centrated hydrochloric acid. When the solid product is treated with either
strong sulphuric acid or alcohol (i.e. with a dehydrating agent) a rapid
evolution of carbon monoxide takes place. Cuprous bromide and iodide
behave in the same way, but the compounds were not analysed.

Cuprous chloride in contact with, or dissolved in, organic bases such as
aniline, piperidine, or pyridine will absorb carbon monoxide in the same
way, but it will not do so in the dry state except under high pressure??;
this is the more remarkable since ethylene is absorbed by the dry salt,
although no ethylene complex can be isolated. This seems to show that a
co-ordinated molecule of water or a base is a necessary constituent of the
carbon monoxide (but not the ethylene) complex. If we suppose that in
this as in most other carbon monoxide complexes the central atom has the
effective atomic n=mber of an inert gas (36 for copper), this would explamn
why such a further co-ordinated molecule is required; the complex is
presumably dimeric, being derived from the Cu,Cl, molecule, in which the
copper atom has 29+ 3 = 32 electrons. In such a molecule as

00\, JON, 00
H, o R’ X 0H,

the necessary four extra electrons per copper atom are added.

The carbon monoxide complex is oxidized by oxygen or by the cupric
ion with separation of carbon dioxide; hence a solution of cuprous halide
in ammonia will absorb carbon monoxide and oxygen from a mixture of
carbon monoxide and air, oxidizing it to carbon dioxide, and so forming
ammonium carbonate??; the chloride is much the most efficient halide for
this purpose. 721

Evidence for the existence of a copper carbonyl has been got by
passing halogen-free carbon monoxide over heated copper. A metallic
mirror is formed in the hotter parts of the tube.??

No corresponding silver compounds have been isolated, but Manchot 722
has shown that a solution of silver sulphate in sulphuric acid, especially
fuming, absorbs carbon monoxide rapidly and largely (up to 9-6 litres/Ag
at 0°, ie. 0-86 mol. CO per Ag,S0,); the reaction is reversible, and the
carbon monoxide is expelled on warming ; the solution remains colourless.

A similar (but anhydrous) aurous compound AuClL,CO was made by
Manchot and Gall™ by the action of carbon monoxide on solid aurous

9 O, H, Wagner, Z. anorg. Ohem. 1931, 196, 364.

780 K, Leachewski, H, G, Tolkmitt, and H. Méller, ib. 1938, 235, 369, 385.
781 H, Méller and K. Leschewski, ib, 1989, 243, 188.

"8 W, Manochot J, Kénig, and H, Gall, Ber. 1984, 87, 1157.

" H, Bloom, Naiurs, 1047, 1589, 5389,

" W, Manchot and H, Gall, Ber. 19885, 58, 81785,
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ohloride at 90°; it can be made more easily by passing carbon monoxide
into a solution of auric chloride in tetrachloroethylene at 100-140°725; in
this latter reaction the auric chloride is first converted by the carbon mon-
oxide into aurous chloride and phosgene COCl,. The complex AuCl,CO
lorms colourless crystals which are soluble in benzene and ether ; the mole-
oular weight was found cryoscopically in benzene to be 230: the simple
formula AuCl,CO requires 260, but the substance may have contained a
little phosgene. It is extraordinarily sensitive to water, evolving carbon
inonoxide and precipitating metallic gold : even moist air brings about this
ohange. It is decomposed in the same way by alcohol, but not by acetic
acid. It reacts with the Grignard reagent R-MgBr like cuprous chloride,
giving metallic gold, magnesium halide, and the hydrocarbon R,. Kharasch
und Isbell (loc. cit.) have obtained evidence that at least when R is aromatic,
au intermediate aurous aryl is formed (see above, p. 115).

1. (c) Cyanide Complexes

All three metals in the monovalent state have a strong tendency to
form complexes with cyanide groups. Such complex cyanides are very
uuierous over the whole periodic table; they might be supposed to have
tho metal attached either to carbon or to nitrogen. Their structure is dis-
wwsed later under the cyanides (V. 671) and it is concluded that the
M C—N formula is correct.

Complex Cuprous Cyanides. The tendency of this element to form
oynuide complexes is so strong that copper will dissolve in concentrated
iotassium cyanide solution with evolution of hydrogen. Solid salts of
three simple types have been obtained?26-7; M[Cu(CN),], M,[Cu(CN),], and
M,[Cu(CN),]. E.M.F. measurements have shown??8 that the solution con-
tains mainly [Cu(CN),]” ions, but some [Cu(CN),]’, especially in higher
dilutions; practically the whole of the copper is in complex forms, a solu-
tlon in which the potassium cyanide is normal and the cuprous concentra-
tion decinormal having a concentration of free cuprous ions of 5x 10-29
(one single atom in 33,000 litres). The 4-covalent ion is unusually stable,
ite dissociation constant (to Cu*+4CN~) being 2 10-27,728 g0 that it is
far more stable than any of the complex cuprous halides.

The tendency for the co-ordination number to reach 4 is more marked
with the cyanides than with any other group of cuprous complexes.

Complex Argentous Cyanides. The tendency to complex formation is
very strong here too. For the dicovalent complex K[Ag(CN),] it is found
that the equilibrium constant

[Ag(CN)z]

K= fagryonp = 2O

'® M, S. Kharasch and H. S. Isbell, J.4.0.S. 1930, 52, 2919.

79 ¥, Grossmann and P. v. d. Forst, Z. anorg. Chem. 1905, 43, 94.
797 J, Brigando, O.E. 1942, 214, 908.

8% F. Kunachert, Z, anorg. Chem. 1804, 41, 359,
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so that in a decinormal solution of this salt the concentration of silver ions
is 1-6 X 10-%. It is on the stability of this complex that the use of cyanides
in electroplating depends. The effect is a double one: at the lower con-
centration of silver ions a more coherent deposit is obtained, and also the
danger of direct electro-chemical deposition of silver by the corrosion of
the electrode is avoided.

The stable cyano-complexes are the 2- and 3-covalent, M[Ag(CN),] and
M,[Ag(CN);]. The 4-co-ordinated complex is not stable with silver as it is
with copper. See further Brigando.???

In the [Ag(CN),]™ ion it has been shown??® by X-ray analysis that the
atoms N—C—Ag—C—N are in a straight line, the Ag---N distance being
3-29 A.U. (calculated 3-45).

Complex Aurous Cyanides. The ion [Au(CN),]™ is formed with great
roadiness, so that gold will dissolve in potassium cyanide solutions in
presence of oxidizing agents, among which atmospheric air is included, as
Faraday first pointed out. In the original cyanide process for extracting
gold, which first came into use in Australia in 1888, the oxidizing agent
was the dissolved oxygen in the solution, but as there is very little of this,
it was necessary to use very dilute solutions; it was subsequently found
that by adding sodium peroxide much stronger solutions of cyanide could
be used. According to Bodlinder?3® the E.M.F. measurements show that
oven if we assume that aurous chloride is completely dissociated the equi-
librium constant has the enormous value

[Au(CN); ]
== [‘A?F]TC-—N’_Tz — 2‘5X 1020.
Bodlander also shows that gold swill precipitate silver from the argenti-
cyanide K[Ag(CN),] solution until the ratio of gold to silver in the solu-
tion (i.e. of.their complex ions) is 820:1. The free acid H[Au(CN),] is
unstable, and loses hydrocyanic acid at once.

Although the dicovalent ions [Au(CN),]- are more stable than the corre-
sponding cuprous and argentous complexes, they do not seem to be able
to take up a third CN group as the others can. They are converted by the
halogens into the 4-covalent auric complexes K[Au(CN)y(hal),],”3! 4 being
the invariable covalency of the auric compounds.

1. (d) Co-ordination Complexes of Isonitriles

These are formed by monovalent copper and silver, but not gold.

Guillemard? found that compounds of the type CuCN,R-NC (where
R = ethyl, propyl, isobutyl) can be made by the direct combination of
their components. They are all colourless crystalline solids which disso-
ciate very readily.

70 J, L. Hoard, Z. Krist. 1088, 84, 281.

0 (4, Bodlinder, Ber, 1908, 36, 8983.

1w C, G, Lindbom, Bar. 1877, 10, 17258; Bull. Soc. Chem. 1878, [2] 29, 416.
% H, Guilllemard, Ann, Ohim, Phys. 1008, [8] 14, 484 (C. 08. Ii. 583).
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The isonitrile compounds of silver are at least as numerous as those of
copper. As early as 1869 Gautier showed?™? that methyl iodide reacts
with 2 molecular proportions of silver cyanide in a sealed tube at 100° to
give silver iodide and a compound of the composition of AgCN,CH,;NC, -
which must be presumed to be an addition product of an isonitrile, since it
liberates an isonitrile on heating. The reaction is, however, somewhat
complicated, for it was found by Hartley?¢ that methyl iodide and silver
cyanide combine in the cold to form a compound 2 AgCN,CH,I, which at
40° takes up more methyl iodide to form AgCN,CH;I. The double salt
K[Ag(CN),] will not react with methyl iodide.

A series of complexes of this type AgCN,R-NC were made by Guille-
mard?2 by the direct combination of the components. They are colour-
less crystalline substances (methyl, m.pt. 75°; ethyl 96°; propyl, isobutyl,
ivoamyl also made) which have a strong smell of isonitrile. They are
insoluble in water and most organic solvents, but easily soluble in alcohol ;
strong acids and boiling aqueous alkalies decompose them. On heating,
a mixture of the nitrile and the isonitrile comes off.

No aurous isonitrile complexes are known.

2. Donor atom Nitrogen
2, (a) Co-ordination Compounds of Nitriles

Cuprous compounds of this kind are known, and some argentous, but no
aurous,

Cuprous nitrile compounds such as CuCl,CH,CN can be made by the
notion of a simple nitrile on the solid cuprous halide or its solution in hydro-
ohloric acid,”® or by dissolving copper powder in a solution of cupric
olloride or bromide in acetonitrile.??® These compounds are nearly all 1:1
oxcept the derivative of succinonitrile, which, having 2 CN groups, takes
up 2 CuCl. They are soluble in the nitrile but not in water, which slowly
decomposes them. It is singular that if the compound is treated with
forric chloride the copper is at once oxidized to the cupric state, and
the nitrile liberated3; it would seem that the power that copper has of
oo-ordinating with nitriles is limited to the cuprous state.

A saturated solution of cuprous chloride in hydrochloric acid will
nbeorb both prussic acid and cyanogen, giving with the first of these the
solid 2 CuCl, HCN, 2 H,0 (colourless crystals easily oxidized by air) and
with the second pale yellow crystals of 2 CuCl,(CN),,?2 perhaps the cupric
nompound Cu(CN)CL.

These halide nitrile complexes are presumably not ionized. A different
type of complex is formed from the nitrate. If copper powder acts on a
solution of silver nitrate in acetonitrile the silver is precipitated and the

3 A. (autier, Aun. Chim. Phys. 1869, [iv] 17, 203.

8¢ R, G. J. Hartley, J.0.S. 1916, 109, 1296.

79 C. Rabaut, Bull. Soc. 1898, [3] 19, 788 (C. 98. ii. 859).
v H. H. Morgan, J.0.S. 1928, 123, 2001.
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copper takes its place. On evaporating off the excess of nitrile a colourless
crystalline residue of the composition [Cu(CH4-CN),JNO, is left. This is
stable in acetonitrile solution even in contact with air; but if an inert gas
is passed over the solid, so that some of the nitrile is removed, it at once
begins to decompose, turning green and separating metallic copper, even
if the greatest care is taken to exclude air and moisture.!? This is the
characteristic reaction of the cuprous ion: its occurrence here shows that
tho nitrile, though it is not very firmly attached, is able to protect the ion
from the reaction. The fact that the deposition of copper begins as soon
as the nitrile content is reduced below 4 molecules suggests that the only
complex formed by the cuprous ion contains these 4 molecules.

Argentous compounds form similar complexes with nitriles, though few
of them have been isolated. Silver nitrate is very soluble in acetonitrile,
1:5 g. dissolving in the cold in 1 g. of the liquid (about 2 AgNO, to
3 CH,-CN) with considerable evolution of heat, and the solution has a high
conductivity, as great as that of many salts in water.? This is no doubt
due to the formation of a complex salt [Ag(CH;-CN),]NO,. Silver nitrate
can combine to form solid compounds of the 1:1 type with bromoacetoni-
trile and iodoacetonitrile BrCH,-CN and ICH,-CN, and even with methy-
lene iodide CH,l, ; the compounds are decomposed by water but otherwise
are reasonably stable ; the methylene iodide compound AgNO,,CH,I, melts
at 80°.738 So too Middelberg has shown?® from a phase rule study of the
system AgNOg—Succinonitrile (SuN) that the solid phases (1) 4 AgNO,,
SulN; (2) 2 AgNO,, SulN; (3) AgNO,, SuN; (4) AgNO;, 2 SuN,H,0 are
formed ; but their properties have been little investigated.

2. (b) Co-ordination compounds of Azoparaffins

These’? are rather like the nitrile complexes. If the diacetate of
hydrazomethane CH,-NH.NH-CH, is treated with copper sulphate a
dark red solid is formed, which hydrochloric acid or sodium chloride con-
verts into the red compound CH4-N==N-CH,, 2 CuCl. An isopropyl com-
pound containing water, (CH,),CH.N==N-CH(CH,),, CuCl, 2 H,0O was
also prepared, but this was very unstable.

No argentous or aurous analogues of these complexes seem to be known.

2. (¢) Ammines

Cuprous Ammines. These are formed with great readiness; for example,
cupric sulphate in concentrated ammonia solution is reduced by copper
gauze in the cold in a few days with the separation of a colourless soluble
salt [Cu(NH,),],80,,H,0, which in solution is readily oxidized by air, and
is decomposed by dilute acids with the separation of metallic copper.?4

737 P, Dutoit and L. Friderich, Bull. Soc. 1898, [3] 19, 321.
80 R, Soholl and W. Steinkopf, Ber, 1906, 39, 4303.

7 W, Middolberg, Z. physikal. Chem. 1908, 43, 300.

o Q, Diels and W, Koll, Ann. 1928, 443, 262,

1 F, Foerster and F. Blankenberg, Ber. 1806, 39, 4428,
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Other amino-derivatives behave in the same way. Alkylamines (which
always have less co-ordinating power than ammonia) do not seem to have
been used, but there is an analogous series of pyridine compounds, and a
hydrazine complex has been described.?®* The ammonia and pyridine
complexes contain 1, 2, and 3 molecules of the base; more than 3 do not
seem to be found, and Biltz’s measurements of the dissociation tensions of
the ammines?# give no indication of their occurrence. Abegg? gives a list
of these salts, which contains 4 mono-, 6 di-, and 2 triammines. Werner4
points out that the co-ordination number 3 is especially characteristic of
cuprous and argentous complexes.

Argentous Ammines. These are very like the cuprous. Solid silver chloride
will absorb gaseous ammonia up to the composition AgCl,3 NH,, and will
dissolve in aqueous ammonia owing to the formation of an ammine salt.
A variety of complex salts of this kind have been isolated, the great
majority of which contain either 2 or 3 NH; to 1 Ag, and none more than
3. The arrangement in the [H,N—>Ag<« NH;] ion is linear (Hoard). From
the solubility measurements of the sulphate, bromate, and iodate in
aqueous ammonia, Vosburgh and MecClure?® derived the constants in
water at 25°:

[Agt]-INHg)
TAg NHI 43104

[Ag"]-[NH,2 _ -
T — o0

Ammonia acts on silver cyanide to give the doubly complex salt

[Ag(NHy),]- [Ag(CN),] o

Other amines can combine in the same way. In a few compounds the
co-ordination number seems to reach 4: Weinland mentions complexes
with 4 aniline or toluidine molecules, such as [Ag(C;H,NH,),]NO,,74® but
he gives no references and no further data.

Aurous Ammines. The aurous halides when put into liquid ammonia
combine with the solvent; the ammines which are stable at the ordinary
temperature are [Au(NH,),]Cl, [Au(NH,),]|Br, and [Au(NH,)]I?®7%0; this
is the usual order of stability of the different halides. The formation of
aurous halide complexes cannot be studied in water, because water
decomposes the halides.

742 T, Iredale and C. E. Mallen, J.C.S. 1930, 395.

3 W, Biltz and W. Stollenwerk, Z. anorg. Chem. 1920, 114, 174.
744 Handbuch, ii. 1, p. 538 [1908].

745 N.A., ed. 5 [1923], p. 49.

748 W, C. Vosburgh and R, S. McClure, J.4.C.S. 1943, 65, 1060.
47 R. Lucas, Z. anorg. Chem. 1904, 41, 193.

748 Komplexverbindungen, 1919, p. 71.

749 F, Herrmann, Ber. 1908, 38, 2813.

50 |, Meyer, 0.R, 1906, 143, 280.
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Herrmann?4® also prepared non-ionized monammines such as
H;N—->Au—Cl,

which can be made by treating aurous chloride with aqueous ammonia,
and evaporating down the solution. It is colourless, insoluble in water,
but soluble in aqueous ammonia (perhaps through the formation of
| Au(NH,),]C1); on heating it decomposes without melting at 150-200°.

This presumably belongs to the class of 2-covalent aurous complexes,
of which the phosphine and arsine compounds, such as Et;P—>Au—Cl
(described below), are the best known,

2. (d) Nitro-complexes
The complex nitrites can be formulated in two ways, with an oxygen

link ag M—O--N==0 or with a nitrogen link as M—N< . Isomeric com-
o
pounds have in some cases (for example, with cobalt) been obtained.
According to Werner?! when M is a transitional element the stable form is
o
always the true nitro-compound M——N< , and we may suppose that it is
0 .

80 also when M is an element of Group I. B, even in the monovalent state,
owing to the small affinity of these elements for oxygen as compared with
nitrogen.

The only complex nitrites known in this subgroup are those of silver.
Jamieson has described 2 a complex nitrite Cs[Ag(NO,),], 2H,0. He also
obtained a series of salts of the general composition Cs;M"[Ag(NO,)],
2H,0, where M =: strontium, barium, or lead; but as 6-co-ordinated
argentous complexes are otherwise entirely unknown, we may suspect (in
the absence of X-ray data) that these double salts are not true complexes.

3. Phosphorus and Arsenic Complexes

Monovalent copper silver and gold form complexes with various com-
pounds of trivalent phosphorus and arsenic: phosphine and arsine and
their trialkyl derivatives, and also (at least with phosphorus) the tri-
chloride and the ester P(OAlk),. The phosphorus and arsenic compounds
are similar to one another, and may be treated together.

Cuprous Complexes

If an acid solution of a cuprous halide in alcohol is treated with phos-
phine PH;, an addition compound is formed, containing one or two mole-
oules of phosphine to one atom of copper.” The products have the
compositions CuCl,PHg:CuBr,PH,:Cul, 2 PH;; they seem to be similar to
-the ammines but less stable, losing phosphine easily in vacuo, and readily

™ N.A., od. 8 (1918), pp. 181, 889.

™ @, 8. Jumioon, J.4.0.8. {807, 38, 014.
"8 R, Boholder and }.. Pattook, Z. anorg, Chem. 1034, 220, 250.
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changing into cuprous phosphide CuzP. The order of stability in the
ammines is Cl > Br > I, and this seems to hold here too, as far as the
chloride and bromide are concerned, since the bromide has the higher
dissociation tension of phosphine: but it is curious that the iodide, which
should give the least stable compound, is alone in taking up two molecules
of phosphine.

The co-ordination compounds formed by cuprous iodide with the ter-
tiary phosphines and arsines have been examined by Mann, Purdie, and
Wells. 7545

The compounds are made by the action of the phosphine or arsine on a
solution of cuprous iodide in concentrated potassium iodide solution. They
are colourless compounds, which are reagsonably stable ; they are obviously
not salts, since they are insoluble in water but dissolve readily in organic
solvents such as benzene. The melting-points of the higher homologues
are low, being for (RgP—Cul),, with R = ethyl 238°; n-propyl 207°;
n-butyl 75°; n-amyl 27°; and for the arsenic compounds (RzAs—Cul),:
cthyl (decomposes); n-propyl 208°; n-butyl 61-5°; n-amyl, liquid. The
molecular weights of these compounds by the boiling-points in acetone
and benzene, and cryoscopically in benzene and ethylene dibromide gave
values of n between 3-5 and 4-2. They clearly all form a stable fourfold
complex. The X-ray analysis of the triethyl arsine compound?¢ showed
that the 4 cuprous atoms occupy the points of a regular tetrahedon, with
the 4 iodine atoms at the centre of each face, but above its plane. The
arsenic lies on the line joining the centre of the tetrahedron to the copper
produced, and its 4 valencies are tetrahedrally arranged.

The copper atom is thus 4-covalent, being attached to an arsenic atom
und 3 iodines. It is monovalent with a complete octet, and its valencies,
like those of the arsenic, are tetrahedrally disposed.

As
v
A
111

The tributyl arsine compound was found to have a dipole moment of
1-60 D. in benzene at 25°; whether this is due to flexibility or to abnormal
atomic polarization was not determined ; the molecule in its undisturbed
state is symmetrical.

Argentous Complexes

Arbusov? has obtained addition compounds of the silver halides with
triethyl phosphite, such as AgCLP(OEt);, m.pt.4-5°; AgBr,P(OEt),,
m.pt. 40°; AgI P(OEt),, m.pt. 82°. No other properties are described.

%4 F. (. Mann, D. Purdie, and A. F. Wells, J.C.S. 1936, 1503.

88 See also G. J. Burrows and E. P. Sanford, Proc. Roy. Soc. N.S. Wales, 1936,
69, 182.

'8 For details of the measurcments see A. F. Wells, Z. Krst. 1937, 94, 447,

"7 A, Arbusov, Ber. 1908, 38, 1171,
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The silver halide compounds of the trialkyl phosphines and arsines?8
are very similar to the cuprous compounds. They are made in the same
way by the action of the base on a solution of silver iodide in concentrated
potassium iodide solution ; their molecular weights as determined both by
boiling-points and by freezing-points show them to be fourfold polymers,
and the molecular structures are found by X-ray analysis to be the same
as those of their cuprous analogues. Their melting-points are somewhat
irregular (perhaps on account of a change in the crystalline form) ; they are
given below along with those of the aurous compounds.

Aurous Complexes

Various types of addition complexes formed by aurous compounds with
compounds of trivalent phosphorus and arsenic are known. If phosphorus
trichloride is added to a solution of auric chloride in ether, the solution
loses its yellow colour (a sign of reduction) and on evaporation a compound
AuClLPCl, is obtained; this is insoluble in water, which decomposes it
with the formation of phosphorous acid, while alcohol converts it into the
phosphite ester compound AuCl,P(OEt);.75® This last compound can be
made directly by reducing auric chloride with the alkyl phosphite in
alcohol. In the same way triphenyl phosphine reduces an alcoholic solu-
tion of auric chloride with the formation of the compound ®,P,AuCl%°:
(CH40)sP—AuCl and (CgH;),P—AuCl were found cryoscopically to be
monomeric in benzene, unlike Mann’s cuprous and argentous compounds.

The aurous compounds of trialkyl phosphine and trialkyl arsine have
also been examined by Mann, Wells, and Purdie.?®® The aurous com-
pounds differ markedly from the cuprous and argentous in being mono-
meric (2- and not 4-covalent), as Levi-Malvano found in his complexes,
and in having as one might expect lower melting-points. The following
table gives the melting-points (the mean when a range is given) and the
average value of a, the association factor, for these substances.

Cuprous Argentous Aurous
RyP—Cul | RjAs—Cul | RyP—>Agl | RzjAs—Agl | RgP »Aul | RgAs—>Aul
Mpt.| a. | Mpt.| a. | Mpt.| o |Mpt.| a. | Mpt.| a. | Mpt.| a.
R =CH;| .. .. .. .. .. .. .. - .. o 177° (1
Ethyl | 238° | 3-56 |Decp.| 3-9 | 208° | 3-7 | 184° | 3-8 | 67° | 1.1} 77° 1.1
n-Pr. 207° | 3-6 | 209° | 3-9 | 262° | 3-6 | 220° | 3-5 .. .. .. .
n-Bu. 75° | 35 62° | 39 | 43°| 39 .. ..
n-Am. 27° | 36 Liquid .. .

RyP->AuCl R,As—~AuCl | R;As->AuCNS
M.pt. a. M.pt. a. M.pt. a. .
127-8° i1

R «= CH, . ‘e
Ethyl | 78° | 1-2
n.-Pr. 40° .| 1-18 .. ..

58 . G. Mann, A, F. Wells, and D. Purdle, J.0.S. 1987, 1828.
19 1, Lindet, C.E. 1884, 98, 1383.
160 M. Lovi:Malvano, 41 R. 1908, 17, 887 (C. 08, ii, 833).

Decp.

11
94-5° 11
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The aurous compounds were prepared by adding the phosphine or
arsine to an aqueous-alcoholic solution of chloroauric acid HAuCl,; if the
latter is treated beforehand with excess of potassium iodide or thio-
cyanate the aurous iodide or thiocyanate complex is formed. The phos-
phine compounds are very stable and can be distilled under reduced
pressure; the arsine compounds are relatively unstable and decompose
slowly in light, with separation of gold.

The difference between the cuprous and argentous complexes with a
covalency of 4, and the aurous with the simple monomeric formula and a
covalency of 2, is striking and significant. It is characteristic of aurous
gold to be satisfied with a covalency of 2: this is a further example of the
stability of the valency quartet which seems to be a peculiarity of this part
of the Periodic Table, since it is found in the two succeeding elements
mercury (as in Cl—Hg—Cl) and thallium (as in [CH,—T1—CH,]I), and
there are signs of it in bismuth.

4. Oxygen Complexes

As we should expect from the slight affinity which these elements have
for oxygen, the number of compounds they form with co-ordinated oxygen
is very small. Among the cuprous compounds no open-chain complexes
joined through oxygen seem to be known, although there are certain chelate
compounds (see below, p. 145) in which one or both links are formed
through oxygen. Much the same holds with the argentous compounds.
The small affinity of silver for oxygen is shown by the fact that silver salts
scarcely ever form hydrates. This does not of course prove that the silver
ion is not hydrated in solution; the link to oxygen may be too weak to
regist the electrostriction in the crystal. Indeed Bathe?! has measured
the mobility of complex silver cations containing ammonia, alkylamines,
and pyridine, and from his results, and the observed mobility of the silver
ion itself, he concludes that the latter is [Ag(OH,),]*.

Willstatter and Pummerer?? obtained definite evidence that pyrone

CH=CH
\C=O
NCH=CH/
forms complex salts with silver nitrate, although their analyses suggest
that the product was not pure.

The solubility of argentous acetate in water is found to increase on addi-
tion of alkaline or alkaline earth acetates, or of silver nitrate or per-
ohlorate3; this is a sign of the formation of a double acetate, presumably
M[Ag(O-CO-CH,),] in solution, though no salt of this type has been
isolated.

No oxygen complexes of aurous gold seem to be known.

01 A, Bathe, Z. physikal. Chem. 1931, 155, 267.

108 R, Willstdtter and R. Pummerer, Ber. 1904, 37, 8747.

s F. H, MacDougeall and M. Allen, J. physikal. Chem, 1942, 46, 730; F. H. Maco-
DOIJﬂlu, ‘b' 788'
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5. Sulphur Complexes

The affinity of these metals for sulphur is much greater than for oxygen,
and they form a considerable numbcr of complexes co-ordinated through
sulphur. These are essentially of three kinds: (1) addition compounds of
the thioethers R—S—R ; (2) addition compounds of thiourea and other
ecompounds with the C=S group; and (3) polysulphides such as M(CuS,).

Thioether Complexes

Not many of these have been made. The simplest is the aurous com-
pound Et,S—>AuCl, which was prepared by Mann, Wells, and Purdie?$
by the action of diethyl sulphide on a solution of auric chloride in hydro-
chloric acid. It forms colourless crystals melting at 38-40°; the association
factor determined ebullioscopically in acetone is 1-01, and cryoscopically
in ethylene dibromide 1-09 and in bromoform 1-10; so that the aurous
atom, as in the phosphine and arsine compounds, is 2-covalent. It is
soluble in most organic liquids, but like so many gold compounds it
decomposes on exposure to light. The corresponding benzyl compound
(@-CH,),S—AuCl was prepared by Herrmann?® by the action of excess
of dibenzyl sulphide on auric chloride. The aurous halide cannot be made
to take up more than one sulphide molecule because the co-ordination is
not strong enough to break the Au-hal link. The compound is dimorphic
(probably monotropic), one form being tetragonal and the other mono-
clinic. It is only slightly soluble in ether or carbon tetrachloride, but
readily in chloroform. Itis not very stable, and can scarcely be recrystal-
lized without some separation of gold.

Analogous silver compounds have been prepared.?8

Thioacetamide Complexes

Four-covalent cuprous and argentous complexes [M(SC(NH,)CH,),]X
have been made, and the cuprous has been shown to be tetrahedral.?¢®
The aurous complex?8 is characteristically only 2-covalent,

[Au(SC(NH,)CH,),]Br.

Thiourea Complexes

These are formed by thiourea itself (Tu) and by the very similar ethy-
lene-thiourea (etu)
CH,—NH
T Ne g,
CH,—NH”

The thiourea complexes of copper are numerous; Abegg’s list?® gives

8¢ I, W. Semmler, Ann. 1887, 241, 139.

0 B, G. Cox, W. Wardlaw, and K. C. Websatar, J.0.S. 1936, 775.
e J*, H. Brain and O, 8, Gibson, Ann. Rap, Brit, Assoc. 1938, 87.
167 Handbuoh, i, 1, p. 538 (1908),
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2 mono-, 2 di-, and 6 tri-compounds, so that the prevailing type is
[Cu(Tu);)X. Kohlschiitter”®® has examined these compounds in detail.
The copper atom is almost invariably 3-covalent in these complexes; a
complex with more than three thiourea molecules to one copper atom is
never found. An acid presumably

NH‘_,‘\ NH2:|

H C—8—Cu—§— -

N/
can be prepared, and also a compound Cu(Tu),Cl which is insoluble in
water and is probably not a salt. These conclusions are confirmed by
conductivity and transport data. There is, however, some reason to think
that in solution the complex cation [Cu(Tu)s]* can take up a fourth
thiourea molecule.

Some of the thiourea compounds are highly complex, for example
[Cuy(Tu),}(NOg)s, and it has been suggested”™® that the NH, group may
take part in the formation of the complex, when it contains more than one
metallic atom,

With the analogous ethylene thiourea (etu)

CHy—NH\
/ C““‘_Si
H,—NH

where this complication is less likely to occur,* Morgan and Burstall?®
prepared a series of complexes with 4, 3, 2, and 1 molecules of the urea;
the relations are curious: the formulae are [Cu(etu),]NO,:[Cu(etu)4],80,:
{Cu(etu),]hal (Cl, Br, I):[Cu(etu)],0. (The last of these compounds may
be covalent.) Conductivity measurements showed that the salts were
strong electrolytes.

Argentous Thiourea Complexes

Morgan and Burstall?®® made a series of ethylene-thiourea complexes of
silver similar to those of copper, with 1, 2, 3, and 4 molecules of the urea
to one of silver.

Awurous Thiourea Complexes

Morgan and Burstall’® have also prepared the gold complexes. They
are remarkably stable, and are not reduced to metallic gold by formalde-
hyde. They are of two types, with one and with two thiourea molecules
to each gold atom. The second class are soluble in water, and the first class
practically not. They made of the type [Au(etu),]X, a nitrate, chloride,
and bromide, all soluble in water and alcohol but not in organic solvents

* One Cu joined to Tu through S and N would involve a 4-ring.

88 V, Kohlschiitter, Ber. 1903, 36, 1151: V. Kohlsohiitter and C. Brittlebank,
Amn, 1906, 349, 232,
" (1, T, Morgan and F. H. Burstall, J.0.8, 1928, 143,
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like ether and benzene; and of the other type an iodide Au(etu)l and an
oxide (Au-etu),0, both practically insoluble in water. Clearly the com-
pounds of the first type are salts, and those of the second are not, the
covalency of the gold being 2 in both.

Polysulphides

These form a very singular group of compounds. The alkaline polysul-
phides, in which the sulphur atoms are necessarily attached only to one
another, can have any composition from M,S, to M,S;. Of the elements
of Group I B in the monovalent state only copper and gold are known to
give complex polysulphides ; with each of these only one type of complex
is well established, and this is different for the two, being for copper
M(CuS,) and for gold M(AuS,).

Cuprous Polysulphides

The ammonium salt NH,[CuS,] has long been known, but its correct
formula was first established by Hofmann and Hochtlen,’ and it was
more fully investigated by Biltz and Herms.?”! It is made by adding copper
sulphate to a saturated solution of sulphur in ammonium sulphide, when
fine red crystals of NH,[CuS,] separate ; the other salts can be prepared
from this ; the potassium salt can also be made by grinding cupric oxide
with potassium pentasulphide solution and precipitating with alcohol. All
the salts are anhydrous and deep red. The potassium, rubidium, and
caesium salts were made ; the solubility falls as the atomic weight of the
alkali metal rises (the usual behaviour of the alkaline salts of strong acids),
the caesium salt being almost insoluble in water. These compounds are
fairly stable; concentrated hydrochloric, nitric, or sulphurie acid decom-
poses them very slowly in the cold, and quickly only on boiling.

The structure of this [CuS,]™ ion is unknown: it is presumably cuprous,
and so should be diamagnetic, but this point has not been examined ; the
arrangement of the sulphur atoms can only be found by X-ray analysis
of the crystal structure.

Potassium and rubidium will also give black salts of the approximate
composition M,CugS;.77

Aurous Polysulphides

The only known example was made by Hofmann and Hochtlen?%7"2
from auric chloride and ammonium polysulphide; it has the formula
NH,[AuS,], yellow prisms, only slightly soluble in water.

Chelate Complexes

These are singularly few, and it is interesting to notice that none are
formed through nitrogen; since all these ions will co-ordinate with
170 K, A. Hofmann eand F. Héchtlen, Ber. 1908, 36, 3090.

M H, Bilte and P. Herma, Ber. 1807, 40, 074,
" K, A, Hofmann and F, Hichtlen, Ber. 1004, 37, 848,
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ammonia, we might have expected them to do so even more readily with
diamines like ethylene diamine; but with central atoms of covalencies 2
and 3 stable ring complexes could not be formed. The rings that are
actually formed in these chelate complexes are all co-ordinated through
oxygen or sulphur or both, and it is clear that as in the open-chain com-
plexes the affinity is much stronger for sulphur than for oxygen.

Oxygen-oxygen Rings

These are apparently confined to the sulphito- and carbonato-complexes.

Copper. Copper forms complex sulphites of the type of K(CuSOy),
AON
o’

Silver. Complex sulphites of silver do not seem to have been isolated
though they occur in solution, but complex carbonate-compounds are
known. Silver carbonate dissolves in concentrated potassium carbonate
solution, and the colourless salt K(AgCOy,) crystallizes out.

This has been shown?? by X-ray analysis to contain the carbonato-ring

0]
N\

"I'he Ag—O distance is 2-24 A (theory 2-19) (see above, p. 110).
Gold. A complex sulphite or the composition Nay[0;S—Au—S0,], 2H,0
has been described.?””®

which presumably contain the ring Cu S0, with 2-covalent copper.??3

Possible Oxygen-sulphur Rings

These comprise the complex thiosulphates, a remarkable group of com-
pounds which are formed by all three metals. They can be formulated
either as rings or as open-chain complexes of the type of

[048-S—Au—S8 SO~

Copper. The salts are made by adding alkaline thiosulphate to a cupric
solution, the copper being reduced to the cuprous state. The composition
of many of them is complicated, and it is possible that they form solid
solutions with one another (see Rosenheim and Stemhé#user?3); but simple
salts of the type of KCu(S,0,) are known. They may contain a 4-ring

S
of the form Cu< >SO2 with a stability due to the affinity of the copper
o
for the sulphur.
Silver. The complex thiosulphates of silver have been known for over a
gentury,””® and are familiar from their use in photography to dissolve out

778 A, Rosenheim and S. Steinh&user, Z. anorg. Chem. 1900, 25, 72,

"% J, Donohue and L.3elmholz, J.4.0.S. 1944, 66, 295.

'" Haase, Z, Ohem. 1869, 535.

1% Disocovered by Herschel, Edinb. Phil. Journal, 1819, 1, 26, 3, 154,
i L
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the unreduced silver halide after development, a reaction which shows
how readily these complexes are formed. More recently the salts have
been investigated by Rosenheim and Steinhéuser,””® by Meyer and Egge-
ling,’"7 and, lastly, by Rosenheim and Trewendt,”’’® whose paper corrects
the earlier observations. According to this work, the complexes are of
three types:

1. M[Ag(S;03)]:Li, 1/2H,0; Na, K, NH, anhydrous.
2. M,[Ag(S,05).]: K, H,0.
3. M,[Ag.(S;0,),]:NH,, Na, K, ? Rb, ? Cs.

Of the first type the lithium salt is easily soluble in water, but the rest
are relatively insoluble,

These salts have a sweet taste, perceptible even in a dilution of 1 in
300,000 (Werner) (the complex mercuric thiosulphates are also said to have
a sweet metallic taste). According to Bodlander?”® the equilibrium con-
stant for these complexes is of the order 103, which means that in a deci-
normal solution of the sodium salt Na,[Ag(S,03),] the concentration of
silver cations is ¥10-1 or 2 X 10-% normal. Such a solution gives a preci-
pitate with potassium iodide or potassium sulphide, but not with potas-
sium chloride ; this agrees approximately with the known values of the
normalities of the saturated solutions of these salts, which are at 25°:
silver chloride 0-88x10-5; silver iodide 0-98x10-8; silver sulphide
1-4 X 10-8,

Gold. With this metal the 2-covalent salts M[Au(S,0,)] are known,?8°
but they appear to be less stable than the fourfold complex Ma[Au(S,04),]%!;
this, if it is chelate, is very unusual for an aurous complex, and must be due
to the extra stability caused by the chelation (compare the sulphite,
p. 145). The sodium salt NazAu(S,04),, 2H,0 is quite stable if it is pure;
it loses its water of crystallization at 150-60° without decomposition ; the
gold is precipitated by alkaline sulphides but not by ferrous sulphate or
stannous chloride,?’® This substance has been used as a drug against
tuberculosis under the name ‘Sanochrysin’,?8

Sulphur-sulphur Chelate Complexes

These are formed by copper and gold. Complexes of this type were
prepared by Morgan and Ledbury?® from dimethyldithiolethylene (thi),
which gave the cuprous salt [Cu(thi)]Br, a pale blue compound melting
at 162° and insoluble in water and organic solvents other than pyridine.

777 J. Meyer and H. Eggeling, Ber. 1907, 40, 1351.

778 A. Rosonheim and . Trewendt, ib. 1928, 61, 1731.

770 (. Bodlénder and R. Fittig, Z. physikal. Chem. 1902, 39, 605; G. Bodldnder,
Ber. 1908, 36, 3934,

780 H, Brown, J.4.0.8, 1927, 49, 938.

8 K, L. McCluskey and L. Eicholberger, ib. 1926, 48, 136.

% J, K, Gjaldbaek, Dansk. Tidsskr. Farm. 1987, 1, 251.

100 F, Moéligaard, Chemotherapy of Tuberoulosis, Copenhagen, 1924,

18 G, T, Morgan and W, Ledbury, J.0.9, 1088, 121, 2882,
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‘T'he corresponding gold compound [Au(thi)]Cl was obtained from a solu-
tion of auric chloride.

/CHa
CH,— \
é 3Cu(Br)
Hy—
\cH,

6. Complex Halides

Copper

Complex cuprous halides are formed by all the halogens except fluorine,
and contain 2, 3, or 4 halogen atoms. Remy and Laves’® find that of
the complex chlorides described in the literature the numbers belonging
to the various types M[CuCly], M,[CuCl,], M,[CuCl,] are roughly in the
ratio 10:5:1. No complexes with more than 4 halogen atoms are known.
I2.M.F. measurements indicate that in fairly strong (2 to 4 normal) potas-
sium chloride solution the chief complex is [CuCl4]™ 7, and that the amount
of [CuCl,]" ™~ present is negligible.?

Of the iodides the 2-covalent series M[Cul,] have been prepared from a
series of organic bases (tetrapropyl ammonium, quinolinium, triethyl
sulphonium), 787

Stlver

The formation of halide complexes is shown by the fact that silver
chloride is about 100 times as soluble in normal hydrochloric acid as in
water.”8%® The most stable complexes are M[Ag(hal),] and M,[Ag(hal)s] ;
n 4-covalent complex K [Agl,] has been described, but its existence is
doubtful.

The bromide and iodide behave similarly.??°

Gold

Complex halides of the type of M[AuCl,] are known, but here again the
covalency of aurous gold seems to be limited to 2. These halides, which
are formed by bromine and iodine as well, are unstable, the aqueous solu-
tion rapidly decomposing with separation of metallic gold.?®!

It has been shown by X-ray analysis?®? that the highly complex black
salts CsyAuAuCly and Cs,AgAuClg contain linear AgCl; and AuCl; ions
as well as the planar ions of AuCl™.

78 H. Remy and G. Laves, Ber. 1933, 66, 571.

188 S v, N4ray Szabé and Z. Szabé, Z. physikal. Ohem. 1933, 166, 228.
787 R. L. Datta and J. N. Sen, J.4.C.S. 1917, 39, 750.

788 (3, S. Forbes and H. I. Cole, ib. 1921, 43, 2492,

780 W. Iirber and A. Schiihly, J. pr. Ch. 1941, [i] 158, 176.

190 W, Erber, Z. anorg. Chem. 1941, 248, 32, 36.

191 F. Lengfleld, Amer. Chem, H.J. 1901, 26, 324.

198 N, Elliott and L. Pauling, J.4.0.8. 1988, 60, 1840.
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Summary of the Co-ordination Numbers in these Complexes

The covalency limits for these elements are copper 6, silver and gold 8;
but in their monovalent complexes none of them has a higher covalency
than 4. A summary of the observed values is given below, the form with
the most compounds being underlined ; the extent of ionization (on which
of course the covalency depends) is decided on grounds of general prob-
ability. The chelate compounds are essentially more stable; this is in
accordance with general experience, and is obviously due to the fact that
if the chelate group has one of its links broken it still remains attached
by the other ; also they must have an even covalency, so that if thenaturally
favoured covalency is 3 they must be either 2 or 4; hence the presence of
covalencies of 4 in these chelate compounds is not surprising.

TABLE
Complex Cuprous Argentous Aurous
(60) 4 .. 2
Cyanides 2 3 4 2 3 2
R-CN 2 4 2 ..
R-NC 2 2 ..
Amines 2 3 2 3 2 3
R;P, R;As compounds 4 4 2
Thioureas 2 3 4 2 3 4 2
Halides 2 3 4 2 3 4 2
Chelate compounds
O, O compounds 2 2 2
Thiosulphates, &c. 2 4 2 4 2 4

Otherwise we see that the covalency of 4 is seldom reached except with
the sulphur compounds and the cyanides, and is never exceeded, the
prevalent values being 2 and 3. Further, the usual covalencies are lower
for silver than for copper, and still lower for gold, which in the monovalent
state very rarely exceeds 2.

As regards the elements co-ordinated to the central atom, the preference
is evidently for the cyanide group and for sulphur, and then for nitrogen
and the halogens; while for oxygen it is very-small.

POLYVALENT COPPER, SILVER, AND GOLD

THE behaviour of divalent copper and silver cannot be compared directly
with that of trivalent gold, and at the same time the number of compounds
of divalent silver is so small, on account of the instability of that valency,
that they do not afford much opportunity for comparison with copper.
The polyvalent compounds of these three elements will therefore be dealt
with separately.

CUPRIC COMPOUNDS

TrEs® correspond primarily to the divalent compounds of the transitional
elements preceding them in the Table, especially nickel, cobalt, and iron.
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They should also be compared with those of the next following element,
zine, which is always divalent ; this comparison may be expected to show
some of the characteristics of transitional as contrasted with non-transi-
tional elements.

The cupric ion Cut+ is a reasonably strong divalent ion. It is para-
magnetic?® and is strongly coloured, these being the natural results of
the presence of the imperfect electronic group of 17. The cupric salts of
strong acids in dilute aqueous solution all show the same absorption, which
is obviously that of the (hydrated) cupric ion ; but at higher concentrations,
or in presence of excess of the alkaline salt of the same acid, the colour
usually changes from blue to green or brown. This change is due to the
formation of a differently coloured complex ion, as was first shown by
Donnan, Bassett, and Fox,?®* who proved that in electrolysis the green
oupric chloride in potassium chloride solution migrated towards the anode.
"T'he salts of weak acids such as acetic have a markedly stronger and rather
different absorption even at considerable dilutions, which is perhaps due
to incomplete ionization (see later under cupric acetate (p. 154)).

"The solid cupric salts (where the anions are colourless) are in the hydrated
stato blue or green ; but the anhydrous salts have the most varied colours,
rauging from white in cupric fluoride to black in cupric bromide.

As is to be expected from their double charge, the cupric ions show a
utronger tendency to form complexes than the cuprous, and give many
no-ordination compounds, cationic, neutral, and anionie, in which the
oo-ordination number is usually 4 and sometimes 6.

Cupric Carbon Compounds

These are practically confined (apart from the complexes) to the cyanides;
no cupric alkyls or aryls are known.,

Cupric cyanide, Cu(CN),, is a very unstable substance formed as a brown
precipitate when potassium cyanide is added to a cupric solution: it
rapidly changes in the cold with evolution of cyanogen to a double com-
pound Cu(CN),, 2CuCN, 5H,0 (or Cu[Cu(CN),],, 5H,0), and on heating
{s wholly converted into cuprous cyanide. Its instability is due, like that
of oupric iodide, to the anion being oxidized by the cation: this gives the
neutral CN radical, which then polymerizes.

The thiocyanate Cu(CNS), is very similar. It is black and is rapidly
oonverted by water into the cuprous compound. It is a strong oxidizing
agent and will oxidize indigo. Like the cyanide, it forms stable complexes.

Cupric Nitrogen Compounds

It is remarkable that while divalent copper shows a very strong affinity
for nitrogen in its co-ordination compounds, especially the ammines, it

108 For a discussion of the paramagnetism of transitional elements, see W. Klemm
and W. Sohtith, Z. anorg. Chem. 1981, 203, 104; for cuprio salts in particular, J.
Reskie, Proc, Roy. Soo. 1089, 173, 367.

% P, G. Donnan, H. Bassett, and O, J, J. Fox, J.0.S. 1008, 81, 039,




150 Group 1(3). Cupric Compounds

forms scarcely any simple compounds with the Cu—N link. The Cu—N
link must for some reason be much more stable when the covalency of the
cupric atom is 4 or above than when it is only 2.

There is no cupric nitride except the black-violet explosive azide
Cu[N,],795-%; this substance (sol’ 0-0080/15°) is presumably ionized, but
gives a series of complex azides (p. 159).

Among the few compounds in which divalent copper forms a normal
covalent link with nitrogen are the derivatives of the imides,

=(|3—1|\I~C=O
H

in which of course the hydrogen has acquired activity through the neigh-
bourhood of the two carbonyl groups.

Various cupric derivatives of the cyclic imides of dibasic acids—suc-
cinic, camphoric, dimethyl maleic, phthalic—have been prepared, in all of
which a cupric atom replaces 2 imide hydrogens from two molecules of the
imide. But almost all of these are known only as co-ordination products
of ammonia, amines, or water, and as such are dealt with later among the
cupric complexes (p. 158). The only one that is produced in the simple
uncoordinated state is the phthalimide derivative.???

Cupric Oxygen Compounds

Cupric oxide, CuO, occurs in nature as the mineral tenorite. This has the
lattice of a giant molecule in which each copper atom is surrounded by
4 oxygens, all lying in one plane with it, and with the valencies at right
angles (the ‘square planar’ form) ; the Cu.-.O distance is 1-95 A as required
for the covalent link??® (calculated for the ionized Cu[O] link ca. 2-3, for
Cu—O 201 A).

TFrom the equilibrium between copper and steam the dissociation tension
of cupric oxide at 450° has been calculated to be 2 x 10-25 atm.799

Cupric oxide can be precipitated from a solution of a cupric salt at 80°
or above, and it has been shown that on heating it becomes coarser-
grained with a proportionate loss of energy: after heating to 600° it has
145 k.cals. less energy per mole than when it is prepared at 80°809; this

798 A. Cirulis, Naturwiss. 1939, 27, 583 (B.C.A. 39, i. 621, 1).

796 M, Straumanis and A. Cirulis, Z. anorg. Chem. 1943, 251, 315.

97 H. Ley and F. Werner, Ber, 1907, 40, 705,

9% (}. Tunell, E. Posnjak, and O, J. Ksanda, Z. Krist. 1985, 90, 120.
99 1,. Wéhler and O, Balz, Z. Blehirochem. 1081, 37, 406,

00 R, Frioke, E, Gwinner, and O, Felohtner, Ber. 1988, 71, 1744,
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loss of energy is accompanied by a loss of catalytic power as is shown, for
example, in the catalytic decomposition of nitrous oxide. 80!

Cupric hydroxide, Cu(OH),, as generally obtained, is a blue-green precipi-
tate, which on heating in contact with the solution turns black, going over
into the oxide CuO ; measurements of the energy content through the heat
of solution in hydrochloric acid have shown8°? that the hydroxide is more
stable in water than the fine-grained oxide, but less so than the coarse-
grained (like zine and cadmium hydroxides). The precipitated hydroxide
can be dried to the composition Cu(OH), at 100°; thermal analysis of the
dehydration of this hydroxide does not indicate the existence of any lower
hydrate.80%-3 Cupric hydroxide can be obtained in blue crystals by leaving
u golution of the oxide in ammonia to stand in a desicecator over sulphuric
ncid, 800

The hydroxide is to some extent amphoteric; when freshly precipitated
it is somewhat soluble in alkalies, forming a violet solution which contains
the copper in the anion, no doubt as a ‘cuprite’ My[CuO,], or, according to
Scholder, %0t M,[Cu(OH),). It has been shown®% that while the saturated
solution of copper oxide (or hydmxide) in water at 25° has 3 X 10-5 moles
per litre, this rises to 1-8 X 10-3 in 4-2 normal potassium hydroxide; the
rolation of solubility to alkalinity shows that the acid Hy[CuO,] has a first
disgociation constant of about 10-1°, and a second of 8x 104 Cupric
oxide dissolves readily in aqueous ammonia to give a deep blue cupram-

monium hydroxide [Cu(NH,),J(OH)
o

A peroxide Cu0Q,, H,0 is known, whose structure is established by its
giving hydrogen peroxide with acids.

The existence of ‘cupric acid’ Cu203 (sald to be formed by the action
of chlorine on a suspension of cupric hydroxide in potassium hydroxide),
la very doubtful, 806

Cupric Compounds of Sulphur

Cupric sulphide, CuS, as precipitated by hydrogen sulphide from a solu-
tlon of a cupric salt, is a black insoluble powder with a solubility product
of 1-2X10-42 at 18°.897-8 Tt can be obtained in the pure state by treating
topper powder, prepared by heating the oxalate, with a solution of sulphur
I oarbon bisulphide ; the sulphur reacts violently with the copper up to
the point of forming cuprous sulphide Cu,S, but after that very slowly. By

¥ (. M. Schwab and H. Nakamura, Ber. 1938 71, 1755.

2 0. Binder, C.R. 1939, 208, 1995.

wm }1. B. Weiser, W. O. Milligan, and E. L. Cook [J.4.C.S. 1942, 64, 503] agree:
on tho basis of X-ray and dehydration measurements they find that Cu(OH), is the
enly compound of CuO-+H,0.

884 R. Soholder, R. Felsenstein, and A. Apel, Z. anorg. Chem. 1933, 216, 138.

*h 1,. A, MeDowell and H. L. Johnston, J.A.C.S. 1936, 58, 2009.

w0 T8, Miller and I. l2rnst, Z. angew. Chem. 1921, 34, 371.

%7 I, M. Kolthoff, J. Phys. Chem. 1931, 35, 2720.

108 K, Jellinek and J. Czerwinaki, Z, physikal. Chem. 1922, 102, 476.
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heating the cuprous sulphide formed with excess of sulphur in carbon
bisulphide in a sealed tube to 100° for several hours, it is completely con-
verted into cupric sulphide.®®® Cupric sulphide occurs in nature as the
mineral ‘Kupferindig’ or covellite, in fairly soft blue-black masses, which
can be ground to a blue powder.

Polysulphides of the compositions Cu,S;,31° CuS,, and Cu,S4%! are said
to occur.

Cupric Halvdes
Cupric Fluoride, CuF,

In the anhydrous state this is a white crystalline substance which can
be made by passing hydrogen fluoride over copper oxide at 400°. Ebert
and Woitinek®!? found that it has a fluorite lattice, and that the Cu...-F
distance is 2-34 A. The calculated distances are for a covalent Cu—F link
1:99 A, and for an ionized link ca. 2-3 A. Hence cupric fluoride is ionized
in the crystalline state. This is remarkable in view of Ebert and Woitinek’s
statement (loc. cit.) that the distance in cuprous fluoride is that of a
covalent link; but as we have seen (p. 119), it is probable that their
cuprous fluoride was a mixture,

Cupric fluoride melts at 950° to a red liquid, and then loses some of its
fluorine, giving a mixture of cuprous and cupric fluorides®® (see above,
p- 120). It is volatile at a red heat; attempts to make it take up more
fluorine to form a trivalent halide like an auric halide were not successful .814

Cupric fluoride gives a green mono- and a blue dihydrate. It is slightly
soluble in cold water (0-075 g. in 100 g. at 25°). When it is warmed with
water it hydrolyses, the basic fluoride CuF-OH being precipitated. 81516
With excess of acid the compound Cul,, 5 HF, 5 H,0 can be obtained, and
this on dehydration loses water and hydrogen fluoride to form the basic
salt CuF,, Cu0.87

Cupric Chloride, CuCl,

The anhydrous salt forms dark brown crystals melting at 498°, The
crystal lattice®1? is exactly like that of CuBr, (below, p. 153). It gives a
variety of hydrates with 4 (below 15°), 3 (below 26°), 2 (below 42°), and
1 (up to 117°) H,0O. The ordinary salt is the dihydrate ; it has a bright blue
colour, but when moist appears green, because the crystals are covered
with a thin film of the saturated solution, which is brown. Examination of

809 K. Fischbeck and O. Dorner, Z. anorg. Chem. 1929, 182, 228.
810 |, Bodroux, C.R. 1900, 130, 1397.

811 A, Rossing, Z. anorg. Chem. 1900, 25, 407.

812 F, Ebert and H. Woitinek, ib. 1933, 210, 269.

812 H. v. Wartenberg, ib. 1939, 241, 381.

614 O, Ruff and M. Giese, ib. 1984, 219, 148,

05 A, Jaeger, ib. 1901, 27, 29,

8¢ E, Deussen, ib, 1005, 44, 804,

017 E, Bshm, {b, 19003, 43, 820,

nn A, F, Wells, J.0.8, 1947, 1670,
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the crystal structure of this dihydrate shows that it has a covalent struc-
ture with the four groups lying in a plane with the copper.818

Cl

Cupric chloride is very soluble in water and in many organic solvents;
the solubilities in moles CuCl, to 100 moles solvent at 25° (the values in
g./100 g. solvent are added in brackets) are: water 10-181® (75-5; about 5-
molar normal) ; methyl alcohol 13-8 (58-0) ; ethyl alcohol 19-1 (55-9) ; butyl
alcohol 10-4 (21-2); ethyl formate 10-4 (18-9); acetone 10-3 (23-9). The
saturated aqueous solution is dark brown; on dilution it turns first green
and then blue ; the addition of an alkaline chloride or a rise of temperature
has the same effect as an increase of concentration. The dark colour is
that of a complex ion CuCl; or CuCl;~ (Donnan, Bassett, and Fox?%4).820
1t forms numerous complex salts with other chlorides, and ammines with
ammonia. At high temperatures it is converted into cuprous chloride and
chlorine.

Cupric Bromide, CuBr,

This consists of black crystals, very soluble in water. It forms an olive-
green tetrahydrate (transition point 18°), but no other hydrates, 82!

It gives a brownish-green solution in water, which on addition of excess
of potassium bromide turns purple-red. It forms numerous complexes.
At a red heat it breaks up into cuprous bromide and bromine.

Its crystal structure has been determined®??; it has flat chains

N T N N PN
NN %

(individually, though not in their packing, like those of palladous chloride) ;
the 4 Brs nearest to each Cu are 2-40 A away; each Cu also has 2 Brs of
the next 2 chains 3-18 A away.

Cupric Todide, Cul,

"This salt, like the cyanide, is exceedingly unstable, and breaks up almost
as soon as it is formed into cuprous iodide and iodine, the anion being
oxidized by the cation.,

$18 D, Harker, Z. Krist. 1936, 93, 136.

10 E. Boye, Z. anorg. Chem. 1933, 215, 75.

Mo N. A. Yajnik, R. Chand, A. N. Kapur, and D. C. Jain (J. Ind. Chem. Soc.
1042, 19, 357) confirm this by magnetic measurements ; the slope of the magnetism/
osonocentration curve (in H,0, Me—Et—Pr—Bu—OQOH) changes at the same point
ax the oolour.

! §, R, Carter and N. J. L. Megson, J.0.S. 1928, 2954.

188 1., Helmholz, J.4.0.8. 1947, 69, 886.
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Cupric Salts of Oxy-acids
(a) Oxy-acids of Carbon
Copper carbonate, CuCOj, has not been isolated, although two basic
carbonates oceur in nature, malachite CuCO,, Cu(OH),, and azurite CuCOj,
2Cu(OH),; and double carbonates, such as Ky[Cu(CO,),] are known (see
p. 168).

Cupric Salts of Carboxylic Acids

The cupric salts of the fatty acids show a remarkable graduation in
properties as we ascend the series. Cupric formate is pale blue and fairly
soluble in water; as the molecular weight of the acid increases, the salts
become green (the acetate is green) and then dark green; their solubility
in water tends to diminish, and that in organic solvents rises in a marked
degree. The solubilities in water, in g. per 100 c.c. of solution at the
ordinary temperature, were found by Pickering323 to he:

Formate . . . . 173 | Isobutyrate . . - 030
Acetate . . . . 230 Valerate . . . 0012
Propionate . . . 38l Isovalerate . . . 0-047
Dutyrate . . . 18

By the time we have reached the butyrate we find that though it is still
quite soluble in water, it can be extracted from its aqueous solution with
cthyl acetate, chloroform, ethyl ether, or amyl alcohol.8# This suggests
that with increase in the length of the carbon chain the ionization diminishes
and the compound tends to become covalent. The position of the absorp-
tion bands in solvents such as chloroform supports this view325; with the
higher acids it approaches more nearly to that of undoubtedly covalent
cupric compounds, such as the B-diketone derivatives. Further evidence
is the change in the depth of colour of the blue (less than N/;) solutions of
these salts in water.82® The copper salts of weak acids like acetic and
propionic are much more intensely coloured in these solutions (where they
all have the same blue tint) than those of strong acids like sulphuric
or nitric; on further dilution the molecular colour diminishes, but it
approaches asymptotically a limit which is different for each acid, and
always greater than the colour of the strong acid salt, which presumably
is that of the simple hydrated cupric ion. The molecular depth of colour
(iu arbitrary units) of some of these salts is:

Sulphate | Formate Acetate | Proptonate

V=5 . . . 1 3-55 6-16 8-40
V=15. . . i1 3-00 4-52 501

48 g, U. Pickering, J.0.8. 1912, 101, 184,

M¢ H. Agulhon, Bull. Sve. Chim, 1918, [4) 13, 405,

s T, M. Lowry and H. 8. French, Proo. Roy. Soc. 1924, 106, 489,

™ N. V. Bidgwiok und H. T. Tisard, J.0.8. 1008, 93, 187; 1010, 97, 057.
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This suggests that the organic salts dissociate mainly to the first stage, as
[Cu—O0—CO—R](O—CO-—R) and that the limit of colour, which is nearly
reached in N/15 solution, is that of the [CuA]" ion, and therefore different
in each case. The formate (and the monochloracetate is very similar) is
intermediate between the strong and the weak salts.

Cupric oxalate forms a monohydrate CuC,0,, H,0, which is pale blue,
and insoluble in water. It gives various double oxalates, mainly of the
type M,[Cu(C,0,),], 2H,0.

(b) Oxy-acids of Nitrogen

Cupric nitrite can be made as a blue-green apparently insoluble precipi-
tate, but it cannot be isolated as it soon decomposes (obviously through
hydrolysis) into cupric nitrate and nitric oxide. Complex nitrites are
known.

Cupric nitrate, Cu(NOj),, forms hydrates with 9, 6, and 3 H,0; the anhy-
drous salt is unknown. It is extremely soluble in water®2” (60/25°).

(¢) Oxy-acids of Sulphur

Cupric sulphate, CuSQ,, is white in the anhydrous state and forms
hydrates with 1, 3, 5, and probably®?® 2 and 4 H,0; the ordinary salt is
the pentahydrate ; sol¥ 22-7/25° (about 1-4 molecular-normal). The odd
numbers of water molecules in most of the hydrates suggest that one of
them is attached to the anion. Recently the crystal structure of the penta-
hydrate has been found®® not to be quite so simple as this. The lattice
is much distorted and there are two kinds of copper atoms. Each has six
oxygen neighbours, four of them (no doubt the oxygens of the water mole-
cules) in a plane with it at 2-0 A; the other two belonging to the SO, groups
are at the poles of an irregular octahedron, and at distances from the
copper of 2:3 and 2-45 A respectively: the normal distances are for the
covalent Cu—Q 2-01 and for the ionized Cu[O] 2-3 A.U.

(@) Oxy-salts of Halogens
Cupric chlorate, Cu(Cl0O,),, 4 H,0, is a very soluble salt, sol¥ 164/18°.831
Cupric perchlorate, Cu(ClO,),, 6 H,0, is one of the very soluble per-
ohlorates, and retains its water of crystallization very firmly. It melts at
60°; it will lose 2 molecules of water over sulphuric acid in the cold, but no
more without decomposition even over phosphorus pentoxide in the cold.

497 A. Seidell, Solubilities, 1928, p. 1183. The molecular colour of the solution does
not visibly change up to the highest concentrations, but its intensity increases
markedly above 1-normal, where most cupric solutions turn green: the increase is
about 10 per cent. between I-normal and 2-normal. Hence probably the nitrate
forms complexes at high concentrations like the other salts, but their tint does not
differ sensibly from that of the simple cupric ion.%2¢

8¢ °I', 1. l'aylor and . P. Klug, J. Chem. Phys. 1936, 4, 601.

Mo C, A. Beevers and H. Lipson, Proo. Roy. Soc. 1984, 146, 570,

Wl A, Meussor, Bar, 1008, 35, 1414.
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The solubility of the hexahydrate is 128-3/20°; the salt is also easily
soluble in methyl and ethyl alcohol, in acetic acid, in acetic anhydride, and
in acetone, and slightly in ether and ethyl acetate.%32

Cupric iodate, Cu(I0;),, unlike the chlorate, has the relatively small
solv of 0-136/25°. '

Cupric periodate. A derivative of the 6-covalent form of this acid is
known, Cuy(I0g),, 7H,0, which loses water in vacuo at 74° to give the
corresponding pentahydrate.333

COMPLEX CUPRIC COMPOUNDS

The cupric ion, as might be expected from its double charge, forms com-
plexes more readily than the cuprous. The co-ordination number is vari-
able; 4 is by far the commonest, but 2 is not infrequent, and 6 (the
covalency limit) is found in a few compounds.

A. Open-chain Complexes
1. Cu—C compounds

These are extremely few; they are confined to the small number of
complex cyanides. Cupric cyanide though itself very unstable can form
stable complexes, such as K,[Cu(CN),], which is white and very soluble
in water. A hexacyanide Cd,[Cu(CN)s] has been described but not con-
firmed. The complex cupric cyanides are little known.

2. Cu—N Complexes

Ammines. The tendency to co-ordinate with amine nitrogen is a marked
characteristic of the cupric ion, which forms complexes with ammonia,"
alkyl and aryl amines, pyridine, and the like, and also chelate complexes
with various diamines.

The simple ammines are all salts of the type [Cu(NHj,),]X,. The com-
plex ion forms a much stronger base than cupric hydroxide; these bases
(X = OH) are easily soluble in water and are highly dissociated. The ions
have a deep indigo blue (at any rate the tetrammines), quite distinet from
the blue of the simple cupric salt and far more intense ; these bases also
have the valuable property of dissolving cellulose, which they oxidize to
oxycellulose.

In the solid compounds 7 is usually 4 or 2 ; examples are known in which
it is 5, or (especially in the chelate complexes) 6 ; no values higher than 6
have been found.

The co-ordination with ammonia is very strong. The freezing-point of a
copper sulphate solution is scarcely lowered by the addition of 4 equiva-
lents of ammonia®®; it was found from E.M.F. measurements that in an
N/200 cupric solution containing 0-4 normal ammonia (and so 140 times
as many H,O molecules as NH, molecules) the concentration of the simple

tes B, Heinerth, Z. Hlskirochsm. 1981, 37, 64,

0 R, K. Bahl and 8. 8ingh, J. Ind. Chem. Sco, 1989, 16, 260.
¢ A, Reychler, Ber. 1805, 28, 508
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cupric ion at 25° is 10-14 molar (i.e. of the cupric ions present, only 1 in
101! is not combined with ammonia).335

6-covalent ammines are known, though they are relatively unstable;
in [Cu(NH,)s]Br, and [Cu(NH,),]I, it has been shown from the crystal
structure®® that the cations are octahedral. Other compounds of this type
are [Cu(py)s]Br, and [Cu(py)e](NO3),5¥ which easily lose pyridine.

Dawson and McCrae83® determined the partition of ammonia between
chloroform and an aqueous solution of cupric sulphate or chloride, and
thus found for decinormal copper sulphate and 0-6-1 molar ammonia
almost exactly the ratio 1:4 of copper to bound ammonia. Measurements
of the solubility of cupric oxide in ammonia solution supported this con-
clusion. Dry copper sulphate absorbs ammonia gas at 1 atmosphere
pressure up to the composition CuSO,, 5 NH; on warming, this is converted
into the tetrammine [Cu(NH,),]SO,, which has an ammonia tension of 1
atmosphere at 90°.

Thus we have good evidence for the existence of a very stable tetram-
mine complex. The diammine complex is also stable. Thus cupric thio-
cyanate is found to give a stable pale blue diammine [Cu(NH),J(CNS), or
perhaps [Cu(NH,),(CNS),] as well as the usual dark blue tetrammime
[Cu(NH,),J(CNS),; the same is true of the sulphate and the fluorosul-
phonate. The behaviour of the nitrites shows that these ammines, both the
tetra and the di, are much stronger bases than cupric hydroxide. The
simple nitrite Cu(NO,), cannot be isolated, as it breaks up into the nitrate
and nitric oxide. But the blue tetrammine [Cu(NHj),](NO,), is quite
stable. When this is heated it loses 2 molecules of ammonia to form the
purple diammine [Cu(NH,),J(NO,),,%? which is also quite stable; but if by
further heating more ammonia is removed from the complex, the product
decomposes.®? Other examples of these diammines occur among the
substituted amines.

The brilliant colour of these cupric ammines is familiar. Variousattempts
have been made to interpret their absorption spectra. Weigert found 1!
that there was a continuous change in the position of the absorption bands
as the concentration of the ammonia increased, and concluded that the
effcct was purely physical ; but later work, especially that of Rosenblatt, 342
does not support this conclusion, and makes it clear that the change in
oolour is the result of a chemical change in the proportions of the various
ammoniated ions present. This is to be expected from the differences in
volour of the solid ammines: as a rule the diammines are pale blue (rarely
groen), the tetrammines violet-blue, and the pentammines and hexammines

35 (. Immerwahr, Z. anorg. Chem. 1900, 24, 260,

"3 (3, Peyronel, Gaz. 1941, 71, 363.

827 P. Pfeiffer and V. P..nmer, Z. anorg. Chem. 1905, 48, 98.

132 H. M. Dawson and J. McCrae, J.C.S. 1900, 77, 1239; 1901, 79, 1072.
49 H, Bassett and R. G. Durrant, ib. 1922, 121, 2630.

%o H, J. 8, King, ib. 1929, 2598.

w1 F. Welgert, Z, physikal. Ohem, 1022, 101, 414; 102, 416.
“! F, Rosenblatt, Z. ancrg. Chem. 10332, 204, 851,
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again pale blue. But with the derivatives of the simple monamines the
equilibria in solution are numerous and difficult to interpret; see
Bjerrum.84 With the chelate derivatives the problem is simpler, and
Rosenblatt’s results will be discussed under these compounds (p. 164).

Substituted Ammines. These are formed by a variety of alkyl and aryl
amines and similar substances; they have not been so fully investigated
as the simple ammines. The introduction of alkyl and aryl radicals into
the ammonia tends to rediice the co-ordinating power in this as in other
cases. Thus Tschugaeff®45 examined the formation of the 4-covalent
complex produced by adding two amine molecules to the cupric deriva-
tives of succinimide

CHy—C0_
( —C0”

and found that while primary amines react quite readily, secondary do so
with difficulty, and tertiary not at all ; in this as in other reactions pyridine
has the reactivity not of a tertiary but rather of a primary amine.

The behaviour of amino-acids is peculiar. If the relative positions in
space of the amine and the acid group are suitable for the formation of
chelate ring, then the ring is produced: e.g. the cupric derivative of
aminomethane sulphonic acid is dark blue and insoluble in water®®; it
obviously contains two chelate rings

OH,—NHy,  HN—CH,
0,8 o \o—-éo

glycine behaves in the same way (these compounds are discussed under the
chelate derivatives, p. 166). If the NH, and the acid group are too far
apart in space to form a ring, as in meta or para aniline sulphonic acid, the
product is greenish and reasonably soluble in water; it obviously cannot be
a ring-compound for stereochemical reasons, but, on the other hand, the
colour is not that of a simple cupric salt but rather of an ammine such as
[@-SO,],[Cu(®-NH,),]. It is clear that in this compound the copper is
ionized, and at the same time co-ordinated to the NH, group of its anion,
giving the zwitter-ion847

—)_Cu(Amme)z,

S0, - CoH,— NH,—>Cu<NH,—C,H, - SO,

A third case arises with aminosulphonic acid H,N-SO H itself.4® This
gives a copper derivative of the colour and solubility to be expected of a
normal cupric salt. It obviously cannot be chelate, as this would imply a
4-ring; on the other hand, the colour makes it likely that the copper ion

848 N, Bjerrum, Complex Ammine Formation in Solution, Copenhagen, 1941.
84 1., Tschugaeff, Ber. 1905, 38, 2899.

Y8 Noe alvo H. Loy and F. Werner, {b, 1008, 39, 2177; 10817, 40, 708.

W J, Meyor and W. Taube, Z. anorg. Cham. 1986, 237, 428,

! P, Pfoiffer, ib, 1086, 230, 97.
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is not co-ordinated to the NH,, presumably owing to the effect of the
immediately adjacent sulphonic group in weakening the co-ordinating
power of the NH,.

One result of the diminished co-ordinating power produced by substitu-
tion in the amine is to give complexes of a lower co-ordination number.
King®® found that the complex ammine nitrites formed with aniline,
p-toluidine, B-naphthylamine, and pyridine contained not 4 molecules of
base (as did the simple ammonia compounds) but 2. Aumeéras and Tami-
icr examined®® by means of the colour the degree of co-ordimation in
solution (which is often higher than in the solid) of the tetrammines pro-
duced by cupric salts with the bases methylamine, pyridine, and piperidyl-
piperidine C;H,N-C,H,,H ; they found the dissociation constants to be
1-6x10-8, 3-1x10-%, and 2-2x10-3 respectively, the stability thus
diminishing as the molecular weight of the base increases.

Complex Cupric Azides849.851-2

Cupric azide (p. 150) dissolves in solutions of the azides of the alkalies
and substituted ammoniums to give a series of red-brown or blue com-
plexes of the types M[Cu(N,)s], M,y[Cu(Nj),], and M[Cuy(Ng);], the last
type the commonest, all of which are capable of hydration; the non-salt
types R-NH,Cu(N,), and (R-NH,),Cu(N;), have also been obtained.85°
"T'hey are usually explosive ; they are always decomposed by much water,
but will sometimes dissolve in a small quantity without change. Among
the alkaline salts it is found that as the atomic weight of the alkali
increases, the number of azide groups per copper atom falls, the ease of
orystallization and the stability to water increase, while the solubility
in water diminishes (this last is characteristic of the alkaline salts of strong
woids).

Nitro-complexes

Double nitrites (i.e. nitro-complexes) of divalent copper exist, but are
little known. Soluble potassium and rubidium salts of the unusual but
not impossible type M,;[Cu(NO,);] have been prepared®34; they give
yellow solutions in water. The thallous salt Tl3[Cu(NO,),]%" is black, and
its aqueous solution green. All these salts and their solutions are stable
In the cold. 8¢

848 M. Auméras and A. Tamisier, Bull. Soc. Chim. 1933, [4] 53, 97.

M% A, Cirulis and M. Straumanis, Ber. 1943, 76, 825.

%0 Id., Z. anorg. Chem. 1943, 251, 341.

#1 M. Straumanis and A. Cirulis, ib. 1943, 252, 9.

" 14, ib. 121. 883 A, Fock, Z. Krist. 1890, 17, 177.

¢ A, Kurtenaoker, Z. anorg. Chem. 1913, 82, 204.

88V, CQuttica and A. Pacicllo, Gaz. 1922, 52, [i] 141.

¢ For measurements of the light absorption and equilibrium of these ions in
solution sea A, Komiakoff and D, V, Siokinan, J.4.0.8. 1046, 68, ¢42.
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A series of hexanitrito-salts MyM"[Cu(NO,);] (where M’ = NH, or
K:M"” = calcium of lead) were described by Przibylla.®¥ It is remarkable
that an exactly corresponding series of argentous salts (allowing for the
difference of valency) M;M"[Ag(NO,)] is said to occur (p. 138), and
another of hexanitrato- (not nitrito) auric salts (p. 189); these if they are
real are the only known examples of argentous or auric complexes with a
covalency higher than 4.

Nitric Oxide Complexes

The last series of open-chain complexes with the Cu—N link consists of
those formed by nitric oxide.

Complexes with carbon monoxide, corresponding to those formed by
cuprous compounds (p. 131), do not seem to be formed by cupric salts. But
an analogous complex with nitric oxide has been prepared by Kohlschiitter
and Kutscheroff.%® They found that blue solutions of cupric salts absorb
no nitric oxide, but if the solution is turned green—i.e. if a complex anion
is formed—either by increasing the concentration, or by adding a soluble
alkaline chloride, or by dissolving the cupric salt in an organic solvent,
especially acetone, a rapid absorption of nitric oxide occurs, With cupric
chloride dissolved (at ¥V = 1,166 litres) in acetone or in glacial acetic acid,
the absorption rises to 81 litres of NO per g. atom of copper, giving the
ratio NO:Cu of 3:6:1 (the CO:Cu’ ratio does not exceed 1). The reactions
of formation in the two cases are obviously similar; in both it is only a
copper complex that will absorb the gas: solid cuprous chloride is not acted
on. Now there is reason to think (see below, Gp. V. 685) that both carbon
monoxide and nitric oxide in their metallic compounds are attached by a
pair of electrons, but that the nitric oxide molecule in addition to providing
the electrons for the link transfers its ‘odd’ electron to the metal: thus
we have

- + = + +
M—C=0 and M—N=O.
If this view is correct, the result of attaching a CO to a cuprous atom and

an NO to a cupric atom will be to give the copper precisely the same effec-
tive atomic number and the same number of shared electrons.

Oxygen Complexes

The cupric atom has a much stronger tendency to form complexes
through oxygen than any of the three metals in the monovalent state.
The first indication of this is the prevalence of hydration among the
cupric salts, which is in sharp contrast to their absence among the argen-
tous, Most of the soluble cupric salts form hydrates, e.g. the
fluoride, chloride, bromide, chlorate, perchlorate, nitrate, sulphate, for-
mate, acetate, propionate, and butyrate, Werner®®? has pointed out that
7 0, Preibylla, Z. anorg. Chem, 1897, 15, 419,

408 V, Kohlsohiitter and M, Kutscheroff, Ber, 1804, 37, 8044.
" NlA' .dl 5 [19’8]’ p' 199'
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a very large number of the salts have 4 molecules of water of crystalliza-
tion, and must be supposed to contain the complex ion [Cu(OH,)J**. He
draws attention to the series of the general type [Cu(OH,),]X", where
X" = SiFs, SnFg, NbOF;, MoOF;, MoO,F,;, WO,F,, all of which are iso-
morphous. There is an obvious analogy to these salts in the very stable
tetrammines.

We have examples of oxygen complexes in the double formates, such
as Ba,[Cu(O.CHO),], 4 H;08%1: an analogous strontium salt is known ; and
in the double acetates, such as K,[Cu(O-CO.CH,)e], 12 H,0 and

Ca[Cu(0-CO-CH,),], 6 H,0 82
The occurrence of the co-ordination number of 6 in these compounds will
be noticed, but X-ray data are unfortunately lacking.

Itis, of course, by the formation of oxygen complexes that sugar, glycerol,
and other hydroxylic compounds prevent the precipitation of copper by
alkalies ; they lower the Cu** concentration so that the solubility product
of cupric hydroxide (3 x 10-5 at 25°) is not reached.

The majority of the oxygen complexes of divalent copper are chelate
compounds, and will be described later (N, O, p. 165; O, O, p. 168).

Sulphur Complexes

Jupric copper, unlike cuprous, forms far fewer complexes through sul-
phur than through oxygen, and the majority of these (as with oxygen) are
olhelate compounds (p. 173). A few open-chain derivatives are known.
'Thiourea S=C(NH,), forms complex salts with copper sulphate contain-
Ing 1, 2, and 3 molecules of thiourea,%%® but no other complexes with a
oupric atom co-ordinated to sulphur seem to have been prepared.

Halvde Complezxes

The readiness with which the cupric ion co-ordinates with halogen ions
is shown by the change of colour occurring in the solutions of the simple
halides at high concentrations. To judge by the colour the formation of
the complex anions is promoted by a rise of temperature, so that they must
be formed with absorption of heat.

All the four halogens behave in this way. Remy and Laves in 1933867
olassified all the then known complex cupric chlorides (33 in all) and
showed that the number of each kind was:

CuCl; CuCl;- CuCl;~~ CuCl;~ -

9 22 2 o*

* A fow salts of this type have recently been discovered: see later.
$00 P, Friedlinder, Z. Krist. 1879, 3, 180.
¥l Soce also A. W. Davidson and V. Holm, J.4.C.8. 1931, 53, 1350.
ki F. Ridorff, Ber. 1888, 21, 279.
ve8 A, Rosenheim and W. Loewenstamm, Z. anorg. Cliem. 1903, 34, 62.
#5¢ A. Rosenheim and W, Stadler, ib. 1906, 49, 1.
88 V., Kohlschtiitter, Ber. 1908, 36, 1151.
s V. Kohlschiitter and C. Brittlebank, Ann. 1906, 349, 282,

*' H, Remy and G. Laves, Ber, 1933, 66, 401.
(1R ("
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With the chlorides, the hydrogen compounds themselves are known;
they separate from a solution of cupric chloride in concentrated hydro-
chloric acid, and are reddish-blue or garnet-red (for compositions see
below).

These complex halides are remarkable, even among the complex cupric
compounds, for the diversity of their colours. The following are examples,
largely taken from Abegg.%6®

Fluorides:K[CuF,], Rb[CuF,], almost white, slightly soluble in water ;
(NH,),[CuF,], 2 H,0, pale blue, almost insoluble.%¢%-870 [t has not been
found possible to prepare mixed halides, containing both fluorine and
chlorine.

Chlorides. (1) Acids: H[CuCl,), 3 H,0, and Hy[CuCl,], 5 H,O; these are
garnet red ;8713 H,[CuCl;], brown, precipitated from ethyl acetate solu-
tion (no analyses given).874

(2) Alkaline salts: M[CuClq); Li, 2 H,0, garnet red; NH,, anhydrous,
red; 2 H,0, blue; K, brown-red; Cs, garnet red; the crystals of CsCuCl,
have been shown?% to consist of continuous chains of CuCl, groups, each
attached to the next by a common Cl atom, the chains being held together
by the Cs cations. M,[CuCl,]; (NH,), 2 H,0, greenish-blue; K,, 2 H,0,
blue; Cs,, anhydrous, bright yellow; 2 H,0, blue-green.

(CHz—NH,,
éHz——NHa

anhydrous, brownish-yellow. Two salts, solvated with other molecules
than water, are Li[CuCl,], H-COOH (crystallized from formic acid), dark
red, and Li[CuClg], CH,CN, from acetonitrile, yellow-red.

Various attempts have been made®7? to relate the colours of these salts
to their constitution, but the conclusions are vitiated by the absence of
X-ray data for many salts; as the example of the potassium double
chloride (below, p. 163) shows, the true structures may be very different
from the apparent.

Other more recent investigations of these chlorides, and of the conditions
of their existence, have been made by Lopatkin,3?® Chretien,5?? and
Amiel.®7® Lopatkin was able from the investigation of the system
LiCl—CuCl,—H,0 to isolate the 6-covalent salt

- Li,[CuClg), 10 H,0;

888 Handbuch, 1908, ii. 1. 544. 889 J. Kaas, Chem. Ztg. 1908, 32, 8.
870 H. v. Helmolt, Z. anorg. Chem. 1893, 3, 138.

71 A. Ditte, Ann. Clim. Phys. 1881, [5] 22, 561.

878 R. Engel, C.R. 1888, 106, 273.

878 P. Sabatier, ib. 1724; 107, 40.

87¢ A. Naumann, Ber, 1899, 32, 1002, 8740 A, F. Wells, J.C.S. 1947, 1662.
75 A. Werner, N.4,, ed. 5 (1928), p. 104,

976 J, M. Lopatkin, Trans. Butlerov Inst. Kawan, 1984, 1, 18.

"* A. Chrotien and R, Well, Buil. Soo, Chim, 1985, [v] 3, 1577,

1 J, Amiel, C.R, 1938, 201, 1388,

3) )[CuCla],
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it is, however, unstable; it is very hygroscopic, and is decomposed by
water to give the 3-covalent salt Li[CuCl,), 2 H,0.

A warning against too great a reliance on composition in the absence of
X-ray data is afforded by the salt 2 KCl, CuCl,, 2 H,0, usually written
K,[CuCly], 2H,0 ; Hendricks and Dickinson®?? and Chrobak88° have shown
by X-ray analysis that each copper atom has 2 chlorine atoms 2-32 A, and
2 oxygens 1:97 A away, all in the same plane with it: and further 2 Cl
atoms above and below the plane at a distance of 2:95 A; ‘in fact the
crystal is a closely packed aggregate of CuCl,(OH,), molecules, chlorine
ions, and potassium ions’.%% A similar arrangement has been found in
2 NH,Br, CuBr,, 2 H,0.8%

The bromides are analogous to the chlorides, but are much more deeply
coloured. They are of two types, M[CuBr,] and M[CuBr,]. Examples
(with probable distribution of the water molecules) are: M[CuBr,];
(I, 2H,0) dark red-brown; K, Cs, anhydrous, black; M,[CuBr,]:
(Li, 3 Hy0),, Cs,, black. Complex tetrabromides of organic bases like
pyridine, un ethylene diamine are known.%%

Complex-iodidés are little known, owing to the instability of the simple
iodide ; but salts of the type M,[Cul,] have been prepared.

Chelate Cupric Complexes
Chelate groups, being attached by two atoms, always tend to be more
utable than open-chain groups, and this is particularly true with the cupric
noinpounds: the chelate derivatives are remarkable for their number and
Lheir stability. The atoms directly attached to the copper may be 2 nitro-
gous, a nitrogen and an oxygen, 2 oxygens, or 2 sulphurs.

Nitrogen-nitrogen Complexes

These form an important class of cupric complexes. Most of them are
diamine derivatives, in which a molecule with 2 NH, groups plays the part
of two amine molecules; other basic nitrogen atoms can replacc those of
the NH, groups, for example, the nitrogens in dipyridyl.

'The ethylene diamine (en) molecule H,N—CH,—CH,—NH, is remark-
uble for its power of forming a stable 5-ring of the type

CH;—NHp\

H,—NH;"

though the stability of this ring is less with copper than with cobalt and
much less than with platinum. With trivalent transitional atoms such as
thoso of chromium and cobalt Werner has prepared a large series of stable
malts of the type [M(en)y]1X;. With the divalent cupric atom 6-covalent
vomplexes of this kind can be made, such as [Cu(en);]Br,, and the corre-

¥70 S, B. Hendricks and R. G. Dickinson, J.4.C.S. 1927, 49, 2149.

s 1, Chirobak, Z. Krist. 1934, 88, 35.

a1 A, Silborstein, Bull. Soc. frang. Min. 1936, 59, 329.

w8 L, Pauling, Ohemioal Bond, p. 101.
W R, for example, P. Pfelffor and V, Pimmer, Z. anorg. Chem, 1906, 48, 98.
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sponding sulphate (5 Hy0), nitrate (2 H,0), acetate (2 H,0), and recently
the aryl-sulphonates.®® But a more usual and an exceptionally stable8s
type is the 4-covalent dichelate form [Cu(en),]X, which is not reduced
even by hypophosphite. Morgan and Burstall®* have made a whole series
of salts of this type (especially with dibasic anions), practically none of
which form hydrates. It is, therefore, probable that even with these
powerful chelate groups the 4-covalent state is more stable for the cupric
ion than the 6. This is supported by the work of Amiel,%8? who found that
his tri-en salts, such as [Cu(en)3])(C10,), H,0 lose one diamine group to go
over into the more stable [Cu(en),] compounds. Conversely, Rosenblatt
has concluded®®® from an examination of the absorption spectra of the
di-en compounds that in solution a 6-covalent [Cu(en)y(OH,),] complex is
formed, and further, that if ammonia is added to the solution this gradually
replaces the water in the complex. Wahl%8® claimed to have resolved the
salt [Cu(en)y(OH,),]X, through the tartrate; this would imply that the
6-covalent form (which alone can be optically active) persisted unchanged
throughout the manipulation. But later workers, especially Johnson and
Bryant, 390 failed to repeat the work, and it is probably incorrect.

Complexes with only one ethylene diamine attached to the copper have
been described, such as Cu(en)Cl, ; this might be a 4-covalent non-ionized
amine, or a 2-covalent salt [Cu(en)]Cl,. Investigation has, however,
shown® that it is really the salt [Cu(en),]-[CuCl,], since the cation can be
precipitated as the chloroplatinate [Cu(en),]- [PtClg].

Other diamino-compounds will form chelate complexes in the same way
as ethylene diamine if they have their nitrogen atoms in stereochemically
suitable positions. A series of dichelate derivatives have been obtained
from propylene diamine.?? With «a-pyridyl-pyridine

(0

Jaeger and van Dijk®% have made a series of cupric complexes, containing
1, 2, and 3 of these chelate (dipy) rings in the molecule.
The rather similar «-pyridyl pyrrols#s

kN/L_ \N
N
Seud

880 J. V. Dubsky and J. Trtilek, J. prakt. Chem. 1934, [ii] 140, 47.

88 See P. Job, C.R. 1927, 184, 1066.

888 G. T. Morgan and F. H. Burstall, J.0.S. 1927, 1259.

847 J. Amiel, C.R. 1934, 199, 201. 888 Z. anorg. Chem. 1932, 204, 351.
%89 W, Wahl, Soe. Soi. Fennica, 1927, 4, (14) 1.

00 (J, H. Johnson and 8. A. Bryant, J.C.8. 1984, 1788.

11 F, W, Chattaway and H. D, K. Drew, {b, 1937, 047.

0 G, Spacu and P. Spaou, Bul, Soc. Stiints Olug, 1088, 7, 95, '

0 [, Hmmort and F. Brandl, Ber, 1997, 60, 8811,
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forms a series of dichelate cupric (and zinc) complexes ; those of trivalent
iron and cobalt are trichelate.

Another class of N,N chelate cupric complexes is formed by the
0-amino-azo-compounds, 8%

Chelate Nitrogen-oxygen Complexes

The simplest compounds of this kind are the glycocoll (amino-acetic
acid) derivatives. 8967 The%;éric ‘salt’ of this acid has few of the proper-
ties of a salt. Tt is very slightly soluble in water; it has a deep blue-
violet colour more like that of a cuprammonium compound®®®; the
solution has a very small conductivity, and it shows a minute concentra-
tion of cupric ions, so that the copper is not precipitated by alkali, and
mdeed only imperfectly by alkaline sulphide. There can be no doubt that
il i3 a non-ionized compound of the dichelate structure

0=C
Cupric derivatives of precisely the same properties and evidently the same
type are formed by a number of naturally occurring a-amino-acids such
ux alanine (a-amino-propionic acid) and leucine (a-amino-isocaproic acid);
the electrical conductivity of these compounds in solution is not more than
o tonth of that of the corresponding derivatives of dibasic amino-acids,
which must have one carboxyl group free.8?

The ease of formation of the ring must obviously depend on the relative
positions of the carboxyl and the amino-group. Tschugaeff and Serbin®°?
have compared the cupric derivatives of a-, 8-, y-, and 8-amino acids (which
would give rings of 5, 6, 7. and 8 atoms respectively), and they find that
while the tendency to complex formation is very strong with the a-
(giving 5-rings) it is weaker with the 8-, and entirely absent from the y- and
8.. (It will be remembered that for plane isocyclic rings the least strain is
In the 5-ring.)

1f ammonia is added to a solution of copper glycinate, the colour and
the conductivity change in such a way as to indicate that the NH, of the
ohelate group is gradually replaced by ammonia, with the conversion of the
vomplex into a normal cuprammonium salt.®®? On the other hand, in
the presence of aminoacetate ions (an alkaline salt of glycine) a complex

“0¢ |, M. Jaeger and J. A. van Dijk, Proc. K. Akad. Amst. 1934, 37, 395 (B.C.A.
{084, 1317).

#8300, for example, G. Charrier and A. Beretta, Gaz. 1927, 56, 865.

¥ Yor the crystal structures see A. A. Grinberg and Z. E. Goldbreich, J. Gen.
(hmm. Russ. 1941, 11, 1039.

#7 J'or the crystal structure of a-amino-isobutyrate see A. J. Stosick, J.4.0.8.
{hds, 67, 362.

M8 The gtability of the complex is shown by the fact that in solution it obeys
Heor’s law {H. Ley, Z. anorg. Chem. 1927, 164, 377].

#0901, Abderhalden and H. Sohnitzler, Z. physikal. Chem. 1928, 163, 94.

0 1,, A, Tachugeeff and . Sorbly, O.R. 1010, 151, 1861.

%01 H, Lay and F, Vanheiden, Z. anorg, Uhem, 1980, 188, 240,
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cupric anionis formed. The E.M.F. measurements of Riley and Gallafent 202
indicate that this is the trichelate complex [Cu(gl)s]- (glycine = Hgl). The
formation of a complex of this type with glycine, while it isnot formed with
glycollic acid (hydroxyacetic acid), seems to show that the co-ordination
of the copper atom is stronger to nitrogen than to oxygen, as we have seen
elsewhere. At lower concentrations it has been found?® that dichelate
complexes are formed.

A very similar complex is formed by aminomethane sulphonic acid
H,N.CH,-SO;H, the cupric derivative of which is quite insoluble iun
water, and is dark blue: it obviously has the dichelate structure®04

CH —NHZ\ /HZN—CHz
08— o No 0,

It is probable that we should include among the N,O-chelate complexes
the red cupric compounds formed in the biuret reaction. Biuret can be
made by heating urea, and has the formula NH,-CO-NH-CO-NH,. With
copper sulphate alone biuret gives a normal blue cupric derivative, but in
presence of alkali a reddish-purple colour is produced, which is an indica-
tion of complex formation. This was discovered by Wiedemann in 1847 908
and investigated by Schiff**® and Emil Fischer.?0? Later work, especially
by W. Traube,?°%-® has made it clear that the red compound is the alka-
line salt K, [Cu(C,0,N H,),] (biuret = C,0,NH;)—the salt of a complex
cupric anion, in which two hydrogen atoms of each biuret molecule are
replaced. Schiff has shown that the potassium atoms can be replaced
by two monovalent cations of any strong base, tetramethyl ammonium,
tetraethyl phosphonium, triethyl sulphonium, cuprammonium Cu(NH,)j,
or the diammine of monovalent silver Ag(NH,);.

The structure of the product is still very obscure ; the reaction presum-
ably depends on the formation of a chelate ring, but it is not even clear
whether this is a 5- or a 6-ring, or whether it is attached to the copper
through two nitrogens, a nitrogen and an oxygen, or two oxygens. It does
not seem possible to find any single type of ring that could be formed by
all the compounds including biuret, oxamide, and malonamide?®°?-10 that
will give the red colour under these conditions.

Another compound which gives chelate O,N-complexes of divalent
copper, with a 6-ring containing two double links, is salicylaldoxime. This
particular type of compound seems to give peculiarly insoluble cupric
derivatives. Salicylaldoxime can be used to determine copper quantita-

%03 . L. Riley and V. Gallafent, J.C.S. 1931, 2029.

403 R, M. Kcofer, .J.4.0.5. 1946, 68, 2329.

o J, Meyer and W. Taube, Z. anory. Chem. 1936, 227, 425.

108 &, Wiedemann, J, prakt. Chem, 1847, 42, 255.

e H, Schiff, 4nn. 1897, 299, 286. 907 B. Figcler, Ber. 1902, 35, 1105.
200 W, Traube, Ber. 1023, 86, 1653,

008 W, Traubo and W. Wolff, ih, 1927, 60, 43,

0 K, Wohiff, Ann, 1007, 382, 70.
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tively by precipitation in presence of any other metals whatever. Nickel
and cobalt come nearest, but the complexes they yield, though insoluble in
water, will dissolve in dilute acetic acid, in which the copper complex is
quite insoluble.®11-12 In a later paper Ephraim shows?13 that this peculiar

—0—H
—}(I}I=NOH

insolubility of the cupric compound extends to a whole series of o-hydroxy-
benzaldoxime derivatives: to the oximes of 6-methoxybenzaldehyde,
of a-hydroxy-B-aldehydonaphthalene, of 8-hydroxy-a-acetyl naphthalene,
and of 1-hydroxy-acetophenone and the following of its substitution pro-
ducts: 3-OH, 4-OH, 3-OMe, 4-OMe, 3, 4 dihydroxy. The relative solubili-
ties for different metals, either in water or in dilute acetic acid, are nearly
nlways in the same order,

Cu < Ni <Co <Zn < Cd,

all other metals giving much more soluble derivatives; silver, lead, and
mercury come nearest to those already mentioned ; then the alkaline earth
metals, magnesium, calcium, strontium, and barium; and finally the
nlkaline derivatives, which are presumably true salts, and are the most
#oluble of all. Chromie and aluminium salts give no precipitates with these
oximes; ferric salts give deeply coloured solutions (i.e. complexes are
formed) and sometimes a precipitate, but this is always soluble in dilute
acids. For other a-keto-oxime derivatives see Tschugaeff’s papers.®14-16

Pfeiffer prepared®? a series of aldimine complexes with the ethylene
diimine compound I below and compared the stability of various metals at
M by boiling the complex of one with the acetate of another; he found
divalent copper the most stable; it replaces nickel, vanadyl, ferrous iron,
and zine, and cannot be replaced by them.

OO\ o< D
CH_—N/ \ éJH
H, H,

1t K. Ephraim, Ber. 1930, 63, 1928.

"8 Soe also L. P. Biefeld and D. E. Howe, J. Ind. Eng. Chem. 1939 [Anal.], 11,
sl

8 F, Ephraim, Ber. 1931, 64, 1210.

914 1, Tschugaeff, Z. anorg. Chem. 1905, 46, 144.

"8 Td,, Ber. 1908, 41, 1678, 2226.

sie I, Tlohugaeff and L. 8piro, ib. 41, 2219.

%1 P, Pfaiffor, H. Thielert, and H. Glaser, J. prakt. Chem. 1939, [ii] 152, 145.
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Similar complexes are formed by oxy-amidines®® (formula II) by 8-
oxyquinoline (formula ITI)?1.92¢ and by o-oxy-azo-dyes (formula IV)®2!:

R,..C{N‘R —N=N-—Ar
N—O—H —O0—H
| [ N
R OH
11 III. 1v.

The magnetic properties of these chelate complexes have been examined
by G. N. Tyson and 8. C. Adams,*?? who found that cupric disalicylalde-
hyde (O, O) and cupric disalicylaldimine (O, N) are both paramagnetic,
with a susceptibility of 1-9 Bohr magnetons (theory requires 1-73). Hence
both are probably (as we should expect) planar.

Ozxygen-oxygen Complexes

These are very numerous, and can be divided into three classes: () the
‘ato’ complexes in which the chelate group is the anion of an oxy-acid,
which links up with the copper through two of its oxygen atoms ; (b) those
in which the chelate group is a neutral molecule with two oxygens in suit-
able positions to form a stable ring with the copper, usually with the
roplacement of a hydroxylic hydrogen ; (¢) the peculiar ‘hexol’ compounds
of Werner, in which one copper atom is linked through two oxygens to
another copper atom, giving the 4-ring Cu<8>Cu. The ‘ato’ com-
pounds are practically always complex anions: compounds of class (b) are
usually neutral molecules, while those of class (c) are either neutral or
cationic.

(@) “Ato’ complexes

Carbonato. Cupric hydroxide dissolves in potassium carbonate solution,
the resulting solution having a very intense blue colour for the rather small
amount of copper it contains. Reynolds?®® obtained from potassium car-
bonate and cupric acetate a complex salt K,[Cu(COjy),], forming a dark
blue anhydrous salt, a light blue monohydrate, and a greenish-blue tetra-
hydrate. It is readily soluble in water, and the solution begins to decom-
pose at 65°, Luther and Krsnjavi showed®* by transport experiments that
the solution contained a deep blue cupric anion. Applebey and Lane®®
worked out the phase-rule relations for the system, and prepared two of
the potassium salts and also a sodium salt Nay,[Cu(COjy),], 3 HyO, which
likewise had an intense blue colour.

018 R, Kuhn and H. Machemer, Ber. 1928, 61, 118.

19 R, Berg, Z. anorg. Chem. 1932, 204, 208.

980 R, Berg and H. Kustenmacher, ib. 215.

%! H. D. K. Drew and J. K. Landquist, J.C.S. 1088, 202.

08 J.4.0.8. 1940, 63, 1228, %8 'W. C. Reynolds, J.0.8. 1898, 73, 262.

994 R. Luther and B, Kranjavi, Z. anorg. Chem. 1908, 46, 170.
% M, D, Applebey and K., W, Lane, J.0.S, 1818, 113, 600,



Chelate Oxygen Complexes 169

Ozalato. A lithium salt Li,[Cu(C,0,),], 2 H,O was obtained by Troost 2
and the corresponding sodium salt (also with 2 H,0) by Riley.?2? Both are
sky-blue and fairly soluble in water ; the solution decomposes only on long
boiling,

Dicarboxylato. H. L. Riley®?"® Lias made an interesting study of the
cupric complexes in the series carbonato-oxalato-malonato-succinato and
some of their derivatives. The carbonato and succinato complexes are
very unstable, and only exist in solution in presence of excess of carbonate or
succinateions: they contain, of course, a 4-ring and a 7-ring respectively ; the
oxalato- (5-ring), malonato- (6-ring), and also the o-phthalato (7-ring) com-
plexes are more stable. They all form salts of the type of Na,[CuA,], 2 aq.
which do not lose their water of crystallization in a vacuum. The stability
of the complexes was determined by means of the E.M.F. The values for
the dissociation constant

K — [Cut*]-[A" T
[Cud; ]
were: oxalato 0-3310-8; malonato 0-54x10-7; phthalato 0-3110-4;
the phthalato is the only one of these three salts that is hydrolysed by
water, so that the effect of the 7-ring, though it is weakened by that of the
anromatic nucleus, is still apparent.

In his second paper®?® Riley determines the effect on the stability of the
mnlonato-complex of replacing the hydrogens in the CH, group by alkyls.
The method used is electrometric titration. The general conclusions are
shown by the dissociation constants for the complex given in the following
tnble, which also indicates the curious way in which the colour varies:

K = [Cu**]-[A™"]/[CuA;~T

CO-0 0-CO
for < > < >
CO-0O 0.CO
R, Et, Pr, Me, H, McH EtH PrH IsoPrH
K. ca. 1x10-5 0-4 < 10-® 1x10-8 1x10-¢
I N-soln, Deep blue Pale blue Deep blue

The dialkyl derivatives (Me,, Et,, Pr,) were all hydrolysed by water, but
tlie others were stable.

Tartrato. These complexes are contained in Fehling’s solution. It was
shown by Masson and Steele?2® that the coloured cupric complex in this
solution moves in electrolysis towards the anode, and Kahlenberg?®3° found
by K.M.F. measurements that in a N/264 solution the concentration of free
oopper ions was only 10-10. The structure of tartaric acid allows of the

W dnn. Ohim. Phys. 1857, 51, 143.
W H, 1. Riley, J.0.8. 1929, 1807. 998 Th. 1930, 1642.
W (), Masson and B. D). 8tecle, ib. 1899, 75, 725.
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formation of an ato ring of 5, 6, or 7 atoms; it is probable that a 5-ring is
formed, especially as Wark has shown (see below) that other «-oxy-acids

I'o- OH
HOH
Cu

N0—(=0

form similar complexes. If so, these compounds may be regarded as inter-
mediate between the ‘ato’ complexes and such compounds as the catechol
derivatives of Weinland (see below). This view is confirmed by the
investigations of Wark,?1-¢ who showed that other a-oxy-acids, such as
malic and mandelic, behave in the same way.

Similar phosphito,®35% phosphato, and arsenito complexes have been
shown to be formed.

Sulphato. M<8>802. Double sulphates of copper are known, such as

Na,[Cu(SO,),], 2 and 6 H,0. We have to be cautious in inferring the
existence of a complex merely from that of a double salt in the solid phase,
especially since so extensive and so well marked a group of double sulphates
as the alums is not really complex. But there is more evidence that copper
forms a sulphato-complex. A. A. Noyes?? showed that the solubility of
sodium sulphate decahydrate in water is increased by the addition of
copper sulphate, and Rieger®® found that the transport number of copper
sulphate is changed by 25 per cent. on adding potassium sulphate.

(b) Neutral Chelate Oxygen Complexes

The number of these complexes that is known is very large, and is
evidence that the cupric atom, unlike the cuprous, has a strong affinity for
oxygen.

Alcohols will take the place of water in some cupric salts,®? and so
di-hydroxy-compounds should do the same more easily. This certainly
happens. Glycol and glycerol prevent-the precipitation of copper from a
cupric solution by alkalies, obviously by depressing the concentration of
the free cupric ion below that corresponding to the solubility product of
copper hydroxide. A compound of glycol and copper sulphate of the

920 T,. Kahlenberg, Z. physikal. Chem. 1895, 17, 5717.

931 J. Packer and I. W. Wark, J.C.S. 1921, 119, 1348,

M2 T, W, Wark, ib. 1923, 123, 18186. 938 Td., ib. 1927, 1753.
%4 E, I3, Wark and I. W, Wark, ib. 1930, 2474.

8 1,. Vanino, Pharm. Oentr..-H, 1899, 40, 637 (C. 99. ii. 930).

¢ R. Kremann, Z, anorg. Chem, 1908, 33, 93.

Y Z. phyaikal. Ohem. 1890, 6, 257.

"8 B, Riegor, Z. Klekirochem, 1001, 7, 868,

"% For exemple, in CuSQ,, CH,O0H: R. de Fororand, U.R. 1886, 102, 851.
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composition CuS0,, 2 glycol, 2 H,0, which no doubt contains the dichelate
structure, has been isolated.?40

HH

CH2—0< >O—CH2

S0,.
éH -o/' '\o_ i
H H

These are addition products; but many more compounds are known in
which the hydrogen of the hydroxyl is replaced in the formation of the
complex ; we should expect this to occur when the hydroxylic compound
ased is more or less acidic.

Examples of this kind are the catechol derivatives prepared by Wein-
land %4 ; these might be classed as ‘ato’ compounds if we can regard cate-
chol as a dibasic acid. They are all derived from the complex anion
|Cu(0-CgH,4- 0),] 7, that is

0\ s 00—
o’ \0_

( [Cu(cat),])). For example, we have (NH,),[Cu(cat),], 2 and 0H,O;
14, 9H,0; K,, 2H,0; Mn", 4 H,0; Ba, anhydrous. They are all olive-
green, whether they are hydrated or not.

By far the greater number, however, of these chelate oxygen-oxygen
complexes are formed from enols (compounds containing the group
¢ =C—OH), with a CO group in the position to form a ring, as in
(}0—CH==C—O0H, the mono-enolic forms of 8-diketonesand B-keto-esters ;
these are weakly acidic,?2 and by replacement of the hydroxylic hydrogen
nnd co-ordination of the second oxygen give the ring

R\C—O\
HC\ o \
RS

"I'ho remarkable stability of this ring is partly due to the absence of strain
i the stereochemical sense, and partly no doubt to the possibility of
revonance by migration of the double links.

A great many compounds of this type have been prepared: they are
formed by a-dicarboxylic esters, as malonic; by pB-keto-esters, as aceto-
acotic and benzoylacetic ; by B-diketones, as acetyl acetone ; by salicylic

40 Worner, N.4. 1923, p. 202.

81 R, Weinland and E. Walter, Z. anorg. Chem. 1923, 126, 145.

%8 The olassical dissociation constants at 25° are of acetyl acetone 1-17 x 10-*
and of ethyl acetoacetate 2:09 x 1011 (M, L, Eidinoff, J.4.0.5. 1945, 67, 2072).
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aldehyde acid and ester ; and by many other substances. The complexes
are all of the dichelate (4-co-ordinated) type, and they display the usual
intensity and variation of colour. They have the characteristic properties
of non-ionized organic derivatives; they are as a rule fairly low melting;
they can often be volatilized unchanged ; they are relatively insoluble in
water, but easily soluble in organic solvents including hydrocarbons; their
molecular weights when determined cryoscopically in benzene have always
been found to be normal.®3

They are usually made by the action of cupric acetate on a solution of
the diketone or ketoester, sometimes assisted by the addition of ammonia.
For example, copper acetylacetonate CuA, (HA may be used as a general
symbol for these chelating enols) forms dark blue crystals ; it does not melt
below 230°, but on heating it sublimes in pale blue needles®#4; it is slightly
soluble in water, and easily in chloroform and benzene, especially when hot
(0-89 g. dissolves in 1 litre of benzene at 25°).943 The acetoacetic deriva-
tive®® forms crystals of a peculiar green colour, which melt at 192° and
sublime on heating with only partial decomposition; it is insoluble in
water but easily soluble in ether, carbon disulphide, and alcohol; it can
be recrystallized from benzene, a litre of which dissolves 9-02 g. of it
at 25°,943

Moore and Young?®? have examined the extent to which one diketone
or keto-ester will expel another from its cupric compound in solution.
When the two cupric compounds have different colours, the replacement
is often obvious to the eye, and it is remarkable that in all cases the change
is apparently instantaneous, and involves no measurable heat of activa-
tion. The extent of the replacement and the equilibrium in the system can
be determined

CuA, + HB == CuAB + HA

by estimating the total copper concentration in a solution saturated with
respect to one cupric compound, and containing known amounts of the
organic reactant. It is found that the co-ordinating affinity decreases in
the order dibenzoyl methane > acetyl acetone > benzoyl acetone > ace-
tone dicarboxylic ester > acetoacetic ester.

Moore and Young point out that this order of strengths is very nearly
that of the percentage of enol found in the pure liquids by Kurt Meyer,
whose values were®7: dibenzoyl methane 100 ; benzoyl acetone 97 ; acetyl
acetone 80-4; acetone dicarboxylic ester 16-8; acetoacetic ester 7-4. This
would seem to suggest that the tendency of all the enolic forms to react
with the copper was much the same. On the stability of chelate cupric
complexes see further references, ?48-50

M8 T, 8. Moore and M. W. Young, J.C.S. 1932, 2694.

%1 L. Claisen and 1. F. Ehrhardt, Ber. 1889, 22, 1010.

# W, Wislioenus, {b. 1898, 31, 3153. %7 K. H. Meyer, ib, 1911, 380, 242.
88 M, Calvin and K, W, Wilson, J.4.0.8. 1845, 67, 2003,

v R. B. Duffleld and M, Calvin, b, 1948, 68, 557,

%e M, Caivin and IR, H. Ballew, ib, 040,
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(c) Hexol Complexes

An entirely different group of oxygen co-ordinated rings is assumed with
some probability by Werner in his ‘hexol’ compounds.?® He points out
the frequent occurrence of basic compounds of the type of CuX,, 3 Cu(OH),,
as in the minerals brochantite (X, = SO,), atacamite (X, = Cl,), and ger-
hardtite (X, = (NOj),) ; numerous compounds of the same kind have been
prepared artificially, such as the nitrite, chlorate, periodate, and dithionate.
Werner writes these structures thus:

H

Cu<0> CulX,

i

'The same type of ring may occur in the basic fluoride
CuF(OH), H,0 or CuF,, Cu(OH),, 2 H,0,
which separates by hydrolysis on warming a cupric fluoride solution, and

may be written thus:
H

F (L OH
Ne? Do
- /Cu\(')/ /Cu\OH,

H

An observation which may be of interest here, though it is difficult to
interpret it without further X-ray data, was made by Brasseur; he
measured?? by X-ray methods the Cu- - - O distances in the rather similar
compound 2 CuCO,, Cu(OH),, and found them to be of two kinds, with the
lengths 2-05 and 2-4 A.U. respectively. These are very nearly the calcu-
lated distances for the covalent (2-01) and the electrovalent (2-3) links of
copper to oxygen.

Chelate Sulphur-sulphur Complexes

These are remarkably more stable than the open-chain sulphur com-
plexes, which are scarcely known (see p. 161); they have not, however,
received much attention. So far as they are known, they only contain one
ohelate ring. Tschugaeff®s found that with the disulphidesR-S-(CH,),S-R
dlvalent copper and nickel form monochelate compounds of the type

vl N4, 1088, p. 207. 983 H, Brasseur, Z. Krist, 1982, 82, 195.
vt ., Trohugneff, Ber. 1008, 41, 2822,
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when n = 2 (5-ring), and R = Me, Et, Pr, isoBu, amyl, or benzyl: but
not if n = 0, 1, 3, or 5; i.e. not when the ring would contain 3, 4, 6, or
8 atoms. The ethyl compound

Et
CH <

—8
é : >Cu[Cl]2
H—SC

was made by shaking a solution of cupric chloride in hydrochloric acid
with the sulphur compound. It forms very dark green crystals, m.pt. 113°,
is insoluble in and rapidly decomposed by water. The isobutyl compound
is quite similar and melts at 115°. The corresponding methyl compound?®%is
similar and melts at 130°,

ARGENTIC COMPOUNDS

SILVER in the divalent state is very unstable, and very ready to oxidize
its surroundings and revert to the lower valency. The number of its
divalent compounds is correspondingly limited.

Argentic Oxide

It is not certain whether a true argentic oxide exists. There seems to be
uo doubt that an oxide of the composition AgO can be obtained either (in
the impure state) by the action of potassium persulphate on silver nitrate
solution,®5 or by the anodic oxidation of silver.?6-7 This last process
appears to give first Ag,0, then AgO, and finally a solid with a composi-
tion between AgO and Ag,0;. The sesquioxide Ag,0; cannot be got in the
pure state; the E.M.F. measurements indicate that the most highly
oxidized product is a solid solution of Ag,0, in AgO. If this product is
heated not above 100°, it evolves oxygen and yields pure AgO.

There are, however, two possible formulae for a compound of the com-
position AgO: it may be a true argentic oxide, or it may be argentous
peroxide Ag,0,: it should be possible to decide from the magnetic proper-
ties. Sugden?®?® has examined the AgO produced by Austin’s method
(from potassium persulphate) and finds it to be diamagnetic ; on the other
hand, Klemm?%® finds that his AgO is weakly paramagnetic, but he does
uot say how he obtained it. Noyes’s work (next section) seems to make it
clear that the product of anodic oxidation is argentic, and it is difficult to
see how a compound of the composition Ag,0, can be formulated, except
as containing both an argentic atom and a peroxide group.

231 . T. Morgan and W. Ledbury, J.C.S. 1922, 121, 2882.
96 P, C. Austin, ib. 1911, 99, 262.

ve I, Jirsa, Z. anorg. Chem. 1928, 148, 130.

7 ¥, Jirsa, J. Jolinek, and J. Sibek, ib. 1926, 158, 33, 6.
w3, Sugden, J.0.S. 1082, 161.

Y W, Klemm, £. ancrg. Chem, 1031, 201, 38,
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Argentic Ions in Solution

There is no doubt that an argentic ion can be produced in solution.
A. A. Noyes and his colleagues?®® showed that the black anodic deposit
from the electrolysis of an aqueous solution of silver nitrate can be dis-
solved in nitric acid, and this solution has properties which are not those
of a peroxide ; it contains no hydrogen peroxide, and it is not reduced by
potassium permanganate or lead dioxide.* Noyes and his collaborators
oxamined in particular the reaction of ozone on a solution of silver nitrate
in strong nitric acid. They showed that a black solution is produced which
must contain a salt of the argentic ion Ag**, both from its chemical proper-
ties and from its paramagnetism. In concentrated nitric acid at 0° the
oxidation of the silver is nearly complete, but in dilute acid it is imperfect,
because the argentic ion reacts with the water to form the argentous ion
nud oxygen. Measurements of the EM.F. showed that the polyvalent
ion must be Ag** and not Ag***; they gave for the oxidation potential E°
of the reaction

Agtt + o= = Agt
the value of 1-914 volts,

Though it is clear that these solutions must have contained the ions of
nrgentic nitrate Ag(NO,),, no solid was isolated from them, and, in fact, the
ounly argentic salts so far obtained have been the fluoride and a series of
malts of complex argentic cations.

Argentic Fluoride, AgF,

{f fluorine acts on silver at 300° an unstable black substance is formed,
which contains more than 75 per cent. of argentic fluoride.®! With dilute
woids or water it liberates ozone. With concentrated potassium hydroxide
It gives a solid of high oxidizing power. Ruff and Giese®? find that
fluorine will act on argentous halide, or molecular silver, or silver gauze
al 150-200° to give the difluoride AgF,. It is dark brown and strongly
puramagnetic, and is very reactive. Ruff and Giese find its dissociation

ressure to be 1 atmosphere at 435-450°. The compound has recently
ceon re-examined by v. Wartenberg,%3 who finds that it melts at 690°,
and that its heat of formation from the elements in their usual states is
84:54-1-2 k.cals. per mole. This implies a much smaller dissociation by
heat than is given by Ruff and Giese, and, in fact, v. Wartenberg found that
the compound is stable at 700° under one-tenth of an atmosphere of

* A full and careful survey of the literature on this point is given in Noyes’s first
pajor.

%40 (i) A. A. Noyes, J. L. Hoard, and K. S. Pitzer, J.4.C.S. 1935, 57, 1221;
il) A. A. Noyes, K. 8. Pitzer, and C. L. Dunn, ib. 1229; (iii) A. A. Noyes and A,

onsiakoff, ib. 1238; (iv) A. A, Noyes, C. D. Coryell, F. Stitt, and A. Kossiakoff, ib.
1037, 59, 1816; (v) A. A. Noyes, D. DeVault, C. D. Coryell, and T. J. Deake, ib. 1326.

81 M, 8, Ebert, I. L. Radkowskas and J. C. W. Frazer, ib. 1933, 55, 3056.

1 O, Ruff and M, Gleas, Z. anorg. Chem. 1934, 219, 143,

Wi H, v, Wartenberg, ib, 1089, 242, 406,
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fluorine. The paramagnetic susceptibility found by Ruff has been con-
firmed by Klemm.%4 (The silver difluoride AgF, obtained as a yellow
solid from silver and fluorine by Jockusch?®® has quite different properties,
and must be some other substance.)

Complex Argentic Compounds -

All the other known argentic compounds are complexes formed with
nitrogenous bases, mostly of the type [AgB4]X, (where B stands for a
molecule of a monamine, or half a molecule of a di-nitrogen base), but a
few are of the tri-chelate 6-covalent form. Barbieri in 1912,%8 by the
action of potassium persulphate K,S,04 on a solution of silver nitrate in
pyridine, got the compound [Ag(py);]8;0s: orange prisms, forming mixed
crystals with the corresponding cupric compound. In 1927,%7 by the
electrolytic oxidation of silver nitrate in a solution containing pyridine, he
obtained the nitrate of this complex. In 1928 Hieber,?8 using phenan-
throline (phn) as his co-ordinating base, prepared from silver nitrate and
potassium persulphate the salt [Ag(phn),;]S,0s, and hence by double
decomposition a series of salts of this cation with the anions ClO,, ClO,,
NO,, SOH. This cation is a remarkably stable complex ; the phenan-
throline is not split off from it even by 66 per cent. acid. These substances
are all coloured (mostly brown), and form mixed crystals with the analo-
gous cupric and cadmium salts.%?

Morgan and Burstall, using the same oxidizing agent, but with «, o-
dipyridyl (dipy) as the co-ordinating base,®?® prepared a series of salts,
mostly of the dichelate cation [Ag(dipy),]"*, but others of the triclielate
6-covalent cation [Ag(dipy),]*t.

The final proof of the presence of an argentic atom in these substances
is their paramagnetism, established by Sugden®”! with Morgan’s com-
pounds, and by Klemm?72 with those of Hieber. Klemm also measured
for comparison the corresponding cupric compounds. The values of the
susceptibility X< 108 are given in the following table (1 Bohr magneton
corresponds to a susceptibility of about 1,300 x 10-9).

Paramagnetic Susceptibility x 108

[Ag(py)dJS,0s Sugden . 1,303 [Cu(py}.]8:0, 1,200
. Klemm . 1,260
[Ag(dipy)]S:0s - .| 1,367

[Ag(phn),]S;0, . . 1,400 [Cu(phn),]S,0, 1,100
[Ag(dipy)s](NOy), - . 1,851
» (C104), . .| 1,789
”» (C10,), . . 2,155
[Agy(dipy)s)(S40s): - . 1,720
AgO Sugden . . 0

,s Klemm . . 40 CuO0 Klemm 240

98¢ E, Gruner and W. Klemm, Naiurwiss. 1037, 25, 59,
988 H, Jookusoh, ib. 1984, 22, 861,
0 G, A. Barblerl, Gas. 1018, 42, ii. 7.
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It will be observed that the values for the 6-covalent compounds are
noticeably higher than those for the 4.

As has been mentioned above, Klemm does not say how he prepared
lis AgO. '

AURIC COMPOUNDS

T polyvalent state of gold, like that of copper and unlike that of silver,
Is much more stable than the monovalent, and the majority of the com-
pounds of gold are auric ; the ratio Au*/Au*** is unknown, because owing
to the strong tendency of the auric ion to form complexes, the concentra-
tlon of the free ion cannot be determined. The trivalent atom, with an
outer electronic group of 16, is obviously transitional in character (like
tho cupric) and should be comparable with the trivalent ions of other
trangitional elements such as iridium and osmium, The auric ion, however,
noarcely exists at all ; the auric compounds are covalent, and so far as they
dlssolve in water do so in the form of complexes; even in pure water auric
olloride has been shown by transport experiments to be present wholly
an a complex ion.?’ This is a common characteristic of the heaviest
eloments of the B subgroups, and in particular of the three elements which
procede gold, osmium, iridium, and platinum.

The most remarkable peculiarity about trivalent gold is that not only
does the ion Aut** not occur but all its compounds are complex, and the
gold always has a covalency of 4. No exceptions to this have been dis-
vovered although the structures of some of the compounds have not yet
beon made out. The majority of the reactions of the compounds of auric
un of aurous gold consist in their reduction to the metallic state, which is
brought about by all reducing agents including practically all the metals
(mercury is peculiar in reducing the auric only to the aurous state, i.e.
to aurous oxide Au,0).

The most delicate test for auric gold is the formation of ‘Purple of
Cassius’, an amorphous strongly coloured substance containing colloidal
gold on reduction with stannous solutions.

Supposed Divalent Gold Compounds

Various substances have been described whose composition is that of
‘derivatives of divalent gold. Julius Thomsen?®?* claimed to have prepared
& dichloride and a dibromide by the action of the halogens on the metal,

87 (. A. Barbieri, Ber. 1927, 60, 2424.

860 W. Hieber and F. Miihlbauer, ib. 1928, 61, 2149,

8 G. A. Barbieri, Aiti R. 1931, [vi] 13, 882.

070 ¢}, T. Morgan and F. H. Burstall, J.C.S. 1930, 2594.

" G, T. Morgan and S. Sugden, Nature, 1931, 128, 31; S. Sugden, J.C.S. 1932,
161,

" W, Klemm, Z, anorg. Chem. 1931, 201, 32.

o W, Hittorf and 8. Salkowski, Z. physikal. Chem. 1899, 28, 548.

814 Thermochem. Untersuoh., Leipeig, 1883, pp. 883, 886.

dWid N
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but Kriiss?? failed to find any evidence for an intermediate stage between
the mono- and the trihalide.

Some compounds of these compositions, however, certainly exist. A
sulphate AuSO, was obtained by Schottlinder®?® by evaporating a solu-
tion of aurous oxide in sulphuric acid ; it forms bright red prisms which
are hydrolysed by water to give the hydroxide 3 AuO, H,O. This work was
confirmed by Kriiss.??7

The oxide AuO was found by Kriiss®?” to be formed by heating this
hydroxide to 150-165°, It is a dark brown powder which readily absorbs
moisture, apparently reverting to the hydroxide 3 AuO, H,0.

Gold monosulphide AuS was obtained by Hoffmann and Kriiss®??® by
precipitating neutral auric chloride solution with hydrogen sulphide and
removing excess of sulphur from the precipitate with carbon bisulphide.
It is a black insoluble powder.

All these compounds are insoluble solids, and while there seems to be no
doubt of the existence of several of them as chemical individuals, their
molecular weights and their structures are entirely unknown. It is obvious
that they must have complex molecules containing an equal number of
aurous and auric atoms. In the remarkable complex halides of the type
MJAuClg], which are black, this conclusion has been established by X-ray
analysis (see below, p. 190). There is no evidence that gold can follow
copper and silver in forming a divalent atom.

Auric Compounds of Carbon
These are practically limited to the cyanides and the very interesting
alkyl and aryl derivatives which are better dealt with after the binary
compounds such as the oxides and halides.

Awuric Compounds of Nitrogen

‘Explosive gold’, obtained by the action of ammonia or ammonium
salts on auric oxide or chloride, is a dark powder which explodes on heat-
ing or rubbing to give gold, nitrogen, and ammonia. Raschig??® showed
that this product contains chlorine, and apparently is a mixture of two
substances. They are too explosive to be dried, so that the only elements
that can be determined are gold, nitrogen, and chlorine. They have been
elaborately re-examined by Weitz,°%® who suggests various possible
formulae. It seems clear that they contain gold linked to nitrogen; but
the only points really established about them appear to be (1) that the
ratio of gold to nitrogen remains constant at 2:3 over a considerable range
of chlorine coneentration, and (2) that the more concentrated the ammonia
solution used in their preparation the less chlorine they contain, possibly

%7 (3, Kriiss and F. W. Schmidt, Ber. 1887, 20, 2634 ; J. prakt. Chem. 1888, [2]
38, 77; see also E. Petersen, ib, 1892, [2] 46, 328.

976 F, Schottlander, Ann. 1888, 217, 837.

v77 G, Kriiss, ib, 1887, 237, 206.

99 T, Hoffmann and G. Kriiss, Ber. 1887, 20, 27085,

¥78 B, Raachlg, Ann, 1680, 238, 385, 980 B, Weltz, {b. 1015, 410, 117.
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owing to the hydrolytic replacement of chlorine atoms by hydroxyl
groups.

Kharasch and Isbell have shown?®® that imides R,NH, such as succini-
mide, phthalimide, and saccharine (o-sulphobenzoic imide), will dissolve
auric hydroxide and form acids of the type H[Au(NR,),] and their salts,
which are often hydrated and are very soluble in water; they are fairly
stable and seem to be stronger acids than acetic.

Auric Oxide and Hydroxide

If an auric solution is treated with magnesia, a precipitate of the aurate
Mg[Au0,], is formed, which with nitric acid forms the hydroxide AuO-OH.
This can also be obtained by precipitation with alkali, and purified by
sulution in excess of the reagent, and reprecipitation.?¥ When dried over
phosphorous pentoxide it forms a brown powder with the composition
AuO-OH; after prolonged heating at 140-150° it loses its water to give the
nxide Au,O4 (also brown), which a little above this loses oxygen and passes
Into aurous oxide AuyO.

Auric hydroxide, AuO-OH, is generally known as auric acid; its
behaviour is that of a weak acid. Though it is practically insoluble in
wiler it dissolves in potassium hydroxide (hence the precipitate produced
by ndding alkali to an auric chloride solution is soluble in excess), and on
tviporation potassium aurate, K[AuO,], 3 H,O, or, as it is more correctly
written, K[Au(OH),], H,0, separates out. This salt is soluble in water, and
it is the salt of a weak acid the solution has a strong alkaline reaction;
addition of hydrochloric acid precipitates auric hydroxide.

Johnson and Leland®3 have measured the remarkable changes (see
original) which occur in the solubility of auric oxide in water as the alka-
Hunity is increased from zero to 8 times normal. They show that the
renults can be accounted for by assuming that the trihydroxide Au(OH)4
aots as a tribasic acid with the dissociation constants k; 1-8x10-12%;
by 41410145 &y 5 1071,

Auric Sulphide, Auy,S,

T'his can be made by treating dry lithium aurichloride Li[AuCl,] with
hydrogen sulphide at —10°. These substances react to form hydrogen
ohloride, lithium chloride, and auric sulphide Au,S,; the lithium chloride
In then dissolved out by alcohol.

Auric sulphide, Au,S;, is a black powder, dissociating at 200° into its
slemonts. It is at once decomposed by water to give sulphuric acid and
motallic gold or aurous and auric compounds. The auric ion Au™** and
the sulphide ion 8™~ are among the weakest ions of their respective kinds
and react with water at once.

oe1 M, §. Kharasch and H. 8. Isbell, J.4.C.S. 1931, 53, 3059.
s W, H, Rosovears and T. I'. Buelrer, ib. 1927, 49, 1221.
ovs H, L, Johnson sand H, L. Leland, ib. 1938, 60, 1439.
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Awric Halides

The co-ordinating tendency of trivalent gold is so great that when the
halides dissolve in water the gold is present entirely as a complex ion ; these
complexes are described later (p. 191). The same thing happens with the
simple halides themselves: wherever the molecular weight can be deter-
mined it is always that of the dimeric molecule Auy(hal)s, and we have
good reason to believe that this has the structure

X\ X X
Nan” NG
N MM\x

like its alkyl derivatives (see below, p. 183).

Auric fluoride. No definite compound of gold and fluorine has been
obtained.

Awric chloride, AuCl,. This is a brown crystalline substance formed by
the direct combination. of its elements. It decomposes to aurous chloride
and chlorine at 220-230°, but in chlorine under pressure it melts at 288°.
From the extent of the dissociation at various temperatures Biltz and
Fischer®® have determined the heats of dissociation, and hence the heats
of formation of the solid halides from metallic gold (or the solid mono-
halides) and gaseous chlorine or bromine. The values they get, which
agree well with the direct thermochemical results, are:

2 Au + Cly = 2 AuCl + 165 k.cals.
AuCl + Cl, = AuClg + 187 k.cals.

2 Au + Bry, = 2 AuBr + 157 k.cals. °
AuBr + Bry, = AuBr; 4 169 k.cals.

Auric chloride is perceptibly volatile at all temperatures above 180°.
Fischer?®® has measured the vapour pressure of auric chloride in excess of
chlorine by a differential method, and finds it to be 3-5 mm. at 250° and
7-6 mm. at 263°. He also determined the molecular weight of the chloride
in the vapour by combining these results with measurements of the rate
of transportation in a current of chlorine. The results agree closely with
the formula Au,Cl,.

Awuric bromide, AuBr;. This is a dark brown substance which is entirely
converted into aurous bromide and bromine at 160°. Its molecular weight
has been found by the elevation of the boiling-point in bromine to be that
of Au,Br,.?%6

These dimeric formulae for the auric halides are entirely confirmed by
the behaviour of their alkyl substitution products (see below, p. 183).

Auric iodide, Aulg. The careful addition of aqueous auric chloride to
potassium iodide solution gives the complex salt K[Aul,], and if more

¢ W, Fischer and W, Blltz, Z. anorg. Chem. 1928, 176, 81.

%8¢ W, Fischer, ib, 1089, 184, 883,
L A' Bul‘lwoy md 0' s' Glb'on’ J'O'S' 1985’ ’17!
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nuric chloride is added and the solution warmed, auric iodide separates
nccording to the equation

3K[Aul,] + AuCl, = 4 Aul, + 3 KCL

Auric iodide is dark green and almost insoluble in water. 1t slowly loses
indine at the ordinary temperature to give aurous iodide.

Awuric Cyanide Au(CN),

if a solution of potassium auricyanide K[Au(CN),] is treated with fluo-
milicic acid (which cannot form complex ions with the gold), the hydrogen ion
romoves the free cyanide ions (present through a slight dissociation of the
complex) so completely, owing to the weakness of hydrogen cyanide as an
noid, that the complex is decomposed, and auric cyanide, of the composi-
tion Au(CN),, 3 or 1-5 H,O, crystallizes out (Rammelsberg, 1837). This
product is no doubt in fact a complex acid (for steric reasons Au(CN),
onnnot polymerize in the same simple way as the trihalides).

Auric Alkyl and Aryl Compounds

‘I'he derivatives of gold were discovered by Pope and Gibson in 1907.987
In rocent years they have been investigated in more detail by Gibson and
his co-workers?8%-% and by Kharasch and Isbell®®"-8 who have also pre-
pured certain aryl derivatives; and also by Gilman et al,99%-1900 who have
obtnined evidence of the existence of auric trialkyls.

Auric Alkyl Compounds

These are of three kinds: (a) the trialkyls Rz;Au which only occur (no
doubt as etherates) in ether below —35° or as certain ammines at the
ordinary temperature, (b) the dialkyls RyAu-X, and (c) the mono-alkyls
R AuX,.

Varions attempts?®? to prepare the trialkyls have failed. Gilman and
Woods, however,1000 succeeded by treating auric bromide with lithium
methylin ether at —65° in obtaining a solution of gold trimethyl Au(CHj),
(no doubt really (("Hg);Au<—OEt,;) which began to decompose at —35° into

W J. Pope and C. 8. Gibson, J.C.S. 1907, 91, 2061.

P8 (/. 8. Gibson and J. L. Simonsen, ib. 1930, 2531.

" (', 8, Gibson and W. M. Colles, ib. 1931, 2407.

80 A Burawoy and C. S. Gibson, ib, 1934, 860. 991 [d., 1b. 1935, 219.
18 A, Burawoy, C. S. Gibson, and 8. Holt, ib. 1935, 1024.

130 A, Burawoy and C. S. Gibson, ib. 1936, 324.

94 A. Burawoy, C. S. Gibson, G. C. Hampson, and H. M. Powell, ib. 1937, 1690.
8 |*, H. Brain and C. S. Gibson, ib. 1939, 762.

*» K. T, Phillips and H. M. Powell, Proc. Roy. Soc. 1939, 173, 147.

07 M, 8. Kharasch and H. 8. Isbell, J.4.0.S. 1931, 53, 2701.

18 1d., ih. 8083,

088 H, Gilman und L. A. Woodw, /. Town Strste College, 1943,

1800 Id,, J.4.0.8. 1948, 70, 5580,
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gold, ethane, and methane. Gold triethyl seems to be even less stable. In
presence of benzylamine or of ethylene diamine the solution (containing
presumably the monammine) is stable up to room temperature (the
trialkyl thalliums show a rather similar instability). The gold trialkyl
reacts with hydrogen chloride or with auric bromide to give the dimethyl
halide. The dialkyl compounds are made by the action of the Grignard
reagent on a solution of hydrated auric chloride or bromide (actually in
all probability the acid H[AuCly(OH)] or a hydrated form of this?®®) in
cther or better?® on auric chloride in pyridine (i.e. py—AuCl;). When they
are treated with bromine they give the mono-alkyl derivatives and ethyl
bromide. Both classes, the mono- and the dialkyls, are soluble in organic
solvents, mcluding hydrocarbons and their halogen substitution products,
and are insoluble in water®®8-90 showing that they are covalent compounds.
'The dialkyl compounds are colourless; the mono-alkyl are red and very
like the auric halides themselves,

Dialkyl compounds (Alk),AuX. These are usually inade as bromides,
but the chlorides and iodides are known and are quite similar. The halides
can be converted by treatment with silver cyanide into the cyanides®2. 997
which are more highly polymerized and have higher melting-points. The
halides can also be converted by silver sulphate into the sulphates
(Alk,Au),S0,, which are soluble in benzene and easily soluble in chloroform,
and so must be covalent (see below, p. 184). The melting-points of some
of these compounds are given in the table, which is taken mostly fron: the
work of Kharasch and Isbell.???

Alkyl Chloride Bromide Cyanide
Methyl® . 68° ..
Ethyl 48° 58° 103-105°®
n-Propyl Liquid Liquid 94-95°°
isoPropyl Decp. Decp. 88-90°
n-Butyl .. Liquid - Decp.
isoButyl .- Liquid Decp.
isoAmyl .. Liquid 70°
Benzyl 100° Decp. Decp. Deep.
CeH;.CH, ('H, .. 112-5° ..
(CH,,)s* .. Decp. 80°
(CH )¢ . Decp. 150°

@ = 95, p _ 992 o 993

They are sufficiently stable not to be reduced by hydroquinone or stan-
nous ohloride, and the benzyl and phenyl-ethyl compounds can even be
sulphonated in fuming sulphuric acid at a low temperature without
decomposition. 97

The whole behaviour of these compounds is a remarkable proof of the
strong tendenoy of auric gold to assume the 4-covalent state. The trialkyls
are known only in ethersal solution, where they are no doubt solvated.
The dlalky! halldes form double molaoules in solution (as determined
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cryoscopically in benzene?®8 and in bromoform®#® and these must have the
structure

Alk Br Alk
N NG
Alk” Au'\Br/ Au\Alk

which has since been confirmed by X-ray analysis?®; the dipole moment
of 1-32 D observed for the diethyl bromide in benzene solution at 25° 994
may be due to atom polarization or to flexibility, but at least it shows that
he molecule is not far from symmetrical.

The cyanides Alk,AuCN?92.997 have a remarkable structure, determined
by the necessity of the auric atom being 4-covalent. Gibson and his
colleagues have shown?®? that they undergo a change on standing from a
form which is soluble in benzene or chloroform to one which is not; and
that this is due to the loss of paraffin, the successive reactions being, as
oxpressed stoichiometrically,

2R,AuCN — 2RAuCN + R, — 2AuCN + 2R,;

the first reaction goes slowly in the cold and rapidly on warming in solu-
tion, and the second above 100°; under some conditions these reactions
may become explosive. It remains to discuss the structure of these
substances.

'The original auric dialkyl cyanide was proved by the freezing-points of
its solutions in bromoform to have the tetrameric molecule (Alk,AuCN),.
Nince the gold must be 4-covalent, and for stereochemical reasons the group
of atoms Au—C=N—X (whatever X may be) must be linear, it is clear
that the compound has the 12-ring

R R
R— | u<—N=_=C——~Lu——R

4
i
R——T\l&u——@EN ->Au—R

R

This structure was then established by X-ray analysis®®® of the dipropyl
vompound, which has a dipole moment of 1-47 D in carbon tetrachloride
ab 25°.9% That the high polymerization is due to the stereochemistry of
the ON group in co-ordination is shown by the fact that this compound
roacts with ethylene diamine just like the dialkyl bromide to give the

compound N N R
R

AN .Au/ C\Au< .

R \NH,.OH, CHyNHy" R
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The first product obtained by the loss of the hydrocarbou R, has the
formula (RAuCN), ; half the gold atoms must have lost their alkyl groups.
Lt is much too insoluble for its molecular weight to be determined: it may
retain the 12-ring, with the alkyl groups R removed from two opposite

11‘

R—1|&u<—N—zC—-1T&u
G N
] m
N

Au—C=N—->Au—R

corners, two of the gold atoms being auric and two aurous. The auric
atoms would thus keep their necessary covalency of 4, with the plane square
structures, and the two aurous atoms have the preferred aurous covalency
of 2; these would normally be linear, but we have evidence that the shared
quartet is easily deformed (see under mercury). It may, however, have a
linear structure

! i
Au—C=N— Au—CEN—?u—CEN——Au—C_—:N =
R R

like that of the aurous cyanide into which it is converted by further
dealkylation.

The sulphates are equally remarkable. Kharasch and Isbell?®? found
that if di(phenyl-ethyl) auric bromide (C¢Hj;- CH, - CH,);AuBr is shaken in
benzene solution with a large excess of silver sulphate, the bromine is
removed as silver bromide and the filtered solution on evaporation leaves
a crystalline residue of the composition [(CsHy-CH,-CH,),Au],S804. This
18 insoluble in water but soluble in chloroform, benzene, and ether, and
80 obviously covalent. Gibson and his colleagues!®®-® investigated the
ethyl compound (Et,Au),SO, more fully, and found it was soluble in
benzene, eyclohexane, acetone, ethyl acetate, alcohol, and also in water. In
water it gives the reactions of sulphate ions, and its molecular weight by
the freezing-point is a third of the formula weight, showing that it forms
three ions, no doubt .

Et OH
2 Sawt 4 805
B \OH,

In acetone by the boiling-point it is dimerio, corresponding to
[(BtgAu)80,ly
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Ewens and Gibson!9% discuss possible structures. The simple (Au,) form

Et\ /O\ /O\A /Et

g N0 N0 M Nt

is no doubt excluded because it would require the valency angle of the gold
to be reduced to 70°. It is difficult to find any structure that satisfies the
requirements as to distances and valency angles, and also make the 4 gold
atoms trivalent and 4-covalent.

From the sulphate the derivatives of dicarboxylic acids can be prepared.
Nodium oxalate gives the oxalate

Et 0—C=0 Et
A i Ny
B No=(—0"  NEt

soluble and monomeric in cyclohexane and couverted by excess of sodium
oxalate into the salt

Et\ /O—C———O -
A Nat,
[E/ u\o_(Lco]

Higher homologues (malonic to suberic) give similar covalent deriva-
lives, but these are dimeric (Au,) and presumably correspond to the
sulphate, 1024

Of the dialkyl-halide type two cyclic derivatives were made®®® by the
notion of the Grignard reagent prepared from pentamethylene dibromide
3+(CH,);Br, which is known to contain, in addition to the magnesium
dorivative of the pentamethylene halide, that of the decamethylene
tlibromide Br(CH,),(Br. From this were made the gold compounds
(CHy);AuBr and (CH,),0AuBr; their properties in general are very similar
to those of the dialkyl gold compounds.

When diethyl gold bromide is treated with ammonia it breaks up to give
a monammine Et,AuBr(NH,) (formula 1 below), which is not a salt and is
woluble in benzene. With ethylene diamine the second Au—N link may be
to the same gold atom, which involves the expulsion of the bromine from
the complex to yield a salt®8 (formula IT), or under different conditions the
link may be formed with a second gold atom!92* (formula IIT).

The behaviour of the iodide of the methyl derivative of type 11 is curious.
Hydrochloric acid removes all the ethylene diamine to form the parent
dimethyl gold iodide, while hydriodic acid only carries the reaction half-way,
glving an open-chain diamine derivative of type ITI. The ethyl and propyl
derlvatives of type III are monomerio in nitrobenzene,®! As the follow-
Ing formulae show, the covalency of the gold retains the value of four
throughout. The propyl compound of this last type (III) undergoes two
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curious reactions.?®? The chloroform solution on standing deposits crystals

Et\Au /Br Et\Au ‘/NHz_(sz]Br
B’ \NH, B’ \NH,—CH,
L IL.
CHs\Au /I I\Au /CH8
cH,” \NH,-CH,.CH,-NH,” \CH,
IIL.

of the propyl analogue of salt II, leaving the dimeric dipropyl gold
bromide in solution:

2 PryAuBr-en- AuBrPr, =—= 2[Pr,Au-en]Br 4 (PryAuBr),.

If, however, its solution in benzene or chloroform is warmed, it loses
hexane and colourless crystals separate of the aurous-auric compound

Pr\Au /Br
B’ \NH,.CH, CH, NH;>Au—Br.

By treatment of the dialkyl bromide with thallous acetylacetonate the
dialkyl gold acetylacetonate can be made

Alk 0 CHs

) \Au/ N H.

Al NO—C
\CH,

The methyl compound (Melting-point 84°) has a perceptible vapour-
pressure even in the cold??%; the ethyl, as often happens, has a much lower
melting-point of 9-10°.988

Dibenzyl sulphide co-ordinates with gold in forming the complex

CH s
3>Au/,\s
CHa (CHz ) CsHs)z-

The Au—S link must, however, be rather weak, since the corresponding
diethyl sulphide does not, form a stable derivative. It is also of interest
that a second molecule of dibenzyl sulphide cannot displace the halogen
to form a salt.

The mono-alkyl derivatives, such as (EtAuBr,)s (made by the action of
bromine on the dialkyl derivatives), which are deep red, are much less
stable than the dialkyls, and are reduced by hydroquinone or stannous
chloride at once. They also are found to be dimerio by the freezing-points
in bromoform®99; they act as mixtures of the dialkyl compound and auric
tribromide, Thusethyl aurlo dibromide is converted by potassium bromide
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into potassium bromoaurate K[AuBr,]and diethyl gold bromide (Et,AuBr),,
and by ethylene diamine into a mixture of the diamine compounds of
diethyl auric bromide and auvic tribromide. Hence it is very probable that
the two alkyl groups removed by the bromine come from one gold atom, 90
giving:

Et ‘B E Et Br Br

Sad Nl S
v B NEt B B \Br

This conclusion is confirmed by the very high dipole moment of the
propyl compound, 5:54-0-5 D iu carbon tetrachloride at 25° (compare the
inuch smaller moments of Et,SnCl 3-44 and Et,SnCl, 3-85 D).

Aryl Compounds

All the compounds so far described have had an aliphatic carbon atom
attached to the gold. Kharasch and Isbell®®?-® have prepared a series of
trme aryl derivatives with the gold directly attached to the aromatic
nucleus ; these are all of the type ArAuCl,: the diaryl compounds could
not be made.

The Grignard reagent cannot here be used; when the magnesium is
nttached to an aryl group it does not react with gold trihalide. The aryl
gold derivatives were made by the direct action of auric chioride on
bonzene at the ordinary temperature. If benzene is added to dry auric
ohloride, hydrogen chloride is violently evolved and aurous chloride is
produced along with 1, 2, 4, 5-tetrachlorobenzene. If powdered auric
ohloride is slowly added to a large quantity of benzene, the reaction is
quieter ; hydrogen chloride is evolved, and the solution turns first red and
then brown, with the formation of a brown precipitate, and shortly after-
wards yellow crystals of aurous chloride separate, and the solution con-
tains chlorinated benzene. The reaction can, however, be stopped at the
point where the brown precipitate begins to appear by adding a few c.c.
of other, acetic acid, or ethyl acetate, and in that case no aurous chloride
soparates. If at this point (where the brown precipitate appears) ether is
added and the solution evaporated, pale yellow crystals of phenyl aurie
dlohloride C¢H,- AuCl, separate, which can be freed from aurous chloride
by washing with water and recrystallizing from alcohol. The effect of
small quantities of ether in stopping the reaction of auric chloride with
benzoue is very remarkable: auric chloride has a visible reaction on one
drop of benzene in 10 c.c. of ligroin, but liquid benzene will not react with
wolld auric chloride that has been moistened with ether. Presumably this
In due to the formation of a co-ordination compound with the ether.

Various aryl auric dichlorides ArAuCl, were made ; toluene and diphenyl
renct with auric chloride in the same way as benzene, and it seems that
many aromatio hydrocarbons and their derivatives can be ‘aurated’ by
this method. These compounds are at once reduced by hydroquinone and
by atannous chloride ; in fact they behave very like their alkyl analogues.

-
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They are insoluble in water, but not decomposed by it; they are easily
soluble in potassium chloride solution, in which no doubt they form com-
plex salts.

AURIC COMPLEXES

The line between the simple and the complex compounds, which is often
a difficult one to draw, scarcely exists at all in the auric series; the com-
pounds are all really complex, though it is not always possible to say what
their complex structures are. In comparison with the cupric and even the
argentic complexes the auric present; a very simple picture since they all
without exception have a co-ordination number of 4. The tendency to
co-ordinate is so strong that the trivalent halides will link up with almost
any donor, and so an unusital number of mixed complexes are known.

A. Open-chain Complexes
Au—C Complexes

Most of these have already been described among the alkyl and aryl
compounds ; there remain only the complex cyanides.

Complex Cyanides
There is a well-marked series of double cyanides of the type
K[Au(CN),Jioot:
with strong acids they give the free acid H[Au(CN),] in a hydrated form.

Au—N Complexes: Ammines

The pure auric ammines that have been prepared are relatively few ; but
Weitz!°% has shown that by the action of ammonia on chloroauric acid
H[AuCl,] in saturated ammonium sulphate solution, colourless tetrammine
salts of the type [Au(NH,),]X, are produced. These are very stable when
the ion is that of an oxy-acid such as oxalic, nitric, phosphoric, chloric,
perchloric, &c., and the ammonia groups cannot be removed by the action
of the concentrated oxy-acids themselves ; but the salts are at once decom-
posed by potassium chloride with the precipitation of the explosive gold-
nitrogen compounds described above, whose instability is presumably due
to the gold having a fifth covalency to the halogen.

Another class of nitrogen-co-ordination complexes is derived from the
imides, especially succinimide (HSu). Trivalent gold, like divalent copper,
readily replaces the imide hydrogen of these compounds; but whereas the
cupric imides stabilize themselves by adding two amine molecules or the
like, the auric atom forms a complex anion of the type of M[Au(Su),]. A
series of alkaline and alkaline-earth salts of this type have been made by
Kharasch and Isbelll®%; they are mostly soluble in water. These salts are

1004, G, Lindbom, Berl, Ber, 1877, 1725,
e B, Welts, Ann, 1915, 410, 117-228,
1008 M, 8, Kharasoh and H. 8, Isbell, J.4.0.5, 1981, 53, 3059,
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surprisingly stable ; they are not affected by warm hydroquinone or stan-
uous chloride or by cold concentrated acids or alkalies; the ammonium
salt can be recrystallized unchanged from glacial acetic acid, whereas the
cupric compound Cu(Su)y(NH ,), is decomposed even by dilute acetic acid.
Snccharine (the imide of o-sulphobenzoic acid) forms similar salts. Other
Au--N complexes are described by Gibson,!'%26 including the glyoxime
derivative

6): PN
Phosphorus Complexes

Auric chloride and bromide form compounds with phosphorus tri-
wnd pentachloride and with triaryl phosphine oxides!???; one of these,
AnCly, PCl,, is presumably a simple 4-covalent complex like a monammine,
(!|,P—AuCly; but the others are more likely to be aurichlorides and are
therefore discussed later.

F. G. Mann and D. Purdie!®®8 find that 2-covalent aurous complexes
liko Et,P—Au—Cl will take up a molecule of bromine or iodine to give
planar molecules as Et;P-—AuCl(hal),. These might be cis or trans, but
only one form is known, We should expect that Et,P—Au——Br+-I, would
Kive the trans, and Et,;P—>Au—I+IBr the cis; but only one form was
fonnd to be produced. This is probably due to the ease of the cis=trans
ohange. The crystal structure of Me;P—AuBr; shows that the arrange-
ment round the gold is planar ; the Au—Br and Au—P distances are both
2:5 Al00? (theory 2-64, 2-60).

Oxygen Complexes

The auric atom readily co-ordinates with oxygen ; the so-called hydrate
of auric chloride is no doubt really a complex acid H[AuCl,OH]; and the
aurates, of which even the potassium salt is hydrated, should be written
as nalts of H[AuO,] 2 H,0 = H[Au(OH),].

'T'his tendency also leads to the formation of double nitrates which seem
to bo truly complex.1010 A solution of auric hydroxide Au(OH), in concen-
truted nitric acid deposits crystals of H[Au(NO,),], 3 H,0, and a series of
malts (K, Rb, NH,) of this are known ; they are golden yellow. It is also
Rionsible to obtain a still more complex series of nitrates of the composition

JH[Au(NOyg)g]: the potassium, rubidium, and ammonium salts were
made. These as they are written contain 6-covalent gold, which is very
improbable ; and the presence of an unreplaced hydrogen atom in all three
salts suggests that their structure is more complicated than appears. In
the abeence of X-ray data it is useless to speculate on their constitution.

lov? 1, Lindet, O.R. 1884, 98, 1882, 1008 J.C.8. 1940, 1235.

1600 M, F. Perutz and O. Weisz, ib. 1946, 438.
100 P, Sohottlénder, Ann, 1888, 217, 356 ; Diss. 1884 ; Jahresberioht, 1884, p. 458.
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Another rather unusual series of complex salts is that of the double
acetates, such as Mg[Au(O-CO-.CH,),], prepared by Weigand!®l! with
various alkaline-earth cations. Auric gold is one of the few metals to give
complex carboxylic salts of this type.

Various chelate complexes are described later.

Sulphur Complexes
Apart from the dibenzyl sulphide complex of dialkyl auric bromide
(above, p. 186), these are almost unknown. Dibenzyl sulphide forms a
compound (CgHj;-CH,)S-~AuBr;, as well as a more complicated auric-
aurous complex 1012 Complex thiocyanates M[Au(SCN),] are known, 1004
but they are relatively unstable.

Complex Halides

The attachment of the auric atom to the halogens in the 4-covalent
complexes seems to be unusually strong, and these complexes occur in
great variety, both pure, as in M[AuCl,], and with the fourth covalency
supplied by any one of a whole series of donor atoms.

The pure tetrahalides of the types M[AuCl,], M[AuBr,], M[Aul,] are
well known. On acidification they give the corresponding acids, in which
the hydrogen is hydrated, as H(OH,), [AuBr,], which forms purple crystals
very soluble in water. The sodium salt Na[AuCl,], 2 H,O dissolves in
other, carrying its 2 H,O with it. On heating, the anhydrous aurichlorides
evolve chlorine and are converted into the aurochlorides:

K[AuCl,] = K[AuCl,] + Cl,.

The salt K[AuBr,], 2 H,O (purple : sol¥ 19-5/18°, 208/67°) has been shown
by X-ray analysis!®® to have a plane AuBr, ion, with the 4 bromine atoms
at the corners of a square.

As we have seen, the same type of Au(hal), complex occurs in the dimeric
molecules of auric chloride and bromide and in those of the mono-
derivatives such as (Et-AuBr,),.

A remarkable mixed aurous-auric halide of the composition CsAuCl,
has already been mentioned as apparently a divalent gold compound. It
wasg discovered by H. L. Wells!9!4 together with an analogue inn which half
the gold atoms are replaced by silver atoms, showiig that the formulae
should be doubled and written Cs,Au’Au”Clg and Cs,Ag’Au”Cl;. These
salts are quite black, even in fine powder; they have been shown to be
diamagneticl®® and so can only contain monovalent silver and gold and
trivalent gold ; the deep colour is common in compounds that contain the
same element in different valency states. It has now been shown by X-ray
analysisi®l® that the crystals contain linear AgCl; and AuCl; ions, and
plane square AuCl;.

1l R, Weigand, Z. angew. Chem. 1906, 19, 189,

s P, C, Ray and D. C, 8en, J. Ind, Ohem. Soc. 1980, 7, 67.

100 E, @, Cox snd K. 0. Webster, J.0.S. 1036, 1685,

1088 dmer, J. Sot, 1088, 3, 815, 417, 108 N, Elliott, J. Chem. Phys. 1084, 2, 419,

100 N, Blliott and L. Pauling, J.4.0.8. 1088, 60, 1846,
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A curious series of addition produets of auric chloride with the halides
of phosphorus and other elements should probably be referred to this
sroup. Thus PCl;, AuCly1017 and SCl,, AuCl,1018 presumably have the struc-
tures [PCL]*[AuCl]” and [SCl;]*[AuCl,]”. Other compounds of auric
chloride have been described with SeCl,, SiCl,, SbCl; (this should be
nnalogous to the PCly; compound), SnCl,, and TiCl,, but little is known
nbout them. The nitrosyl compound NOCI, AuCl;!? is no doubt an
nurichloride of the established cation [NO]* (see under Nitrogen, V. 684).
"The compounds of pyrone and dimethyl pyrone!®2® and of dimethyl chro-
mone!®2! with auric chloride are presumably true salts (aurichlorides),
but there is some complication in their structures, as they contain two
(rnrely three) organic molecules to one AuCl,.

Some similar complication must occur in the compounds of aurichloric
neid with a series of trialkyl and triaryl phosphine oxides!®2; these all
linve the composition (R ;P0),, HAuCl,, where R = methyl, ethyl, propyl,
phonyl, and benzyl. They are formed in water and they are all soluble
It water and crystalline.

Mixed Complexes

These are very numerous, especially when some of the co-ordinated
ntoms are halogens. The auric atom can probably form every stage of the
fonrfold complex from [Au(OH),]” to [AuCl]”. An aqueous solution of
auric chloride is really a solution of the acid H[AuCl,;OH]), and this is the
molecule which ether extracts from the water, as was shown by Kharasch
and Isbell,?®7 who also point out that a solution of auric chloride in water
In reduced by sulphanilic acid (aniline p-sulphonic acid), but not in presence
ol potassium chloride, which indicates that the [AuCly]™ ion is more stable
than [AuCl;0H]".

A variety of ammine complexes obtainable from the alkyl gold com-
pounds has already been described (p. 185). The corresponding auric halide
dorivatives are also known; they are all constructed on the same plan as
the alkyl complexes. One nitrogen atom co-ordinates with the gold to form
& non-ionized complex as in [AuCl;py]° 19 (yellow) ; two do so to give a
monovalent cation as in [AuCly(py),]CI1°2 (orange); an ethylene diamine
oan take the place of two amine molecules. Thus Gibson and Colles?8?
have made such compounds as [AuBr,,py]° (and the corresponding quino-
line and isoquinoline derivatives) and [AuBry(py),]Br (deep red).

Chelate Complexes

Kxamples of auric complexes chelated through nitrogen are the ethylene
dlamine compounds just mentioned (p. 186): through oxygen the acetyl-

i1 I, Lindet, O.R. 1884, 98, 1382. 1018 T4, ib. 1885, 101, 1492,
taiv J, J, Sudborough and J. H. Millar, J.C.S. 1891, 59, 73, 270.

e R, Willstéitter and R. Pummerer, Ber. 1904, 37, 3740.

100 I, Simonis and A. Elias, ib. 1915, 48, 1499.

18 R, H, Pickard and J. Kenyon, J.C.S. 1906, 89, 262.

1980 M, Franocois, C.E, 1908, 136, 1557.
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acetonate of dimethyl gold (p. 186); and a few others have already been
described.

The auric atom forms few ‘ato’ complexes. But some interesting alkyl
compounds of this type (oxalato and sulphato) have recently been described
by Gibson and Weller' and by Ewens and Gibson.19%® Gibson and
Weller12 say that by shaking excess of silver sulphate with an acetone
solution of diethyl auric bromide (Et,AuBr), a compound Et;Au,S0, is
got (== I); the molecular weight is found by the boiling-point in acetone to
be dimeric (Au,); it is also soluble in alcohol, ethyl acetate, cyclohexane,
and further in water, in which last it gives tests for sulphate ions, and
behaves as [Et,Au(OH,),],S0,. It will take up only one molecule of
ethylene diamine ; the product (II) in water gives the tests for SO}, and

must be
En\ /OH H,o\ /Et]
S0O,.
B "NH,N. CH,CH,. NH/ N
It also dissolves in bromoform, where it must be chelate:
0 \/(')
Et\ /O—S———O\ /Et
Au
B NH,NCH,NH, A Nae
A similar 2, 2'-dipyridyl compound occurs.
Of the compounds of type I, the propyl was very like the ethyl, but the

butyl was very unstable. When the ethyl compound (I) is treated with
sodium oxalate it gives ITI

Et\ /O—C-—O\ /Et
Y W R

which is soluble in ligroin and gives the right molecular weight in cyclo-
hexane 1026 *

1024 C, S. Gibson and W. T. Weller, J.C.S. 1941, 102.
1025 R, V. G. Ewens and C. S. Gibson, ib. 109.
1026 C, S. Gibson, Brit. Assoc. Anr. Rep. 1938, p. 35.



GROUP I1

HE difference in properties between the two subgroups is less in

Group II than in Group I, but is still very marked. In particular the
abnormal high valencies which copper, silver, and gold can acquire through
the breakdown of the external group of 18 electrons in the ion have no
parallel in Group II B, where the 18 group is in an electric field of two posi-
tive charges, and so is too firm to be broken down by chemical attack. At
the same time the opening of the penultimate group of electrons in the
A subgroup which occurs in the transitional elements, and is able to reduce
the valency, has not yet begun.

The only apparent departure from divalency, that of mercurous mer-
cury, is due to the tendency, unique among metals, of mercury atoms to
uuite in pairs, using one valency electron each for this purpose, while the
other is available for ionization as in [Hg—Hg]**.

"The radii of the atoms and ions are as follows:

Be | Mg | Ca | 8r | Ba | Ra | zn | cd | Hg
Rnd. of atom . | 0-90 | 136 | 1-74 1~92|1-9s 131 | 148 | 148

Rad. of ion** . | 0-34 | 078 | 1-06 | 1-27 | 1-43 | 1-52' | 0-83 | 1-03 | 1-12

"T'he tendency to ionization is governed (1) by the size of the ions, and
(2) by the effect of the 18 group in promoting covalency-formation in
nccordance with the Fajans principles. This is illustrated by the electrode
potentials:

Bo Mg Ca Sr Ba Ra Za Cd Hg

Y —2-54 —2-56 —277 —2-8 .. —0-49 —0-40 +0-75 v.

These electrode potentials determine the electrochemical behaviour of
the ions in water, and so are of great practical importance. But it is
Instructive to compare them with the energies required to ionize the
motallic atom in the gaseous state, which can be determined from the
spectrum. As the compounds are all divalent, the values we need are those
for the conversion of the neutral atom into the divalent ion—for the
removal of two electrons: they are, in electron-volts

T Mg Ca Sr Ba Ra Zn Cd Hg
87:42 22-58 17-91 16-65 15-14 147 27-24 25-79 29-08

The general picture is much the same for both properties: the ease of
lonization increases in typical and A elements with the atomic number,
while in the B elements it is less, and diminishes with increase of atomic
number, though less regularly, mercury being always characterized by its
reluctance to assume the ionized state. In detail, however, there is a
marked difference between the two curves, The 'fall in the A series is

| G. K. R. Schultze, Z. phystkal. Ohem. 1036, B 32, 430 (from RaF', fluorito lattics).
8114 0
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much less, and the rise in the B series much greater, for the electrode
potential than for the ionization in the gas. Further, the excess of B over
A is much less for the electrode potential. These differences can be
explained in general terms by the fact that while the ionization potential
in the vapour only involves one term—the energy of conversion of A into
A++—the electrode potential involves also a second term, the energy of
hydration of the ion (and indeed a third, the lattice energy of the solid
metal). The energy of solvation of the ion will obviously diminish with
increase of the atomic size, and so may be expected to offset to some
extent the increase in the ease of ionization, as it obviously does.

In general, these results illustrate the importance of the fourth rule of
Fajans, that the tendency to covalency formation is greater with the B
elements than with the A, and varies in quite a different way.




Grovur IT A

BERYLLIUM, MAGNESIUM, CALCIUM, STRONTIUM,
BARIUM, RADIUM

'THE typical and more especially the sub-typical elements have on the
whole more analogies with the A subgroup, and are best treated in rela-
tion to it; they afford a good example of the general principle that the
first (typical) element of a group has affinities with the second element of
the next group (the diagonal relationship, here between beryllium and
nluminium) and the second element of a group with its own B subgroup.
Beryllium, however, is so peculiar in many ways, owing to its small size
and correspondingly intense ionic field, and also to the limitation of its
covalency to 4, that it is better treated separately; the same is true,
though in a less degree, of magnesium. The general relations in the series
nre much the same as in I.A.: the most marked difference in properties
in between beryllium and magnesium, and the next between magnesium
and calcium ; the series of alkaline earth metals from calcium to radium is
one of the most regular in the Periodic Table.

As usual the tendency to form complexes, and to assume the covalency
maximum, is greatest in the lightest element, and falls off as the atomie
number increases: a covalency of 8 rarely occurs with strontium or barium.

The exceptional deforming power of the beryllium ion, and the steady
full of this property through the group, are shown, as Goldschmidt poimts
out,? by the values of the field of the cation as measured by the ionic
oharge divided by the square of the ionic radius:

Bett+ Mg++ Catt+ Srtt+ Bat+ Ratt
17 33 i-8 1-2 1-0 0-87

With these we may compare the values for lithium™ (1-7), caesium* (0-4),
and aluminium*** (9-2).

The most important differences to be observed in the series are:

With hydrogen: the rate of absorption by the metal rises with the
utomic weight. ,

With nitrogen: the rate of combination again rises but the stability of
the product falls.

With oxygen: the stability of the peroxides increases markedly with
the rise of atomic number.

The stability of the carbonates, as shown by their reluctance to disso-
olate into carbon dioxide and the oxide, increases in the same way.

The tendency to complex formation falls off very markedly, especially
between beryllium and magnesium. This is shown infer alia by the amount
of hydration of the salts (see II. 221).

With elements like these, which are almost always ionized, the solubility
of the salts is an important property. This is discussed in detail later

¢ V, M. Goldschmidt, Geochem. Verisilungagsssiss, vil. 60 (Oslo, 1086).
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under the alkaline earth metals (I1. 220-1); the most striking differences
between the first two elements and their successors are the much greater
solubilities of the sulphate and selenates of both these elements, and of
magnesium chromate, and the enormously greater solubilities of beryllium

fluoride and oxalate.




BERYLLIUM

THE chemistry of beryllium is governed by the high field strength of the
cation, due to the combined effects of the small radius and the double
charge. It is just on the line between ionization and covalency formation,
and has an extremely strong tendency to give covalent compounds with
the maximum covalency of 4.

The divalent ion is colourless, and has a remarkably sweet taste (hence
the alternative name of glucinum). It co-ordinates very readily, as is
shown by the firmness with which the ion holds water and ammonia mole-
cules, and the ease with which it forms complex halides and ato-compounds
with beryllium in the anion. The viscosities, conductivities, and freezing-
points of solutions of beryllium salts show3 that the ion is more strongly
hydrated than any other divalent cation. The ionic mobilities at 25° are:

Be Mg Ca Sr Ba Ra

30 555 59-8 59-8 64-2 67
{ts salts so uniformly have 4 molecules of water of crystallization for every
boryllium atom that any compound which has not may be assumed not
to contain beryllium ions, but either to have the metal in the form of a
complex ion (as in the sulphate and oxalate) or not to be a salt at all
(neetylacetonate, ‘basic’ acetate, ete.). Itsready passage into the covalent
wtute also makes the hydroxide a weak base; the salts are considerably
hydrolysed, giving no doubt largely the salts of the univalent ion [Be - OH]*.
Another remarkable result of this tendency to covalency formation is that
boryllium oxide, which is almost insoluble in water, is readily soluble in
salutions of beryllium salts. It even expels carbon dioxide from the car-
bonate. The basic salts so formed can seldom be isolated in the pure state ;
on evaporation they often leave behind a gummy mass; probably in many
ovascs the salt contains oxide in solid solution. It has been found that the
solubility of the same is thereby increased, and it seems most probable
that the dissolved oxide co-ordinates with the ion, replacing the water of
hydration as in Be==0—Be (see BeSO,, II. 210).

The beryllium salts of mineral acids are considerably hydrolysed m
water: the degree of hydrolysis has been stated to be several per cent. at
moderate dilutions 4> It must, however, be remembered that the ordinary
thoory of hydrolysis, on which these determinations are based, assumes the
abgence of any molecular species other than the acid, the base, and their
lons. If other species, such as a ‘beryllated’ ion (BeO),Be*™, are formed,
thls will upset the equilibrium, and lead to a greater separation of free
wold than corresponds to the dissociation constant of the base ; moreover,
the basis of the calculation of the hydrolysis may be affected (see below,
11. 204). Hence any quantitativestatement of the degree of hydrolysis must
be received with caution ; but there is no doubt that beryllium salts hydro-
lyse very readily, and that for this reason the salts of weak acids, such as

3 R. Fricke and H, Schiitzdeller, Z. anoryg. Ohem. 1923, 131, 132.

4 H. Ley, Z. physikal. Chem, 1899, 30, 199.
b Ih Bl'l‘lnnor, fb' 1900, 32’ ]38.
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carbonic, nitrous, hydrocyanic, and even hydrofluoric, either cannot be
prepared at all or are decomposed by water. In this respect there is a
marked difference between beryllium and the alkaline earth metals. Beryl-
lium hydroxide is distinctly amphoteric in character, and gives rise to a
series of beryllates containing the anions [BeO-OH] ™ and [BeO,] ™.

The ‘diagonal’ resemblance of beryllium to aluminium is so strong that
it was for long supposed to be trivalent. This view appeared to be sup-
ported by the specific heat (Nilson and Pettersson, 1878), although, as
Brauner pointed out (1878), no place could be found for a trivalent metal
of atomic weight 13-5 in the Periodic Table. The specific heat argument
was weakened by the discovery that boron and carbon gave similar low
values, and that the specific heat of beryllium rose with rise of tempera-
ture (Nilson and Pettersson, 1880 ; Humpidge, 1883); but the question was
not finally settled until in 1884 Nilson and Pettersson® determined the
vapour density of beryllium chloride. This was subsequently supported
by the vapour densities of the acetyl-acetonate? and the basic acetate
Be,0(0-CO-CH,).® Further evidence of the divalency if it is needed is
given by the observation?® that the flocculating power of beryllium for
arsenic trisulphide sol is that of a divalent ion.

Beryllium occurs to the extent of about 0-006 per cent. (6 g. per ton) in
the earth’s crust. This is much less than would be expected from the
general relation between frequency and atomic number (see V. M. Gold-
schmidt in Gerland’s Beitrige zur Geophysik, 1926, 15, 43). The defect is
evidently due to the disruption of the beryllium atoms under natural
bombardment into helium (see Gp. O. 4). This further explains the con-
siderable amount of helium found in beryllium minerals (Rayleigh).

The chief source of beryllinm is beryl, 3 BeO, Al,O,, 6 SiO,, which con-
tains 5 per cent. of beryllium.

Metallic Beryllium

Until recently the metal was scarcely known at all, owing to the diffi-
culty of purifying it, and of obtaining it in the coherent state. The best
method of preparation is that of Stock and Goldschmidt, the electrolysis
of a fused mixture of the fluorides of sodium, beryllium, and barium, at a
temperature above the melting-point of beryllium, usually at 1,350°. It
is a steel-grey metal which can be polished ; it is easily broken when cold,
but ductile when hot; it is extremely light (density 1-84); its melting-
point is 1,278°10 and its boiling-point (extrapolated) 2,970° C.11

Beryllium foil can be used for the windows of X-ray tubes; foil 0-5 mm.
thick has twice the transmission of Al foil 0-125 mm. thick, and is much

8 L. F. Nilson and O. Pettersson, Ber. 1884, 17, 987.

7 A, Combes, C.R. 1894, 119, 1222,

8 G, Urbain end H. Lacombe, ib. 1901, 133, 875.

9 A, Galeoki, Z. Blektroohem. 1908, 14, 707,

10 G, Osaterhold, Z. anorg, Chem, 1816, 97, 1,

4 R, Baur and R, Brunner, Helv. Cham. Acta, 1084, 17, 958,




Beryllium and Carbon 199

wtronger and less fusible.!? Above its melting-point beryllium is miscible
with aluminium, silver, copper, and iron but not with magnesium!?;
this may be due to the sizes of the atoms, of which the radii in the metal are
Be Mg Al Cu Ag Fe
1-12 1-60 1-43 i-28 1-44 1-27
1t forms some valuable alloys; the addition of 2:-5 per cent. to copper
(Bo:Cu 1:5-5 atoms) gives an alloy 6 times as hard as copper, which is at
tirst soft, and can then be hardened by heating. The addition of from 0-01
to 0-02 per cent. of beryllium to copper greatly increases its electrical
onnductivity, by removing traces of cuprous oxide. Beryllium is used in
the highly permeable ‘Lindemann glass’ (IV. 601).

Metallic beryllium is not attacked by air in the cold, and on heating
hocomes covered with a protective film of oxide. The powdered metal
burns brightly in air, and at high temperatures it is converted into a mix-
taro of the oxide and nitride.!® It does not react with hydrogen even at
1,000°13:14 but when heated in nitrogen or ammonia it forms the nitride
BBo,N,. Halogens do not attack it in the cold. It dissolves in hydro-
thloric and sulphuric acids, but not in concentrated or dilute nitric acid,
wven when powdered. It dissolves in aqueous alkalies with evolution of
liydrogen, which is a sign of the amphoteric character of the hydroxide.

Unlike the alkaline earth metals, but like magnesium, beryllium does not
form a ‘salt-like’ hydride,!® nor indeed any solid hydride : but the spectrum
ol the electric discharge between beryllium electrodes in hydrogen gives
bands which are due to the molecules BeH and BeH™, with interatomic
tlintances (from the moments of inertia) which are for BeH 1-35 and for
BoH ¥ 1.29 A6

Beryllium-Carbon Compounds

Beryllium carbide, Be,C, is formed by heating beryllium with carbon or
an organic substance to 1,300°, or by the action of carbon on beryllium
oxlde at 1,930°17-20; this last reaction does not take place at 1,700°, while
ubove 2,100° the compound begins to decompose with separation of
graphite. The carbide is brick-red, and forms regular octahedra ; it is very
slowly decomposed by water, rather slowly by mineral acids, and rapidly
by alkalies, evolving methane.

Reryllium acetylide, BeC,, is formed by the action of metallic beryllium
on acetylene at 450°. Water and hydrochloric acid decompose it with
evolution of acetylene.?!

W H. Brackney and Z. J. Atlee, Rev. Sci. Instr. 1943, 14, 59.

1% M. Borchers, Metall-Wirt. 1931, 10, 863 ; Chem. Centr. 1932, 1, 510.

M I, Fiohter and K. Jablezynski, Ber. 1913, 46, 1604.

1 (3. Kassner and B. Stempel, Z. anorg. Chem. 1929, 181, 83.

18 W, W. Watson, Phys. Rev. 1928, [ii] 31, 1130; 32, 600.

1% P, Lebeau, C.R. 1895, 121, 4968; Ann. Chim. Phys. 1899, [7] 16, 476, 479.
18 0. Messerknecht and W. Biltz, Z. anorg. Chem, 1925, 148, 153.

10 J, M, Schmidt, Bull. Soo, Chim. 1928, [4] 43, 49.

10 T, Flohtor and E. Brunner, Z, anorg. Chem. 1918, 93, 91.
9 J, ¥, Durand, Bull. Soo, Chim. 1984, [¢] 35, 1141,



200 Group II. Beryllium
Beryllium Alkyls and Aryls

These can be made by the action of metallic beryllium on mercury
alkyls (Cahours, 1873), or better from beryllium halide and a Grignard
reagent?-%; our knowledge of them is mainly due to Gilman and Schulze.
They must be prepared in a stream of pure hydrogen or nitrogen, with the
careful exclusion of air, moisture, and even carbon dioxide.

Beryllium dimethyl, Be(CHj),, is a white crystalline substance which
sublimes without melting at 200°, and is soluble in ether.2” The di-
ethyl is a colourless liquid boiling under 760 mm. at 180-240° with some
decomposition, and at 110° under 16 mm.; the dipropyl and dibutyl are
similar.27

Beryllium diphenyl and ditolyl can be made by treating the mercury
diaryl with beryllium at 225° in presence of mercuric chloride.

All these compounds are extremely reactive. The dimethyl and the
diethyl are spontaneously inflammable in air, even in concentrated ethereal
solution. The dibutyl doesnot catch fire, but is rapidly oxidized, apparently
to butyl alecohol. The solid methyl compound catches fire in carbon
dioxide, but its ethereal solution reacts with the gas (as do the other alkyls)
to give the acid R-COOH. The compounds are quantitatively decomposed
by water with some violence to give Be(OH), and the hydrocarbon ; if the
diethyl is treated with a small quantity of water, the hydroxide formed
remains dissolved in the liquid, presumably forming the group Be==0—Be,
as when the oxide dissolves in beryllium salt solutions (sce below, p. 210).

The high melting- and boiling-points of the dialkyls show that they are
considerably polymerized, as can be seen by comparing their boiling-points
with those of the zinc dialkyls, whose molecular weights are, nf course, 54
units greater:

Be(CH,), ca. 200° ' Zn(CH,), 46°
Be(CzH,), ca. 200° (110°/16 mm.) Zn(C,Hy), 118°

The alkyl beryllium halides, such as CH,-Be-1, are also known?$; they
are less reactive even than the Grignard reagents; the reaction

BeAlk, + BeCl, = 2 Alk.Be-Cl
is reversible.
Beryllium Cyanide

Be(CN), seems to be formed when the iodide is heated in a stream of
cyanogen?8; it is almost completely hydrolysed by water (as we should

2

expect) and hence beryllium hydroxide will not dissolve in aqueous
hydrocyanic acid.

81 E. Krause and B. Wendt, Ber. 1928, 56, 467, Anm.

90 H, Gilman, J.4.0.9. 1923, 45, 2693,

9 J, F. Durand, O.R. 1926, 182, 1162,

# H, Gliman and F. Sohulze, J.4.0.8. 1927, 49, 2004.

w Id, J.0.8. 1087, 2663, 87 Idd, Reo, Trav. 1029, 48, 1129,
" F- W| B.r‘.tmm’ J'A -0-5- 19’., 50, 655-
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Beryllium and Nitrogen
Beryllium nitride, Be,N,, can be made from the metal and nitrogen at
1,000° (the reaction begins at 900°%%); from beryllium carbide and nitro-
gen at 1,250°2%); or by the action of potassium cyanide on beryllium at
700°30 gccording to the equation
3Be + 2KCN = BegN, + 2K + 2C.

It is a white crystalline powder, melting at 2204+40°; it is volatile near its
melting-point, and dissociates a little above it into Be++N,. It is decom-
posed slowly by water and rapidly by acids and alkalies with evolution of
ammonia,

An amide Be(NH,), and an imide Be==NH have been described, but
do not seem to exist.28-931

Beryllium azide Be(N,), can be prepared, but it is very highly hydro-
lysed by water.

Beryllium and Oxygen

Beryllium oxide, BeO, is made by heating the hydroxide to 440°, or
botter the basic carbonate to 1,100°, It has a wurtzite (4:1) lattice, show-
ing that it is covalent in the solid state3?; herein it differs from the oxides
ul’ the alkaline earths (including magnesium), which all have the ionized
sadium chloride (6:1) structure ; the difference is due to the smaller size
mnd hence the greater deforming power of the beryllium ion.*

BeO melts at 2,570°.3% It dissolves in acids, but more slowly the higher
It has been heated. Fricke and Liike?* have shown from the heat of solu-
Livnn in hydrofluoric acid that the energy content of the solid is greater the
lower the temperature of preparation, being 1-25 k. cals. per mole more
when it is prepared at 440° than when it has been heated to 1,300°. This
may be due to a more colloidal state of the low-teniperature specimens (a
lnrger surface of crystallites), the lattice becoming more complete after
wxposure to a high temperature; this view is supported by the X-ray
oxnmination. .

Beryllium hydroxide, Be(OH),, is precipitated from solutions of beryl-
llum salts by hydroxyl ion. The precipitate readily dissolves in excess of
alkali, but beryllium hydroxide crystallizes out from the solution slowly
on standing. This implies that there are two forms of the hydroxide, one
moro soluble and less stable than the other. This conclusion has been con-
firmed by direct measurement of the solubility.35 The precipitate first

* Pauling [Chem. Bond, p. 74] finds the Be-O link to have 63 per cent. ionic

oharacter. This shows how small a percentage of covalent character is sufficient to
Alntormine the covalent type of crystal structure.

% T. Fichter and E. Brunner, Z. anorg. Chem. 1915, 93, 86.

80 A. C. Vournasos, ib. 1912, 77, 195.

81 J. M. Schmidt, Ann. Ohim. 1929, [10] 11, 361.

88 See further, G. v. Hevesy, Z. physikal. Chem. 1927, 127, 408.

8 H. v. Wartenberg and H. Werth, Z. anorg. Chem. 1930, 190, 178.
¥ R, Frioke and J. Lilke, Z. physikal. Chem. 1933, B 23, 319.

" R. Frloke and H. Humme, Z. anorg. Chem. 1929, 178, 400,
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formed is gelatinous, but this changes into an unstable crystalline o-form,
and that on standing into a stable 8-form, which is only about 1/25 as
soluble. Contrary to earlier statements, neither the a- nor the p-form
absorbs carbon dioxide. Even the 8-form will dissolve in highly concen-
trated (10-normal) sodium hydroxide, with formation of the beryllates
NaHBeO, or Na,BeO,.

Beryllium hydroxide dissolves readily in solutions of beryllium salts (see
II. 210). It will not dissolve in solutions of ammonium salts, or of most
amines, but it will in a solution of ethylene diamine. Beryllium, unlike all
the other elements of Group II, will not form a peroxide.3®

Beryllates. Potassium beryllate, K,[BeO,], cannot be made in water, but
is prepared by digesting freshly precipitated beryllium hydroxide with a
solution of potassium hydroxide in absolute alcohol, in complete absence
of carbon dioxide ; it is very hygroscopic, and is hydrolysed by water. The
godium salt is similar.

Beryllium Sulphide

This can be made from the elements, but it is not formed by the action
of sulphur on the oxide. It isbest made by the continued action of hydro-
gen sulphide on beryllium chloride at a red heat.3?

It has the zinc-blende structure and hence a covalent lattice ; this is to be
oxpected since beryllium oxide has a covalent lattice, and sulphur (and
selenium and tellurium) are more deformable than oxygen. The inter-
atomic distance is 2-10 A384! (theory Be-S 1-94),

It burns in air to beryllium oxide and sulphur dioxide, but no sulphite
or sulphate is formed. It is practically insoluble in water, and differs from
all the alkaline earth sulphides and from aluminium sulphide in being very
stable to water.42-3 Even in boiling water very little hydrogen sulphide
is evolved.

The existence of polysulphides of beryllium is doubtful.

Beryllium selenide and telluride have been made from their elements;
they both have the wurtzite structure 3%

Beryllium Halides
Beryllium Fluoride, Bel,
Beryllium fluoride cannot be made by treating the hydroxide with

hydrofluoric acid solution, as the salt hydrolyses on evaporation ; but it is
formed when beryllium oxide is ignited in a stream of gaseous hydrogen

36 T. R. Perkins, J.C.S. 1929, 1687.

37 R. Tiede and F. Goldschmidt, Ber. 1929, 62, 758.

84 A, W. Zachariasen, Z. physikal. Ohem. 1926, 119, 210.

30 V., M. Goldschmidt, Skr. Akad. Oslo, 1928, No. 2, p. 22; No. 8, p. 1.

4 1, Pauling, J.4.0.8. 1927, 49, 787.

1 Q, Btelling, Z. Phys. 1928, 50, 506.

¢ K, Mieleitner and H. Steinmetz, Z, anorg. Chem. 1913, 82, 94.

% W, Biltz, ib. 438,

4 W, H, Zacharieaen, Z. physikal. Chom. 1026, 134, 877 (Bol's), 4868 (BoSoe).
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lluoride, or when fluorine acts on beryllium or its carbide Be,C. It is best
prepared by heating ammonium fluoroberyllate NH,[BeF,].4® It has not
yot been obtained in a definite crystalline state, but forms a glassy mass,
whose X-ray diffraction pattern® is that of a ‘random network’ in which
bhore are definite interatomic distances within the particles, but a random
orientation of the particles themselves. It softens at about 800°, and
bogins to sublime at that temperature. The fused salt is a very bad con-
dnctor of electricity.4?

Beryllium fluoride is hygroscopic and excessively soluble in water; it
om thus be separated from the almost insoluble aluminium fluoride.4®
I.M.F. and conductivity measurements show?® that there is a certain
nimount of auto-complex formation in the aqueous solution.

1t does not dissolve in anhydrous hydrofluoric acid, and only very
ulightly in absolute alcohol.

Beryllium Chloride, BeCl,

Beryllium chloride can be made by the action of chlorine or hydrogen
ohloride on the metal ; of chlorine at a high temperature on a mixture of
the oxide and carbon; by heating the oxide to about 800° in the vapour
of sulphur chloride, phosphorus tri- or pentachloride, or carbon tetra-
uliloride®®; or by heating the carbide BeC, in chlorine to not above 300°,5!
It is a white crystalline substance. The melting and hoiling or subliming
points and the percentage of Be, X, in the vapour at 5644-2° are given for
tho three halides by Rahlfs and Fischer5? as follows:

M. pt. B. pt. Subl. pt. %Be, X,
BeCl, 405° 488° . 23
BeBr, 488° .. 473° 34
Bel, 480° 488° .. ..

Acoording to Nilson and Pettersson® the chloride is all monomeric at
7458°. In pyridine solution it is monomolecular,? but here it certainly
forms a co-ordination compound (see p. 209).

I'le specific conductivity of the fused substance is 0-00319 at 451°,5-7
thls being one of the very few chlorides whose conductivity near the

1 P. Lebeau, C.R. 1898, 126, 1418.

" B. E. Warren and C. F. Hill, Z. Krist. 1934, 89, 481.

17 B. Neumann and H. Richter, Z. Electrochem. 1925, 31, 484,
¥ W. Biltz and E. Rahlfs, Z. anorg. Chem. 1927, 166, 355.

40 M. Prytz, ib. 1937, 231, 238.

80 C. Matignon and M. Piettre, C.R. 1927, 184, 853.

81 J. Kielland and L. Tronstad, Norsk. Vid. Selsk. Forh. 1936, 8, 147.
8 O. Rahlfs and W. Fischer, Z. anorg. Chem. 1933, 211, 349,
8 L. F. Nilson and O. Pettersson, Ber. 1884, 17, 987.

8 A. Rosenheim and P. Woge, Z. anorg. Chem. 1897, 15, 310.
B A. Voigt and W. Biltz, ib. 1924, 133, 280.

% W. Biltz and W. Klemm, ib. 1926, 152, 268.

7 N. Bjerrum, Ber. 1929, 62, 1091,
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melting-point is not either greater than 0-1 in absolute units or less than
10-5, As Hevesy points out,®® this conductivity is about a thousandth of
that of a fully ionized salt such as sodium chloride, and so indicates that
in fused beryllium chloride about one molecule in a thousand is ionized ;
in the solid we may suppose there are even fewer.

Beryllium chloride dissolves very readily in water with a large evolution
of heat, and crystallizes out as the tetrahydrate BeCl,, 4 H,0. The anhy-
drous salt (but not the hydrate) is very soluble in many organic solvents;
the saturated solution at 20° contains the following number of grammes of
BeCl, per litre: methyl alcohol 256-7, ethyl alcohol 151-1, amyl alcohol
153-6, pyridine 133-3, ethyl bromide ca. 1. It is also easily soluble in
ether, acetone, nitromethane, benzaldehyde, anisole, many amines and
nitriles, but is insoluble in chloroform, carbon tetrachloride, carbon bisul-
phide, and benzene,’® i.e. strictly non-donor solvents. With many of
the solvents it forms co-ordination compounds, nearly all of the type
BeCl,, 2 A.50-1

Beryllium chloride can be used for organic syntheses exactly like
aluminium chloride, and is nearly but not quite as efficient ; rather higher
temperatures are needed, especially to break up the intermediate beryllium
complexes. 5

The tetrahydrate holds its water with great firmness, and does not lose
an appreciable amount even on standing for 9 months over phosphorus
pentoxide.®® The aqueous solution has an acid reaction and is largely
hydrolysed, but the quantitative measurements obtained by different
methods do not agree. J. K. Wood,® by the hydrolysis of methyl formate
at 25° and V = 8, found 6-5 per cent., while H. Ley® by the inversion of
cane sugar found 5-2 per cent. at 99-7° and V = 64.

Beryllium Bromide

Its methods of formation and its properties are almost identical with
those of the chloride. It meltsat 488°, and sublimes below this temperature,
having a vapour pressure of one atmosphere at 473°.5%2 Thus it is more
volatile than the chloride. The vapour at 566° contains 34 per cent. of
Be,Br, molecules.’* The fused substance is practically a non-conductor
of electricity.$® Like aluminium bromide it catalyses the bromination of
benzene.%¢

It dissolves very readily in water, and by saturating the concentrated

88 (1. V. Hevesy, Z. physikal. Chem. 1927, 127, 406.

52 J. M. Schmidt, Bull. Soc. Chim. 1928, [iv] 43, 49.

80 R. Fricke and F. Ruschhaupt, Z. anorg. Chem. 1924, 146, 103.

81 R, Fricke and L. Havestadt, ib. 121.

¢ M. Bredereck, G. Lehmann, C. Schénfeld, and E. Fritsche, Ber. 1939, 72,
1414.

8¢ H. Ley, Z. physikal. Ohem. 1899, 30, 222,

% J, K, Wood, J.0.8. 1910, 97, 878.

9% P, Leboau, 4nn. Ohim, Phys. 1809, [7] 16, 498.

# M, I, Taboury and R, Pajeau, C.R. 1938, 203, 328, )
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viscous solution with hydrogen bromide the tetrahydrate is obtained : this
In also very soluble in water.

Beryllium bromide is soluble in ethyl alcohol: a saturated solution in
nnhydrous pyridine at 25° contains 1856 g. per litre,57 and in ethyl
bromide about 1 g. per litre.5? ,

Like the chloride it forms a large number of addition compounds with
uleohols, amines, &c. See pp. 208 ff.

Beryllium Iodide

'This is similar in general properties to the chloride and bromide, but
much less stable. It is best made by the action of hydrogen iodide on
beryllium carbide at 700°,%%-® and can be purified by sublimation ¢n vacuo ;
but owing to its extreme sensitiveness to water, moisture must be com-
plotely excluded.

1t melts at 480° and boils at 488°, The fused substance does not conduct
eleotricity.

Water acts violently upon it, evolving hydrogen iodide.#7 For this
ronson the expected tetrahydrate cannot be prepared.”

1t readily absorbs ammonia, and dissolves in alcohols, amines, etc., with
the formation of addition compounds.

Beryllium Derivatives of Oxy-acids
1. Oxy-acids of Carbon

Beryllium ethoxide, Be(O-C,H;),, which may be mentioned here, has
boen made by the action of the metal on ethyl alcohol.??

The neutral carbonate is very unstable, owing to the weakness of the
sold, and can only be prepared in an atmosphere of carbon dioxide; it
forms a tetrahydrate BeCOj,, 4 H,0, sol 21-2/15°.7

1f a beryllium salt solution is treated with a soluble carbonate, carbon
dloxide is evolved and a basic carbonate separates; several of these, con-
talning from 2 to 5 molecules of Be(OH),, have been described ; they are

robably mixtures of BeCO; with Be(OH),.?> The commercial ‘basic

eryllium carbonate’, which is a mixture of some of these, is a convenient
source for making beryllium compounds. On heating, these basie car-
bonates evolve H,0 and CO,, and at 550° pure BeO is left.?

Carboxylates. Be(OH), being a very weak base, its salts of organicacids

# I}, Miiller, Z. anorg. Chem. 1925, 142, 131.

# D, Lebeau, C.R. 1898, 126, 1272; Ann. Chim. Phys. 1899, [7] 16, 476, 490.

8 (0. Messerknecht and W. Biltz, Z. anorg. Chem. 1925, 148, 152.

10 O, L. Parsons, J.A.C.S. 1904, 26, 721.

" 'V, Cupr and H. Salansky, Z. anorg. Chem. 1928, 176, 249.

" J, M, Sohmidt, Ann. Chim. 1929, [10] 11, 433.

" &, Klatzo, J. prakt. Chem, 1869, 106, 227; Bull. Soc. Chim. 1869, [2] 12, 132;
Jehresberioht, 1868, 203,

" M. Copaux and O. Matignon, Bull. Soc. Chim. 1925, [4] 37, 1359; C.R. 1925,
181, 580,

" H, N, Terem, C.R. 1046, 222, 1436,
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are highly hydrolysed in water, though they are readily formed in its
absence: thus anhydrous beryllium chloride reacts at the ordinary tem-
perature with a benzene solution of a monocarboxylic acid, evolving
hydrogen chloride?s:

BeCly 4+ 2HO-CO-R = 2 HCI + Be(0O-CO-R)y;

this is a good example of the way in which our ideas of weak and strong
acids cease to hold when the acids and their derivatives are no longer
ionized.

These carboxylates are obviously highly associated, and usually melt
only with decomposition ; they are hydrolysed by excess of water, but with
small quantity of water they form the peculiar chelate complexes called
‘basic salts’, of the formula Be,0(0-CO -R); (see below, I1. 213).

Beryllium formate. Owing to the greater strength of the acid, this salt,
unlike its homologues, can be prepared”’ by dissolving the hydroxide in
formic acid of 50 per cent. or above. It is anhydrous; on heating it decom-
poses without melting at 150°7¢; it is insoluble in ordinary organic sol-
vents, and is only slowly hydrolysed by water. Hence it is.no doubt
polymerized, and has the covalency of the beryllium increased to 4.

Beryllium acetate, Be(O-CO-CHy),, cannot be made from the aqueous
acid, which only gives the ‘basic’ acetate ; it can be made from beryllium
chloride and the anhydrous acid* or from the basic salt with acetic anhy-
dride at 140°. It melts with decomposition at 295°; it is initially insoluble
in water, and only dissolves slowly (with hydrolysis) on boiling; it is
insoluble m organic solvents.”8-8¢ The conductivity of an aqueous solu-
tion, made from beryllium sulphate and barium acetate, is abnormally
low®81; this cannot be due solely to hydrolysis, or the Be(OH), would
separate out.

The propionate is similar,’® but it is hygroscopic, suggesting that the
polymer is less stable. The benzoate and o-chlorobenzoate have been
made?; they melt with decomposition at 308° and 247° respectively.

The salts of dibasic acids such as oxalic and malonic are really chelate
ato-complexes, and as such are discussed later (IL. 2186).

11. Oxy-acids of Nitrogen

Beryllium nitrite cannot be prepared, owing to the weakness of the
acid. %

Beryllium nitrate forms a tetrahydrate Be(NOs),, 4 H,0, which is very
soluble and melts in its own water of crystallization at 60-5°; a trihydrate
has been described, but its existence has not been confirmed.® Several

¢ B, Feild, J.4.0.S. 1939, 61, 1817, 77 S. Tanatar, Ber. 1910, 43, 1230.
8 Id., J. Russ. Phys.-Chem. Ges. 1904, 36, 82.

" S, Tanatar and E. Kurowski, ib. 1907, 39, 936 ; Ohem. Centr. 1908, 1, 102,
80 H, Steinmetz, Z. anorg. Ohem. 1907, 84, 219,

i1 N, V., S8idgwick and N, B. Lewis, J.0.S. 1926, 2539.

% B, Vogel, &. anorg. Chem, 1903, 3B, 388,

G, L, Parsons and G, J, Sargent, J.4.0,8, 1900, 31, 1808,
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indefinite basic nitrates have also been described, but they are probably
solid solutions.8

Oxy-acids of Sulphur

Beryllium sulphite can be made from the hydroxide and sulphur
dioxide in absolute alcohol,858¢ but it is decomposed by water with the
separation of bagic sulphites.

Beryllium sulphate, BeSO,, can be got in the anhydrous state by
dehydrating its tetrahydrate at 400°, or by precipitation from concentrated
sulphuric acid. It is very stable and does not begin to lose sulphur
trioxide below 580°. The normal hydrate is BeSO,4, 4 H,0; higher hydrates
with 6 and 7 H,0 have been described, but not confirmed.?”:889 Schreiner
nnd Sieverts®® found no (stable) solid phases in the system BeSO,—H,0
down to the eutectic point at —18° except BeSOy, the tetrahydrate, and ice.
A pentahydrate, stable below --16°, has, however, been prepared,®® and
tensimetric observations®? indicate that a di-hydrate can be obtained. The
soly of the tetrahydrate in water is 42-5/25° and 37-0/—18°.88 The crystal
structure has a tetrahedral arrangement of 4 O’s round each S, and of
4H,0’s round each Be.?!

The aqueous solution of beryllium sulphate will dissolve large quantities
of beryllium oxide, and on evaporation solids can be obtained of the
vomposition of basic salts, BeSO,, *BeO, yH,0; they are probably not
definite individuals; their possible constitution is discussed later (IL. 210).

Beryllium selenate, BeSeO,, 4 H,0, is isomorphous with the sulphate,
nnd at 100° is converted into a dihydrate which will lose the rest of its
water on drying at 300°; all these forms are very soluble in water, and at
25° the sol” of the tetrahydrate is 56-7. The aqueous solution readily
dissolves beryllium oxide.

According to Berzelius, beryllium tellurate can also be made.

Oxy-acids of the Halogens

There is little recent work on these salts.

A soluble chlorate can be prepared, but it decomposes ou keeping, and
the solution decomposes on evaporation.?®?

Beryllium perchlorate, Be(ClO ,),, 4 H,0, loses none of its water up to the
temperature at which the anion begins to decompose. It is very hygro-
noopic: sol¥ 148-6/25°,93

¥ C. L. Parsons and W. O. Robinson, J.A4.C.S. 1906, 28, 568.

W @, Kriisz and H. Moraht, Ber. 1890, 23, 734.

" Td., Ann. 1890, 260, 178.

* B, Krauss and H. Gerlach, Z. anorg. Chem. 1924, 140, 61.

" 1., Schreiner and A. Sieverts, ib. 1935, 224, 167.

** R. Rohmer, Bull. Soc. Chim. 1943, [v] 10, 468.

0 W, Sohrdder, E. Neumann, and J. Altdorf, Z. anorg. Chem. 1936, 228, 129;
A, V, Novoselova and M. E, Levina, J. Gen. Ohem. Russ. 1938, 8, 1143,

"l 0. A, Beevers and H, Lipson, Z. Krist, 1932, 82, 297.

" V. Cupr, Ooll, trav. chim. Tschekoslav. 1929, 1, 877 ; Chem. Oenir. 29, ii. 1687,

" N, V, 8idgwick and N. B, Lewls, J.0.5, 1826, 1290,
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A hypobromite does not seem to exist; the bromate is known to be
very soluble, but it has not been isolated. The iodate is also very soluble,
and crystallizes with 4H,0; a periodate Be(10,),, 8 H,0 has also been
made.%

Complex Berylitum Compounds

As a result of its small size and its dcuble charge, the beryllium ion has
a very strong tendency to covalency formation; similarly the neutral
beryllium atom in its covalent compounds A—Be——A tends to increase
its group of 4 shared electrons to the full octet, and so acquire its maximum
covalency of 4.

The complexes thus produced can be classified according to the nature
of the atoms attached to the beryllium. Complexes in which this atom is
carbon do not seem to occur.

Nitrogen Complexes

These are essentially derivatives of ammonia and the amines, and of the

nitriles.
Ammines

Beryllium salts, especially the chloride bromide and iodide, readily take
up ammonia to form ammines. Those of the chloride have been examined
by Ephraim?®-¢ and others,®” and especially by Biltz.?*-® The vapour
pressures of the system salt +NH; show that all three halides give com-
pounds with 4, 6, and 12 NH,, and the iodide even with 13. But of these
only the tetrammines are stable at the ordinary temperature, and they are
unusually stable ; thus the dissociation pressures of BeCl, ammines are:

Liq. NH, |BeCly, 12NH, | BeCl;, 6 NH, | BeCl,, 4 NH,

Temp. . . . —50° —50° —50° +156°
Press. . . . 306 mm. 168 mm. 90 mm. 6 mm.,

The bromide and iodide are similar. BeCl,, 2 NH; seems to exist, but if
ammonia is removed from the tetrammine, there is some decomposition
with loss of ammonium chloride.

It is to be noticed that though the tetrammine is so exceptionally stable
to heat, it is decomposed by water, which shows that while the affinity of
the beryllium ion for ammonia is very strong, its affinity for water is
higher still.

Other beryllium salts form ammines, bit less readily. Beryllium

% V. A. Biber, I. A. Neuman, and A. A. Bragina, J. Gen. Chem. Russ. 1941, 11,
861.

9% F, Ephraim, Ber. 1912, 45, 1323, 1330.

% 1d., Z. physikal. Chem. 1918, 81, 532.

°7 K, Mieleliner and H. Steinmetz, Z. anorg. Chem. 1918, 80, 73.

' W, Biltz and O, Messerkniacht, ib, 1085, 148, 157,

H W, Bilts, K. A, Klatte, and E. Rahlfs, ib, 1087, 166, 341,
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lluoride only gives a monaimnmine BeF,, NH,, and even this is stable only at
low temperature.®® Beryllium sulphate forms in the cold a diammine,
which still retains one NH, at 235°.100

Beryllium chloride also combines with a variety of amines (Fricke et
al.101-6) : the compounds are unusually made in ether. Most of them are
only diammines. This may be partly due to the undoubtedly weaker power
of co-ordination of amines compared with ammonia ; but steric effects of
the groups attached to the N probably contribute. Thus only ammonia
and methylamine give tetrammines, the rest only diammines. In the same
way, while prussic acid forms BeCl,, 4 HCN, the nitriles only form
BeCly, 2 R-CN. So, too, with oxygen: water forms a tetrad complex,
nldehydes ketones and ethers only diad, and the ether compounds are
nuich the least stable of the three.

Fricke et al. have got complexes BeCl,, 2 B for B = Et,NH, BuNH,,!%
o-toluidine, quinoline,19 pyridine (m. pt. 152°)!01.110: methylamine alone
lorms a tetrammine.1%* Of plenyl hydrazine and hydrazine 3 molecules
nve very readily taken up, but the formation of a complex with 4 is doubt-
ful with hydrazine, and though it occurs with phenyl hydrazine the latter
gives a very unstable product. The suggestion that in these complexes
both the N atoms of the hydrazine are engaged is improbable, both for
storic reasons and because of the extreme weakness of the second nitrogen
atom.

A singular complex BeCl,, 2 NH;, 4 CH;-CO-CHj is formed with ace-
lemel®?; in dry air it loses acetone but not NHj; a rather similar complex
BoCl,, 2 acetone, 4 benzene is known (see later, IT. 212).

The benzidine complex alone contains 2 molecules of BeCly: it is
2 BeCly, 3 benzidine ; evidently the 2 NH, groups, being unable to form a
ohelate ring, attach themselves to 2 beryllium atoms.!%

The chelate N-complexes are rather few. Beryllium hydroxide will
dissolve in aqueous ethylene diamine, though not in a solution of a mona-
mine!®?; it must form the ring

. /NH;—CH,]+
[/ PO NH,— HJ

If a solution of BeCl, in ether is treated with 2 equivalents of en, the
solutes are wholly precipitated as the salt [Be(en),]Cl,, which is quite
insoluble in water.1%

100 ¥, Kphraim, Ber. 1926, 59, 1230.

i1 R, Fricke and F. Ruschhaupt, Z. anorg. Chem. 1924, 146, 103.
i R, F, and L. Havestadt, ib. 121.

108 R, F. and O. Rode, ib. 1926, 152, 347.

104 R. F. and L. Havestadt, ib. 357.

18 R}, F. and O. Rode, ib. 1927, 163, 31.

18 R, I, and F. R8bke, ib. 1928, 170, 25,

101 K, J. Fischor, Wiss., Verdf), Siemens-Kongern, 1925, 4, ii. 171,
Bitd P
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Nitrile Complexes

Beryllium chloride will also combiune readily with nitriles.101.103,105 [t
forms a tetra-addition compound only with prussic acid, of the composi-
tion BeCl,, 4 HCN; all the organic nitriles examined—those of acetic,
propionic, caproic, benzoic, p-toluic, phenylacetic, and naphthoic acids—
gave compounds only of the type BeCl,, 2 R-CN. These are very slightly
soluble in organic solvents, and are decomposed by water.

A succinonitrile complex BeCl,,(CH,CN), is claimed by Fricke,'% but
its structure and even its composition are doubtful.

Oxygen Complexes

These are by far the most numerous of the complexes of beryllium. The
most obvious are the hydrated salts. Nearly all the inorganic beryllium
salts form tetrahydrates as their highest hydrates: the carbonate, nitrate,
sulphate (above —16°), selenate, chloride, bromate, and perchlorate do so;
supposed higher hydrates of these salts have been found not to exist.
Salts with less than 4 H,0O to one Be as a maximum (like the oxalate) can
be shown to be complex, and supposed salts which do not hiydrate at all,
such as the ‘basic’ acetate, are demonstrably covalent compounds. The
stability of some of these hydrates is remarkable (see BeCl,, 4 H,0, I1. 204
and Be(Cl0,),, 4 H,0, II. 207).

The evidence for the hydration of the beryllium ion in solution is also
very strong. Frickel?® concludes from the high viscosity of beryllium salt
solutions, from the small mobility of the berylliuin ion, and from the
depressions of the freezing-point as compared with those produced by
similar salts, that Be*™ is the most strongly hydrated of all divalent ions.

This tendency of the beryllium ion to co-ordinate is illustrated in a
peculiar way by its power of combining with beryllium oxide.

The aqueous solution of any soluble salt of beryllium can dissolve con-
siderable amounts (up to several molecular proportions) of beryllium oxide
or hydroxide. The affinity is so strong that a concentrated solution of the
beryllium salt of a strong acid continues to dissolve the basic carbonate
with a brisk effervescence even after one mole of base has been added for
each mole of salt. The ratio of oxide to Be ion increases with the concentra-
tion of the salt, and if a concentrated salt solution saturated with oxide is
diluted, the hydroxide or a basic salt is precipitated. On evaporation these
solutions deposit more or less colloidal solids. It has been shown by
Parsons!%%-12 that the compositions of these are not definite, but vary con-
tinuously with the conditions of their formation; he considers that they
are solid solutions. This may be true of the solids, but it does not explain
the presence of the (normally insoluble) oxide in the solution.

108 R, Fricke and H. Schiitzdeller, Z. anorg. Chem. 1923, 131, 130.

109 C, L. Parsons, J.4.C.S. 1904, 26, 1437.

1o Id., Z. anorg. Chem. 1904, 42, 258.

1 C, L. Parsons and W. O. Robinson, Science, 1906, 24, 202.

18 C, L. Parsons, W. O. Robinson, and C. T. Fuller, J. Phys. Chem. 1907, 11, 651.
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There are three possible explanations of this phenomenon!!3: (1) that the
oxide is in the colloidal form: (2) that a salt of the half ion [Be—OH]* is
formed, and (3) that the BeO replaces the water in the hydrated ion to
forin the complex grouping Be<-O=Be.

(1) This may be partly true: the strongest solutions are turbid and highly
viscous, and may contain colloidal matter, though it cannot be separated
by dialysis. But solutions can be made up with 5 moles of BeO per litre,
which is far beyond the concentrations given by other colloidal metallic
hydroxides. Also this would not explain the stability of these solutions to
heat, and to the presence of electrolytes (which is indeed a condition of
their formation). Britton has shown!! that more than one mole of NaOH
onn be added to one mole of BeSO, in solution without precipitation occur-
ring, and that the resulting solution is not coagulated by electrolytes, and
‘shows no signs of colloidality’. Hence at least most of the oxide must be
present in some other form.

(2) The formation of basic salts of an ion [BeOH]" would only account
for the addition of one mole of oxide to one of salt, whereas much stronger
solutions can be prepared; the addition should also lower the freezing-
point whereas it slightly raises it.

(3) This view, that the oxide co-ordinates with the Be ion to form
complex ion [Be(OBe),]"*, or more probably [Be(OBe),(OH,), _,]"*. agrees
with all the facts. It accounts for the small change in conductivity (3 to
7 per cent.),1%-13 gince the number of ions will not alter, but the ‘beryl-
Inted’ ion may move rather quicker ; it is compatible with the slight (ca.
10 per cent.) increase in the freezing-point depression.!'? It also accounts
for the fact that the solubilities in water of the sulphate and selenate are
Increased by the addition of the oxide in proportion to the amount of the
lntter, the molecular ratio of the BeQ dissolved to the extra salt dissolved
boing almost exactly 4 for both salts over a range of the ratio (BeO dis-
nolved)/(total salt) from 0-1 to 0-87. If we could assume the salts to be
fully dissociated at these high concentrations, this would be direct evidence
of the presence of an ion [Be(OBe),]**, and though this assumption is not
Justified, the facts do indicate that the oxide replaces more or less com-
pletely the water of the complex [Be(OH,),J** ion.

Addition compounds with alecohols and phenols, which are numerous
with the magnesium and calcium halides, do not seem to be known with
beryllium.

On the other hand, aldehydes and ketones add on to Be atoms readily,
urually to form covalent molecules of the

0 X
N
0" N\x

type. Ethyl ether evolves heat with anhydrous beryllium chloride, and

s N. V. Sidgwick and N. B. Lewis, J.0.S. 1926, 1287.
¢ H. T. 8. Britton, ib. 1925, 127, 2121.
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two liquid layers are formed ; the lower, which is very viscous, solidifies to
a mass of crystals of BeCl,, 2 Et,01°1; m. pt. 330°.1% This dissolves in ether
and benzene, and other complexes can be made from its solution, as the
ether is readily displaced by ketones, amines, ete. In this way compounds
of BeCl, with 2 molecules of acetone, benzophenone, benzaldehyde,
cinnamaldehyde, and nitrobenzene have been prepared. Most of them are
very slightly soluble in solvents other than alcohol and water, which de-
compose them ; indeed the materials for their preparation must be very
carefully dried, since beryllium has a much stronger affinity for water than
for the other addenda.

The acetone compound shows an exceptional sol” in benzenel%2:10¢ and
at 5° colourless crystals separate, of BeCl,, 2 acetone, 4 benzene, m. pt. 40°,
which loses its benzene very readily, much more so than its acetone; this
is perhaps a van der Waals compound or crystal aggregate ; a similar solid,
with ammonia in place of acetone, and acetone in place of benzene, has
been described above (IT. 209).

Neutral Chelate Compounds

The complexes with chelate rings formed through oxygen are numerous
and stable ; they can be neutral or negatively charged. The former kind are
(1) derivatives of hydroxy-keto-compounds, B-keto-enols, B-keto-esters,
hydroxyquinones, and (2) a series of covalent derivatives of carboxylic
acids, of the general formula Be,O(O-CO-R)s, which are almost but not
quite peculiar to beryllinm. The complex anions are ‘ato’ compounds,
derived from catechol, o-hydroxy-aromatic acids, and dibasic acids both
organic and inorganic: there is also one remarkable open-chain ‘ato’ com-
pound, the complex ethylate M[Be(O-Et),].

Derivatives of B-keto-enols and B-keto-esters
Beryllium acetylacetonate

CH,\ o OB
/C—O\ /O= N
HC§C—=O B CH
CH, \CH,

was discovered in 1894 by Combes,}'® who found that it was volatile,
and by a determination of its vapour density confirmed the atomic weight
of beryllium. It is made by the action of acetylacetone on a solution of
Be(OH), in dilute acetic acid or on a solution of BeCl, in presence of
ammonia.l16-20 Tt melts at 108° and boils undecomposed at 270°; it is
scarcely soluble even in hot water, but is hydrolysed by it on boiling; it

118 A. Combes, C.R. 1894, 119, 1222, e W, Biltz, Ann. 1904, 331, 336.
17 14., Z, anorg. Chem. 1918, 82, 489.

us Q, L, Parsons, J.4.0.8. 1904, 26, 782.

1o 1d,, Z, anorg, Chem, 1004, 40, 400,

e F, M, Jeeger, Reo. Trav. 1014, 33, 304,




Chelate Oxygen Complexes 213

dissolves readily in organic solvents, including carbon disulphide and ben-
zene. Werner,!2! in 1901, recognized that these acetylacetonates are non-
ionized ring compounds; that the beryllium has its maximum covalency
of 4 is shown by the fact that it does not hydrate or take up ammonia 1!’
Various other 8-diketone derivatives have been prepared, for example from
benzoylacetone (m. pt. 211°),1223 dibenzoylmethane (214-15°),12 and m-
and p-nitrobenzoylacetone (m. pts. 207-8° and 243-4°).124

The tetrahedral arrangement of the valencies of 4-covalent Be was
ostablished by means of compounds of this type ; Lowry'%-¢ found that the
beryllium derivative of benzoyl camphor showed mutarotation, which
made it probable that the beryllium formed a second centre of asymmetry ;
Mills and Gotts!2? established the conclusion beyond doubt by resolving
the Be derivative of benzoyl-pyruvic acid ; the active dimethyl-ammonium
salt was found to racemize in 15'.

() (0]
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B-ketoesters such as ethyl acetocetatel?® and salicylatel?® form similar
complexes. Of the same type also are the insoluble beryllium ‘Lakes’
formed by 1-hydroxy-anthraquinone derivatives, which can often be used
ns tests for beryllium; thus the blue colloidal lake given by 1, 2, 5, 8-
hydroxy-anthraquinone will detect 0-01 per cent. of Be in 0-1 g. of a
mineral,129-30 and others are used in the same way.13!

‘Basic’ Carboxylic Complexes

The monobasic carboxylic acids give rise to a remarkable series of
complex beryllium derivative of the composition Be,O(O-CO-R)g, which
are non-ionized, soluble in hydrocarbons, and volatile.

The best known is the acetate Be,0(0-COCHjg)g, made by Urbain and
lacombe in 19011323135 by treating the hydroxide or carbonate with

181 A, Werner, Ber. 1901, 34, 2584,

1 R. W. Bailey, F. M. Brewer, and H. M. Powell, J.C.S. 1933, 1546.
1% . 8. Booth and D. G. Pierce, J. Phys. Chem. 1933, 37, 59.

1 H. Burgess, J.C.S. 1927, 2017.

18 T, Burgess and T. M. Lowry, 1b. 1924, 125, 2081.

188 T, M. Lowry and R. C. Traill, Proc. Roy. Soc. 1931, 132, 398, 416.
17 W. H. Mills and R. A. Gotts, J.C.S. 1926, 3121.

198 A, Rosenheim and F. Lehmann, Ann. 1924, 440, 153.

189 T, Kolthoff, J.4.C.S. 1928, 50, 393.

180 G, Riendicker, Z. anal. Chem. 1932, 88, 29.

i1 C, E. White and C. 8. Lowe, Ind. Eng. Chem. [Anal.] 1941, 13, 809.
188 &, Urbain and H. Lacombe, C.R. 1901, 133, 874.

t" H, Lacombo, {b. 1902, 134, 772.

1 8, Tanatar, J. Russ. Phys. Oheni, Ges, 1904, 36, 82 (Chen. Gentr, 04, 1. 1192),
i |, Haber and . van Oordt, Z. anorg, Chem, 1904, 40, 465,
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acetic acid; it crystallizes from chloroform in tetrahedra, m. pt. 285-6°,
b. pt. 330-1°. It is monomeric in the vapour and in solution in benzene
and in acetic acid.13¢ It is soluble in all ordinary organic solvents except
alcohol and ether; it is insoluble in cold water and hydrolysed by hot, or
by dilute acids. It has no tendency to combine with ammonia 3% and
though it can take up 3 molecules of pyridine,!42 this is very loosely held.

The crystal structure has been examined by Bragg and Astbury!38-# and
by Pauling and Sherman!4l; the molecule has tetrahedral symmetry, the
central oxygen atom being surrounded tetrahedrally by 4 Be atoms, and
the 6 acetate groups attached symmetrically to the 6 edges of this tetra-
hedron ; this involves the formation of chelate 6-rings of the form

Be—O\
O<Be—0 /C—CHs.

The co-ordinate links are not marked, because the ordinary structural
symbols are insufficient to express so complicated a structure, but on
examination it can be seen that it gives complete octets to all the oxygen,
beryllium, and carbon atoms: that the central oxygen and the 4 beryllium
atoms are all 4-covalent: and the oxygen of the carboxyl groups are in the
same state as those in an acetyl acetonate (see ref. 149). The molecule is
teresting as a sixfold complex in which no atom can have a covalency of
more than 4 (see, for another example, the borotungstates, ITI. 385).

A similar zine compound Zn,0(0-CO-CH,), has been obtained (see
II. 283); it also is volatile, but it differs from the beryllium compound
in being immediately hydrolysed by water, obviously because the 4-
covalent zine, unlike the 4-covalent beryllium, is covalently unsaturated,
so that it can co-ordinate a water molecule, which initiates the hydrolysis,
An analogous series of zirconyl compounds (O==Zr),0(0-CO-R); is also
known (see under Zr. IV. 642).

A large number of beryllium compounds of this type have been made ;
Feild3 has recently shown that they can be prepared by the action of
beryllium chloride on a benzene solution of the acid in presence of a trace
of water, which partially hydrolyses the simple carboxylate first produced :

4 Be(0CO-R), + H,y0 = Be,0(0CO-R)s = 2HO-CO-R.

The formate is made by heating the normal compound Be(O-CO-H),
under reduced pressure. It sublimes unchanged on heating. The other
compounds are all similar in properties, though the crystalline form

13¢ § Tanatar and E. Kurowski, J. Russ. Phys. Chem. Ges. 1807, 39, 937 (Chem.
Centr. 08. i. 102).

187 §, Tanatar, Ber. 1910, 43, 1230.

188 W, H. Bragg and G. T. Morgan, Proc. Roy. Soc. 1923, 104, 437.

180 3, T. Morgan and W. T. Astbury, ib. 1926, 112, 441.

149 N, V. Sidgwiok, Nature, 1928, 111, 808.

141 L, Pauling and J. Sherman, Proc. Nail. Aocad. Sci. 1934, 20, 340.

140 . Btoinmeots, Z. anorg. Chem. 1907, 54, 217.

s B, Felld, J.4.0.8. 1036, 61, 1817,
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becomes less symmetrical as the radicals lengthen. They are all mono-
meric in the vapour or in solution, and are remarkably stable, as their
boiling-points show.

Be ,0(0-CO-R)g Compounds

Acyl M. pt. B. pt. Monomeric by References
Kormate, .. Subl. .. 133 136 137
Acetateg 283° 330° vd.; ery. 133 137 143
Propionateg 134° 340° v.d. (480°) 133 134
Acet., Prop., 1431° 330° ery. 137 138
n-Butyrateg 26° 239°/19 mm. ery. 133 139
Isobutyrateg 88~9° 336-7° ery. 133 139
Acet. ,, isobut. —15° 351° ery. 134 136
lsovalerateg Liq. 254°/19 mm. ery. 133
Trimethylacetateg 163° .. . 139
(‘rotonateg . ery. i36
Lovulinateg .. .. ery. 136
Bonzoates 317° .. - 143
o-chlorobenzoateg 255-6° .. .. 143

Ato Complexes

In these the stable 4-covalency of the beryllium is secured by the
roplacement of 4 hydroxylic hydrogens, involving the assumption by the
boryllium of two negative charges. Such compounds are nearly always
doerived from dibasic acids, as in this way the molecule secures the extra
utnbility due to ring formation; but beryllium also gives a remarkable
open-chain complex anion in the complex ethoxide K,[Be(O-C,H;),].144

—OH
Catechol O
—OH

forrus chelate rings very readily by the replacement of its two hydr-
oxylic hydrogen atoms. The stable beryllium complex must have two
such rings (since each involves two covalencies), and hence have 4 hydro-
gous replaced by one berylliumn atom ; this is only possible if the beryllium
has acquired two electrons, so that the complex appears as a divalent
anlon, Alkaline salts of this anion, of the formula M,[Be(CsH ,0,),], = H,0,
oan be obtained by dissolving Be(OH), in alkaline solutions of catechol ;
the NH,, Na, K, and Ba salts are known.!#> In the preparation of these
and other complex beryllium salts it is often found that with excess of
Be(OH), more basic complexes are formed, for example,

(NH,)o[Be,0(CH,0y),1, 5 HyO
(}.e. the dichelate salt+1 BeO). The constitution of these basic salts is
obsoure: they cannot be due to ‘beryllation’ since the Be is already
¢-00valent,

W H, Merwein and T, Borsin, Ann. 1929, 476, 128.
16 A, Rosenheim and I¢. Lolnann, Ann. 1024, 440, 138,
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Similar derivatives are known of salicylic and of o-hydroxy-toluic acids,
which behave as dibasic acids.145 Beryllium salicylate itself is really a salt
of this kind. Bury4 shows that it has the composition

Be(CH,0-CO,), 2H,0;
the presence of only 2 H,O shows that it is not a simple salt, but in the
dimeric form Be[BeSal,], 4 H,O the cation has the necessary 4 molecules.
Bwry finds that this formulation is supported by the conductivity of the
solution, which is small and changes little with the concentration ; for the
meaning of this see below.

Ozxalato- and M alonato-complexes

These acids form auto-complex salts Be[BeA,] with beryllium itself .15
The most remarkable is the oxalate ; it has the coinposition BeC,0,, 3 H,O,
and so has less than the normal 4 H,0 to each Be: it is the only oxalate of
a divalent metal that is readily soluble in water (27-8 per cent. anhydrous
salt at 25°); the oxalates of the other elements of Group II (see list,
{1.221),and those of divalent Sn, Cr, Mn, Fe, and Co, are scarcely, if at all,
soluble. The molecular conductivity is less than a quarter of that of the
sulphate, and is almost constant over a large range of concentrations, as the
following values (corrected for viscosity) show (BeSO, added for com-
parison):

Mol. normality . . 065 0-166 0-032 BeSO, 0-03
Az /25° . . . 11-00 10-22 (min.) 11-13 62

Again the depression of the freezing-point of water indicates very little
dissociation, the van 't Hoff ¢ being between 1-10 and 1-20 for mol.
normalities of 0-18 to 0-02.

All these abnormalities can be explained if we assume that in the solu-
tion we have mainly an equilibrium between a non-ionized (hydrated)
monochelate compound and a highly dissociated dichelate complex salt:

0—C=0
2 Be< |
0—C=0

Each oxalate-group will probably carry one H,0O (compare K,0x,H,0:

(NH,),0x,H,0: (NH,),[HgOx,], 2 H,0: the K, and (NH,), salts
M;[CrOx,], 3 Hy0:

all salts of cations that are rarely if ever hydrated), so that BeOx will have
3 H,0, and Be[BeOx,]6H,0—both 3 HyO per Be. The van ’t Hoff ¢ is near
unity, since on either side of the equation we have one molecule per Be
atom ; the molecular conductivity is independent of dilution as the number
of molecules on the two sides of the equation is the same. The existence
of a non-ionized form of the oxalate explains why oxalic acid is able!47 to
form a solid solution with its beryllium salt.

Ut . K. Jones, W, E. Hamer, (. W. Davion, and C. R. Bury, J. Phys. Chem. 1980,

34, 5a8,
147 N, V. Bidgwiok and N. B. Lewis, J.C.8. 1086, 1287, 2538,

== Be[Be(C,0,).].
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The existence of a complex ion [BeOx,]™ ™ is supported by that of series
of double oxalates of this type, such as Na,[BeOx,],H,0.149,150

Beryllium malonate behaves similarly!4?; its conductivity is low and
constant. Double malonates M,[Be(mal),], x H,0 have been obtained.150

Sulphato-Complexes

Beryllium sulphate behaves as a normal electrolyte; it has the crystal
structurels? to be expected of the salt [Be(OH,),]-(SO,), and there is no
evidence of the occurrence of any considerable amount of complex ions in
the solution ; the same is true of the selenate. Double sulphates of beryl-
lium occur, but this does not show that they are complex: the alums are
known not to be complex and the double salts of the vitriols, such as the
familiar (NH,),SO,, FeSO,, 6 H,0, are probably not so either. Those of
beryllium, however, are of another type,'54-$ M,SO,, BeSO,, 2 H,0 (and
nlso anhydrous); the NH, and K salts have been obtained,152-3157-9 the
lntter being formed over a considerable range of concentrations. The low
hydration is good evidence of the absence of Be cations, which would
roquire 4 H,0. The salts are no doubt of dichelate structure, with the
2 H,0 attached to the SO, as in so many sulphates,

) TN Npe N
O‘/ \0/ \0/ \0

Sulphur Complexes

Considering the strong tendency of beryllium to combine with water,
it is remarkable that it has scarcely any affinity for hydrogen sulphide.
The only co-ordination compound with sulphur that has been described
in BeBr,, 2 H,S,! and even this is comparatively unstable. It is only
formed at low temperature, and its dissociation tension is 94:5 mm. at 0°
(1/84 of that of liquid H,S at C°).

Complex Halivdes

Beryllium forms a well-marked series of complex fluorides, the fluoro-
beryllates, derived from the acid H,BeF,. Salts of a lower fluoride, such

1w H, Ley, Z. phys. Chem. 1899, 30, 245.

140 G, N. Wyrouboff, Bull. Soc. Min. 1902, 25, 83 ; Z. Krist. 1904, 39, 310.
*80 A, Rosenheim and P. Woge, Z. anorg. Chem. 1897, 15, 292.

181 J, Meyer and E. Mantel, ib. 1922, 123, 43.

188 H., T. S. Britton and A. J. Allmand, J.C.S. 1921, 119, 1463.

183 H, T. S. Britton, ib. 1922, 121, 2612.

15¢ W, Schrdder, E. Neumann, and J. Altdorf, Z. anorg. Chem. 1936, 228, 129.
18 VW, Schréder, J. Hahnrath, and E. Kehren, ib. 1938, 239, 39.

i8¢ W, Schréder, H. Hompesch, and P. Mirbach, ib. 225.

187 W, Schréder and W. Kleese, ib. 399.

188 W, Schréder and H. Schwedt, Z. anorg. Chem. 1939, 240, 50.

118 W, Schrédder, U. Beockmann, and W. Ausel, ib. 1939, 241, 179.

1 O, A, Beovers and H, Lipson, Z. Krist. 1032, 82, 297.

161 W, Biltz and (. Keunooke, Z. anorg. Chem. 1928, 147, 188,
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as KBeF3, can be got by using excess of BeF,, but they are unstable, and
on recrystallization from water are converted into the tetra-compounds.
The fluoroberyllates have long been knownl®?3; they can usually be
recrystallized from water, and though the solution gives reactions for the
simple ions, showing that it is to some extent dissociated, the beryllium
goes on electrolysis to the anode. They can be made by dissolving
beryllium oxide in the acid fluoride, or in the dry way!ét by heating
sodium fluosilicate with beryllium oxide at 700-800°. For the crystal
structure of K,BeF, see reference.16

In their solubilities the fluoroberyllates are very like the sulphates. The
nlkaline salts are very soluble, and those of the alkaline earths relatively
insoluble. The Co”, Ni, and Zn salts!8? are soluble, crystallize with 6 and
7 H,0 like the vitriols, and like them form with the alkalis double salts
MM"(BeF,),, 6 H,O; it is even possible to get mixed salts, such as
IK,N1(BeF,,S0,)6H,0; cupric fluoroberyllate has 5 HyO. There are, how-
ever, some differences ; Ag,BeF, is very soluble, while Ag,S0, is relatively
ingoluble. These similarities are evidently duci®® to these two series of
salts having anions of the same valency and structure, and nearly the same
size. Other examples of such similarities will be found later (see, for
example, ITI. 410; VI. 1044; VII. 1297).

The corresponding complex chlorides M,[BeCl,] and M"[BeCl,] are much
less stable, and our only evidence of their existence is derived from the
freezing-point diagrams of mixtures of beryllium chloride with other
chlorides!®-?; these show the formation of the double salts Li,BeCl,,
Na,BeCl,, T1,BeCl,, and BaBeCl,; the corresponding salts of silver, lead,
and cadmium do not seem to be formed.

%2 G, Kriiss and H. Moraht, Ann. 1890, 260, 161.

183 N. N. Ray, Z. anorg. Chem. 1931, 201, 289; 1932, 205, 257 ; 206, 209; 1936,
227, 32, 103 ; 1939, 241, 165.

104 A, V. Novoselova, O. I. Vorobieva, and N. D. Nagorskaja, J. Gen. Chem.
Russ. 1937, 7, 2789.

185 R. Hultgren, Z. Krest. 1934, 88, 233.

168 N. N. Ray, Z. anorg. Chem. 1932, 205, 257.

107 J. M. Schmidt, Bull. Soc. Chim. 1926, [iv] 39, 1686.

168 Id., Ann. Chim. 1929, [x] 11, 351.

19% H. O’Daniel and L. Tscheischwili, Z. Krist. 1942, 104, 124,
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MAGNESIUM, CALCIUM, STRONTIUM,
BARIUM, RADIUM

THE gap between magnesium and the succeeding elements is sufficient to
make it desirable to treat the magnesium compounds separately ; but in
the general discussion we may include it along with the alkaline-earth
metals proper, the elements from calcium to radium.

In all these elements the tendency to ionization predominates, increasing
of course with the atomic number ; hence, from the practical point of view,
their chemistry is mainly the chemistry of the salts, that is, of the divalent
cations. The most important properties of these, as of all salts, are the
solubilities in water and the hydration. The values of these properties for
the more important salts of all the metals including beryllium are given
in Tables I, II, and III (pp. 220-1). Table I gives the solubilities in g. (or
mg.) of anhydrous salt to 100 g. of water at a temperature not far from
20°; Table 1T the same expressed as moles of salt to 100 moles of water
(for diluter solutions this is 1-8 times the molarity); Table III gives the
number of moles of water of crystallization.

With the solubilities we have to consider the variations (a¢) with a
ohange of anion, and (b) with a change of cation. We may divide the salts
into (1) the very soluble, where the molecular solubility (molarity) is 1 or
more, (2) the fairly soluble, where it is between 1 and 0-01, and (3) the
slightly soluble where it is less than 0-01. Taking as our standard the
barium salts whose solubility is usually the least and never much more than
Lhe least, we have the following results, where § is the molecular solubility :

S>1 1>8>001 S << 0-01
Chloride Hydroxide Carbonate
Bromide Fluoride Oxalate
Todide Malonate Fluosilicate
Azide Succinate Sulphite
Formate Benzoate Sulphate
Acetate Nitrate Selenate
Nitnte Bromate Chromate
Chlorate Todate
Perchlorate

NSecondly, we have the influence of the cation on the solubility. For the
wlkaline earth metals proper, this is almost always in the order Ca>Sr >Ba.
"This holds (if we disregard small departures from the regular order) for
the chlorides, bromides, iodides, azides, succinates, fluosilicates, nitrates,
nitrites, sulphites, sulphates, selenates, chromates, chlorates, bromates,
and iodates. Of the few radium salts whose solubilities are known the
chloride, bromide, and sulphate fall into line, being less soluble than their
barlum analogues; the nitrate is slightly more soluble than the barium
anlt.

The only salts which show the reverse order (Ca < Ba)are the hydroxides,
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fluorides, and oxalates (we do not have the distinction between the salts
of strong and those of weak acids which occurs in the alkali metal salts).
The perchlorates (including those of beryllium and magnesium) differ but
little in solubility, and the same is true of most of the organic salts (for-
mates, acetates, malonates, benzoates). The magnesium salts usually fall
into line with the rest, or nearly so; sometimes the excess of solubility is
larger than we should expect: this is especially marked in the sulphate,
selenate, and chromate. With the oxalates the order is reversed by mag-
nesium and beryllium, the relative solubilities being approximately

Be 55000; Mg 43; Ca 1; Sr 3-8; Ba 8.

Comparatively few of the beryllium salts have had their solubilities
determined (only 7 out of the 24 in the table) ; their only noticeable depar-
tures from regularity are the high solubilities of the oxalate (already men-
tioned) and of the fluoride, which is nearly 3,000 times as soluble in water
as magnesium fluoride.

The values of the hydration in the solid salts (Table III) are a measure
of the tendency of the ions to co-ordinate with oxygen; with regard to
beryllium it must be remembered that its covalency limit is 4, and that its
salts have been much less thoroughly investigated than those of the other
elements.

TaABLE I. Solubilities in G. or Mg(m.) Anhydrous Salt to 100 Q. Water,
at 20°+5° C. (Temp. 25° unless otherwise stated)

Be Mg Ca Sr Ba Ra

M(OH), 0-055 m./18°| 1-89 m./18°| 0-131/18° 0-89/25° 4-18/25°
MF, ca. 50/o.t. | 12:0m./18 | 2-63 m./18 | 11-7 m./18 | 0-209 g./18
McCl,y Large 54-1/20° 81-5/20° 555/20 37-2 24-5
MBr, Large 1025 1400 99-7 104:1/20° | 70-6
MI, Large 140-0/20 204/20 179-6/20 | 205:3/20
M(Ng), .. .. 44-9/15° 45-8/16° 17-4/17°

COy .. 1-13m. {(0-62 m./39°)| 0-59 m./18 | 0-86 m./18
M Formate .. 8-1/o.t. 17-0 9-47/20 31-3/20°
M Acetate .. 63-4/20° 34.7/20° 40-8/20 | 72-8/22°
M Oxalate 331 0-030/18 | 0-80m./18 | 416 m./18 | 11-2m./18°
M Malonate .. .. 0-371 0-524 0-227
M Succinate .. 32-2/15° 1-25/25 0-382 0-406
M Benzoate .. 6-36 311 5-4 4-5
MBSiF -. 61-0 10-6 . 0-025
M(NO,), .. 92-0 98-2/20 68-6/20 67-5/20
M(NOg), 108-4 75-1 121/18° 70-8/20 9-1/20 13-9/20°
MSO, .. 0-65 0-167/15° 33m./18 | 2:17 m./18°
MS8O, 42-2 35-8/20 0-107 11-4 m./18°] 0-222m. | 0-002 m,
M8eO, 56-8 379 7-39 .. 8-15 m./18°
MCro, .. 72:4 2-28/20 0-096 0-319 m.
M8,0, . 52-9 27-9 148 20-9
M(Cl10y4), . 146-9 1945 174-9/18 33-8/20
M(BrO,) o 48/ca. 18 co, 00/18 31/18 0-852/20°
M(10,), -b 8-50 0-307 0-026/16~ 0-0422
M(CIQ,), 1469 08 188:6 809.7 108:3




Alkaline Earth Salts

TaBLE II. Solubilities in Moles of Salt to 100 Moles Water at the same
Temperatures (X -° stands for X x 10-5)

221

Be | Mg Ca Sr Ba Ra
M(OH), 2:31-5 | p5g-4-s 3,170-5 15,500-5 | 49,000-5
(0-49)
MF, 10 346-5 58:4-5 168-5 2,140-5
(0-02)

MCl, Large 10-2 13-2 6-30 3:22 1-49
MBr, Large 100 12-6 7-25 6-31 3-30
MI, Large | 906 12-5 9-48 945
M(Ny), .. | .. 6-51 480 114
MCOg4 i 24.1-% 11-1-3 7-21-% 7-85-5
M Formate 1-28 2-35 0-96 2-48
M Acetate . 8-02 3-95 356 513
M Oxalate 6-14 4805 1.2-3 42-6-5 89-5-5
M Malonate .. 0-047 0-0498 0-0171
M Succimate 413 0-144 0-0338 0-0288
M Benzoate 0-430 0-198 0-295 0-214
MSiF, 661 1-05 .. 161-3
M(NO,), .o 14-2 13-4 6-87 5-30
M(NOg), 147 912 133 6-03 0-627 0715
MSO, .. 0-112 0-0250 358 18-
M5O, 7-22 5-35 1,410-8 112-5 1-71-5 0-0117-5
MSeO, 6-72 4-07 0-727 .. 0-000523
MCrQ, 9-29 0-263 0-0085 2:27-8
M(C10,), 1383 174 1236 2-00
M(13r0g), 28 55 18 0-029
M(10,), . 0-412 0-0142 107-5 156-%
M(C10,), 12:7 805 14-21 19-46 10-61

TaBLE III. Water of Crystallization of Salts

Be Mg Ca Sr Ba Ra
M(OH), 0 0 0 821 81
MO, .. ? 8 8 8
mcl, 4 12,8,6,4 | 64,21 6,21 2 2
MBr, 4 10, 6, 4 6 6,2 2,1 2
M, .. 10, 8, 6 6 6 2,1 76, 2,1
MO0, 4 5,3, 1 6,1 0 0
M Formate 0 2 0 2 0
M Acetate .- 4 2,1 4, 1/2 31
M Oxalate 3 2 0 25, 1 36, 2, 05
M(NO,), .. 9,63 1 1 1
M(NOy), 4 9, 6,2 4,32 4 0
M8, .. 6,3 2 0 0
MSO, 4,2 | 12,7,6,1 2, 05 0 0
MKeO, 4 7,621 .. 0 0
M(CIO,), . 6, 4 2 13 1
M(BrO,), .. 6 1 1 1
M(LOy)g .. 10, 4 6, 1 6, 1 1
M(C10,), 4 6,4,3,2 0 4, 2, 2/3 31
M(10y), . 10 e 6 0
Moan highest | 8-4 (8) 7 (18) 3-0 (17) 38 (18) 2-3 (18) 2:0 (2)

(and no. of .
neltn)
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MAGNESIUM

MaoNEsioM is one of the commonest elements in the earth’s crust, of
which it forms 2-1 per cent., and is'very widely distributed, being found in
the animal and vegetable kingdoms as well as in rocks, and also in the sea,
which last contains on the average about 0-13 per cent., and from which it
is extracted commercially.}70

There has been much argument!? as to whether magnesium has the
properties of a member of Group II A (alkaline earth metals) or II B
(zine, cadmium, mercury) ; in fact of course it has resemblances to both. It
is found in nature rather with the A elements than with the B. In its
chemistry it shows analogies to both subgroups: in its power of complex
formation it stands between the two, and seems to come nearer to B than
to A, but this is a natural result of its small size, which gives it a deforming
power that partly offsets the effect of the inert gas structure of the ion.

The jon Mg** is that of a strong base, whose salts are relatively little
hydrolysed, and when they are derived from strong acids have a neutral
reaction. It has a distinet tendency to form complexes, as is shown by the
numerous hydrated salts, and by the fall in the transport number as the
concentration increases (e.g. for magnesium chloride 0-37 in a 0-05 equiva-
lent normal solution and 0-29 in a normal solution).

Metallic Magnesium

Technically, magnesium is by far the most important ‘metal of the sub-
group. It is commonly made by the electrolysis of fused anhydrous
magnesium chloride, obtained from carnallite (MgCl,, KCl, 6 H,0) or in
other ways, at temperatures above the melting-point of magnesium, with
a graphite anode and an iron cathode.

Metallic magnesium melts at 650° and boils at 1,100° C.172 It is stable
in cold dry air, but in moist air it is slowly oxidized; it burns with the
familiar bright flame, whose brightness is partly due to the large evolution
of heat (145-8 k.cals.!”) and partly to the presence of the non-volatile
oxide. It is said to give out 10 per cent. of the energy as visible radiation.

Magnesium has a potential to the normal hydrogen electrode of 1-31
volts ; according to the Nernst equation it would be in equilibrium with
hydrogen under a pressure of 10% atmospheres. It reduces carbon
monoxide, carbon dioxide, sulphur dioxide, nitric oxide, and nitrous oxide
at a red heat, and combines directly with nitrogen, sulphur, the halogens,
phosphosus, and arsenic; at 200° it reacts with methyl alcohol to give
magnesium methylate Mg(O - CH,),.

170 The Dow Chemieal Co. Inc. has built a 5-million dollar plant for the extraction
of magnesium from sea.water at Freeport, Texas (J. Ind. Eng. Chem., News Edn.
1940, 18, 420).

171 See, for example, P, Pfeiffer, Z. angew. Chem. 1924, 37, 41,

178 H, Hartmonn and R. Bohneider, Z. anorg. Chem. 1029, 180, 282; W. Leit-
gebel, ib, 1931, 202, 808.

1% W, A, Roth and G, Beokor, &, physikal. Chem, 1088, 159, 1,
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Magnesium is of great value as a constituent of light alloys, such as
magnalium, a magnesium-aluminium alloy with a density of 2-0 to 2-5,
and Griesheim electron-metal (80 per cent. of magnesium with small
amounts of aluminium, zine, copper, and manganese) of density 1-8. Like
magnesium itself, these alloys are all stable in air under a thin protective
layer of oxide, but are not permanent under water.

Magnesium Hydride
The spectrum of magnesium vapour in hydrogen at low pressures gives
bands which are due to a hydride MgH, and the spectrum of the corre-
sponding deuteride MgD has also been obtained. But of the existence of a
solid isolable hydride MgH, there is no satisfactory evidence.17-5

Magnesium and Carbon

Under this head are included the binary carbides of magnesium, and also
the very large and important group of alkyl and aryl magnesium halides
(the Grignard reagents) together with the magnesium dialkyls and diaryls.

There are two binary carbides of magnesium, which cannot be got pure
enough for analysis, but from their behaviour must have the compositions
MgC, and Mg,C,. Neither can be made by heating magnesium or its oxide
with carbon to a high temperature, and both are thermodynamically
unstable above 800°. They can only be madel”® by heating the metal with
acetylene or other hydrocarbons. With acetylene magnesium begins to
react at about 400° to form the carbide MgC,, of which a maximum yield
of some 30 per cent. is got at 500°. This carbide on treatment with water
ix at once decomposed into acetylene and magnesium hydroxide:

MgC, -{ 2 H,0 . = Mg(OH), -- CoH,,
and is no doubt the maguesimn salt of acetylene Mg[C=C(], correspond-
ing to calcium carbide. Its spontaneous formation from
Br-Mg—C=C—Mg-Br
in described later (L. 231).

The second carbide Mg,C,, which is of a unique tyvpe, is also formed from
the metal and acetylene, but at a higher temperature (about 600°); it is,
however, best made by heating the magnesium with methane or pentane
lustead of acetylene; the action begins about 700° and the temperature
should not rise above 800°; in this reaction practically no MgC, is formed.
"These two carbides give quite different X-ray powder diagrams.!’” The
necond carbide, like the first, cannot be got pure enough for analysis; its
womposition is inferred from the fact that it reacts with water to give
allylene (methyl acetylene):

Mg,Cs + 4H,0 = 2 Mg(OH), + CH,—C=C—H.

17¢ ' W. H. Zartmann and H. Adkins, J.4.C.S. 1932, 54, 3398.

178 H, Gilman, A. L. Jacoby, and H. Ludeman, J.4.C.S. 1938, 60, 2336.

1% J, Novak, Z. physikal. Chem. 1910, 73, 518.

177 H, H, Franock, M, A, Bredig, and Kin Heing Ko, Z. anory. Chem. 1987,232,110.
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The production of this hydrocarbon is very remarkable. The carbide
itself must be supposed to be the salt of the symmetrical anion [C=C==C]*-,
and would be expected to give on hydrolysis not allylene CH;-C==C-H but
allene ; there are, however, other indications that the interconversion of
allylene and allene ’

CH;-C=C-H = H,C=C=CH,

is easy. The spectra show that the proportion of allene is 6 per cent. at 82°
and 19 per cent. at 600°.178% If sodium is heated with an ethereal solution
of allene at 100° it is converted into a white powder which evolves allylene
on treatment with water'8® and may be supposed to be or to contain the
sodium salt [CH,-C=C]Na.

Magnestum Alkyl and Aryl Compounds

This group includes the dialkyl and diaryl compounds, and also the
mono-alkyl and aryl* halides, which are of great importance owing to their
use in the multifarious Grignard syntheses; this latter class may be con-
sidered first.

Magnesium Alkyl and Aryl Halides

These compounds were discovered by Grignard in 190018!; they have
since been the subject of innumerable investigations,f owing to their
great value in organic synthesis. The results have been summarized in
numerous monographs and elsewhere!®?; an admirable account on a rather
smaller scale is given by Krause and v. Grosse.1%3

The magnesium alkyl and aryl halides (generally known as ‘Grignard
reagents’) are easy to prepare and to use; they are formed by the action
of metallic magnesium on the alkyl or aryl halide in ethereal solution:

Mg + R-hal = R-Mg-hal.

* There is no very marked difference between the alkyl and aryl compounds ; as
no one has invented a term to cover both kinds of radicals, the word alkyl will be
used here to include aryl as well unless the contrary is stated [or is obvious].

1 In the first 8 years after their discovery more than 800 papers on the subject
were published.

178 D, A. Frank-Kamenetski and V. G. Markovitsch, Acta. Phys.-Chem. U.R.S.S.
1942, 17, 308.

170 1d. J. Gen. Chem. Russ. 1942, 12, 619.

180 G. Gustavson and N. I. Demjanoff, J. prakt. Chem. 1888, [2] 38, 201.

181 V., Grignard, C.R. 1900, 130, 1322; 1901, 132, 336, 558, 560; Ann. Chim.
Phys. 1901, 24, 437.

188 Tror example, Julius Schmidt, 4 hrens Sammiung, x (1905), xiii (1908) ; F. Runge,
Organigsche Magnesium-Verbindungen, Stuttgart, 1932; W. Schlenk in Houben-
Weyl’s Methoden d. organ. Chemie, od. 2, Bd. iv. 777-805.

18 B, Krauss and A. v. Grosse, Chemie d, Metall-organisohen Verbindungen,
Berlin, 1087, pp. 14-80.
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In this solution they are but slightly oxidized by the air, being to some
extent protected by the layer of ether vapour over theliquid, so that as a
rule it is not necessary to use an indifferent gas; the material must be
dried with care, but ordinary care is sufficient.

In most cases the original magnesium compound is not isolated, but the
solution immediately used for the synthesis, the second organic component,
usually dissolved in ether or benzene, being added as soon as the magnesium
has gone into solution. The reactivity essentially depends on the fact that
magnesium has a much weaker affinity for carbon than for oxygen, nitro-
gen, or the halogens, so that it very readily exchanges its hydrocarbon
radical for one of the other elements. The number of reactions which the
Grignard reagents can undergo is enormous!®; the following are a few
of the more important, classed under the element which replaces the carbon
on the magnesium atom:

Oxygen
R-Mg-I + H,0 =R-H + MgIOH

+ HzCO = R.CHz‘O‘MgI
— R-CH,O0H

H R\
vou, o = CH.0-Mgl
*No  on

R
— \CH-OH
cH
4 (CH,),C—=0 = R(CHy),C-OH
0.Et R
! = R'— MgOEtI
+ R—g<0 R 0<O + Mg

CH,—CH
+ N/ "=R-CH, -CH,-0-MgI
0
> R.CH,-CH,.OH

Nitrogen
R-Mg-I + NH; = R-H + I.Mg-NH,

R\
4+ N=C.R'=  C=N.Mgl
R

1N
s " \C=0 + NH, + MgIOH
R/

18¢ Tor a full lint aec Krause and v. Grosse, pp. 47-59.
nu ) q
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Halogens
R-Mg-I 4+ HCl = R-H + ClMgI

+ R'Br = R—R’ + BrMgl

The Grignard reagents can also be used to make the alkyl derivatives
of many other metals, for example:

AuBr; 4 2 CH;. MgBr = (C,H;),AuBr 4 2 MgBr,.

Some further points in connexion with their preparation and reactions may
be mentioned. They are usually prepared in solution in diethyl ether.
Other ethers than diethyl ether can be used, especially when it is desirable
to work at higher temperatures (di-isoamyl ether boils at 176°). It is
theoretically interesting that tertiary amines such as dimethyl aniline or
pyridine can be used as solvents in their preparation, and even the dialkyl
others of sulphur selenium and tellurium.!%

"The rate of formation of the Grignard reagent increases with the atomic
woight of the halogen in the order F € Cl < Br < I (the heats of formation
of the links to carbon are C—F 103-4; C—Cl 78:0; CBr 65-5; C—I 57-0
k.cals.). The fluorides will scarcely react with magnesium at all ; Gilman
hag found!8é that phenyl fluoride must be left with magnesium in the cold
for 18 months before it gives any test for phenyl magnesium fluoride
®-Mg-F, and if the solution is boiled this is at once converted into
inagnesium difluoride and diphenyl: even after phenyl fluoride had been
heated with magnesium in a sealed tube to 300° for 200 hours the amount
of diphenyl formed was only small. The reactivity of the other halogens
is of quite a different order.

Among the chlorides only the alkyl derivatives give satisfactory results;
the aryls are very sluggish. The bromides are on the whole the most com-
monly used ; the iodides are, in fact, often too reactive, and have a strong
tendency to react further, with the production of the hydrocarbon, either

directly®? Mg + 2R-I = R—R + Mg,
or by its action on the Grignard reagent already formed:
R-I+ R-Mg-I =R—R + Mgl,

The rate of formation of the alkyl-halide compound from the metal
depends on the precise conditions ; the reaction is heterogeneous, and the
stirring of the liquid and the state of the metallic surface have a great
influence on the results. The influence of the surface is shown by the
nature of the catalysts which are found to hasten the reaction. The most
usual of these is a trace of iodine (bromine can also be used), which obviously
serves to remove a layer of oxide from the surface ; a previous treatment of
the metal with a small quantity of a particularly active halide such as
ethyl bromide often has the same effect.

iss H, Hepworth, J.C.S. 1981, 119, 1249,

s ¥, Gilmen and L. T, Hook, J.4.0.8. 1981, 83, 877.
i @, O, Johnaon and H, Adkins, ib, 1038, 54, 1043,
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The percentage yield of alkyl-magnesium halide obtainable under the
best conditions has been determined for many of the halides by Gilman
and his co-workers!88; more recently Houben, Boedler, and Fischer!8®
have examined the same question. Since the reaction with the metal is
not reversible, the yield is really a measure of the absence of by-reactions,
and in particular of the so-called Wurtz-Fittig reaction, the formation of
the hydrocarbon R—R ; unless air and moisture are completely excluded,
there is an increasing tendency with the heavier alkyls for this reaction
to interfere, as Grignard found.!?8

The rate of formation of the Grignard reagents has been examined
(under conditions of stirring, etc., that were standardized as far as pos-
sible) by Gilman and his colleagues.!®® The effects of the nature of the
halogen, and of the length and structure of the carbon chain in the alkyl,
is shown by the following figures, which give the percentage yield formed
in 45 seconds at 40°:

n—C,HyCl n—C,HyBr n—C, HyI
59 59-1 47-2
n—CzH,Br n—CHyBr n—C;H,,Br n—CgH, ;Br
58-0 59-1 51-1 44-3
n—CHyBr 150—C,HyBr tert. C;HyBr
59-1 50-2 46-1

They also find that the rate of reaction is greater with the simpler alkyl
halides than with the simpler aryl halides. The fall in the rate (shown
above) on passing from the bromide to the chloride is surprising.

It has recently been shown that the Grignard reagents are present in the
ethereal solution as equilibrium mixtures with the dialkyl magnesium and
the dihalide:

2 R-Mg-hal == MgR, + Mg(hal),.

This may for the present be disregarded; the mixed alkyl magnesium
halides undoubtedly exist in solution and in the solid state, the solids in a
solvated and an unsolvated form. In the solvated form—as etherates19—
they usually have the composition R-Mg-X, 2 Et,0, though compounds
with one and even with three molecules of ether to one magnesium atom
are known. Examples are Et-Mg-I, 2Et,0; C,H;-Mg-Br, 2 Et,0;
o—CoH;-Mg - Br, Et,0. We have already seen that the ethyl ether can
be replaced by other ethers, by their sulphur, selenium, and tellurium
analogues, and by tertiary amines, including pyridine and quinoline, that

188 H, Gilman, et al., ib. 1923, 45, 159, 2462: H. Gilman and R. McCracken,
Reo. Trav. 1927, 46, 463: H. Gilman and E. A. Zoe¢llner, J.4.C.S. 1928, 50, 425;
Reo. Trav. 1928, 47, 10568; E. A. Zoellner, Towa State Coll. J. Sci. 1934, 9, 213: H.
Gilman, E. A. Zoellner, W. M. Selby, and C. Boatner, Rec. Trav. 1935, 54, 584.

8% J, Houben, J. Boedler, and W. Fischer, Ber. 1936, 69, 1766.

190 H, Gilman, E. A, Zoellner, J. B. Dickey, and W. M. Selby, J.4.C.S. 1935, 57,

1081,
131 W, Schlonk and W. Schlenk Jr., Ber. 1929, 62, 821.
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is. by other donor solvents. The etherates are often low nelting and very
soluble in ether, and some of them when concentrated form two liquid
lnyers with the solvent.

It has been said that the etherates are dimeric in solution, but the very
careful measurements by Meisenheimer!%2 of boiling-points in ether show
that the association is not large, and varies continuously with the con-
centration, the association factor being about 1-5 in 2—4 per cent. solu-
tion, and rising to 2 at about 10 per cent. As ether is an associating
solvent, this behaviour is not surprising, and it is compatible with the
minute ionization (much less than 1 per cent.) required by the conductivity
(see below).

The non-solvated form of the alkyl magnesium halides can be made by
driving off ether from the etherates, and also by preparing the compounds
in the absence of a donor solvent such as ether. Tschelinzeff has shown!93
that magnesium will react with organic halides in solvents such as ben-
zone, toluene, and ligroin. The yields obtained with a benzene solution
have been determined by Schlenk?! with rather remarkable results. He
finds the following percentage yields after two months’ shaking of the metal
with a benzene solution of the alkyl iodide:

R.I: R =CH, Et Pr n—Bu n—Hept n—Oct

% yield 0 11 1 96 3 96
This curious alternation in the size of the yields, which are much greater
when the alkyl contains an even number of carbon atoms, is obviously
related to the solubilities of the products, Alk-Mg-hal, which are rela-
tively insoluble in the benzene, and separate in voluminous white flocks,
The alkyl-halide is also formed in the absence of any solvent, but very
slowly, and the product must be continuously removed by stirring or other
mechanical means from the surface of the metal.1®* Aryl halides practically
do not react at all with magnesium in the cold if no solvent is used, except
on heating.195

These compounds are not volatile in a vacuum but, curiously, can be
distilled in a stream of ether vapour, which suggests that the etherate
must be somewhat volatile.1%¢ They are remarkably stable to heat: ethyl
magnesium bromide only suffers about 14 per cent. decomposition in an
hour at 300°.1°7 They combine with ether with great readiness, and a
vonsiderable evolution of heat; the heat effect of increasing quantities of
ether shows that two molecules are taken up!98:

n—CH Mgl  + 1Et,0 2 Et,0 3 Et,0
Heat in k.cals: 6-63 12-30 12-80

102 J, Moisenheimmer and W. Schlichenmaier, Ber. 1928, 61, 720.

193 'W. Tschelintzeff, ib. 1904, 37 4534: 1905, 38, 3664; 1906, 39, 773, 1674,
1682, 1686; 1907, 40, 1487; C.R. 1907, 144, 88.

14 W, Schlenk Jr., Ber, 1981, 64, 739.

198 P, Sohorigin et al., ib. 1081, 64, 2584.

198 1, Gilman and R. E. Brown, J.4.0.8. 1930, 52, 4480.

191 H, Gilmen and J. M. Peterson, Rec, Trav, 1089, 48, 247,

108 1, Lifwohits and O, B, Kalberer, Z, phystkal, Chem. 1083, 102, 808,
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The relative e¢ase of reaction of a particular Grignard reagent in a variety
of syntheses has been examined by Entemann and Johnson!®® and that of
various Grignard reagents with benzonitrile by Gilman et al.200

To explain the structure of these etherates various suggestions, some very
improbable, have been put forward ; but the true solution is now clear; it
was first advanced by Meisenheimer in 1921.291 The two ether molecules
co-ordinate through the oxygen with the magnesium atom of the covalent
alkyl-halide molecule, completing its octet, and giving, for example,

Et. 0\ /R
Etzo/ N\l

The Grignard synthesis, for instance with acetone, is then simply explained.
The ketone first replaces one of the ether molecules (doubly linked oxygen
is normally a more active donor than singly linked), and the alkyl group
then migrates to the carbonyl carbon, its place being taken by another
ether molecule:

CH, CHa Ak
Et,0 Alk C=0 Alk
Ny / — > CH, >Mg< —> cH \0\ /OEt,
Etzo/ F\hal Et,0 hal e
Et,0 al

This view is supported by the observation202 that magnesium bromide and
iodide crystallizes with two molecules of ether, and that the product when
treated with an aldehyde has one molecule of ether replaced by a mole-
cule of the aldehyde:

Et20\ R- CHO\ /Br
Et, o \Br Bt 0/ e

The tertiary amines which can be used in the Grignard reaction in the
place of ether must form similar compounds

RN\, Alk
RN “hal

There is no reason to doubt the covalent structure of these molecules in
the solid state, and for the most part in solution; but in their solutions,
oither in ether or in a mixture of ether and benzene, they give indications
of the presence of ions, and behave to some extent as electrolytes. The
solutions have been shown to have measurable conductivities?%-4 and

109 C, E. Entemann and J. R. Johnson, J.4.C.S. 1933, 55, 2900.

80 H. Gilman, E. L. and N. B. St. John, and M. Lichtenwalter, Rec. Trav. 1938,
58, 577-590.

#ol J. Moisenhoimor and J. Casper, Ber. 1921, 54, 1855.

198 10, 3. Ahrons and A. Stapler, ib. 1905, 38, 3265.

W08 W, V. Evans and F. H, Loo, J.4.0.8. 1938, 55, 1474.

fo¢ Id., ib, 19384, B6, 854,
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decomposition potentials,295-6 and on electrolysis they break up into the
metal and an equimolecular mixture of paraffin and olefine (for example,
Et-Mg- Br gives Mg+ C,Hg+C,H,), in the quantities required by Fara-
duy’s law.207-® These facts make it clear that the solute is to some extent
fonized, but the value of the conductivity shows that the extent must be
very small: the specific conductivity of a normal solution of ethyl mag-
nesium bromide in ether at 20°203.210 jg only 6-14 X 10-%, which is about a
thousandth of that of an aqueous solution of potassium chloride at the
sune dilution, in spite of the fluidity of ether being nearly 4 times (3-82
times) that of water. It is to be presumed that the ions are [R-Mg]* and
[Br]™, no doubt to some extent solvated. Since the solution contains
magnosium dialkyl and magnesium dihalide as well as alkyl magnesium
halide, it might be supposed that the ionized molecule was the dihalide,
but it is found?°3 that a normal solution of ethyl magnesium bromide in
ethor at 20° conduets more than 3 times as well as one of magnesium di-
bromide. Now the normal ethyl magnesium bromide solution is known
to contain 0-4 normal ethyl magnesium bromide, 0-3 normal magnesium
diethyl (which presumably does not conduct), and 0-3 normal magnesium
bromide; if the dissociation of the magnesium bromide is the same here
a8 in a normal solution, the specific conductivity of ethyl magnesium
bromide must be some 7 times as great as that of magnesium dibromide.

Where a hydrocarbon has a peculiarly active or acidic hydrogen atom
(like acetylene and cyclopentadiene and their derivatives), the magnesium
compound can be made by the action of the hydrocarbon itself on an alkyl
magnesium halide; thus if acetylene is passed into a solution of ethyl
magnesium bromide®! the reaction

2 EtMgBr +4- HC=CH = 2C,H; + Br-Mg-C=C-Mg-Br

takes place. This acetylene derivative, and the corresponding iodide,
behave in a very remarkable way.?'? When first prepared the compound
soparates as a viscous oil, which is quite free from ether; this has the
usual reactions of the Grignard reagents with all kind of organic and
inorganic substances. But on standing for several weeks this oil changes
into a solid crystalline mass, which does not melt below a very high
temperature, and has lost all its reactivity except with water, with which
It rogenerates acetylene, showing that the C=C group has not been funda-
mentally altered. This change occurs in a few hours in solution in bromo-
benzene or allyl bromide, and in a few minutes on warming to 50°.

108 W, V. Evans, F. H. Lee, and C. H. Lee, J.4.C.S. 1935, 57, 489,
208 W, V. Evans, R. Pearson, and D. Braithwaite, ib. 1941, 63, 2574.
207 1.. W. Gaddum and H. E. French, ib. 1927, 49, 1295.

808 W, V. Evans and D. Braithwaite, ib. 1939, 61, 898.

109 W, V. Evans, D. Braithwaite, and E. Field, ib. 1940, 62, 534.

910 N. V. Kondyrev. and A. K. Ssusi, Ber, 1929, 62, 1856,

#1 A, Wohl and B. Mydo, ib. 1922, 55, 322.

08 H, Kleinfoller, {b, 1080, 63, 2736,
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It is evident that the same disproportionation has taken place here as
occurs with the alkyl magnesium halides:

Br-Mg—C=C—Mg-Br —> MgBr, + MgC,:

but that what corresponds to the dialkyl is here the carbide, which goes
over, as we should expect, into the ionized form, and so loses the reactivity,
which depends on the presence of the metal-carbon link. In solution the
disproportionation leads to an equilibrium, but in this case, where the
products are solid, the reaction necessarily proceeds to completion. It is
evident that the original viscous liquid contained a substance in which the
acetylene carbons were covalently linked to magnesium, but why this
compound does not form an etherate, like all others with this link, has not
been explained. Cyclopentadiene, indene, and fluorene will displace the
ethyl group from the Grignard reagent in the same way as acetylene 2'3

According to Gilman and Kirby?# alkyl magnesium bromides can add on
to compounds with conjugated double links either in the 1, 2 or in the 1,
4 positions,

A property of these Grignard solutions which is of great practical
importance is their reaction with atmospheric oxygen. While they are by
no means so sensitive to air as the zine alkyls, and do not as a rule require
their reactions to be carried out in an indifferent atmosphere, the Grignard
reagents are slowly oxidized by air, mainly to alcohols and phenols, prob-
ably with the intermediate production of peroxides?15-17 (see later under
zine alkyls, II. 266):

R-Mg-Br + 40, = R-0-Mg-Br —> R-OH.

The layer of ether vapour usually protects the solution from this reaction,
but it has been pointed out?® that at 0° or below this vapour is much less
effective, and serious losses through oxidation may occur. It was found
that one sample in ethereal solution was conipletely oxidized at room
temperature in an hour, and at 0°, with slow stirring, in 3-8 minutes.

The oxidation is accompanied by a faint chemi-luminescence??-21; the
heat of oxidation is about 60 k.cals,

A delicate colour test for the Grignard reagents in solution was found by
Gilman?22-5 using Michler’s ketone.

2 Q. Courtot, Ann. Chim. 1915, {9] 4, 58.
214 H. Gilman and R. H. Kirby, J.4.C.8. 1941, 63, 2046.

215 J, Meisenheimer, Ber. 1928, 61, 708.

216 C, W. Porter and C. Steel, J.4.C.S. 1920, 42, 2650.

217 H, Wuyts, C.R. 1909, 148, 930.

218 M. T. Goebel and C. S. Marvel, J.A.C.S. 1933, 55, 1693.

2% J, Schmidlin, Ber. 1912, 45, 3172,

220 R, T. Dufford, J.4.C.S. 1928, 50, 1822.

81 T. Lifschitz and O. E. Kalberer, Z. physikal. Chem. 1922, 102, 393.
88 H, Gilman and F. Schulze, J.4.C.S. 1925, 47, 2002.

898 Td., Bull. Soc. Ohim. 1927, [iv] 41, 1479.

14 H, Gilman and L. L. Hock, Rec. Trav. 1929, 48, 198.

185 H, Gilman and R. G. Jones, J.4.0.8. 1940, 62, 19843,
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Equilibrium of Dialkyls and Alkyl-halides
The equilibrium
2 R-Mg-hal == MgR, + Mg(hal),
was first suggested by Quelet??® and investigated by the Schlenks?26-7;

it has since been confirmed in other ways by Cope.226
The Schlenks showed that dioxane

CH,—CH
0 Ve 2\0

\CH,—CH,;”

in solution gives insoluble addition products not only with magnesium
dihalides, but also with alkyl magnesium halides. If a solution of a Grig-
nard reagent is treated with dioxane, the whole of the halogen is precipi-
tated in these two forms, but a certain amount of magnesium remains in
solution as the dialkyl. That the dioxane causes no fundamental change,
but merely replaces the ether as a co-ordinated molecule, is shown by the
fact that the precipitated R-Mg-hal product still gives all the usual
Grignard reactions.

Thus by precipitating with dioxane, filtering and analysing the filtrate,
we can ascertain the proportions of the dialkyl, the alkyl-halide, and the
dihalide, in the solutions.

The Schlenks were able to show (1) that both the mono- and the dialkyl
derivatives are able to give the characteristic synthetic reactions. Thus
a solution of phenyl magnesium bromide reacts with benzophenone to
give the derivative of diphenyl magnesium ®,C—0—Mg—O0—C®,, while
with fluorenone it gives the mono-phenyl magnesium derivative
R—O—Mg-Br. (2) The disproportionation is not an instantaneous reac-
tion, but may need some hours at the ordinary temperature to reach
equilibrium. (3) The proportions at equilibrium are not affected by a
change in concentration in the ratio of 10 to 1, from which it follows that
the alkyl halide compound must be monomeric (R- Mg -X) and not dimeric
(as in MgR,, MgX,). (4) The effect on the proportions of the nature of the
halogen and also of the hydrocarbon radical were examined by Schlenk?27
and also by Johnson and Adkins?3°; their more important results are given
in the following table, which states the molecular percentage of dialkyl
magnesium MgR, present in the solution.

Percentages of MgR, at equilibrium at 20°

R R-Mg-Cl | R-Mg-Br | R-Mg-I
CH, .. .. 65
Et 42-5 29-5 28:5
Pr 415 38 38

_ Bu 46 45 43
Ter. Bu 39 28 ..
Phenyl .. 35 31

Apart from the methyl compound the variations are not large.
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The question has been further examined by Cope,2! who confirms the
previous conclusions in general, and extends them by showing that the
percentage of dialkyl magnesium at equilibrium is greater at higher tem-
peratures, and is less in butyl than in ethyl ether.

Magnesium Dialkyls and Diaryls

Magnesium diethyl Mg(C,H;), was obtained in 1866 by Wanklyn, who
made it from zine ethyl through the sodium and mercury compounds, and
again by Lohr (1891) and Tleck (1893), who also prepared the diphenyl
compound ; but their products were impure. The pure diethyl and diphenyl
compounds were made by W. Schlenk Jr.,227 by the action of the metal on
a solution of mercury diethyl or diphenyl in ether.

Magnesium diethyl is thus obtained as a mono-etherate MgEt,, Et,0,
which is solid at 0° but liquid at the ordinary temperature. It is spon-
taneously inflammable in air, and reacts explosively with water.

The etherates lose their ether on heating in vacuo, leaving the dialkyl
compounds Mg(alk),.

A whole series of these dialkyls (methyl, etliyl, propyl, butyl) have been
made in the ether-free state; they are all white substances and scarcely
volatile even in a vacuum, so that they are presumably much more highly
polymerized than the beryllium alkyls. The methyl compound is, however,
perceptibly volatile, and if methyl magnesium chloride is heated to 190°
under 0-2 mm. pressure, dimethyl magnesium sublimes away®?%; the
higher homologues seem to be quite non-volatile.?3%¢ They are insoluble
in all ordinary solvents other than ether, and, like the Grignard reagents
themselves, are remarkably stable to heat; they can be heated without
decomposition to temperatures from 200° to 250°; but they are extra-
ordinarily reactive, and so readily oxidized that they catch fire even in
carbon dioxide: they can be used only in an atmosphere of dry nitrogen
or hydrogen. They are violently decomposed by water, alcohols, and
ammonia, with liberation of the hydrocarbon R-H; with halogens they
give first the alkyl magnesium halide

MgR, + X, = R-Mg-X + R-X,
and then magnesium dihalide. They form etherates which usually have low
melting-points (much lower than many of the etherates of the alkyl-
halides) and are excessively soluble in ether: even the methyl compound
Mg(CH,), gives a 16 per cent. solution in cold ether.
Magnesium diphenyl can be made by the action of magnesium on a

228 'W. Schlenk and W. Schlenk Jr., Ber. 1929, 62, 920.

227 ‘W, Schlenk Jr., ib. 1931, 64, 734, 736.

228 R. Quelet, Bull. Soc. Chim. 19217, [iv] 41, 033,

229 A, C. Cope, J.A.C.S. 1934, 56, 1578.

280 G. O. Johnson and H. Adkins, ib. 1932, 54, 1943.

31 A, C. Cope, ib. 1935, 57, 2238.

988 H, Gilman and R. E. Brown, Rec. Trav. 1929, 48, 1133.
888 1d., ib. 1930, 49, 724.

94 Id., J.A4.0.8. 1930, 52, 5045,
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solution of mercury diphenyl in ether at the ordinary temperature,?2? or
in the absence of a solvent at 200°235 in an atmosphere of dry nitrogen.
In the non-solvated state it is a colourless substance which on heating
does not decompose until 280°, where it dissociates into magnesium and
diphenyl. It is extremely reactive ; it catches fire in moist though not in
dry air, and is violently decomposed by water.

Magnesium and Nitrogen

Magnesium (like lithium and beryllium) combines very readily with
nitrogen ; it begins to absorb it at about 300°, forming its only nitride
(other than the azide Mg[N,],) Mg,N,, the dissociation tension of which is
only 2-3 mm. at 670-727° and 67 mm. at 1,040°.23¢ If magnesium is heated
in air, it combines with the nitrogen as well as the oxygen ; the oxygen is
much more rapidly absorbed, but with a limited supply of air a good deal
of nitride is formed ; it can also be made by heating magnesium or a mixture
of magnesium oxide and carbon in nitrogen or ammonia. The purest
nitride (practically 100 per cent.) is made by heating pure magnesium in
pure nitrogen for 4-5 hours at 800-850°.237

Mg;N, is a colourless crystalline compound, and like the phosphide
Mg P, has the crystal lattice of a third-group oxide of the C type (such as
C—Sm,0;).23% It burns to the oxide if it is heated in air, and is very
readily decomposed by water to give the hydroxide Mg(OH), and ammonia.

The phosphide, arsenide, antimonide, and bismuthide, all the type
Mg,;X,, are similar ; but it has been shown®3 that while the phosphide and
arsenide, like the nitride, have the crystal structure of a C-sesquioxide, the
antimonide and bismuthide have the lattice of an A-sesquioxide such as
A-—8Sm,0,.

Magnesium Diamide, Mg(NH,),

The (usually impure) diamide can be made by the action of ammonia
on magnesium activated with iodine at 350-400°240; very slowly from the
pale blue solution of magnesium in liquid ammonia on standing ; by heat-
ing magnesium with sodamide or potassamide, when the alkali metal
separates®!; or by the action of ammonia on an ethereal solution of
magnesium diethyl.2#2 The last method seems to give the purest and most
active form ; this is a white powder which decomposes on heating, catches
fire in air, and reacts violently with water evolving ammonia. At a red
heat it is converted into the nitride Mg;N, and ammonia:

3 Mg(NH,), = Mg;N, + 4NH,

935 H. Gilman and R. E. Brown, Rec. Trav. 1930, 49, 202.

93¢ P, Laffitte, E. Elchardus, and P. Grandadam, Rev. Ind. Min. 1936, 861 (B.C.A.
1989, i. 90).

187 B, N)emnan, C. Kréger, and H. Kunz, Z. arorg. Chem. 1932, 207, 139.

8 F, Zintl and E. Husemann, Z, physikal. Chem. 1933, B 21, 138,

180 M, v. Btackelberg and R. Paulus, ib. 1983, B 22, 305,

o A, P, Terentiow, Z. anorg. Chem, 19217, 162, 851,

W1 7, W. Bergstrom, J.4.0.8. 1928, 48, 2789) 19246, 48, 2852,
91 W, Bohlenk Jr., Bor. 1031, 64, 788,
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Tt reacts with pyrrol at 100°, expelling ammonia and forming magnesium
pyrrol.240

Substituted diamides can also be made; thus aniline acts on activated
magnesium, or on magnesium diethyl, to give a colourless compound
which decomposes on heating, and is no doubt the dianilide

Mg(NH - CgHj), 20!

Magnesium Oxide

A suboxide Mg,G has been described, but it is very unlikely that it
cxists, 2434

Magnesium oxide MgO can be made by the oxidation of the metal, or
by heating any easily decomposed oxy-compound of magnesium, such as
the hydroxide or oxalate, or particularly the carbonate. It has a sodium
chloride lattice,24 like the monoxides of calcium strontium and barium,
but unlike that of beryllium, showing that it is ionized in the solid state.
1t is very stable to heat ; it melts at 2,800°, and its dissociation tension as
calculated by the Nernst equation, is 230 mm. at 2,700°. It readily absorbs
moisture and carbon dioxide from the air, to form the hydroxide Mg(OH),
nnd the carbonate MgCOj,.

Its reactivity and its energy content (as determined by its heat of solu-
tion in hydrochloric acid) vary considerably with the method of prepara-
tion, being smaller the higher the temperature to which it has been exposed ;
this change is not accompanied by any change in the X-ray diagram, and
is due to an increase in particle size.246-7

Magnestum Hydroxide, Mg(OH),

T'his occurs in nature as the mineral brucite; it can be made by the
nction of water on the oxide or of alkalies on a solution of a magnesium
salt. It is a stable compound and does not lose its water readily (though
more easily than the hydroxides of the alkaline earths*); at 300° the
dissociation tension of water is only 10 mm. It is very slightly soluble in
water; at the ordinary temperature the saturated solution is about
8 10-4 normal (19 mg. per litre at 18°); it is a strong electrolyte. X-ray
photographs indicate that there are no solid phases other than MgO and
Mg(OH),

Magnesium Peroxide

Magnesium like beryllium oxide has no tendency to combine with
elementary oxygen, but by treating it with hydrogen peroxide solids can
be produced which appear to contain a hydrated peroxide (or perhaps a
peroxidated oxide); their composition varies according to the method of

* See below, p. 248.

Cl. Winkler, ib. 1890, 23, 122.

8¢ H, G. Grimm and K. F. Herzfeld, Z. Phys. 1923, 19, 156.

s R, W. G. Wyckoff, Amer. J. Sei. 1921, [v] 1, 138.

10 G, F. Hilttig and W, Frankenstein, Z. anorg. Chem. 1930, 185, 403.
87 K, Taylor and L. 8. Welln, J. Res. Nat. Bur, Stand, 1038, 21, 133.
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preparation. Ruff and Geisel find4® that the most highly oxidized material
is that which is freshly precipitated by sodium hydroxide from magnesium
sulphate solution in presence of hydrogen peroxide ; if this is analysed while
still moist it has the composition MgO, MgO,, aq. If it is dried at the
ordinary temperature it loses part of its oxygen, and after three weeks lhas
the eomposition MgO,, 3 MgO, aq.

Magnesvum and Sulphur

MgS, the only solid sulphide of magnesium, can be made by the action
of sulphur vapour on the metal above 600°, or on a mixture of magnesium
oxide and carbon: or by igniting the oxide or better the sulphate MgSO,
in the vapour of carbon bisulphide, mixed with nitrogen, at 700-900° 249

1t is a colourless crystalline substance with a sodium chloride lattice2?;
it melts above 2,000°.3! It is rapidly decomposed by water to a mixture
of the hydrosulphide Mg(SH),, which is only known in solution, and the
hydroxide. Ifthe solution is boiled, the hydrolysis is complete: the sulphur
in expelled as hydrogen sulphide, and only magnesium hydroxide remains.

Magnesium selenide is similar, and also has the sodium chloride lattice.253

Magnesium telluride is again similar; it is formed from its elements at a
red heat, with an almost explosive evolution of energy. Unlike magnesiuin
oxide, sulphide, and selenide, it has a zinc blende lattice,2623 showing that
it forins a giant molecule of the covalent type. This is due to the larger
telluride anion being more deformable.

Magnesium Halides

The magnesium derivatives of acids, including the halogen hydrides,
are nearly all salts, and their properties are essentially those of the ions,
80 that as a rule there is little to say about them apart from their hydration
and their solubility.

The ‘subhalides’ MgX can be shown to occur with every halogen in the
gaseous state, and to give a characteristic band spectrum, but in no case
i there any satisfactory evidence of their occurring in any other state.

Magnesium Fluoride, MgF,

Dry hydrogen fluoride does not act on the metal, but the fluoride can
casily be made from the aqueous acid. It has a rutile lattice with and
Mg—F distance of 2-05 A.U. (calculated for the ionic link 2-11, for the
covalent 2:00 A,) It melts at 1,260°. It is distinguished from the other
halides by its very slight solubility in water and acids; at 18°, 100 g. of
water will dissolve 12 mg.2%4

348 O, Ruff and E. Geisel, Ber. 1904, 37, 3683.

249 E,. Tiede and F. Richter, ib. 1922, 55, 69.

350 S, Holgersson, Z. anorg. Chem. 1923, 126, 179.

951 F, Tiede and A. Schleede, Ber. 1920, 53, 1721.

859 W. H. Zachariasen, Z. phystkal. Chem. 1927, 128, 417.
888 YV, M, Goldschmidt, Trans. Far. Soc. 1929, 35, 277.

94 Landholt. Bérnstoln, 1928, p. 1184,




Halides 237
Magnesium Chloride, MgCl,

The anhydrous salt can be made from its elements, or by passing a
mixture of chlorine and carbon monoxide over magnesium oxide at 750°,285
The dehydration of the hydrated chloride is best effected by heating the
double salt NH ,Cl, MgCl,, 6 H,0. Anhydrous magnesium chloride melts at
715° (550° lower than the fluoride) and has a vapour pressure of 25 mm.
at 1,000°; its extrapolated boiling-point is 1,410°, and it can be distilled
in a current of hydrogen.

It is very soluble in water, and gives hydrates with 12, 8, 6, and 4 H,0;
the hexahydrate is the most stable, its range being from —3-4° to 116-7°.
Sol¥ 54-1/20°.

Various basic chlorides or oxychlorides are known, though no very
definite individuals have been isolated.2%¢ They are muchused for making
cements and ‘artificial marble’. Thus ‘Soret Cement’ is made by adding
two parts of ignived magnesium oxide to a concentrated solution of 1 part
magnesium chloride ; the whole sets on stirring to a solid mass.

Magnesium Bromide, MgBr,

This is very similar to the chloride. It melts at 700°. It is extra-
ordinarily hygroscopic: its cryohydric point is —42-7°, and it forms
liydrates with 10-6, and 4 H,02-8, Sol¥ 102-5/25°. The salt is also readily
soluble in a variety of oxygenated organic solvents (alcohols, ketones,
others), with many of which it forms solid addition compounds such as
MgBr,(C,H;0H),.

Magnesium Lodide, Mgl,

The pure salt is best made by treating magnesium with excess of iodine
vapour at 600°, and removing the excess by sublimation.?®® It forms
hydrates with 10, 8, and 6 molecules of water. The decahydrate has the
sol¥ 140/20°.

Magnesium iodide is even more soluble than the bromide in various
oxygenated organic solvents (alcohols, acids, amides, ethers, ketones, etec.).
It forms two liquid layers with ether (critical solution temperature 38°)
and with acetone.

"Oxy-salts of Carbon

Magnesium carbonate occurs as the mineral magnesite. It can be preci-
pitated from a solution of a magnesium salt with alkaline carbonate, but
unless there is excess of carbon dioxide, a basic carbonate is liable to
neparate.

Magnesium carbonate is more readily dissociated by heat than any of
the alkaline earth carbonates, though less than the beryllium salt (see

0we W, D, Treadwell, A. Cohen, and T. Ziirrer, Helv. Chim. Acta, 1939, 22, 449.
25 W, Feitknecht and F. Held, ib, 1944, 27, 1480.

1 |, H. Gotman, Reo. Trav, 1985, 54, 866. 85 Td., {b. 1988, 87, 847.
" W, Biltz and Q. F, Huttlg, &. anorg. Ohem. 1021, 119, 117,
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below, II. 253). Its solubility in water is very small (11-3 mg./25°),260
but it forms hydrates with 5, 3, and 1 H,O. It is more soluble in presence
of carbon dioxide, owing to the formation of an acid carbonate Mg(COgH),.

Dolomite, the natural carbonate of magnesium and calcium, was
formerly regarded as a solid solution or isomorphous mixture; but this
cannot be so as it always has approximately the composition MgCO,,
CaCO;, and is not isomorphous with either of its components. It is formed
from its components at any temperatiire above —34° with a loss of free
energy.260

Magnesium alkylates, Mg(O - Alk),, can be made by the action of mag-
nesium amalgam, or of magnesium activated by iodine, on the alcohol?é!;
an example is Mg(O-C,H;),, which is a white powder soluble in alcohol,
and no doubt is a salt.

Magnesium cyanide, Mg(CN),, cannot be obtained directly from water
since it is hydrolysed, but if a concentrated solution of a salt such as
magnesium nitrate is treated with prussic acid in the presence of ammonia,
an ammine Mg(NH,),(CN), separates out, and if this is heated in vacuo it
gives the cyanide Mg(CN),.

The compound is not very stable, even in the absence of water; above
200° it is converted into magnesium cyanamide Mg[N—C=N].

Magnesium formate, Mg[O - CHO],, 2 H,0, can be hydrated at 110°. Sol”
8-1/15°; it is less soluble in alcohol.

Magnesium acetate. This forms a tetrahydrate melting at 65°; sol¥
63-4/20°. The anhydrous salt is best made by heating the nitrate

Mg(NO,),, 6 HyO

with acetic anhydride, washing the precipitate with ether, and drying at
60°; it melts at 323° 262

There are strong reasons for thinking that magnesium acetate forms
auto-complexes both in solution and in the solid state. The solid takes a
very long time to dry, retaining acetic acid obstinately, and apparently in
combination. Rivett has shown263-¢ that the concentrated aqueous solu-
tion has an enormous viscosity, 155 times that of water when the salt is
5+4 molar ; neither magnesium chloride nor sodium acetate behaves in this
way. The lowering of the freezing-point of a 2-molar magnesium acetate
solution is only one-third of that of a 2-molar magnesium chloride solution ;
measurements of the vapour pressure by a dew-point method confirmed
this.2%¢ The conductivity of the solution has a maximum at 1-normal;
that of the chloride has a maximum at 25 normal, where it is 5 times as
great as the maximum of the acetate. These effects fall off rapidly on

%0 F. Halla and F. Ritter, Z. physikal. Chem. 1935, 175, 63.

81 V. Cerohez, Bull. Soc. Chim. 1928, [iv] 43, 762.

9 E. Spith, Mon. 1912, 33, 240, 883 A. C. D. Rivett, J.0.S. 1926, 1063.

64 E. A. Goode, N, 8. Bayliss, and A, C. D. Rivett, ib. 1028, 1950.

8 R, Soholder, Ber. 1927, 60, 1510.

¢ F. Kohlrausch and F. Mylius, Site.-ber, Berl. doad. 1904, 1228 ; F. Kohlrausoh,
&. phyeikal. Chem, 1008, 64, 164,
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dilution. This behaviour certainly points to some kind of auto-complex
formation, and Rivett suggests that polymerization occurs through the
formation of chains of chelate rings of the type

CH,

Ny /00N
A oo TN

H,
Magnesium oxalate is reasonably stable. It forms a dihydrate

MgC,0,, 2 H,0
which, like the oxalates of nearly all divalent metals except beryllium,
is extremely insoluble in water, sol¥ 0-03/18°. There is evidence of
auto-complex formation in the solution.26> The salt (like other salts with
polyvalent cations and polyvalent anions) shows a remarkable power of
supersaturation: magnesium oxide will dissolve in a solution of oxalic
acid up to 300 times its saturation concentration without any solid salt
separating.266
Oxy-salts of Nitrogen

Magnestum Nitrite

This forms hydrates with 9, 6, and 3 H,0; sol” (of the hexahydrate)
92/25°. The solution is not much hydrolysed in the cold (beryllium
nitrite (I1. 206) is too highly hydrolysed to be prepared); but at 60° and
above it evolves oxides of nitrogen.

Magnesium Nitrate, Mg(NO,),

This is a very stable salt; it forms hydrates with 9, 6, and 2 H,0, the
last two congruent (m. pts. 6 aq. 90°; 2aq. 131°) ;above 130° it is anhydrous.
Sol” (of 6 aq.) 75-1/25°. The hydrates lose water on heating, but above 90°
they begin to lose nitric acid as well, and basic nitrates separate. The
anhydrous salt can be made by drying the hexahydrate over phosphorus
pentoxide in the cold to the dihydrate, and drying this in vacuo with
constant pumping for months,2¢7 or from the lower hydrates in a stream of
nitric acid vapour at 180-190° 268

Ozxy-salts of Sulphur
Magnesium Sulphite

It forms a hexahydrate, which goes over at 40° to a trihydrate; sol”
0:65/25°. The solution is slowly oxidized by air.
Magnesium sulphate

The anhydrous salt is very stable to heat, and has a strong affinity for
water, It is formed from the monohydrate at 200°; it is stable up to

#7 W, W. Ewing. E. Klinger, and J. D. Bradner, J.4.0.8. 1934, 56, 1054
By A, Sjeverts and W. Petzold, Z. anorg. Chem. 1088, 205. 119.




240 Group II A. Magnesium

n white heat, where it evolves oxygen, sulphur dioxide and trioxide, and
leaves magnesium oxide behind. It melts with decomposition, and if it is
rapidly heated does so at 1,120°,

Like many sulphates, especially of polyvalent metals, it only takes up
water slowly; it forms a series of hydrates, which, with their transition
points,?89 are:

(ice) = 12 aq. 7 aq. 6 aq. 1 aq. == (anhyd.)
—4° + 1-8° 48-3° 68° 200°

The heptahydrate is Epsom Salts; it is a vitriol isomorphous with the
corresponding sulphates of divalent iron, cobalt, nickel, and zine. Sol¥ (of
heptahydrate) 35-8/20°. The solubility of the monohydrate falls from 68°
to 200°,269

Anhydrous magnesium sulphate is slightly soluble in alcohols, the values
at 25° being methyl alcohol 0-224; ethyl alcohol 0-023270; in both these
solvents the solubility falls as the temperature rises.

Numerous double salts of magnesium sulphate are known, but in none
is there any evidence of complexity. Examples are Schonite, K,SO,,
MgSO,, 6H,0; Astrakanite Na,SO, MgSO,, 4H,0; and Kainite, KClI,
MgSO0,, 3H,0.

Magnesium selenate is very like the sulphate; it forms hydrates with
7, 6, 2, and 1 H,0; sol¥ (of the 6 H,0) 37-9/25°.21

Magnesium tellurate was prepared by Berzelius, but very little is known
about it.

Magnesium dichromate has two hydrates, MgCr,O,, 5 and 7 H,0, with a
transition point at 89-4°.272

Oxy-salts of the Halogens

Magnesium hypochlorite, hypobromite, and hypoiodite are only known in
golution.

Magnesium chlorate, Mg(ClO,),, is formed at once if chlorine is passed
into cold water with magnesium oxide in suspension. It is hygroscopic,
and forms a hexahydrate which passes into a tetrahydrate about 40°;
sol¥ 146-9/25°,

Magnesium bromate, Mg(BrO,),, is known only as the hexahydrate ; the
anhydrous salt cannot be prepared. Sol¥ about 43/ord. temp.

Magnesium iodate, Mg(10,),, crystallizes with 10, 4, and 0 molecules of
water. Sol” (of the tetrahydrate) 9-31/25°,

Magnesium perchlorate, Mg(ClO,),. This is a very stable salt with an
extremely strong affinity for water. The anhydrous salt can be obtained
from the hydrate only by heating to 250°; a little above this temperature

169 See Gmelin, Magnesium, B, p. 217.

870 G, C. Gibeon, J, O.'L. Driscoll, and W. J. Jones, J.0.S. 1929, 144].

3711 For the system Mg8eO,, H,S00,, H,0 at 80° sec H. Furukawa and G. B. King,
J. Phys, Chem, 1044, 48, 174.

" W, H. Hartford, J.4.0.8., 1046, 68, 2102,
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it decomposes, giving mainly the oxide and the chloride MgO and MgCl,.
It forms hydrates with 6, 4 (probably not 3), and 2 H,0, the heats of hydra-
tion being??

0-—>2aq.135;0—>4,24.7; O > 6, 32-7 k.cals.
Heat per 1 H,O 6-75 6-2 54

It is largely used as a dehydrating agent, the anhydrous salt being known
as ‘anhydrone’, and the trihydrate (actually in all probability a mixture of
the di- and tetrahydrates) as ‘dehydrite’; even the latter is almost as
effective a drying agent at ordinary temperatures as phosphorus pent-
oxide,2? and it has the advantage of being less likely to react with the
material to be dried, of being able to be regenerated by heat after use, and
of taking up more water: 100 g. of anhydrous Mg(ClO,), take up 48 g. of
water, and 100 g. of the triliyydrate 19.g. of water to form the hexahydrate,
while 100 g. of phosphorus pentoxide only absorb 12-7 g. in conversion mto
metaphosphoric acid.

Sol¥ (of the hexahydrate) 99-8/25°%7%; it is also soluble in numerous
oxygenated organic solvents (alcohols, ethers, ethyl acetate, acetone ; for
values of the solubilities see under perchloric acid, VIL. 1233).

Magnesium periodate. The metaperiodate Mg(I0,), 10 H,O is easily
soluble in water. A variety of more complicated periodates (such as the
di-meso-periodate Mg;I,0,, 3 H,0) are known.

Complex Magnestum Compounds

These are fairly numerous,2?¢ but not very stable. They are nearly all
complexes of the divalent magnesium cation Mg**, and the great majority
have the metal linked to oxygen ; the link to nitrogen is much weaker, and
there seem to be no complexes in which magnesium is directly co-ordinated
to carbon or the halogens. The co-ordination number varies, but often
reaches its maximum value of 6.

Magnesium-Nitrogen Complexes

Nearly all magnesium salts take up ammonia, and some of the resulting
ammines are very stable to heat, as the following examples show (the
dissociation tensions at the specified temperatures are given in brackets):
MgCl,, 6 NH;, 4 NH;, 2 NH; (the last has 18 mm./181°); the other halides
behave in the same way. Further examples are Mg(ClO,),, 6 NH;,
(1 atm./227°), and 2 NH, (10 mm./260°).

Aromatic amines and pyridine can replace ammonia, as in Mg(NOg),,
2 CaHgNH, ; Mg(NOy), 2 py., 4 aq. (AQ); MgBr,, 2 Et,0, 4 py.; Mgl,,
Et,O, 5 pY.

93 G. F. Smith, 0. W. Rees, and V. R. Hardy, J.4.C.S. 1932, 54, 3520.

87¢ J. H. Bower, Bur. Stand. J. Res. 1934, 12, 241.

870 H. H. Willard and G. F. Smith, J.4.C.S. 1923, 45, 295.

88 A nuinber of them are quoted in Pfeiffer, Organische Molekiil-verbindungen,
od, 2, Stuttgurt, 1827. Others will be found in Umelin, Magnesium B., under the

reapective sinplo solts,
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Addition compounds are also formed by nitriles, as in MgBr,, 3 and
4 CH,-CN; Mgl,, 6 CH;.CN.
All these complexes seem to be broken down by water.

Magnesium-Oxygen Complexes

These are very common, and it is clear that the link of the magnesium
ion to oxygen is a strong one, as is shown, for example, by the dehydrating
power of the perchlorate.

The magnesium salts have a stronger tendency to hydrate than any of
the salts of the heavier metals of the subgroup; of the nineteen salts of
magnesium which have just been described, all but two (the very insoluble
fluoride, and the cyanide which is decomposed by water) form hydrates,
usually with a large number of water molecules; the values have been
given in Table III, p. 221.

The ion is equally ready to co-ordinate with organic compounds of
oxygen. Pfeiffer quotes compounds of the magnesium halides with varying
uumbers of molecules up to 6 (6 and 4 being the most usual) of twenty-
five different organic substances, alcohols, ethers, aldehydes, ketones,
esters, acid chlorides, acid anhydrides, and amides ; and other magnesium
salts behave in the same way. Most of these compounds have only been
isolated and analysed: their salt character has not been established, but
it may fairly be assumed.

On the other hand, the number of neutral co-ordination compounds of
magnesium is very small. The etherates of the magnesium dialkyls no
doubt belong to this class, and so probably do the solvation products of
the Grignard reagents with tertiary amines, or dialkyl sulphides, selenides,
or tellurides. Otherwise we only have the acetonylacetate Mg(CsH,0,),,
of which very little is known. It is described?”” as being anhydrous and
easily soluble in alcohol; its molecular weight as determined by the
boiling-point in aleohol is normal, which implies that the deforming power
of the magnesium atom is sufficient to keep it in the covalent form in that
solvent.

The (presumably complex) double fluorides MMgF; and M,MgF, have
been obtained from both of the systems KF—MgF, and RbF—MgF,.278

CALCIUM, STRONTIUM, BARIUM, RADIUM

TrE general relations of these elements have already been discussed
(p. 219); they form a closely related series. Radium, apart from its
radioactivity, falls into line with the rest; its salts arc, of course, relatively
little known, and the remarks that follow apply primarily to calcium,
strontium, and barium; the radium salts are mentioned when their
properties have been examined.

877 8, Tanator and F. Kurowski, Chem. Cenir. 1908, ii. 1096.
s H, Romy and W, Seamenn, Reo. Trav, 1040, 89, 516,




Alkaline Earth Metals 243

The Elements -

Calcium is the commonest metal in the earth’s crust (3-63 per cent.) after
aluminium (8-8 per cent.) and iron (5-1 per cent.); it is widely distributed
also in the more solid structures of the animal kingdom, being found in
bones, teeth, eggshells, coral, etc.

Strontium, though the amount (0-042 per cent.) is only about 1 per cent.
of that of calecium, is nearly as abundant as chlorine or sulphur; its most
important minerals are celestine (SrSO,) and strontianite (SrCO,). The
isotopes of ordinary strontium have the mass numbers 86 (10 per cent.),
87 (6-6 per cent.), and 88 (84-3 per cent.). The production of 8’Sr by the
B-radioactive decay of 87Rb has already been mentioned, and the fact that
the strontium isolated from a Canadian mica rich in rubidium was found
to contain 99 per cent. of this isotope (I. 63).

Barium is nearly as abundant as strontium (0-039 per cent.), and is by
far the commonest of those elements whose atomic numbers are greater
than 38 (Sr). It has the highest electroaffinity and the least tendency to
complex formation of all tHe alkaline earth metals (except perhaps
radium),

Radium. Its discovery by the Curies?”® was due to the fact that while
the radioactivity of uranium compounds is usually proportional to the
amount of uranium they contain, there are some uranium minerals which
are far more active, showing that they must contain a substance of greater
activity than uranium. The amount of radium in a normal uranium
mineral is proportional to its half-life as compared with that of uranium
(1,691 years: 4-5x 10° years), and is 0-38 g. per ton of uranium, or about
I g.in 7 tons of pitch-blende.

The method of concentration consists essentially in separating the
radium with the barium and some other elements as an insoluble sulphate
residue, which after further purification contains only the radium and
barium salts; these are then converted into the chlorides (originally by
boiling with sodium carbonate solution: now sometimes by reduction to
sulphides or in other ways), and it only remains to separate the radium from
the barium. In the original separation this was effected by the fractional
crystallization of the chlorides, the radium salt being the less soluble, and

the fraction
Ra’ctyst . Ra’soln.
Bagyy = Bagy,

being 4-5; as the quantities got smaller, increasing amounts of hydro-
chloric acid were added to the solution, which diminishes the solubility
without much affecting the ratio.28 The total amount of radium isolated
up to date is supposed to be more than a kilogram.

470 2¢ Ducembor 1898; seo IP. Curio, M. Curie, and G. Bémont, C.R. 1898, 127,
1818,
v Hye Nurther, W. B, Pleteupol, J, Ohem, Phys, 1942, 10, 211,
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There are four natural isotopes of No. 88, of which radium alone has
been isolated in quantity ; their atomic weights and half-life periods are:

Actinium X ‘ Thorium X Radium Mesothorium 1
At. wt. 223 224 226-05 228
Half-life 11-2 days 3-64 days 1,691 years. 6-7 years.

Hahn and Donath?®! have examined a variety of barium minerals for an
inactive isotope of radium, but in vain; if any such isotope is present it
must be less than 0-2 mg. to every ton of barium.

Metals
The melting- and boiling-points of the metals of this subgroup are:

Be Mg Ca Sr Ba Ra
M. pt. 1,278° 649° 810° 752° 830° 700° C.
3. pt.® 2,970° 1,100° 1,439° 1,366° 1,737° < 1,737°C.
a = 283

The irregularity of the melting-points is explained by the differences in
crystal structure ; beryllium and magnesium have a close-packed hexagonal
structure, calcium and strontium a face-centred cubic, and barium a space-
centred cubic.

The metals are all white (the supposed yellow colour of barium is due
to impurities), and are very readily oxidized by air, but in the massive
state are usually protected by a film of oxide or nitride.

Calcium is a soft metal (not as soft as lead) which is trimorphic. In the
air it becomes covered with a film of nitride, and if it is heated in air it
burns largely to the nitride. '

Strontium is best made by reducing the oxide with aluminium ¢n vacuo
at a temperature at which the strontium distils off ; it is softer than calcium
and decomposes water more violently, but does not absorb nitrogen
below 380°.

Barium is very similar to strontium, and is made from the oxide and
aluminium in the same way; under a pressure of 10-4 mm. it can be
distilled at 950°. It reacts with water more readily than strontium or
calcium, but less so than sodium. It soon oxidizes in air.

Calcium and strontium form a continuous series of mixed crystals, but
calcluin-barium and strontium- barium both show two series separated
by a two-phase region 2834

Radium. This was made?®® by the electrolysis of an aqueous solution of

881 O, Hahn and K. Donath, Z. physikal. Ohem. 1928, 139, 143.

888 B, pts. of Mg, Ca, Sr, and Ba are from H. Hartmann and R. Schneider,
Z. anorg. Ohem. 1929, 180, 282,

1M W, Klemm and G. Mika, ib, 1941, 248, 158.

¢ A, J, King, J.4.0.8. 1948, 64, 1226,

18 P, Curle and A. Dobierne, O.R. 1810, 151, 538; Rad{um, 1010, 7, 808.
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radium chloride, with a mercury cathode, the mercury being afterwards
distilled off. It melts at about 700° and is more volatile than barium ; it is
very unstable in air, and turns black at once, probably from the formation
of a nitride. Radivm salts give a carmine red colour to a flame.

Hydrides

Subhydrides of these elements, or at least of the first three, of the
formula MH, can be shown by their spectra to be formed in a vacuum tube
containing the vapour of the metal and hydrogen; but the evidence for
their occurrence in the solid state is very weak 2868

The normal hydrides MH, are formed by all three alkaline earths, but
with increasing difficulty as the atomic weight rises. With calcium the
rate of combination of the metal with hydrogen depends on the state of
the metal2®®; the very fine powder got by evaporating a solution of cal-
cium in liquid ammonia begins to absorb hydrogen at 0°, but normally the
reaction does not begin below 250°. The dissociation tension of the hydro-
gen?82 shows that at 780-800° solid solutions of calcium in calcium hydride
containing from 0 to 20 per cent. and from 90 to 100 per cent. of the metal
are formed.

Strontium hydride is similar, but like the barium and unlike the calcium
compound it can absorb more hydrogen at 0° up to a composition MH,:
much of this extra hydrogen can be pumped off.289.280

Barium hydride, BaH,, is formed at a higher temperature than the
others, best by heating barium amalgam in hydrogen up to 1,400°. It
melts at 1,200° and can be distilled in a stream of hydrogen at 1,400°. It
is less stable than the hydrides of calcium and strontium, but more than
those of the alkali metals. All these hydrides, which are undoubtedly salts
of the negative hydrogen ion, are very readily converted by water into the
hydroxide and hydrogen.

The following are the heats of formation (I: Hf) of the solid hydrides
from the solid metal and hydrogen gas, and (II: Ha) the gaseous hydrides
from their atoms?9t:

Solid Hf Solid Ha,
CaH, . . 46 197-6 k.cals.
SrH, . . 42 1929
BaH, . . 40-8 1936 ,,

Radium hydride, RaH,, has not been prepared.

i . B. Hurd and K. E. Walker, J.4.C.S. 1931, 53, 1681.

7 P, Remy-Génneté, Ann. Chim. 1933, [x] 19, 363.

8 W, C. Jones, M. I. Stubbs, A. E. Sidwell, and A, Pechukas, J.4.C.S. 1939, 61.
318.

880 M, Qautier, C.R. 1902, 134, 100.

o W, Blliz und (. ¥. Hiittig, Z. anorg. Chem. 1920, 114, 262,

¥ |, R, Bisch.owsky and F. D. Roasini, Thermo-chemisiry, 1930,




246 Group Il A. Alkaline Earth Metals
Carbides

Calcium carbide, CaC,, was discovered by Moissan,29? who made it by
heating lime and carbon in the electric furnace ; it can also be made by
heating calcium carbonate or metallic caleium with carbon, but not below
2,000° C. The crystal structure?®3-¢ shows that it is the calcium salt of
the [C==C] " ion. Its decomposition by water to lime and acetylene is
familiar. It is useful for reducing metallic oxides, with evolution of carbon
nionoxide and dioxide. At ared heat it absorbs atmospheric nitrogen with
separation of carbon and production of calcium cyanamide CaCN,, which

has the formula Ca[N—C__N] or is a resonance hybrid between this and

other forms such as Ca[N—C——N] this reaction is an important source of
combined nitrogen.
Calcium carbide has a very high melting-point. The strontium and
barium compounds are very similar; the melting-points fall in the order
’a > Sr > Ba, but even barium carbide has a higher melting-point than
platinum (Moissan). Barium carbide absorbs atmospheric nitrogen, but
the main product is the cyanide Ba(CN),.2

Alkyl and Aryl Compounds

These are but little known. No dialkyl or diaryl compounds of any of
thesc metals have been prepared, and indeed no alkyl or aryl derivatives
of any kind have been isolated, but there is good evidence that cal-
cium 2967801 gtrontium,?983902 gnd barium?97.299,301-2 will form alkyl
and aryl metallic halides corresponding to the Grignard reagents, and
resembling them in behaviour.

These are formed in the same way as the magnesium compounds, but
much more slowly. Thus, with barium,?®® ethyl iodide reacts only just
enough to give the Gilman colour test (IL. 231), and methyl iodide and
butyl iodide will not react at all; the phenyl compound is more easily
made, but even this requires that the metal should be shaken with an
othereal solution of phenyl iodide in the cold for 50 hours.

The products have not been isolated, but the reactions of the resulting
eolutions, for example, the formation of carboxylic acids by the addition
of carbon dioxide, are sufficient to establish their structures.

The calcium, strontium, and barium alkyls have recently30%-2 been

29% H, Moissan, C.R. 1894, 118, 501.

203 U, Dehlinger and R. Glocker, Z. Krist. 1926, 64, 296.

4 M. v. Stackelberg, Z. physikal. Chem. 1930, B 9, 460.

208 See O. Kuhling and O. Berkold, Z. angew. Chem. 1909, 22, 193.
296 E. Beckmann, Ber. 1905, 38, 904,

997 H. Gilman and F. Schulze, J.4.0.S. 1926, 48, 2643.

898 C. Gruttner, Inaug.-Diss. Berlin, 1914.

880 T, Gilman and I'. Schulze, Bull. Sos. Ohim. 1927, 41, 1833.

» H, (dilman, R. N. Meals, G. O'Donnoll, and L. Woods, J.4.C.S. 1943, 65, 268.
' ., Gilmnn and 1. A, Woods, J.4.0.8. 1948, 67, 520.

wes 1T, Gllman, A. H, Hauboln, and L. A. Woods, i, 928.



Nitrides: Oxides 247

re-examined by Gilman et al. They have not actually isolated the alkyls;
they show that if zinc ethyl is boiled with the metal in the absence of air,
and the solvent benzene and the excess of zinc ethyl evaporated the double
compound Et,Sr-ZnEt,, or its calcium or barium analogue, separates
as colourless crystals. Solutions of this double compound in ether give
reactions of the strongest alkyls, which zine ethyl alone will not do.

Nitrides

Nitrides of the type M;N, are formed by all three alkaline earth metals
on heating in nitrogen. Calcium nitride, CazN,, was made in this way by
Moissan ; it melts at 1,195°393; it is not decomposed by carbon except in
the electric furnace. Its dissociation tension3™ shows that its heat of
formation is 108-2 k.cals.

Strontium nitride, SryN,, is similar, and is made in the same way.

Barium nitride, Ba;N,, is also similar; it does not decompose below its
melting-point of 1,000°. A

All these nitrides are very readily decomposed by water with evolution
of ammonia,

Oxides. Peroxides

The alkaline earth metals all form oxides MO, hydroxides M(OH), and
their hydrates, and peroxides MO, and their hydrates.

Oxides

The oxides MO all have the sodium chloride lattice3°%; they have very
high melting-points, and their vapour pressures at high temperatures have
been determined by the rates of evaporation3® to be as follows:

CaO SrO BaO
Temp. 1,728° 1,635° 1,475°
V.p. in mm,
x 108 1-80 4-0 33-0

Calcium oxide, m. pt. 2,572°; b. pt. 2,850°, is remarkable for its inac-
tivity in the ordinary dry state as quicklime; in this condition it will not
react in the cold with chlorine, hydrogen sulphide, carbon dioxide, sulphur
dioxide, or nitrogen peroxide.3°? In the same way the conversion of barium
oxide into the peroxide by heating in air is much hastened by the addition
of small quantities of water.

Strontium oxide, SrO, is similar, but it needs a higher temperature than
the calecium compound to prepare it either from the carbonate or from the
hydroxide. It melts at 2,430°, which is below lime and above barium
oxide.

303 A. v. Antropoff and E. Falk, Z. anorg. Chem. 1930, 187, 405.
304 S, Satoh, Bull. Inst. Phys. Chem. Res. Japan, 1939, 18, 548,
M8 Y. M. Goldschmidt, T'rans. Far. Soc. 1929, 25, 277.

¢ 15, Preston, J. Soc. Glags T'echnol. 1988, 17, 118,

007 V, H. Veley, J.0.S. 1898, 63, 821, 1894, 65, 1.
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Barium oxide, BaO, cannot be made by heating the carbonate, as that
is too stable (see below II. 253), but it can be prepared from the nitrate or
iodate, or from the hydroxide by several hours heating at 800°, or from
the peroxide at 1,150°. It is usually made by heating a mixture of barium
carbonate and carbon ; this causes an evolution of carbon monoxide and
leaves behind a porous mass of barium oxide which is very reactive.

Hydroxides
Calcium hydroxide, Ca(OH),, is the familiar slaked lime. In the reaction

Ca0 + H,0 = Ca(OH),

the volume of the slaked lime produced is twice that of the quicklime, and
this fact can be made use of for splitting wood or rock.

All these hydroxides lose water on heating and are converted into the
oxides ; but their stability increases with the atomic number of the metal,
the temperatures at which the dissociation tension of the water is 10 mm.
being :

Mg(OH), Ca(OH), Sr(OH), Ba(OH),
300° 390° 466° 700°

Calcium hydroxide is capable of taking up more water, but tensimetric
and X-ray measurements indicate that this excess is very lightly held, and
that no definite hydrate beyond CaO, H,0, or Ca(OH), is formed.3°® The
dissociation tension is 1 atmosphere at 513°,309

The solubility in water is small, and falls with a rise in temperature, the
values (in g. per 100 g. water)3!? being at 0° 0-136, at 50° 0-098, and at
100° 0-060. In presence of alkalies this is very much reduced, being only
0-002 g. to 100 g. of a 0-8 per cent. sodium hydroxide solution3!! at 20°.

Strontium hydroxide, Sr(OH),, which is similar, forms hydrates with
8, 1, and probably 2 molecules of water.312 It is much more soluble than
the calcium compounds: sol¥ 0-89/25°, On heating it loses water to form
the oxide, the dissociation pressure being 1 atmosphere at 1,051°.313

Barium hydroxide, Ba(OH),. Hiittig and Arbes find34 by tensimetric
and X-ray measurements that the only solid phases in the system BaO:
H,O are ice, Ba(OH), 8 H,0; 1 H,0: Ba(OH), anhydrous; and BaO. Sol¥
(octahydrate) 4-181/25°.31516 The anhydrous hydroxide melts at 408°; its
heat of fusion is 3-40 k.cals/mole317; it has a dissociation tension of water
vapour amounting to 1 atmosphere at 998°,313

868 @, F. Hiittig and A. Arbes, Z. anorg. Chem. 1930, 191, 161.

309 S, Tamaru and K. Siomi, Z. physikal. Chem. 1932, 161, 421.

810 A, Guthrie, J. Soc. Chem. Ind. 1901, 20, 223.

811 A, d’Anselme, Bull. Soc. Chim. 1903, [3] 29, 936.

18 Q. F. Hiittig and A. Arbes, Z. anorg. Chem. 1930, 192, 233.

18 J, Johnston, J.4.0.S. 1908, 30, 1357 ; Z. physikal. Chem. 1908, 62, 330; 1909,
65, 740.

¢ Z, anorg. Chem. 1981, 196, 409,

e H, F. 84, J.4.0.8. 1016, 38, 26389,

18 K, Nishisawa and Y. Hachihama, £. Elekirochem. 1039, 35, 386.
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Peroxides MOy and MO, aq.

The ease of formation and stability of these compounds increase very
markedly with the rise in the atomic number of the metal throughout the
whole subgroup from beryllium to barium (see below, p. 202),

Calcium peroxide CaO,, like the magnesium compound, cannot be made
by the direct action of oxygen on the metal or the monoxide, but only by
treating lime water with hydrogen peroxide, or a calcium salt with sodium
peroxide, when the hydrate CaO,, 8 H,0 (isomorphous with the strontium
and barium compounds) is precipitated. At 130° it loses its water to form
CaQ,, which decomposes into calcium oxide and oxygen at a red heat.
Another hydrate CaO,, 2 H,0 (or perhaps Ca(OH),, H,0,) can be isolated.3!8

Strontium peroxide, SrO,, can be formed by the direct action of oxygen
on the monoxide, but only under considerable pressure; even under 12
atmospheres no peroxide is produced, but Fischer and Ploetze®® obtained
a 15 per cent. yield at 400° under 100 atmospheres; it has recently been
found that at 350-400° and 200-50 atmospheres the reaction is reversible:
the dissociation tension of strontium peroxide is 1 atmosphere at 357°.320
It is usually made by the action of hydrogen peroxide or sodium peroxide
on a solution of a strontium salt. It forms an octahydrate, which is only
slightly soluble in water.

Barium peroxide, BaO,, the most stable compound of the series, can be
made by heating barium oxide in oxygen or air ; the dissociation tension is
half an atmosphere at 740° and 1 atmosphere at 840°321; the interaction
does not, however, occur in the complete absence of water. This reaction
was formerly used for the commercial preparation of oxygen, barium oxide
being converted into the peroxide by heating in air under pressure, and
then the pressure lowered and the extra oxygen pumped off (Brin’s Oxygen
Process). Barium peroxide is now used for bleaching (straw, silk, ete.) and
for the preparation of hydrogen peroxide.

Barium peroxide is more soluble in water than the calcium and stron-
tium analogues, 100 g. of water dissolving at the ordinary temperature
about 0-1 g. barium peroxide as the octahydrate. It has a peculiar reaction
with potassium ferricyanide, the two substances reducing one another with
evolution of oxygen:

Ba0, + 2 K;Fe(CN)y = K,Ba[Fe(CN)g, + Oy
The reaction is quantitative, and can be used to determine the peroxide
content of the impure material 323
The stability of the peroxides increases steadily along the series; beryl-
lium forms none (p. 202); magnesium only compounds of the oxide with
817 R. P. Seward, J.4.C.S. 1945, 67, 1189.
818 R. de Forcrand, C.R. 1900, 130, 1250, 1308, 1388.
819 F, Fischer and H. Ploetze, Z. anorg. Chem. 1912, 75, 10.
880 O, Holtermann and P. Laffitte, C.R. 1939, 208, 517.
&1 J, H, Hildebrand, J.4.0.S. 1912, 34, 256.

8 J, Quinoke, Z. anal. Chem. 1892, 31, 28,
48 A, Baumenn, £. ungow, Chem, 18p3, B, 11.6.




250 Group II A. Alkaline Earth Metals

hydrogen peroxide, which may be peroxidated hydroxides: calcium peroxide
can only be got by dehydrating the hydrogen peroxide compound, and
not by the action of oxygen on the monoxide: strontium peroxide can be
made directly, but only under a high pressure of oxygen: barium peroxide
can be made under the ordinary pressure.

The hydroxides and peroxides of the alkaline earths have a strong
tendency to crystallize with 8 molecules of water, irrespective of the
covalency maximum of the cation ; thus we have octahydrates of strontium
and barium hydroxides, and of the peroxides of all three metals, calcium,
strontium, and barium, these last three hydrates being isomorphous.
Octahydrates are formed by some other salts of calcium also, such as the
ohloroplatinates: by several magnesium salts, the chloride, iodide, and
complex bismuth chloride MgBiCl;: and even by beryllium platinichloride
BePtClg (the presence of a large anion obviously assists the hydration of
tho cation). With the beryllium, magnesium, and calcium salts, where the
covalency maximum is 4 or 6, we must suppose (except on the very improb-
able hypothesis that the anion takes up two molecules of water—or with
beryllium four) that the water is in the form of double molecules, as
Werner originally suggested. The crystal structure of these octahydrates
seems to be unknown.

Sulphides

The sulphides of these elements are as a rule insoluble in water as such,
but readily converted by it into the very soluble hydrosulphides M(SH),, aq.

Calcium sulphide, CaS, can be made by the reduction of the sulphate
with carbon, and in other ways. It is a white crystalline substance (the
m. pt. is apparently unknown) which is easily oxidized by air, and is prac-
tically insoluble in water ; so far as it dissolves it is largely hydrolysed with
the production of SH™ anions and so of the hydrosulphide Ca(SH),, which
is very easily soluble in water and crystallizes with 6 H,0.

Polysulphides are known, but they seem very indefinite.

Strontium sulphide, SrS, which can be made in the same way, is a colour-
less crystalline compound whose melting-point is above 2,000°; it has a
godium chloride lattice31%; it is practically insoluble in water, but on warm-
ing readily forms the hydrosulphide Sr(SH), and the hydroxide, and on
cooling the latter crystallizes out. Strontium hydrosulphide forms a
tetrahydrate, with sol¥ 42-2/20° .32

A polysulphide SrS,, 4 and 2 H,0, can be obtained by boiling strontium
sulphide with sulphur and evaporating down the solution in vacuo in the
cold.

Barium sulphide, BaS,328 can be made by reducing barium sulphate with
carbon; it has a sodium chloride lattice.32¢ It is easily soluble in water, as
it is at onoce converted imto a mixture of barium hydrosulphide and
hydroxide ; the mixed salt Ba(SH)OH can also probably be isolated. The

1 8. Holgersson, Z. anorg. Ohem, 1928, 126, 182,
s T, Terres and K, Brickner, Z. Klektroohem. 1980, 26, 27.
W Id, ib, 26, 1.
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solution rapidly turns yellow in air, from its oxidation and the formation
of the polysulphide BaS,, H,0, a red solid which is yellow when powdered
or in dilute solution; it is readily soluble in water (41/15°) to give a red
solution with an alkaline reaction.

Alkaline Earth Halides

Fluorides

The only fluorides of these elements that can be isolated are the normal
divalent salts MF,; but with all three elements the mixed vapours of the
metal and the difluoride in a vacuum tube, give a band spectrum of the
subfluoride MF'; with calcium it is possible that this compound is deposited
in crystals on the surface of a calcium fluoride crystal exposed to the
vapour®??; gimilar spectra have been observed with strontium and
barium.328-9

The normal fluorides MF, are slightly soluble salts, whose solubility
increases with the atomic number of the metal.

Calcium fluoride, CaF,, occurs as the mineral fluor spar, the name of
which is derived from its use as a flux, and has itself given rise to the name
of fluorine and the term ‘fluorescence’, although the mineral is, in fact, not
fluorescent but phosphorescent ; it is the most widely distributed compound
of fluorine. It is transparent to ultra-violet rays, and melts at 1,330°. Its
solubility in water is 25-3 mg. per litre at 18°3¢1; it is more soluble on
addition of hydrofluoric acid, with which it forms a solid of the composi-
tion Caly, 2 HF, 6 H,0, which should no doubt be written Ca[F,H],, 6 H,O.

Strontium fluoride also has the fluorite lattice ; it melts above 1,450°, and
boils at 2.489°.332 Tt isstable in air up to 1,000°, but above this temperature
it is oxidized to strontium oxide. Sol¥ 11-7 mg./18° 333

Barium fluoride, BaF,. This can be made by treating barium chloride
with potassium hydrogen fluoride. It is better to use barium nitrate, to
avoid the co-precipitation of chloride.33* It has a fluorite lattice; it melts
at 1,285°335 and boils at 2,137°335; it i stable in air to 1,000°, and is oxidized
at higher temperatures. Sol¥ 0-209/25°.

Radium fluoride, RaF,, is little known, but X-ray analysis of its crystal
structure has shown33¢ that like the other difluorides of this subgroup it
has the fluorite lattice, the radius of the Ra** ion being 1-43 A, corre-
sponding to 1-52 A for the crystallographically 6-co-ordinated state.

327 K. H. Hellwege, Z. physikal. Chem. 1938, B 39, 465.

328 R, Mecke, Naturwiss. 1925, 13, 755: 1928, 16, 521; Z. Phys. 1925, 32, 823:
1927, 42, 390; R. Mecke and M. Guillery, Phys. Z. 1927, 28, 479, 514.

320 O, H, Walters and S. Barratt, Proc. Roy. Soc. 1928, 118, 120.

330 P, Kohlrausch and F. Rose, Z. physikal. Chem. 1893, 12, 234.

381 F. Kohlrausch, ib. 1904, 50, 358.

832 O, Ruff, Z. angew. Chem. 1928, 41, 807.

333 F. Kohlrausch, Z. physikal. Chem. 1908, 50, 355; 1908, 64, 168.
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Chlorides

Calcium chloride is remarkable for its strong affinity for water. The
system CaCl,—water has been worked out in great detail (for the solid,
liquid, and vapour phases) by Roozeboom.337 It forms a hexahydrate,
two monotropic tetrahydrates, a di- and a monohydrate. The hexa-
Liydrate is isomorphous with all the other hexahydrates of the alkaline
earth chlorides and bromides (they are formed by all except barium
chloride and bromide), and the X-ray analysis shows that the six water
molecules are arranged octahedrally round the cation.33® The two tetra-
hydrates are remarkable for the fact that the unstable ane has a congruent
and the stable one an incongruent melting-point. The solubility in water
is very great. The cryohydric point is at —55°, this solution containing
42-5 g. CaCl, to 100 of water ; the sol” (of the hexahydrate) is 81-5/25°. The
use of the anhydrous salt and of the lower hydrates for drying is familiar.
"The salt is also easily soluble in alcohols (even amyl), and in organic acids
such as acetic, with most of which it forms solvates (see later under
complexes).

Calcium chloride is made commercially on an enormous scale as a by-
product in the ammonia-soda process, which consists essentially in the

reaction:
2Na(Cl + CaCO; = Na,CO; + CaCl,

Strontium chloride is similar but less soluble. It melts at 870°, and forms
hydrates with 6, 2, and 1 H,0; the hexahydrate is stable in contact with
the solution up to 66-5°.33% Sol¥ (of the hexahydrate) 55:5/25°. Its solu-
bility in alcohols is also much less than that of calcium chloride.

Barium chloride melts at 955°, and has a transition point at 925°340
It is the least soluble of the three chlorides, though more soluble than
radium chloride. It forms no hexahydrate, but a dihydrate which is stable
in contact with the solution from the cryohydric point of —7-8° up to
60° at least ; the nature of the solid phase above this temperature is uncer-
tain.®41 Sol¥ 37-2/25°; in presence of other chlorides the solubility is less,
and in 9 per cent. sodium chloride solution it is only 23-1/20°.

Barium chloride is slightly soluble in methyl alcohol (2-20/16°), but it is*
practically insoluble in ethyl alcohol.

Radium chloride only forms a dihydrate, isomorphous with barium
chloride dihydrate ; this loses its water between 150° and 200°, and the
anhydrous salt melts about 900°.

Radium chloride is markedly less soluble in water than barium chloride:
sol¥ 24.5/20° 342

87 H. W. Bakhuis Roozeboom, Z. physitkal. Chem. 1889, 4, 31.
838 Z. Herrmann, Z. anorg. Chem. 1931, 197, 339.

39 W, A, Tilden, J.0.S. 1884, 48, 269.

840 C, Lieber, Z, physikal. Chem. 1989, 13 42, 240,

8¢l See E. Jdnecke, ib. 1015, 90, 267.

48 O, Krbacher, Ber. 1030, 63, 141.

a
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Bromides

Calcium bromide, m. pt. 760°,34% forms a hexahydrate with sol¥ 140-0/25°,
but no other hydrate.

Strontium bromide melts at 643°; it forms a hexahydrate of sol¥ 99-7/25°,
which goes to a dihydrate at 88-6°. It is also soluble in alcohol.

Barium bromide like the chloride gives no hexahydrate, but a di- which
goes at 75° to a mono-; sol¥ 104-1/20°342 Tt is also soluble in methyl
alcohol (41-9/20°), ethyl alcohol (4-13/20°), and acetone (0-026/20°).

Radium bromide also forms a dihydrate, with sol¥ 70-6/20° 342

Iodides

Calcium todide melts at 740°%%3 and forms a hexahydrate of m. pt. 42°;
sol¥ 204/20°,

Strontium iodide forms a hexahydrate stable up to 84°, and then a di-
and monohydrate 3% Sol¥ 179-6/20°; in ethyl alcohol about 3-6/20°.

Barium iodide is similar ; m. pt. 740°34%; cryohydric point—33-5°; forms
a hexahydrate,* which goes to a dihydrate at 25-7°, and this to a mono-

at 98:9°.345 Solubilities are: water 205-3/20°; ethyl alcohol 77/20°; propyl
alcohol ca. 3/15°; formic acid 75/20°; methyl acetate 4-3/58°.

Oxy-salts of Carbon: Carbonates

The stability of the carbonates, like that of the peroxides, increases
steadily with the atomic number throughout the whole series from
beryllium to barium. Neutral beryllium carbonate can only be precipitated
from a solution of a beryllium salt in an atmosphere of carbon dioxide;
otherwise a basic carbonate is formed. The other metals form stable car-
bonates, but their readiness to dissociate diminishes as the atomic number
of the metal increases, the temperature at which the dissociation pressure
of the carbon dioxide is one atmosphere being approximately :

BeCO, MgCO 48 CaC0 47 SrCO 4 BaCO0 %
(25°) 540° 900° 1,289°  © 1,360°

Calcium carbonate. This occurs in nature in two forms, as calcite,
hexagonal and isomorphous with sodium nitrate, and aragonite, rhombo-
hedral and isomorphous with strontianite. All alkaline earth carbonates
seem to crystallize in these two forms. The solubility of calcite in water
(0-62 mg./39°) is less than that of aragonite, which therefore must be the

* This was supposed to contain 7-5 H,0, but really contains 6 : see Herrmann.?38

343 O, Ruff and W. Plato, ib. 1902, 35, 3616; 1903, 36, 2357.
34 . F. Hiittig and C. Slonim, Z. anorg. Chem. 1929, 181, 76.
345 J. Packer and A. C. D. Rivett, J.C.S. 1926, 1061.

34 W, Manchot and L. Lorenz, Z. anorg. Chem. 1924, 134, 316.
17 H. Remy, Lehrb. i. 225 (1931).

848 W, Dutoit, J. Chim. Phys. 1927, 24, 110,

9 G. Tammann and W, Pape, Z. anorg. Chem. 1928, 127, 50,
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stable form at this temperature, though it is possible that there is a transi-
tion temperature below 0°. By the action of carbon dioxide on lime water,
especially in the presence of sucrose, a hexahydrate CaCOg, 6 H,0 can be
obtained ; this loses its water very easily, and may be a metastable
form.35¢2 Calcium carbonate is more soluble in water containing carbon
dioxide, which converts it into the more soluble acid salt Ca(COzH),
(*tomporary hardness’).

Strontium carbonate occurs in nature as strontianite (rhombohedral).
Like calcium carbonate it is dimorphic, the rhombic form being stable
bolow 926° and the hexagonal above353 ; this last has the crystal structure
of calcite. M. pt. 1,497°; sol¥ 0-59 mg./18°,

Barium carbonate occurs as the mineral witherite, isomorphous with
aragonite and strontianite; if this is heated in carbon dioxide under
pressure (to repress dissociation) it changes at 811° from this y-form to
a hexagonal B-, and this at 982° into a regular a-form. Under a high pres-
siure of carbon dioxide it inelts at 1,740°; in the absence of carbon
dioxide the melting-point is much lower, owing to partial dissociation.
Sol¥ 0-86 mg./18°; carbon dioxide raises this, the value being 150 mg./16°
with half an atmosphere, no doubt through the formation of an acid car-
bonate, though no such salt has been isolated. The dissociation on heating
(whicl1 is less than with any other carbonate of the series) has already been
mentioned.

Formates

Calcium formate, Ca(OCHO),: anhydrous. Sol¥ 17/25° and 18/80°;
slightly soluble in alcohol.

Strontium formate forms a dihydrate which goes over at 65° into the
anhydrous salt. Sol¥ 9-47/20°; insoluble in alcohol and ether.

Barium formate forms no hydrates. Sol¥ 31-3/20° 6-3 mg./ord. temp. in
aleohol.

Acelates

Calcium acetate: the dihydrate goes to a monohydrate at 84°; sol¥
34-7/20° and 29-65/100°. It is insoluble in alcohol.

Strontium acetate: crystallizes with 4 H,0, going to 0-5 H,0 at 9-5°.
Sol” 40-81/20°,354

Barium acetate forms a trihydrate which goes to a monohydrate at 25°,
and this at 40° into the anhydrous salt. Sol¥ 72-8/21-6; in cold alecohol
38 mg./100 g.

0 J. E. MacKenzie, J.C.S. 1923, 123, 2409.

1 J. Hume, ib. 1925, 127, 1036.

19 J, Hume and B. Toploey, ib. 1928, 2032 ; Proc. Leeds Lit. Phil. Soc. 1927, 1, 164,
s W, Ritel, Z, Krisat. 1025, 61, 596.

¥ Y Osekn and R. Abo, Mun, Soi. Kyoto Unie, 1018, 3, 81,
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Ozxalates

Calcium oxalate. This is very insoluble in water, and is used for the
quantitative determination of calcium and of oxalate. It forms a tri- and
a monohydrate ; the latter can be obtained by drying at 130°; at 200° it
goes to the anhydrous salt, which on further heating begins to decompose
at 430°.3% Sol¥ 0-58 mg./25° 356

Strontium oxalate forms hydrates with 2-5 and with 1 H,O; sol¥ (of
1 H,0) 4-16 mg./18°.

Barium oxalate. The 3-5-hydrate goes over at about 0° to the dihydrate,
which changes to a hemihydrate at 40°. Sol¥ 11-2 mg./18°.

An acid oxalate Ba(OCO-COOH), with 2, 1, and 0 H,O also exists, and
is more soluble.

The conductivities of solutions of calcium, strontium, and barium
oxalates give no indications of auto-complex formation.35?

Oxy-salts of Nitrogen: Nitrites

Calcium nitrite can be made by the usual double decompositions. It
forms a monohydrate, which is isomorphous with the strontium and
barium salts. Sol¥ 98-2/20°; in alcohol 0-97/20°,

Strontium nitrite. The monohydrate loses its water over phosphorus
pentoxide in vacuo. Sol¥ 68-6/203%8; in alcohol 0-04/20°.

Barium nitrite is made by double decomposition from barium chloride
and sodium nitrite.3%® It loses its water in vacuo over phosphorus pent-
oxide, and the anhydrous salt melts with decomposition at 217°. Sol”
67-5/20°.

Nitrates

Calciuwm nitrate. Deposits of this salt are found where animal matter has
decayed. It forms a tetrahydrate, and probably a tri- and dihydrate also.
It is hygroscopic; sol¥ 121/18°. Owing to the formation of ammines, the
solution will absorb more ammonia than pure water.3® The salt is also
readily soluble in organic solvents, as the following values of the sol¥/25°
show?361-2;

Methyl aleohol . . . 190 Amyl alcohol . . . 156

Propyl ,, . - . b75 Acetone . . . . 141

Isobutyl ,, . . . 333 Methyl acetate . . . 69-5%
a = %82

385 J, Krustinsons, Z. anal. Chem. 1939, 117, 330.

358 W. H. McComas and W. Rieman (J.A4.C.S. 1942, 64, 2946).
387 R. Scholder, Ber. 1927, 60, 1510.

358 M, Oswald, Ann. Chim. 1914, [ix] 1, 64.

89 J, Matuschek, Ber. 1907, 40, 991.

%0 F. M, Raoult, Ann. Chim. Phys. 1874, [v] 1, 270.

31 J. D’Ans and R. Slegler, Z. phystkal. Ohem. 1913, 82, 85.
%8 A, Naumenn, Ber. 1909, 42, 3789,
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Strontium nitrate forms a tetrahydrate going to the anhydrous salt at
31-3°. Sol¥ 70-8/20°; in other solvents3¢! at 25°:

Methyl alcohol . . . 1:26 Amyl alcohol . . . 0-003
Ethyl ” . . . 002 Acetone . . . . 0-02
Propyl » . . . 002 Pyridine . . . . 0710
Isobutyl ,, . . . 001

a — %63

Barium nitrate is always anhydrous; m. pt. 595°. Sol¥ 9-1/20°; methyl
aleohol 0-057/25°; ethyl alcohol 0-0033/25°.3¢1 Unlike barium chloride it
gives a transport number independent of concentration, so that complex
nitrates are not formed.36

Radium nitrate. Also anhydrous. Sol¥ 13-9/20.365

Oxy-salts of Sulphur: Sulphites

Calcium sulphite: 2 H,0. Sol¥ 0-167/15°,
Strontium sulphite: anhydrous. Sol¥ 3 mg. 18.366
Barium sulphite: anhydrous, Sol¥ 2-2 mg. 16°3%6

Sulphates

Calcium sulphate. This occurs in a variety of forms, several of which are
found as minerals. Anhydrous calcium sulphate is known in at least two
modifications, B- and y-, the last being the minerals anhydrite and
alabaster: there is a hemihydrate CaSO,, 1/2 H,0, the chief constituent
of plaster of Paris, and a dihydrate which is gypsum. The setting of plaster
of Paris is due to its conversion into the dihydrate. The relations and the
vapour pressures of these forms were examined by van ’t Hoff and his
co-workers,37 but owing to the small solubility and the slowness of change
from one form to another, the relations are still somewhat uncertain. The
hemihydrate has been said to be zeolitic (i.e. a phase with continuous vari-
able water content), but the vapour pressures and the X-ray patterns show
that this is not so, and that it has a fixed composition.3¢8 The most prob-
able conclusion®® are these: the only solid phases from 0° to 200° are
B-CaS0,, y-CaSO, (anhydrite), the hemihydrate, and the dihydrate.
B-CaS0, is always metastable to y-. On heating, the dihydrate goes to the
B- at 420°, or if the B- is not formed, to the hemihydrate at 97°; between
42° and 97° the dihydrate is metastable; at some higher temperature the
hemihydrate loses its water and changes into y-CaS0,.371

863 R, Miiller, Z. anorg. Chem. 1924, 142, 130.

884 A, A. Noyes, Z. physikal. Chem. 1910, 36, 75.

308 (., Erbacher, Ber. 1930, 63, 141.

885 W. Autenrieth and A. Windaus, Z. anal. Chem. 1898, 37, 293.

97 For a summary see J. H. van 't Hoff, E. F. Armstrong, W. Hinrichsen, and
F. Welgert, Z. physikal, Chem. 1908, 45, 257.

%8 I, B, Weiser, W. O. Milligan, and W. C, Ekholm, J.4.0.8. 1986, 58, 1261,

s E, Pomnjak, Amer. J, Soi. 1088, [v] 35, A 247,

110 G, A, Huletb, Z. phystkal, Chem. 1901, 37, 385,
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A saturated solution of the dihydrate at 25° contains 0-107 g. CaSO,
to 100 g. water. With this substance (and with barium sulphate)
Hulett37° demonstrated the influence of particle size on solubility. He
showed that the solubility is not affected so long as the particles are more
than 1-9 x 10-3 mm. (1-9 1) across, but that below this point it increases,
and with the smallest particles he prepared (0-2 u) it was 22 per cent.
greater than with the large ones.

Strontium sulphate. This is known only in the anhydrous state3??; it
occurs in nature as celestine. It melts at 1,605°.37 Sol¥ 11-4 mg. at 18°.374

Barium sulphate occurs as Heavy Spar, the most important source of
barium. It is more stable to heat than the calcium or strontium com-
pounds, and does not decompose below 1,400°, where it begins to give off
sulphur trioxide. It melts with considerable decomposition at 1,580°.37
The solubility depends on the particle size even more than with cal-
cium sulphate; the sol¥ of ordinary precipitated barium sulphate is
0-22 mg./20°,370376 but that of the finest particles obtainable (0-1 u) was
found to be 80 per cent. greater than this.370%:377

Radium sulphate is isomorphous with the barium salt: it is the least
soluble of all the sulphates, having the sol¥ 2-1 x 10-% g./25° 378

Oxy-salts of the Halogens
[Caleium hypochlorite Ca(OCl), is a constituent of bleaching powder:
see further under ‘Chlorine’, vii. 1201.]

Chlorates

Calcium chlorate, Ca(ClO,),. This is usually made by passing chlorine
into heated milk of lime. It forms a hexahydrate from the cryohydric
point of —41° to —27°; a tetrahydrate to —8°; and a dihydrate which
goes to the anhydrous salt at 76°; sol” 194-5/25°,379,380

Strontium chlorate is similar ; it begins to evolve oxygen at 290°, and then
welts. It is said to form a trihydrate.3® Sol¥ 174-9/18°.38¢ Insoluble in
alcohol.

#71 K. K. Kelley, J. C. Southard, and C. T. Anderson (U.S. Bureau of Mines 1941,
paper 625) gives a very full account of the system CsSO,, H,O and its heat proper-
tios. The authors get these solid phases: (I) CaSO,, 2 H,0; (IIa and IId) two forms
of CaS0O,, 1/2 H,0 ; and three forms ITla, ITIb, IV of anhydrous CaSO,. The form IIb
is metastable to Ila.

872 The transient formation of a hydrated sulphate when it is precipitated from
solution hag been observed by B. Lambert and W. Hume-Rothery, J.C.S. 1926, 2637.

878 W. Grahmann, Z. anorg. Chem. 1913, 81, 257.

87t F. Kohlrausch, Z. phystkal. Chem. 1905, 50, 355; 1908, 64, 152.

878 F. O. Doeltz and W. Mostowitsch, Z. anorg. Chem. 1907, 54, 148.

87 T, Kohlrausch and F. Rose, Z. physikal. Chem. 1893, 12, 243.

977 M. L. Dundon, J.4.0.5. 1923, 45, 2662.

87% 8, C. Lind, J. E. Underwood, and C. F. Whittemore, ib. 1918, 40, 467.

979 W. B. Jegorow, Chem. J. (Russ.), 1931, 1, 1266 (Landolt-Bornstein Erg. iii,
. 488). .

¢ W, F. Elret, J.4.0.8. 1088, 54, 3181,

0L A, Potyllzyn, Z, Krist. 1802, 20, 188,

A .
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Barium chlorate, Ba(ClOg),. This forms a monohydrate which loses its
water at 120° and begins to give off oxygen at 300°; sol¥ 33-8/20°.382 It
is very slightly soluble in alcohol, and practically insoluble in all other
organic solvents. The monohydrate has been shown to give a continuous
series of solid solutions with the bromate. 383

Perchlorates

The perchlorates of the alkaline earths are all very soluble, not only
water but in many organic solvents as well. The values have been deter-
mined by Willard and Smith,% and are given, in g. of anhydrous salt to
100 g. of solvent at 25°, in the following table:

Solvens Ca(ClO,); | Sr(ClO,), | Ba(ClO,),
Water 188-8 300-7 198-3
Methyl alcohol 237-2 212-0 217-0
Ethyl ,, 166-2 180-7 124-6
n-Propyl ,, 1449 140-4 75-6
n-Butyl ,, 113-8 113-5 58-2
Iso-Butyl ,, 56-9 77-9 56-2
Acetone 61-8 150-1 124-7
Ethyl acetate 75-4 136-9 113-0
Ethyl ether 0-26 .. ..

Calcium perchlorate seems to be always anhydrous.

Strontium perchlorate forms a tetrahydrate which goes to a dihydrate at
25°, and this at 37° to the hydrate Sr(Cl0,),, 2/3 H,0.

Barium perchlorate is the most stable perchlorate of the series; the loss
of oxygen on heating is very slow and very small below 450°. It forms
hydrates with 3 and 1 H,O; if the trihydrate is dried ¢n vacuo at 100-140°
it goes straight to the anhydrous salt without melting, and forms a porous
maas of this which is as effective a drying agent as concentrated sulphurie
a0id.3® To obtain it perfectly free from water it must be dried for 5-6
hours at 260°.3% The saturated aqueous solution boils at 140°.

Bromates

Calcium bromate crystallizes with 1 H,O, this being isomorphous with
the strontium and barium salts; sol¥ 90/ord. temp.

Strontium bromate is formed by the direct action of bromine on the
hydroxide387?; sol” 31/15°.

Barium bromate: the monohydrate loses its water on heating, but not
over sulphuric acid. It begins to lose oxygen at 265°, and does so almost

388 C, di Capua and A. Bertoni, Gaz. 1928, 58, 250.

688 J, E. Ricoi and S. H, Smiley, J.4.C.S. 1944, 66, 1011.

¢ H, H. Willard and G. F. 8mith, ib, 1928, 45, 286.

88 G, F. Smith, J. Ind. Eng. Chem. 1927, 19, 411.

80¢ O, Hénigachmid snd R, Sachtleben, Z, anorg. Chem. 1029, 178, 16.

1 H, B, Dunnicliff, H. D, 8uri, and K. L. Malhotra, J.0.S. 1028, 3108,
/
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explosively at 300°388; s017 0-652/20°38% a remarkable drop from the stron-
tium salt,

Todates

Calcium dodate.3®® There is a hexahydrate up to 35°; then a dihydrate
to 57-5°, and then the anhydrous salt. Sol” 0-307/25°. The transitions are
slow, and the solutions readily supersaturate.

Strontium iodate has 6 and 1 H,0 ; sol” 0-026/15°.

Barium iodate only occurs with 1 and 0 H,O ; the monohydrate is stable
from 0° to at least 99°. It loses its water at about 180°; sol¥ 0-022/20°.

Alkaline Earth Complexes

These elements behave like magnesium in the formation of complexes,
hut owing to the larger size of the atoms the tendency to co-ordinate is
less, and it falls off as the atomic number of the metal rises. The complexes
resemble those of magnesium in many ways ; they are mainly complexes of
the divalent cation, and the affinity is greatest for oxygen and less for
nitrogen ; other elements, even the halogens, scarcely co-ordimate at all,
though there is evidence of the formation of auto-complexes m solutions
of the chlorides.

Nitrogen Complexes

'I'hese are practically confined to the ammines, though one or two com-
pounds of hydroxylamine and of hydrazine have been prepared. The
ammines are formed almost exclusively by the chlorides, bromides, and
lodides. Hiittig and his colleagues3®!-3 have prepared these ammines by
the action of gaseous ammonia on the dry halides, and have determined
their dissociation tension. The tendency to co-ordinate falls off from
oalclum to barium; the mean values of the temperatures at which the
dissociation pressure is 100 mm. are Ca 105:4°; Sr 71-9°; Ba 12-5°.

Oxygen Complexes
This is by far the largest group, as the ions of these elements, like those
of magnesium, will take up a number of oxygenated organic molecules by
90-ordination with the oxygen. There are clear indications that this power
falls off from calcium to barium: thus the halides (aud sometimes the
roxide and nitrate as well) of barium will combine with glycerol, sugar-
hols, sugars, carboxylic acids, and aminoacids; strontium halides will
Mao combine with alcohol and acetone : calcium salts in addition to allthese

888 1. Hackspill and Winterer, C.R. 1930, 191, 663.

089 M. Trautz and A. Anschiitz, Z. physikal. Chem. 1906, 56, 240.
190 A, E. Hill and 8. F. Brown, J.4.0.S. 1931, 53, 4319.

91 Calolum: G. F. Hittig, Z. anorg, Ohem. 1922, 123, 31.

8 Sprontium: id., b, 124, 822,

' Barium: G. F. Hiittig and W, Martin, ib. 125, 269,
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classes of compounds will co-ordinate with phenol catechol, acetals, alde-
hydes, esters, urea, and di- and tripeptides. The still greater co-ordinating
power of beryllium has already been discussed.

This fall in the tendency to co-ordinate with oxygen as we go from
calcium to barium is very clearly shown by the degree of hydration of the
salt (see Table III, p. 221),

Chelate Oxygen Complexes

Practically the only neutral co-ordination compounds of these elements
that are known are a small number of chelate derivatives of g-diketones,
B-keto-esters, and a-dicarboxylic esters,

The acetylacetonates of all three elements can be made by the action
of acetylacetone on the hydroxide,3%-5 or on an aqueous solution of the
cyanide.??¢ Unlike the magnesium compound they crystallize from sol-
vents containing water with two molecules of water of crystallization, which
are readily removed by warming in vacuo. These compounds are insoluble
in water and only slightly soluble in alcohol, and are no doubt chelate
compounds, with co-ordination numbers of 4 in the anhydrous and 6 in
the hydrated state.

Derivatives of acetoacetic ester and of malonic ester3®” can be made
from the cyanides in the same way. They are of the same MA, type; they
do not seem to form hydrates.

These elements may form chelate oxygen-linked complexes also in the
double oxalates, the only double salts of the alkaline earths that have any
claim to be regarded as complex: but the evidence for their complexity
is not strong.398-40¢ The behaviour of the calcium derivatives of hydroxy-
acids (lactic, citric, ete.) in giving solutions of low Ca** content (‘free’ and
‘bound’ calcium) is of importance both chemically and physiologically.40!

Complex Halides

No double halides of the alkaline earths have been isolated, but Noyes?0?
has shown that the change with concentration of the transport number of
barium chloride (and the calcium and strontium salts behave in the same
way) indicates a certain amount of auto-complex formation in the solu-
tion; it is particularly noticeable that the nitrate does not show this
effect, the NO, group having, in general, less tendency to complex formation
than any other anion except ClO,. In the following table the transport
numbers (multiplied by 100) for barium chloride and barium nitrate are

334 S, Tanatar and E. Kurowski, J. Russ. Fnys. Chem. Ges. 1908, 40, 580 (Chem.
Centr, 08. ii. 1096).

395 H. Franzen and W. Ryser, J. prakt. Ohem. 1913, [2] 88, 297.

86 G, T. Morgan and H, W, Moss, J.C.S. 1914, 105, 195,

897 H, Erdmann and E. van der 8missen, Ann, 1908, 361, 66.

898 R, Scholder, E. Gadenne, and H, Niemann, Ber, 1927, 60, 1489.

9 1d,, ib, 1510, 400 R, Soholder, ib. 1525.

‘01 Qoo Recent Addvances in Protvin Chemistry, 1048, vol, 1.

0 A A Noy“, z- phy“m. Ohlm. 1901, 369 68-
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given, and for comparison those for potassium sulphate, as a uni-divalent
salt which cannot be supposed to form a complex.

K,S0, |Ba(NO,),| BaCl,
0-1 molar 49-31 45-50 41-47
0-02 molar 49-62 45-99 44-22
Difference 0-31 0-49 2-75




Grour II B
GENERAL

As we have seen, the resemblance between the two divisions of Group II
is much closer than that between those of Group I. While monovalent
copper, silver, and gold scarcely resemble the alkali metals in anything
except the valency, there is considerable resemblance between II A and
II B, and in particular between zinc and cadmium in one subgroup and
magnesium in the other, zinc being in a way intermediate between
magnesium and cadmium. This is shown, for example, in the solubility of
the sulphates, and also in the relatively low melting-points of the metals,
zine melting at 419° and cadmium at 321°, while magnesium, the most
fusible of the A elements, melts at 649°,

In Group II, as in Group I, the B elements form covalent compounds
much more readily than the A ; thus of the ‘calcides’* (binary compounds
of elements of the oxygen group), all those of zine, cadmium, and mercury
have covalent lattices, with the unexplained exception of cadmium oxide,
which has an NaCl structuret%; so do the beryllium calcides, but those of
magnesium and the alkaline earths all form ionic lattices except the one
compound most likely to be covalent, magnesium telluride. Again, the B
elements as usual show much more individuality than the A. Zinc and
cadmium resemble one another fairly closely, though cadmium has a
stronger tendency to co-ordination; the increase of this with atomic
number is a normal characteristic of B elements, in contrast to A, where
the change is in the opposite direction. But mercury differs greatly from
the other two, and is in some ways the most peculiar of all the elements,
especially in its tendency to be satisfied with a valency group of 4 shared
electrons. Thus, while the rather low conductivity of CdCl, is due to auto-
complex formation, g1v1ng Cd[CdClg], and Cd[CdCl,], the much smaller
conductivity of HgCl in solution is not due to the formation of Hg[HgCl,],
of which there is little evidence, but to the HgCl, molecules remaining
in the covalent state. This stabilit of the shared quartet is a factor in the
inertness of the alkyl compounds “while those of zinc and cadmium are
spontaneously inflammable in air and at once decomposed by water, the
mercury dialkyls are stable to both. Signs of a similar though smaller
stability of a shared quartet are found in the aurous (I. 148), thallic
(III. 464), plumbic compounds (IV. 592), and perhaps in those of bis-
muth (IV. 592).

Hence we can treat zinc and cadmium together, but mercury requires
to be dealt with separately.

* It is convenient to have general terms, corresponding to ‘halogen’, ‘halide’ for
the elements of the oxygen—tellurium subgroup and their binary compounds, and the
words ‘chalkogen’, ‘chalkogenide’ are often used. But it is obvious that they are
derived from calw, lime, and not from xaAxds, copper, and so should be spelt calo- ;
also the compounds should be called ocalcides on the analogy of halides.

to8 Y, M. Goldeohmidt, Geochem. Vert, viii, 1887,
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ZINC AND CADMIUM

THESE elements give cations of considerable deforming power (power of
covalency formation), that of cadmium being much the stronger. Here
again, as in Subgp. I B, the simple relation between size of ion and deform-
ing power, so important among the A elements, no longer holds; the radii
of the divalent ions are

Mglr Ca” 7n" Cdn Hgn
0-78 1-06 0-83 1-03 1-12

Magnesium and zinc are nearly the same size, and so are calcium, cadmium,
and mercury; but the tendency to covalency formation is definitely
stronger with zinc than with magnesium, and with cadmium and mercury
than with calcium ; moreover, it is much stronger with cadmium than with
zine, though the latter is smaller.

These are among the less common metals, especially cadmium, which is
as rare as mercury ; the amounts in g. per ton in the earth’s crust according
to Goldschmidt are

Zn Cd Hg

40 05 05

Cadmium is scarcely ever found except in zinc ores; blende usually con-
tains from 0-1 to 0-2 per cent., and calamine 0-2-0-3 per cent. ; it is sepa-
rated from the zinc by means of its greater volatility.

The solubilities of the salts in water are usually similar to those of
Group II A, and especially to those of magnesium. The chlorides,
bromides, iodides, chlorates, and nitrates are all very soluble, and the
hydroxides, sulphides, carbonates, and oxalates very insoluble. The solu-
bilities of the chlorides, bromides, and iodides of zinc in water are enor-
mous, and they are very large in organic solvents also, a characteristic of
salts with highly deformable anions; those of cadmium are less soluble,
owing no doubt to their much greater complex formation ; in the chlorates,
nitrates, and sulphates, where there is much less complex formation owing
to the smaller deformability of these anions, the zinc and cadmium salts
are about equally soluble. The values for the fluorides and sulphates in
moles of salt to 100,000 moles water at 25° are:

Fluorides

Be Mg Ca Sr Ba Zn Cd

ca. 10,000 4 0-4 (] 12 280 520
Sulphates

7,300 5,400 28 1 0-017 6,300 8,700
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Metals

The melting-points, boiling-points, Trouton constants (heat of evapn./
b. pt. °K.), and densities of these metals, together with those of magnesium
and barium, are given in the table below:

| Zn cd Hg Mg Ba
M.pt. . . . 419° 321° —38-9° 649° 850°
B.pt. . .. 906° 764° 357° 1,100° 1,540°
Trouton . . . 23-2 23-0 22-2 .. o
Density . . . 714 8-64 13-59 174 3.6

The metals are practically entirely monatomic in the vapour above 1,000°,
and also presumably in the liquid, since they give normal values of the
Trouton constant. But enough diatomic molecules are present in the
vapours of all three to give characteristic bands in the absorption spectra :
and new bands of this kind are found with mixed vapours such as Zn—Hg
and Cd—Hg,*%* and mixtures of Zn, Cd, and Hg with alkali metals?%; it is,
however, possible that the bands of cadmium are due to impurities.10

Hydrides

Zinc and cadmium have a small power of absorbing hydrogen, but there
is no evidence that either of them can form a definite hydride.40?

Carbides

Neither zinc nor cadmium seems to form a carbide M,C. Zinc gives an
acetylide ZnC, as a white powder when acetylene is passed into a solution
of zinc ethyl in ligroin?%®; it is decomposed by water to give Zn(OH),,
whereas the acetylides of beryllium, copper, and silver are hydrolysed only
by acids or alkalies.

Similar acetylides of cadmium, such as CdC,,C,H, (or Cd(C,H),, have
also been made,4%? but these are stable to water and are not explosive.

ALKYL AND ARYL COMPOUNDS

The zinc alkyls were the first of the metallic alkyls to be discovered
(E. Frankland, 1849); but they are less well known than those of mag-
nesium, though better than those of cadmium. They may be divided into
the alkyl and aryl metallic halides, the dialkyls, and the diaryls; the first
of these classes is known with zine but not with cadmium.

404 J, G. Winans, Phys. Rev. 1928, 32, 427; Phil. Mag. 1929, 7, 565.

405§, Barratt, Trans. Far. Soc. 1929, 25, 759.

408 J M. Walter and S. Barratt, Proc. Roy. Soc. 1929, 122, 201.

497 For zino see F. Paneth, M. Mathies, and E. Schmidt-Hebel, Ber. 1922, 55,
787.

s J, F. Durand, C R. 1928, 176, 992.

9 K. Gobaner, Z, anorg. Chem, 1928, 176, 283,
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Zinc Alkyl and Aryl Halides*'?

These compounds have a much smaller practical importance than the
Grignard reagents. As zinc has less affinity for oxygen and the halogens
than magnesium, they are less reactive, but they can sometimes be used
when the Grignard reagents would go too far, as, for example, in preparing
a ketone from an acyl chloride, which with a magnesium compound would
react further to produce a tertiary alcohol. Their use in syntheses is
largely due to Blaise.411412 Their reactions are interfered with by ether,
and as a solvent Blaise uses a mixture of ethyl acetate and toluene.

The solution of the alkyl zinc iodide is a rather viscous colourless liquid
which fumes strongly in air and is very easily oxidized.

In the absence of a solvent the compound can be made, as Frankland
showed, 413 as a white crystalline solid stable in carbon dioxide but at once
decomposed by air or water. The corresponding chlorides, bromides, and
cyanides are even more readily oxidized than the iodides.#1

With secondary iodides, petroleum ether must be used instead of aro-
matic hydrocarbons, which would be alkylated if present while the alkyl
zine halide was being formed, though not afterwards. Zinc reacts with a
secondary iodide very readily, but the yield is not more than 60 per cent. ;
tertiary iodides cannot be made to give satisfactory yields at all.

Aryl zinc halides are made by treating the Grignard reagent with a solu-
tion of zinc chloride in ether, adding toluene, and evaporating off the ether,
when a toluene solution is obtained.

In general, an alkyl zinc halide will not react in the cold with a simple
organic halide, ether, ketone, or ester, or with a double carbon link, but it
will often do so if these groups have an electronegative group attached to
the same atom : for example, with chlorine in an acid chloride, and with the
carbonyl group in ethyl oxalate or chloracetyl chloride.411

Zinc Dialkyls and Diaryls

Zinc ethyl was first prepared by Frankland in 184945 by heating zme
with ethyl iodide to 150° in an autoclave; it was of great theoretical
importance for determining (through its vapour density) the atomic weight
of zine, and also for leading to a number of organic syntheses, of the kinds
now carried out more easily by means of the Grignard reagents.

The zinc alkyls can be made under ordinary pressure by heating zine
with alkyl iodide (not bromide) at the boiling-point of the latter, when the
whole is converted into the alkyl zinc iodide. The temperature is then
raised, and the zinc dialkyl distils over:

2 Alk—Zn—T = Zn(Alk), + Znl,.

410 See Krause and v. Grosse, pp. 61-8.

1 See his summary: E. Blaise, Bull. Soc. Chim. 1911, [4] 9, i-xxvi (Chem. Oentr,
1911, 1. 1807-9).

43 C, R, Noller, J.4.0.8. 1920, 81, 504, 48 T, Frankland, 4nn. 1835, 95, 86,

414 A, Job and R. Reioh, Bull, Sos, Ohim. 19028, [4] 33, 1414,

1 4dnn, 1840, 71, 1711 soo nlso Piil. Trane. 1889, 143, 417; Ann. 1853, 85, 899,




266 Group II B. Zinc and Cadmium

The reactions must be carried out in complete absence of air, usually in a
stream of carbon dioxide.

The reaction goes more slowly than with magnesium, but it can be
hastened by a variety of catalysts: zine-copper couple (essentially zinc
superficially alloyed with copper) is more reactive than pure zine, and an
nlloy of zinc with 5-8 per cent. copper is found to be equally effective ; zinc
which has previously been etched with sulphuric acid can also be used.
Iodine and ethyl acetate also have a catalytic effect ; but it is to be noticed
that ether has no effect whatever. The dialkyls can also be made by
the action of metallic zinc on the mercury dialkyls or, better, by heating
the Grignard reagents with zince chloride.

The zinc alkyls are colourless volatile liquids.

Compound B. pt. F. pt. Trouton
ZnMe,® 44° —29-2° 22-5
ZnEt, 117-6° —30-0° 246
Zn—a—Pr, 139-4° —83° 23-3
Zn—a—Bu, 201-1° —b57-7° 21-7

(Primary propyl and primary normal butyl)
a — 7

The infra-red and Raman spectra indicate that the dimethyl has a
linear C—Zn—C group, with an eclipsed arrangement of the methyls.416
They are very stable by themselves; they can be kept indefinitely even in
the light, and can be distilled up to over 200° without decomposition : in
this stability they differ from their cadmium analogues. They have been
shown to be monomolecular both in the vapour state416418 and in benzene
at the freezmg-point.#1® Zinc ethyl has the low dielectric constant of
2:5541% (compare benzene 2-29, carbon disulphide 2-63: the group C-—Zn—C
like C—Mg—C is no doubt linear); it is a non-conductor in the pure state,
but has a specific conductivity of 1074 in ether.420

These alkyls are extremely readily attacked by oxygen and by many
compounds containing oxygen or other electronegative elements. The
lower members catch fire in air very easily ; the higher members (i.e. those
with a smaller zine content) from the diamyl compound upwards fume
violently in air, but do not always catch fire. On more gradual oxidation
zine methyl at low temperatures gives the methyl-methylate

CHy—Zn—0—CN;,
and zine ethyl at rather higher temperatures a compound Zn(C,Hg),0,

4s H, W. Thompson, J. W. Linnett, and F. J. Wagstaffe, Trans. Far. Soc. 1940,
36, 7907.

4t O, H, Bamford, D. L. Levl, and D, M, Newitt, J.0.S. 1946, 468.

¢ A, W. Laubengayer and R, H. Flackenstein, Z, anorg, Chem. 19380, 191, 283,

ae F’ m ‘nd E’ lﬂhl'lm ,- MW._OM. 1980, 149’ ‘08.
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which has oxidizing properties, and seems to be a peroxide.*2-2 They react
with water, alcohols, ammonia, etc., in the same way as the Grignard
reagents, but differ from the latter in not reacting with carbon dioxide,
in which they can be prepared. Many of the synthetic reactions of the
Grignard reagents had previously been worked out with the zinc dialkyls.

Zinc Diaryls

These are white crystalline solids, which can be made from metallic zinc
and the mercury diaryls.4?® Their melting-points are: zinc diphenyl b. pt.
283°, m. pt. 107°; di-p-fluorophenyl m. pt. 135°; di-o-tolyl 208°; di-B-
naphthyl 185°. They are not spontaneously mflammable, but are very
readily oxidized.

All attempts to prepare zine dibenzyl by the action of zinc on mercury
dibenzyl were failures, the only product being dibenzyl.

Cadmaum Alkyls and Aryls

The alkyl and aryl cadmium halides are unknown.

Cadmium diethyl was first made in an impure state by Wanklyn in
18564 by the action of cadmium on ethyl iodide ; some sixty years later
Hilpert and Griittner*? made cadmium diphenyl from mercury diphenyl,
and soon after this Krause!? showed that the dialkyls can be made much
more easily from the Grignard reagents and cadmium bromide. They can
also be made in solution by adding cadmium chloride to the Grignard
reagent in ether.42?

The boiling- and melting-points of some of the cadmium dialkyls are
given in the following table:

B. pt. at mm. M. pt.
Cadinjum Dimethyl 105-5° 760 —4-5°
Diethyl 64° 19-5 —2J°
Di-n-propyl 84° 21-5 —83°
Di-n-butyl 103-5° 12-5 —48°
Di-iso-butyl 90-5° 20 —37°
Di-is0-amyl 121-5° 15 ca.—115°

The cadmium dialkyls are markedly less stable in themselves than those
of the other metals. Only the dimethyl compound (like mercury and boron
methyls, but unlike those of lithium and beryllium) can be kept without
decomposition. The rest, especially in the light, soon deposit a black
precipitate of metallic cadmium ; if they are heated to 150° or above they
decompose, often with violence. Though they show this tendency to

4 H. W, Thompson and N, 8. Kelland, J.C.S. 1933, 746, 756.

48 C, H. Bamford and D. M. Newitt, ib. 1946, 688.

@ K, A, Kozeschkow, A. N. Nesmejanov and W. L. Potrosov, Ber. 1934, 67, 1138.
¢ J, Wanklyn, J.0.S. 1857, 9, 193.

48 §, Hilpert and G, Griittner, Ber, 1913, 46, 1682.

e E, Krause, ib. 1017, 80, 1813,

"y Pl L- de B.mlov“lo, J. Orﬂ- Chem. 19‘1, 6’ 468, .
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dissociate, in most of their reactions they are less active than the zinc
alkyls, though more so than those of mercury.42® In the air they evolve
clouds of cadmium oxide smoke, but they only catch fire under special
circumstances, as when dropped on filter-paper. When put into water they
sink to the bottom in large drops, which decompose in a series of sudden
axplosive jerks, with a crackling sound, which may go on for hours. Their
boiling-points are much higher than those of their zinc and even sometimes
of the mercury analogues: for example, ZnMe, 46°; CdMe, 105-5°;
HgMe, 92°.

Cadmium diphenyl? can also be made??? by the action of cadmium
bromide on a solution of lithium phenyl in ether in an atmosphere of
nitrogen. It melts at 173-4°; it behaves like the dialkyl with oxygen,
water, and most other reagents; it will exchange its phenyl groups with
mercuric chloride, stannic chloride, and antimony trichloride.

Cyanides

Zinc cyanide, Zn(CN),, can be made by the action of cyanogen gas on
the metal at 300° (Berthelot); by dissolving zine oxide in prussic acid, or
by precipitating a solution of a zinc salt with potassium cyanide; it is a
white powder practically insoluble in water and alcohols. It is one of the
most stable of cyanides to heat ; it only loses (by volatilization) 1 per cent.
of its weight on ignition for half an hour.#3® It dissolves readily in solu-
tions of alkaline cyanides to give complexes.

Cadmium cyanide, Cd(CN),, is similar, but is more soluble in water
(1-71/15°) and slightly soluble in alcohol. It also readily forms complex

cyanides.
Nitrides

Zinc nitride, ZngN,, is very difficult to prepare in the pure state. It can
be made®?! (1) by heating zinc amide Zn(NH,), to 330°; (2) by heating zinc
dust to 600° in a stream of ammonia. It is a blackish-grey, definitely
orystalline substance, and gives clear X-ray lines. The heat of formation
of the solid from the metal and nitrogen gas is 5-3 k.cals.

Zinc amide, Zn(NH,),, was first obtained by Frankland’? by the action
of ammonia on zine ethyl. Juza and his colleagues® made it by Frank-
land’s method, using an ethereal solution of zinc ethyl; after 5 hours in
ammonia at 150° it contains a small amount of carbon, probably as
Zn(NH,)Et. It isa white powder, which is decomposed by water and acids.
At 200° it begins to lose ammonia and forms the nitride Zn,N,.

Cadmium nitride, Cd4N,, is said to occur34-5 but has never been analysed.

498 H, Gilman and J. F. Nelson, Rec. Trav. 1936, 55, 518.

499 A, N, Nesmejanov and L. G. Makarova, J. Gen. Chem. Russ. 1937, 7, 2649,

0 'W. Truthe, Z. anorg. Chem. 1912, 76, 154.

61 R, Juza, A. Neuber, and H. Hahn, ib. 1938, 239, 273.

#3 B, Frankland, J. prakt. Chem. 1858, 73, 35.

¢ R, Juza, K. Fasold, and W. Kuhn, Z. anorg. Chem. 1987, 234, 86.

164 T, Flaolior and F, Sohréter, Ber. 1010, 43, 1468,

% 1, B, Baker and R. J. Strutt, ib, 1014, 47, 1040,
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Cadmium amide, CA(NH,),, can be made by the action of potassamide
KNH, on cadmium cyanide or thiocyanate in liquid ammonia. It is a
white substance which reacts violently with water to give cadmium
hydroxide and ammonia, and explodes on rapid heating with separation
of metallic cadmium.

Oxrdes

The supposed suboxides Zn,0 and Cd,0 are only mixtures of the normal
oxides with the metal.43¢-7

The normal oxides ZnO and CdO are easily made by burning the metal
in air; zinc oxide from its flocculent appearance was known as flowers of
zine or philosophical wool. These oxides have a large heat of formation,
and so are very stable.

Zince oxide melts at 2,000°, or above, and sublimes under 1 atmosphere
pressure at about 1,720°438; it has a covalent (wurtzite) lattice. 439,440

In the pure state it is colourless when cold, but yellow above 250°. Its
properties depend largely on its method of preparation: a specimen made
by dehydrating the hydroxide at 100° had nearly 1,000 cals. more energy
per ZnO than one dehydrated at 600°.441-2

Cadmium oxide at the ordinary temperature has any colour from
brownish-yellow to black, according to the way it is made ; when cooled in
liquid air it is similar to zinc oxide, but it has a sodium chloride (ionic)
lattice®*3; it sublimes at 1,930° 444

Hydroxides

The hydroxides Zn(OH), and Cd(OH), are definite crystalline com-
pounds: Cd(OH), has a cadmium iodide (brucite) lattice, like magnesium
hydroxide4®; the crystal structure of zinc hydroxide is different*¢; with
cadmium the X-ray results show that no other solids are formed than CdO
and Cd(OH),.#7 They are, however, stable only over a limited range.
Hiittig has shown?®4! that below -+ 39° zinc oxide and water react with fall
in free energy to give the hydroxide Zn(OH), ; above this temperature the
oxide alone is stable, With cadmium#7? the relations seem to be very
similar. (Mercuric hydroxide Hg(OH), does not occur as a solid phase at all.)

Both the hydroxides are nearly insoluble in water, but are soluble in
ammonia owing to the formation of amines; zinc oxide dissolves in excess

43 W. R. A. Hollens and J. F. Spencer, J.C.S. 1934, 1062.

137 R. E. Hedger and H. Terrey, Trans. Far. Soc. 1936, 32, 1614,
438 G. F. Hiittig and K. Toischer, Z. anorg. Chem. 1932, 207, 273.
43% W, H. Zachariasen, Z. Phys. 1927, 40, 637.

40 S Tolksdorf, Z. physikal. Chem. 1928, 132, 161.

41 G. F. Hiittig and H. Moldner, Z. anorg. Chem. 1933, 211, 368.
442 R, Fricke and F. Blaschke, Z. Elektrochem. 1940, 46, 46.
48V, M. Goldschmidt, .Geochem. Vert. viii, Oslo, 1927.

44 T, J. Kohlmeyer, Metall. Erz. 1929, 26,62,

48 G, Natta, Gaz. 1928, 58, 344.

45 O, Qottfried and H, Mark, Z, Krist. 1927, 65, 416.

1 G, F, Huttig and R. Mytyzek, Z. anorg. Chem. 1980, 190, 353,
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of alkali, but cadmium oxide does not. Cadmium has less acidic character
(less power of forming the anions [HO—M-—O0]" and [0—M—O0]7")
than zine; this power always diminishes (even in B subgroups) with rise
of atomic number. From a solution of zinc oxide in very concentrated
alkali a series of readily soluble and highly hydrolysed zincates can be pre-
pared 448 such as Na[HO—Zn—O], 4 and 1 H,0, and Na,[ZnO,], 4 and
2 H,0; the anions should perhaps be written

HO - HO OH]—
Ngn— Ny
[H m on] and [HO /zn\OH] .

The corresponding cadmiates, such as Na,, Cd(OH),, and Ba, Cd(OH),, have
recently?® been made, though less easily, from very concentrated alkali.
No mercurates could be made in this way, the product being crystalline
mercuric oxide.

Peroxides

Indefinite hydrated peroxides can be obtamed from zinc and cadmium
hydroxides by treatment with hydrogen peroxide#®®-1; but neither element
forms a definite peroxide by direct combination with oxygen. Zinc oxide
will not take up any more oxygen even under 12 atmospheres pressure.
Cadmium, however, seems to have a slight tendency to form a peroxide
directly: the oxide formed by burning cadmium i air contains a small
amount of peroxide. (Among the alkaline earth metals, which give per-
oxides much more readily, the tendency increases with the atomic number.)

Sulphides, Selenides, and Tellurides

These compounds are all insoluble crystalline substances with covalent
4:1 lattices (zine blende or wurtzite or both); the colour darkens as the
atomic weight of either constituent increases, being white for zine sulphide,
yellow for cadmium sulphide, zinc selenide, and cadmium selenide, red
for zinc telluride, and black for cadmium telluride.

Zinc sulphide, ZnS, occurs in nature as zinc blende, the chief ore of zinc;
'Bidot’s blende’, containing traces of manganese and copper, is very sensi-
tive to radium and X-rays, and hence is often used for X-ray screens. It
is dimorphic, the low-temperature zinc-blende form changing at 1,020°.

From their heats of solution in hydrochloric acid it appears that the heat
of transformation of sphalerite into wurtzite is 3-19 k.cals/mol.452 It begins
to sublime at 1,200°, and melts under pressure at 1,800-1,900°. When
ignited in the air it burns to zinc oxide. Zinc selenide and telluride are
similar, and have zinc blende lattices. 4534

43 R, 8cholder and H. Weber, Z. anorg. Chem. 1933, 215, 355.

9 R, Scholder and E. Staufenbiel, ib. 1941, 247, 259.

0 Zino: G, Oogné, C.R. 1938, 206, 1119.

1 Qadmium: T. R. Perkins, J.0.S. 1029, 1687,
s A, F. Kapustinski and L. G. Tschentzova, 0. R. Acad. Sci. U.R.8.S. 1941,

30, 480,
0 W, H. Zechariasen, Z. physikal. Olem. 1956, 124, 436, " Id,, {b. 877,
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Cadmium sulphide, CdS, occurs as the mineral Greenockite. It has a
wurtzite latticet5® ; its colour varies from lemon-yellow to brown according
to the method of preparation. It begins to sublime about 1,000°, and melts
at 1,750°; 0-13 mg. will dissolve in 100 g. water at 18°,

The selenide (wurtzite lattice?®8) melts at 1,350° and the telluride (zinc
blende lattice5t) at about 1,050°, but at this temperature is already disso-
ciating with volatilization of metallic cadmium 456

Halides
The following table gives some of the properties of the compounds.

ZnT', ZnCly; | ZnBr, | Znl, | CdF, | CdCl, | CdBr, | Cdl,

M. pt. . 872° 275° 390° 446° | 1,110° | 568° 585° 381°
B. pt. B T 720° | 670° .. | 1,200°| 964° | 863° ..
*G./100 g.

water . | 162, | 420, | 4884 | 7304 | 434, | 1154 | 1154 | 85:54
Hydration . | 4,0 |4,3,25,(3,20/4,20{ 0 [4,2541,0] 0

1-5,1, 0 1,0

Hydrn: Hg” 2 0 0 0

* Subscript numbers give the temperature.

Hydration of other Salts of Zn, Cd, Hg

Zine Cadmium Mercuric
Nitrate . ) .l 9,632 94,2 8, 1/2
Sulphate . .| 17,8,5,3 7, 8/3, 1 2,1

2,1
Carbonate . . 1, 1/2 1/2 .
Oxalate . . . 2 3, 2 0
Acetate . . . 3,2 3 0
Chlorate . . 6, 4, 2 2 ..
Bromate . . (] 2,1 2
Todate . 2 1 0
Average highest . 4.7 (9) 37 (9) 246 (7)

Fluorides

Zine fluoride ZnF,. This forms a tetrahydrate and an anhydrous salt ;
sol” 1:62/20°; it forms no ‘acid’ fluorides.487-8

Cadmium fluoride, CdR,, is similar; it melts at 1,110°4%® and unlike the
zino salt is not volatile even at 1,200°. It can be made!$?460 by adding
ammonium fluoride to a cadmium chloride solution ; its solubility in water
is 4-34/25° and only 2-30/61°.

5 W, L. Bragg, Phil. Mag. 1920, 39, 647.

48 M. Kobayashi, Z. anorg. Chem. 1911, 69, 1.

€7 A, Kurtenacker, W. Finger, and F. Hey, ib. 1933, 211, 89.

@8 For the basic fluorides, their stability relations and X-ray structures see
W. Fejtknecht and H. Bucher, Helv. Ohim. Acta, 1943, 26, 2177 (cadmium); 2196
zino).

( ‘“) N. A. Puschin and A. V., Bagkow, Z. anorg. Chem, 1918, 81, 358.

40 P, Nuka, ib, 1929, 180, 235,
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Chlorides, Bromades, and Iodides

All the other halides of these two metals are extremely soluble in water
and tend more or less to form auto-complexes. Itisgenerally assumed that
this tendency is much stronger with cadmium than with zine, but recent
work makes this very uncertain, and suggests that the greater abnormality
of the cadmium halides in solution is due in part to their having something
of the tendency which is so marked in mercury to go into the non-complex
dicovalent form hal-M-hal.

Zinc Chloride

This melts at 275° and is very readily super-cooled ; it boils without
decomposition at 720°. Its vapour density at 900° corresponds to ZnCl,.461
It is very difficult to remove the last traces of water from the solid, which
is said to be as hygroscopic as phosphorus pentoxide. It is one of the most
soluble of solids; it forms several hydrates: the compositions and transi-
tion-points of the various solid phases in the system ZnCl,—H,0 are as
follows:
fece == 4aq. = 3aq. == 21/2aq. == 11/2aq. == laq. == 0

—62° —30° +6 +11-5° 26° 28°
It is very soluble not only in water (420/25°) but also in many organic
solvents containing oxygen or nitrogen, such as alcohols, ethers, esters,
ketones (43-5/18° in acetone), furfurol, as well as amines and nitriles.

The hydrolysis of the aqueous solution is remarkably small; a value of
0-0006 per cent. (6 parts per million) in 0:25 molar solution at 18° was found
by E.M.F. measurements,%2 and 0-1 per cent. in 0-06 molar solution at
100° by the inversion of cane sugar.463

Various basic halides such as Zn(hal),, 4 Zn(OH),, and Zn(hal),, 3 Zn(OH),
are known, and their X-ray analysis shows that they have layer lattices
with the normal salt and the hydroxide in alternate layers, and cannot
have the ‘hexol’ structures suggested by Werner.4%4

Zinc Bromide

This is very similar to the chloride. It forms hydrates with 3 and 2 H,O,
the latter going to the anhydrous salt at 37°. It is even more soluble in
water (488/25°).465 It is easily soluble in alcohol, but less so in ether. There
is evidence of complex formation in solution: Hittorf showed?®® that in
4-molar solution the transport number of the zinc is negative, and Parton
and Mitchell,%7 determining by E.M.F. the activity coefficients of the
zinc halide, showed that these indicated that the dissociation of the
ohloride is less complete than that of the bromide and iodide.

481 'V, Moyer and C. Meyer, Ber. 1879, 12, 1195.

48 K, Drucker, Z. Elektrochem. 1912, 18, 244.

48 H, Loy, Z. physikal. Chem. 1809, 30, 226; C. F., Kullgren, ib. 1913, 85, 473.

44 W, Feltkneoht, Helv, Ohim. Aota, 1980, 13, 22; 1988, 16, 427.

4 13, Dietz, Z, anorg. Chem, 1899, 20, 247,

8 W, Hittorf, &, phystkul, Chem, 1008, 43, 949,
“' H, N, Parton and J. W, Mitchell, 2'rans. Far, Soc, 1089, 38, 788.
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Zinc Todide

This salt melts at 446°. It is the most soluble of these halides; sol¥
730/25° (26-4 mols. per cent.). Like the bromide it is easily soluble in
alcohol, but less in ether.

The E.M.F. measurements of Bates!® indicate that zinc iodide behaves
in water as a normal electrolyte so long as the concentration does not
cxceed 0-8-molar; but Hittorf4® has shown that in concentrated solution
the transport number of the zinc becomes negative and van Rysselberghe,

irinnell, and Carlsont?° that a mixture of zinc and potassium iodides at a
total concentration of 4-normal has a molecular conductivity some 10 per
cent. less than that calculated from the values for its components.

Cadmium Chloride

Cadmium chloride melts at 568° and boils at 964°.471 It forms a series

of liydrates with the following transition points:
Ice 4 aq. 21/2 aq. 1 aq. 0 aq.
—9° —5° +34° ca. 100

Nolubilities are water 115/20°; CH,OH 1-71/15°; C,H;OH 1:52/15°; ben-
zonitrile 0-063/15°. It is also slightly soluble in acetone but not in dry
uthor.

Basic chlorides with layer lattices like those of zinc chloride are known.472

Cadmium Bromide

M. pt. 585°, b. pt. 863°; vapour density at 920° normal4™ ; its hydrates

naud their transition points are:
4 aq. = 1 aq. = 0 aq.
+36° ca. 100°

'The solubilities are: water 115/20°47; acetone 1-56/18°¢7; benzonitrile
0-857/18°; ethyl alcohol 26-5 g. CdBr,, 4 aq./15°; ether 0-4 g. CdBr,,
4 iy /15°,

fadmium todide melts at 381°.476 It forms no hydrates. Its solubility
In water is: 85-5/25°,477 in organic solvents:

Mothy! aleohol . . 153, 7/20° Acetone . . . . 25/18°
Kthyl .. 14320° | CH,.CN . . . 16318°
Propyl .. ..  407/20° | Benzene ... 0-047/16°
Hthor  , .. 0-143/20°

8 2. C. Bates, J.4.0.8. 1938, 60, 2983.

W9 W. Hittorf, Pogg. Ann. 1859, 106, 513.

410 P, van Rysselberghe, S. W. Grinnell, and J. M. Carlson, J.4.C.S. 1937, 59, 336.
M K, Hochmeister, Z. anorg. Chem. 1920, 109, 153.

" W, Feitknocht and W. Gerber, Z. Krist. 1937, 98, 168.

70 V, and C. Mcyer, Ber. 1879, 12, 1284.

14 O, H. Weber, Z. anorg. Chem. 1899, 21, 359.

¢ A, Noumanu, Ber. 1904, 37, 4837,

¢ (1, (I Sohmnidt and R. Waltor, Ann, Phys, 1928, [4] 72, 575.

M 1. Cohon, U. W, G, Hetteruchl}, and A, L. T. Moosvoeld, Z. physikal, Chem. 1920,
» 84, 904 ' -
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Behaviour of the Cadmium Halides in Water

There is abundant evidence that these halides of cadmium do not behave
as normal electrolytes in aqueous solution. This is most clearly shown by
the fall in the molecular conductivity with increasing concentration, as
compared with that of a normal di-univalent salt such as magnesium
chloride. The relative values of the molecular conductivity (A, = 1) are
as follows (the value for mercuric chloride would be ca. 0-01):

Dilution | €dCl, | CdBr, cdr, MgCl, | Cd(NO,), | 2ZnCl,
V = 100 0-72 0-66 0-55 0-84 0-86 0-87
10 0-43 0-39 0-26 0-75 0-72 0-73
1 019 0-16 0-13 0-50 0-48 0-49

The same conclusion follows from E.M.F. measurements.4’® It will be
seen that the abnormality is very great with the cadmium halides and
increases with the atomic number of the halogen, while it is barely per-
ceptible with zinc chloride. Cadmium nitrate (the nitrate ion is very
slightly deformable) shows it to the same minute extent as zine chloride.

This may be due (1) to the imperfect dissociation of the simple halide—
to the presence of undissociated molecules of hal-Cd-hal and undissociated
cations [Cd-hal]*; or (2) to the formation of complex anions [Cd(hal);]” and
[Cd(hal),]"". The evidence shows that both these phenomena occur, so
that the problem is very complicated. From E.M.F. measurements with
cadmium electrodes Riley and Gallafent*?? have got concordant values for
the concentrations of the various molecular species, which are confirmed by
the freezing-points. In a solution containing 0-01 molar cadmium in all
its forms they find the following percentages:

cdc, CdBr, cdI,
Ccd+t . ) . o410 ] 328 23-1
Cd(haly* . . .| 563 60-6 66-4
cdthal)y, . . . 3.9 85 69
[Cd(hal)s]~ ‘ _ ‘
i d(hal)‘],-} 0-05 0-17 0-47

The [Cd(hal);]” ions are found to be about 25 times as many as the
[Cd(haly)]” ~; but the values for the complex ions are scarcely more than
orders of magnitude.

The results are confirmed by the conductivity measurements of Righel-
lato and Davies, 480 and the E.M.F. values of Bates and Vosburgh.481-3

478 (1. Soatchard and I'. R. Tefft, J.4.0.S. 1930, 52, 2276.

419 H, L. Riley and V. Gallafent, J.0.S. 1932, 514.

¢80 14, L. Righellato and C. W. Davies, Trans. Faraday Soc. 1930, 26, 592,

1 R, G, Bates and W. C. Vosburgh. J.4.0.8. 1937, 59, 1588, ~

0 Id., ib, 1038, 60, 137, 3 @ R, C. Buetos, ib, 1989, 61, 306.



OXY-SALTS OF ZINC AND CADMIUM
O—C Salts: 1. Carbonates

The carbonates of zinc and cadmium are much less stable than those of
the alkaline earths. CdCO, has a dissociation pressure of 1 atmosphere at
350°, and ZnCOj; at about the same temperature.4®-5 Here again we find
a similarity to magnesium, for which the pressure is 1 atmosphere at 540°,
compared with 900° for calcium and 1,330° for barium.

Acetates

Zinc acetate crystallizes with 2 H,0O. The anhydrous salt melts at 244,4%
and under 150 mm. pressure sublimes undecomposed at 200°.487 It is very
soluble in water (41-6/100 at 150°), and in organic compounds of oxygen
(methyl (not ethyl) alcohol, acetone, acetyl chloride, acetic anhydride,
ethyl acetate, methyl sulphate, epichlorhydrin) and of nitrogen (aniline,
pyridine, benzonitrile). For its conversion into the ‘basic’ acetate, and the
structure of the latter, see p. 283.

Cadmium acetate can be made by boiling the nitrate with acetic anhy-
dride*®8; it melts at 255°. It forms a very soluble trihydrate.

Ozxalates

Zinc oxalate crystallizes with 2 H,O which it loses at 140°. It is only
very slightly soluble in water (2:09 mg./18°).489

Cadmium oxalate is very similar ; it forms a trihydrate, sol¥ 5-0 mg./18°.48
The supposed cadmous oxide Cd,O left on igniting the oxalate is really a
mixture of the metal with the oxide CdO.

Scholder4% has examined the conductivity of saturated solutions of the
oxalates of divalent metals in water; the fall with rise of concentration
shows clearly that there is considerable auto-complex formation with
cadmium oxalate, and even more with zinc oxalate. Other evidence that
cadmium co-ordinates less readily with oxygen than zinc does will be
given later (p. 281).

O—N Salts: Nitrites

Zinc nitrite, Zn(NOQ,),, is so easily hydrolysed that it cannot be prepared
from water, from which only basic salts will separate; but it can be got
in a fairly pure state by treating sodium nitrite with zinc sulphate in
alcoholic solution, filtering, and evaporating.4?°

Cadmium nitrite, though it is very unstable and readily hydrolysed, can
be obtained from aqueous solutions of cadmium chloride and silver nitrite
or cadmium sulphate and barium nitrite. It is very soluble in water. The

W4 (3, F. Hiittig, A. Zérner, and O. Hnevkovsky, Mon. 1938, 72, 31.

40 A, Rose, C.K. 1939, 208, 905.

e T, Potorsen, Z. Elekirochem. 1914, 20, 328.

1 A, . N, Franchimont, Ber. 1879, 12, 13.

(8 1, Spiith, Mon, 1018, 33, 2385, 488 R, Boholder, Ber. 1927, 60, 1510.
40 I, Ephraim snd E. Bolle, Ber. 1018, 48, 643.
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dry salt decomposes at 150° to cadmium nitrate and oxide and nitric
oxide.

Nitrates
Zinc nitrate, sol’ 127/25°, forms a series of hydrates with the following
transition points:49!

Ice 9aq. 6 aq. 3 aq.
—25° —18° + 35°
Cadmium nitrate is very similar. It forms the hydrates:
Ice 9 aq. 4 aq. 2 aq.
—13° 0° 65°

Sol¥ 134-4/25°.492 The anhydrous salt melts at about 360°; it is soluble
in ethyl acetate, but not in pyridine or benzonitrile.

O—=8 Salts: Sulphites

Zinc sulphitet®® crystallizes with 2-5 H,0. Sol” 0-13/ord. temp. It is
very readily oxidized in air to the sulphate.
Cadmium sulphite crystallizes with 2 H,0 ; it is slightly soluble in water.4%4

Sulphates

Zinc sulphate forms hydrates with 7, 6, ? 5, ? 4, ? 3, 2 and 1 H,0.4%
The heptahydrate is a vitriol, and forms the usual double salts of the type
of K,80,, ZnS0,, 6 H,0; it goes over into the hexahydrate at 38°.49¢ The
solubilities are: 57-5/25°497; methyl alcohol 0-65/18° 498

Cadmium sulphate in the anhydrous form melts at 1,000°.4%% It is
rather more soluble in water than the zine salt (77-2/25°); the crystalline
hydrates include a peculiar form of the composition CdSO,, 8/3 H,0,
which has a large stability range, from —18° to 4 75°90; its crystal
structure has been worked out in detail by Lipson.t®t The normal hepta-
hydrate vitriol can be prepared but it is always metastable to the 8/3
hydrate ; the only other is the monohydrate, whose solubility (like that of
many other sulphates) falls rapidly with a rise of temperature, being
86:9/75° and 60-8/100°.5%0 The salt is very slightly soluble in methyl and
ethyl alcohols, and in ethyl acetate.

91 R. Funk et al., Z. anorg. Chem. 1899, 20, 398; Ber. 1899, 32, 99.

2 Td, Wiss. Abh. Reichsanst. 1900, 3, 440,

408 W, E. Henderson and H. B. Weiser, J.4.C.S. 1913, 35, 239.

49 K. Seubert and M. Elten, Z. anorg. Chem. 1893, 4, 62.

40 P, Vallet and M. Bassiére, Bull. Soc. Chim. 1938, [v] 5, 546.

498 To. Cohen and L. R. Sinnige, Z. physikal. Chem. 1909, 67, 432, 513: E. Cohen,
Z. Elektrochem, 1909, 15, 600.

497 Io. Cohen and A. L. T, Moesveld, Proc. Akad. Amst. 1925, 28, 461.

498 C, A, Lobry de Bruyn, Z. physikal. Chem. 1892, 10, 784.

9 O, Ruff and W, Plato, Ber. 1908, 36, 2868.

800 B, Mylius snd R, Funk, Ber, 18907, 30, 825,

So H, Lipaon, Proo, Roy. Sco, 1030, 186, 408,
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The conductivities and the transport numbers indicate a certain amount
of auto-complex formation with both these sulphates in concentrated
solution.

O-halogen Salts: Chlorates

Zine chlorate forms a hexahydrate, which goes at 15° to a tetrahydrate,
and this at about 50° to a dihydrate ; sol” 205/25°, 307/55°.5%2 The hexa-
hydrate is isomorphous with the calcium salt,503

Cadmium chlorate crystallizes with 2 H,0499; sol¥ 323/18°. It is easily
soluble in ethyl aleohol, and slightly in acetone,

Bromates

Zinc bromate forms a hexahydrate, which is very soluble in water (about
50/15°; Rammelsberg, 1851). The crystal structure of the hexahydrate
was determined with X-rays by Wyckoff in 19228%; this was the first proof
that a hexahydrate had its 6 water molecules arranged octahedrally round
the cation; later and more detailed examination of the structure®®® has
ontirely confirmed his results.

Cadium bromate forms a di- and monohydrate.

lodates

Zinc todate®% forms a dihydrate ; sol¥ only 0-88/15°,
Cadmium iodate forms a monohydrate which loses its water below 200°.

Perchlorates

Zinc perchlorate forms a hexahydrate melting at 106°5°7 and a tetra-
hydrate. It is very soluble in water, and soluble in alcohol.

Cadmiwm perchlorate is a deliquescent salt, which is very soluble in
alcohol. Hering and Leray®®® find that from the cryohydric point of
—66-5° to 247° the only solid phases are a hexahydrate (m. pt. 129-4°), two
dihydrates, and the anhydrous salt ; there is no sign of a tetrahydrate.

COMPLEX COMPOUNDS OF ZINC AND CADMIUM

These may be classified according to the atoms directly attached to the
metal, the open-chain complexes being first discussed, and then the chelate
oompounds,

1. Carbon Complexes

These include the very peculiar complex alkyl compounds, a few addi-
tlon compounds to unsaturated hydrocarbons, and the complex cyanides.

8423 A, Meusser, Ber. 1902, 35, 1416.

803 M. Hasselblatt, Z. anorg. Chem. 1914, 89, 69.

8¢ R. W. G. Wyckoff, Amer. J. Sci. 1922, 4, 188.

808 S, H. Yii and C. A. Beevers, Z. Krist. 1937, 95, 426.

%9 I, Ephraim and A. Jahnsen, Ber. 1915, 48, 53.

5Y 1R, Salvadori, Gar. 1912, 42, i, 482,

08 H, Hering and A. Leray, Bull. Soc. Ohim. 1089, [v] 6, 1034.
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Complex Alkyl Compounds of Zinc

These contain a group of complex ions of an unusual kind, which are
not usually recognized as such.

As we have seen, it was discovered by Wanklyn in 18585% that sodium
will dissolve in zine ethyl with precipitation of metallic zine, and that the
solution on evaporation leaves a colourless product melting at 27°, which
has the composition NaZn(C,H;);. A similar caesium salt CsZnEt; has
been isolated.5%%* It was shown by Hein®1¢-!1 that although lithium ethyl
in the fused state is a non-conductor, and so also is zinc ethyl, a solution
of lithium or sodium ethyl in zinc ethyl conducts quite well, the concen-
trated solution as well as decinormal potassium chloride. The coloured
ionized alkaline compounds, such as lithium benzyl, which were already
known to conduct in ether, form similar solutions in zine ethyl, with a
rnther higher conductivity. Hein ascribes this to ionization of the alkaline
nlkyl by the solvent, but the dielectric constant of zine ethyl is so low
(2-55, between those of benzene and carbon disulphide) that it could hardly
cause this by a purely physical effect. It is far inore likely that a complex
salt Li[ZnEtg] or Li,[ ZnEt,] corresponding to Li,[ZnCl,]is formed. Lithium
othyl evolves heat on solution in zinc ethyl, which suggests a chemical
reaction ; also sodium and potassium alkyls only form the conducting solu-
tion after heating, showing that there is a heat of activation, which is never
observed in the ionization of a covalent link. Aluminium ethyl behaves
like zinc ethyl. It is remarkable that (with aluminium as well as zinc
ethyl) the molecular conductivities calculated on the amount of alkali
metal present diminish instead ofincreasing as the concentration diminishes.
"This seems to show that the number of lithium atoms is greater in a mole-
cule of the complex salt than in a molecule of the lithium alkyl in equi-
librium with it in the solution, and hence that the association of the lithium
alkyl is not so great in zinc ethyl as it is in benzene, possibly owing to the
formation in the former solvent of covalent solvate molecules Li—Et,
(ZnEt,),.

The solutions in zinc ethyl behave on electrolysis as such a salt should.
They give zinc at the cathode in the proportions required by Faraday’s law ;
this is obviously a secondary product from the lithium first produced ; it
is known that lithium will displace zinc from zinc ethyl. At the anode a
gas is evolved containing about 40 per cent. ethylene, 40 per cent. ethane,
17 per cent. butane, and about 3 per cent. propane. It is clear that the
primary process at the anode is

[ZoEt,]~ —> ZnEt, + 2 C,H;,.
The liberated ethyl radicals partly redistribute to ethylene-}-ethane, and
partly polymerize to butane. This is supported by the observation that if

800 J. A, Wanklyn, Ann. 1858, 108, 67; 1859, 111, 234; 1866, 140, 211.

800 J, do Postis, U.R. 1946, 223, 10086.

810 ', Hoin, Z. Elektrochem. 1922, 28, 469,

8 1. Hein, E, Petachner, K. Wagler, and F. A. Sogitz, Z. anorg. Chemn. 1924, 141,
161"'27'
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a lead anode is used nq gas is evolved, and lead tetraethyl PbEt, is formed :
the loss of weight of the lead anode was within 6 per cent. of that required
by the theory.

Other alkaline derivatives found to act in the same way were LiMe,
Li®, Li-CH,-®,NaEt,and KEt. Zine propyl can be used assolvent but not
zinc methyl or aluminium trimethyl, owing to the higher melting-points
and smaller solubilities of the methyl compounds.

An unexplained observation was that lithium or sodium ethyl dissolved
in cadmium ethyl does not conduct: possibly cadmium has less tendency
than zine to combine with carbon.

Addition Compound of C=C
A zinc compound of this type with trimethyl ethylene
(CHg),C==CH-CH,4(Bu)

has been prepared®!?; it has the composition 2 ZnCl,,Bu ; it can be made by
Lhe direct combination of the unsaturated hydrocarbon with zinc chloride,
o by heating the amyl alochol compound ZnCl,, 2 C;H,;OH.

Complex Cyanides

The complex cyanides of zine are of two types, MZn(CN); and M,Zn(CN),.
OI'the first type the sodium, potassium, and ammonium salts are known513;
Lho sodium salt is easily soluble in water, more so than the potassium salt
(characteristic of the salts of strong acids). The second type is better
known; the potassium salt’'4 has been shown®® to have the dissociation
constant for the complex anion 1-3x 10717, about the same as for the
endmium salt, but considerably greater than for the cupric salt

M,[Cu(CN),].

I'ne tetrahedral structure of the zinc in this anion was established by
Dickinson. 516

The cadmium salt K,[Cd(CN),] is exactly like the zinc compound ; it has
the same crystal structure®l®; according to Euler 5% it has the almost
Jdontical dissociation constant of 1-4 x 10717, It can be used in analysis for
tho separation of cadmium from nickel and cobalt.?1?

Ammines

Both zine and cadmium form complexes with ammonia, most of which
vontain the anions [M(NH;),]"~. The maximum value of x is 6, if we
oxclude a few solid compounds such as ZnCl,, 10 NH; which have an
ammonia tension little less than that of liquid ammonia at the same

812 T, L. Kondakov, F. Balas, and L. Vit, Chem. Listy, 1930, 24, 1.
812 W, J. Sharwood, J.4.0.8. 1903, 25, 570.

"4 N. Herz, ib. 1914, 36, 912.

818 H. v. Euler, Ber. 1908, 36, 3404.

e R, G. Diol‘inson, J.4.0.8. 1922, 44, 774, 2404.

v 13, Hbler, Z. anorg. Ohem. 19086, 48, 88.
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tempcrature, and are obviously van der Waals compounds. Those which
nre formed from aqueous solution, where the ammonia has to compete as
a solvating molecule with the water, usually contain 2 NH;, but occasionally
4. The stabilities of the solid anhydrous ammines of the two metals do not
dilfer greatly. For example, with the hexammines the temperatures at
wliich the dissociation tension of amnmonia is 100 mm. are:518-19

MCl, | MBr, | MI,

ZnX, 6 NH, . .| 23 31° 28°
CdX,, 6 NH, . .| 24° 45° 65°

Organic Ammines

The anhydrous salts of zinc and cadmium also form complexes with
many organic amines’2%: the chlorides, bromides, and iodides most
readily,®2! but many other salts as well. Of resulting ammines over 70 per
cont. are diammines, such as ZnCl,, 2 C,H;-NH,; these are presumably
covalent, with the structure

Werner®?2 has shown by the boiling-point in pyridine that in this solvent
cadmium iodide has the molecular weight 348-3 (calculated for undisso-
ciated form 364-7). Accordingly these diammines are often more soluble
in alcohol than in water. The hexammines of cadmium salts arc nearly
all compounds either of methylamine (small size), or chelate compounds of
ethylene diamine (greater stability of chelate groups): while the zinc salts
form hexammines only with ethylene diamine, and form pentammines
with methylamine alone.

Phosphine and Arsine Compounds

Mann et al.?23 discuss the co-ordination compounds formed by tertiary
phosphines and arsines with the halides of cadmium. The cadmium com-
pounds are of three types (P stands for phosphorus or arsenic);

R X
L (RyP),CdX, — PN
3L /2 /Y
R.P X

518 W, Biltz, Z. anorg. Chem. 1923, 130, 98.

% F. Ephraim, Z. physikal Chem. 1913, 81, 513.

830 See Gmelin, Zinc, 1924, pp. 262-71 ; Cadmium, 1925, pp. 140-53.

831 For the heats of formation of the cadmium ammines see W. Hieber and E.
Reindl, Z. Elektrochem. 1940, 46, 556.

M1 A, Werner and W. Schmijlow, Z. anorg. Chein. 1897, 15, 23.

8 R. . Bvans, F. G. Mann, H. 8, Peiser, and D. Purdie, J.0.S. 1940, 1209,

0 I, G, Mann and D. Purdie, {b. 1880.
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This is tetrahedral.

X X X
II. (R,P),(CdX,), = >Cd<x§> <PR

IIL. (R;,P);,(c(lxz)2

The structure of this is uncertain.

Nitrile Compounds

A few of these have been described ; they are all of the type M(hal),,
2R-CN.525-6, They are more readily formed and more stable with zine
than with cadmium.

Complex Nitrites (Nitro-compounds)

A few of these have been described: they seem to be less unstable with
cadmium than with zine.

The zinc salts are of the types K, [Zn(NO,),], 2 H,0527 and K4 ZnNO,);],
3 H,0528; these are hygroscopic and easily soluble in water, in which
they soon decompose. The recurrence of the type [M(NO,);] is noticeable.

The cadmium salts are rather better known. Potassium salts of two
types have been prepared,’5?9-30 K[Cd(NO,);] and K,[CANO,),]; it is
remarkable that the cadmium salts, unlike the zinc salts, are anhydrous,
and that they do not include the pentanitro-type.

K[Cd(NO,),] is very soluble in water, but almost insoluble in alcohol.
[t is stable in air, and even on boiling the solution.53 The tetramtro-
compound K,[CA(NO,),] forms pale yellow crystals which are also very
soluble in water: here again the solution does not decompose on boiling,.

Oxygen-complexes

A large number of these are known with zine, but relatively few with
cadmium. This may be accidental, but it is one of the facts that suggest
that the question of the relative tendency of zinc and cadmium to form
complexes is not easily answered (see p. 275).

Open-chain Complexes

The zinc salts, especially the halides, but also the sulphate, will form
solid compounds with variety of organic substances containing oxygen.
Thus with alecohols we have ZnBr,, 2 CH;0H, and 2 C,K;OH®2; zinc
sulphate will also take up glycerol to form ZnSO,, 3 C;HO;; this last
compound, though not very stable, is more so than the corresponding

88 A, Naumann and A. Schier, Ber. 1914, 47, 250.

89 A, Naumann and A. Bertges, ib. 1370.

837 J. Lang, J. prakt. Chem. 1862, 86, 295,

894 A, Rosenheim and K. Oppenheim, Z. anorg. Chem. 1901, 28, 171.

s A, Fock, Z. Krist. 1889, 17, 1717.

880 V., Kohlschiitter, Ber. 1902, 35, 488. 831 W, Hampe, Ann. 1868, 125, 848.
8% B. N. Menschutkin, Z, anorg. Chem. 1909, 62, 43.
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alcoholates, which suggests that it is chelate.533 They will also combine with
ethers: zinc bromide forms two etherates, ZnBr,, 2 Et,0 (stable below - 4°)
and ZnBr,, Et,0 (stable below +16°): a saturated solution of the bromide
in ether at 25° contains 223 g. of the salt to 100 of ether®4; in the same way
the iodide combines with two molecules of ether, of acetal, and of various
esters ; these compounds are less stable than the corresponding magnesium
complexes.?5¢ Zinc chloride will also combine with various ketones such
ns acetophenone,®7 benzophenone,5® and quinones.%3?

Of the corresponding cadmium compounds surprisingly few are known.
The iodide like zinc iodide will form an etherate with 2 molecules of
oineol®?: there is a compound of cadmium chloride with 2 molecules of
ncetamide, which may be co-ordinated through oxygen,’*! and a double
and perhaps complex formate.542

Chelate Oxygen Complexes

"These include complex salts (ato-coniplexes) and neutral derivatives like
the acetylacetonates and the basic carboxylates.

Among the ato-compounds of zinc the double oxalates are important ;
their complexity is shown by their solubility, those of Zn and Cd oxalates
nt 25° being respectively 42 and 100 mg. per litre.5¢ The potassium salt
is K,[Zn(C,0,),], with 5543 or according to later work 7 and 0 H,0%%;
no other salt could be isolated, but measurements of E.M.F.543 and solu-
bility suggest that at higher concentrations the trichelate ion [Zn(C,0,)s]""’
is formed. The existence of a double ammonium oxalate is doubtful 545

With cadmium the sodium?®? and potassinm?8 double oxalates of the
type M,[Cd(C,04),] have been prepared. The sodium salt is slightly
soluble in water; the potassium salt is ‘decomposed’ by water, i.e. is
incongruent.

A series of fairly stable catechol derivatives of the type M,[Zn(CgH ,0,),]
(M = pyridinium, Na, K, NH,) have been prepared.-50

833 A, Grun and F. Bockisch, Ber. 1908, 41, 3465.

53 H. H. Rowley and F. V. Olsen, J.4.C.S. 1939, 61, 1949.

535 H. H. Rowley and R. B. Anderson, ib. 1941, 63, 1908.

83 B, Blaise, C.R. 1905, 140, 661.

837 ZnCl,, C¢H,-CO-CH,: P. Pfeiffer, Org. Molekiilvbdgn. Ed. ii, p. 92.
538 G. Reddelien, Ann. 1912, 388, 191.

539 7ZnCl,, 1 phenanthraquinone: K. H. Meyer, Ber. 1908, 41, 2574.
840 R, H. Pickard and J. Kenyon, J.C.S. 1907, 91, 900.

541 G. André, C.R. 1886, 102, 115.

842 'W. Lossen and G. Voss, Ann. 1891, 266, 49.

843 B, Kunschert, Z. anorg. Chem. 1904, 41, 338.

844 V. Mettler and W. C. Vosburgh, J.4.C.S. 1933, 55, 2625.

545 H. W. Foote and I. A. Andrew, Amer. Chem. J. 1905, 34, 164.
848 R, Scholder, Ber. 1927, 60, 1510.

847 A, Souchay and E. Lenssen, Ann. 1887, 103, 317.

848 'V, Kohlschiitter, Her. 1902, 35, 4805.

30 R, Wainland and H. Sperl, Z. anory. Chem. 1928, 150, 69.

050 18, Sellds, Anal, Fia. Quim. 10841, 37, 114.
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Acetylacetone Dervvatives

The zinc and cadmium compounds, ZnA, and CdA, (A = C;H;0), are
both known ; they differ from those of the alkaline earths in not being
hydrated even when crystallized from water. The zinc compound®!-3 ig
very like its beryllium analogue. It melts at 138° and can be distilled
under 350 mm. (temperature not stated)®; the vapour density indicates a
simple molecular weight. It is easily soluble in benzene and also in water,
which does not hydrolyse it except on boiling (BeA, (IL. 64) has m. pt. 108°,
b. pt. 270°: it is almost insoluble in water, and hydrolysed by it on boiling ;
the insolubility in water is no doubt due to the beryllium being covalently
saturated).

The cadmium compound® is similar, but is less soluble in water.

Zinc ¢ Basic’ Acetate

This compound, Zn,0(0 - CO-CHj),, is made by distilling zinc acetate in
a high vacuum.%* 1t is crystalline and melts at 249-50°. Its composition,
stability, and volatility show that it must be of the same type as the analo-
gous beryllium compound (p. 213), with the unique oxygen at the centre
of a tetrahedron, the 4 Zinc atoms at the 4 corners, and the 6 acetate groups
bridging the 6 edges.5 It differs, however, from the beryllium compound,
which is stable to water, in being at once hydrolysed by water or alcohol.
'This is obviously due to the 4-covalent zinc being able to increase its
covalency to 6 by taking up water or alcohol, which the 4-covalent
beryllium cannot do.

No analogous cadmium compound is known (a further indication that
the Cd—O link is weaker than Zn—OQ),

Sulphato-compounds

The following double sulphates have been made, but there is no good
cvidence of their complexity. They nearly all give the vitriols M,SO,,
M"S0,, 6 H,0, which are probably not true complexes.

Zinc. Na,, 4 aq.5%%; K,, 6 and 0 aq.57; (NH,),, 6 aq.55%563; (N,Hj),
anh.%%60; Cs,, 6 aq.561

1 F, Gach, Mon. 1900, 21, 116.

#2 8. Tanatar and E. Kurowski, J. Russ. Phys. Chem. Ges. 1908, 40, 580 (Chem.
Oentr. 1908, ii. 1096).

883 G. T. Morgan and H. W. Moss, J.C.S. 1914, 105, 195.

53¢ V. Auger and I. Robin, C.R. 1924, 178, 1546.

885 J. W. Wyart, Bull. Soc. Fr. Min. 1926, 49, 148,

¢ J. Koppel and A. Gumpertz, Z. physikal. Chem. 1905, 52, 408.

87 G. F. Lipscomb and G. A. Hulett, J. Phys. Chem. 1916, 20, 75.

8% A. E. Tutton, J.0.S. 1905, 87, 1140.

880 T, Curtius and F. Schrader, J. prakt. Chem. 1894, [2] 50, 329.

bt B, Sommer and K. Weise, Z. anory. Chan. 1916, 94, fil.

8 A, I, Tutton, J.0.9. 1808, 63, 861.

o
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Cadmium. Na,, 2 aq.5%¢; K,, 6, 4, 2 and 1-5 aq.57; (NH,), 6 aq.56%3;
Rb,, 6 aq.5%4; Cs,, 6 aq.5%
The double selenates are very similar.

Sulphur Complexes

Dimethyl sulphide forms complexes of the composition Zn(hal),, (CH;),S
with zinc bromide®5 and iodide®%®; thiourea forms a similar complex
ZnCl,, 2 Thi.5%¢7 A chelate sulphur compound ZnBr,,

CH,
ZnBr,
CH,—
t o \ery/,
was isolated by Werner and Maiborn.®® These last authors found from the
boiling-points that the zine halides were not dissociated in methyl sulphide
solution, the values obtained for the molecular weights being (theoretical
values in brackets) ZnCl, 128 (136); ZnBr, 218 (225); Znl, 313 (319);
(dI, 369 (365). The complex, no doubt, is

(CH)S\, _bal.
(CH3)2S/ Nhal.

Of the cadmium salts, the iodide behaves in dimethyl sulphide solution
like the zinc halides. A series of complexes of cadmium salts with ethylene

thiocarbamide (etu)
CH —NH\

CH, _NH/

have been prepared by Morgan and Burstall.’¢® These all have the composi-
tion [Cd(etu),]X,; they are insoluble in organic solvents but easily soluble
in water, and are clearly salts, at least in water; the aqueous solution of
the nitrate is a good conductor. The halides may well be covalent when
pure: their melting-points are chloride 220°, bromide 208°, iodide 165°.

Complex Halvdes

These are numerous with both metals and with all four halogens. They
are, as a rule, not very stable, but some at least must be complex, especially
a8 the binary halides of zinc and cadmium undoubtedly form complexes.
Details and references will be found in the usual handbooks, especially in
the volumes of Gmelin on Zinc (1924) and Cadmium (1925). The double
salts contain from 3 halogen atoms per Zn or Cd to 5 with zinc and 6 with

858 J. Locke, Amer. Ohem. J. 1902, 27, 455.

068 A, E. H. Tutton, Phil. Trans. 1916, 216, 1. 884 T1d., J.C.S. 1893, 63, 407.
888 G, Patoin, Bull. Soo. Ohim. 1890, [3], 3, 168.

60 A, Wornar and A. Malborn, Z. anorg. Chem. 1897, 15, 13.

57 R, Maly, Ber. 1876, 9, 172.

#s G, T, Morgan and I, H, Burstall, J.0.§, 1028, 143,
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cadmium ; this difference may be due to the greater size of the cadmium
atom (radii Zn 1-31, Cd 1-48) or to the greater affinity of cadmium for
halogen. The pentahalides seem to be crystal aggregates of the tetra-
halides with the simple halides. X-ray analysis has shown®?® that in the
salt (NH,)3ZnCl; the zinc is surrounded tetrahedrally by 4 Cl atoms at
2-25 A (theory 2-30), and the fifth is farther off. The formation of complex
cadmium halide anions in solution has been studied potentiometrically
by Leden,5?° who finds CdX; and CdXj ™ ions, but none higher.
The following list gives the numbers of known salts of each type.

Zinc MZnX, | M,ZnX, | M;ZnX,
X=F 3 2 .
Cl 5 9 3
Br 3 4 2
I 3 7 1
Total 14 22 6
Cadmium MCdX, | M,CdX, | M,CdX, | M,CdX,
X=F 1 1 ..
Cl 5 6 .. 6
Br 4 3 1 4
L 5 6 1
Total 15 16 2 10
MERCURY

MEercURrY has so many peculiarities of its own that it stands quite apart
from the other metallic elements. The most important of these, though by
no means the only ones, are:

(1) Its very high ionization potential in the gaseous state ; the values for
the first and second ionizations of these elements are:

First Second
Zinc . . . 9-36 17-89 volts
Cadmium . . 8-96 16-84
Mercury . . 10-38 1867

The value of 10-38 is higher than that for any cation-forming element
cxcept hydrogen (13-53); in fact the only elements with potentials above
10 v. are Hg, H, C, the inert gases, and the electronegative elements of
groups V B, VI B, and VII B.

(2) The volatility of the metal.

(3) Its abnormal valency in the mercurous salts.

(4) Its strong tendency to form covalent rather than ionized links, as is

shown, for example, in the minute ionization of mercuric chloride, bromide,
and jodide.

8y H, P. Klug and L. Alexander, J.4.0.8. 1944, 66, 1050.
310 T, Loden, Z. physikal, Chem. 1041, 188, 160,
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(5) This is the most singular: its power of being satisfied with a shared
quartet of valency electrons, and its small tendency to increase this to an
octet by complex formation ; thus the slightly ionized chloride shows little
wigns of polymerization or of forming complexes in water like Hg[HgCl,],
such as are formed by cadmium.

(6) The remarkable stability, especially to air and water, of its covalent
link to carbon. The alkyl compounds are unassociated, like those of zinc
and cadmium, and unlike those of beryllium and magnesium ; further, they
are not acted on by air or water, in which they differ from all neutral
metallic alkyls that have less than a complete octet. This stability is not
due to any exceptional strength of the Hg-C link, which, on the contrary,
can be shown to be unusually weak. It is probably due partly to the small
affinity of mercury for oxygen, and partly to its slight tendency in these
compounds to co-ordination. It resultsin the forination of a great variety
of organic derivatives.

Mercury has a strong tendency to form covalent links with nitrogen,
and next to this with chlorine, bromine, and iodine, but not with fluorine,
and with sulphur but not with oxygen,* for which its affinity is very small;
for hydrogen it is almost nil.

Metallic Mercury

Mercury is the most fusible and the most volatile of metals: the follow-
ing comparison is of interest:

‘ Hg Cs Ga
M. pt. . . . —38-8° +28-5° +29-8° C.
B. pt. . . . 357° 670° 2,300°

The structure of the liquid has been examined by X-rays from the
melting-point to 200° C.5"' Each atom has 6 nearest neighbours 3-0 A
away.

The volatility of mercury is without parallel among the metals: the only
others boiling below 1,000° C. are the alkali metals from Cs (670°) to
Na (890°), cadmium (764°), and zine (906°). The position is clearer if we
compare the vapour pressures at 200° and 600°:

Vap. press. [ Mg l Zn cd | Hg
At 200° ca. 10~ mm. | 2% 10~®mm. | 3 X 10~ *mm. 18 mm,
At 600° 7 mm, 12 mm. 80 mm, 16,500 mm, = 22 atm.

One cubic metre (1.3 kg.) of air saturated at 20° contains 14 mg., and at
100° 2+4 g. of mercury. The vapour is practically wholly monatomic,572
* It is possible that the ion Hg** may be capable of hydration. Nearly all mer.

ourio 'ealts’ are anhydrous, but the few that form hydrates aro highly ionized [see
p. 3881,

81 J. A, Campbell and J, H, Hlldebrand, J, Chem. Phys, 1948, 11, 830.
78 Bee R, W, Ditchburn and J. O, Gilmour, Rev, Mod. Phys. 1041, 13, 810,
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and thus mercury is the only element other than the inert gases which can
give a measurable concentration of a monatomic vapour at moderate ten-
peratures. The resemblance to the inert gases does not stop here. The
solubility of mercury in water has recently373 been found to be about
0-02 mg. per litre at 20°, and 0-6 at 100°; this is just about the value
calculated for a heavy inert gas.*

This resemblance of mercury to the inert gases is the first sign we have
met of the ‘inert pair’ of valency electrons. Many of the heavier elements
of the B subgroups behave in some of their compounds as if two of their
valency electrons were absent or formed part of the core, and so résemble
the elements two places before them in the table : thus we have T’ like Au’,
Pb” like Hg”, and ICl; and IF; corresponding to SbCl; and SbF;. The
theoretical reason for this has been pointed out by Grimm and Sommer-
feld.5”> The maximum size of the quantum groups is given by 2n2 (2, 8,
18, 32), where n is the principal quantum number. Now a group of 8,
the maximum for the quantum number 2, can behave as practically com-
plete, showing little tendency to take up more electrons, even when its
quantum number is 3, 4, 5, or 6, as in argon, krypton, xenon, and emana-
tion, and in the cations of the typical and A metals; the same occurs with
18 in xenon and emanation, where its quantum number is 4 and 5. For
some reason this is not true in general for the group of 2: a closed group of
2 electrons is only found where the quantum number is 1. These examples
of the ‘inertness’ of the first pair of valency electrons occur where this
group of 2 can show something of the inertness which it has in helium or
lithium, though its quantum number is greater than 1.

We have no theoretical guidance as to when this will occur, but experi-
mentally we find that (1) it never occurs with the A elements but only with
the B. (2) In every group it becomes more marked as the atomic number
increases. (3) As we pass from the earlier to the later groups it spreads in
an increasing degree to the lighter elements. The evidence will be con-
sidered in detail under the later groups, but the results are summed up in
the following table, in which the elements exhibiting the ‘inert pair’ are
those below the line

Be B C N 0 F
Mg Al Si P S Cl
n Ga Ge [ As So Br
Cd In Sn Sb Te I
Hg TI Pb Bi

In this second periodic group there are only two valency electrons; so
if these become inert the valency should vanish, and the element acquire

* For some reason the solubility in hexane is much greater, 7-0 mg./litre at 65°;
It can be measurod gravimetrically with gold foil .57

878 H, Reichardt and K. T. Bonhoefiov, Z. Elckirochem. 1930, 36, 753.
11 A, Stook, Z. anorg. Chem. 1984, 217, 241,
8% H, G, Grimm and A, Sommerfeld, Z. Phyeik, 1980, 36, 30.
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in some degree the properties (or absence of properties) of an inert gas. As
wo have seen, this does occur with mercury, though not with zine or
cadmium,

The use of the strong resonance line of mercury vapour at 2,537 A for
the atomization of hydrogen has been mentioned (I. 16); it depends on
the fact that the energy of this radiation per g.-atom is 112 k.cals., while
that required to disrupt the hydrogen molecule is 103 k.cals. (see further
Jline and Forbes).576

Mercury vapour gives absorption and emission bands which show that
it contains diatomic molecules, though the amount of them is so small that
it cannot be detected by the ordinary methods, such as vapour densitiess??
or specific heats. The heat of dissociation is not more than a few k.cals.
(3-5%78 or 1-6579: see also refs, 580-1),

Amalgams

Another peculiarity of mercury is its power of forming liquid metallic
solutions or amalgams.®82 This property, which is common to metals in
general above their melting-points, is of particular interest with mercury
because the melting-point is so low. It is clear that the principles of mole-
cular structure which hold in a metal may be very different from those in
a liquid or solid which has no metallic conductivity. There can, however,
be little doubt that some of the metallic compounds of mercury contain
definite polyatomic molecules, since their melting-points are much higher
than those of their components: for example:

Hg Na Hg,Na K Hg,K
M. pt. —39° +98° 346° 64° 270°

Many metals, even some which amalgamate very readily, have only a
minute solubility in mercury. This is difficult to measure, because one
cannot see whether there is a homogeneous solution or a suspension of
finely divided metal ; it is usually determined by measuring the E.M.F. of
the solution against pure mercury; as long as that changes on electro-
lysing more metal into the mercury, this must have gone into true solu-
tion. The following table gives the weight percentage of metal in mercury
saturated at 20° or thereabouts; it is taken mainly from Tammann,583-4
but partly from later papers 58593

876 J. I. Cline and G. 8. Forbes, J.4.C.S. 1941, 63, 2152.

577 ' W. Klemm and H. Kilian, Z. physikal. Chem. 1942, B 51, 306 [this corrects a
previous paper].

874 J. G. Winans, Phys. Rev. 1931, ii. 37, 897.

87 H, Kuhn and K. Freudenberg, Z. Phys. 1932, 76, 38.

840 §. Mrozowski, ib. 1929, 55, 338,

81 T, L. Arnot and J. C. Milligan, Proc. Roy. Soc. 1936, 153, 359.

882 Traces of oxidizable metals causc the ‘tailing’ of mercury, the formation of a
surface fllm. This will deteot one part of base metal in ten million (I8, Wickers, Ind.
Eng. Chem., News Hdn, 1842, 20, 1111).

8 G, Tarminann and K, Kollienn, Z. anarg. Chem, 1887, 160, 248.
i @, Temmann and J. Hinntber, b, 240.
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TABLE
Li 0-09 Mg 0-24 Al 0-003 Sn 0-62
K 0-80 Ca 0-3 La 0-0090 Pb 1-3
Cu 0-0032 Ba 0-33
Ag 0-040 Zn 2-15 In 0-0073
Au 0-13 Cd 4-92 Tl 42-8 Th 0-0154
V ca.0 Cr 3-1x10-11 Mn 2-5x 102
Asca. 0 Mo ca. 0 Fe 1-0x10-17
Sb 2-9 x 108 W ca. 0 Co 1I-7x10°7
Bi 14 U 14x10* Ni 59x10-¢

Pt. 0-02
Thus 1 cubic mm. of iron amalgam contains 15 individual atoms of
iron.

Mercury Hydride

The spectrum of hydrogen containing mercury vapour includes bands
which indicate®®* the presence of a hydride HgH with a heat of dissocia-
tion of 8-50 k.cals.

Geib and Harteck®®® mixed hydrogen containing mercury at low pres-
sure with atomic hydrogen, and froze out with liquid air a black solid.
This began at —125° to decompose into mercury and hydrogen, the
roaction being almost complete at —100°; in the absence of atomic hydro-
gen no such product was formed. Analysis showed that the black product
(about 200 mg. were formed per hour) could contain up to 70 per cent. HgH.

MERCUROUS COMPOUNDS

Brrore we deal with the normal mercuric compounds we may consider
the mercurous derivatives, practically all of which are salts of the mercur-
ous ion. This ion has been shown, unlike the cuprous ion, not to be Hg*
but Hg;*, and this fact is so important for the general theory that we have
to consider the evidence in some detail. The chief arguments are five.

(1) Oggb% treated silver nitrate solution with liquid mercury. This
oauses a partial replacement of the silver ions in the water by mercurous
lons, while the expelled silver dissolves in the mercury. If the mercurous
jon is monatomic we have

(1) Hg + Ag* = Hg* | Ag

8% Ag: R. J. Maurer, J. Phys. Chem. 1938, 42, 515.

88 Ag: A. A. Sunier and C. B. Hess, J.4.C.8. 1928, 50, 662.

847 Au: A. A. Sunier and C. M. White, ib. 1930, 52, 1842.

5¥% Au: A, A. Sunier and B. E. Gramkee, ib. 1929, 51, 1703.

89 Au: G. Mees, J.4.C.S. 1938, 60, 870.

890 Tia: W. G. Parks and J. L. Campanella, J. Phys. Chem. 1936, 40, 333.

801 In: W. G. Parks and W. G. Moran, ib. 1937, 41, 343.

89 Th: W. G. Parks and G. E. Prime, J.4.C.S. 1936, 58, 1413.

89 Pt: I, N, Plagkin and N. A.'Suvarovskaja, Acta Phys.-Chem. U.R.S.S. 1940,
13’ 88.

8¢ B, Hulthén, Z. Phys. 1928, 32, 32; 1928, 50, 319.

" K, H, Geib and P. Harteck, Bsr. 1082, 68, 1550.

b A, Ogg. 2. phystkal, Chem. 1808, 27, 2885,

[T
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+].
Hence LI-I%_A_]Q_F;&!(;] = ky-[Hg] = K,,
and if it is diatomic

(2) 2Hg + 2Ag* = Hgf* + 2Ag

++7, 2

whence M[Hg[i&; +[]fg] = ky-[Hgl? = K,-
The concentration of the neutral mercury [Hg] does not vary (the silver
solution being less than 0-05 per cent.) and so becomes part of the final
constant; [Ag] is of course the varying concentration of silver in the
amalgam. The concentrations of the mercurous and silver ions in the
solution, and of the silver in the mercury, were determined ; these of course
depend on the strength of the silver nitrate solution originally taken, and
on the amount of liquid mercury. It was found that for a variation of the
final Hg* concentration in the ratio 8:1, K, varies in the ratio 3:1, while
K remains constant within 20 per cent.

(2) Ogg®® and also E. Abel®®? treated mercuric nitrate solution with
metallic mercury, which dissolves to some extent with the formation of
mercurous nitrate ; they then determined the concentrations of mercurous
and mercuric ions in the solution. Here we have

(1) Hg + Hg+t = 2Hg*

LBe) by (Hgl = K,

[Hg*P

(2) Hg + Hgt+ == Hg}+
Hot+

EH—;@% = ky-[Hg] = K-

Here again it was found that K, was constant and not K, a further proof
that the mercurous ion is diatomic. The value of the ratio of mercurous to
mercuric ions in presence of liquid mercury, that is 1/K,, expressed in
molar concentrations, was found by Ogg to be at 18° 112, and by Abel to
be 120. We may take the mean 116 as the probable value. This constant
is of great importance in determining the conditions under which a mer-
curous salt goes into a mercuric and mercury, as in the parallel instances
of the cuprous and aurous ions.

(8) Ogg®® also determined the change in the molecular conductivity of
mercurous nitrate in solution, in presence of a slight excess of nitric acid
to repress hydrolysis, and showed that it is that required for a uni-divalent
and not for a uni-univalent salt, as the following figures indicate:

Equivalent Conductivity at 10°

Hgo(NOy)y| Pb(NOy), | AgNO,

V = 250 69-58 102-16 84-04
Vo= § 51:85 7682 63-86
Ratlo 0-66 067 0-78

81 2. anorg, Chem. 1001, 36, 374,
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(4) The X-ray analysis of the crystal structure of mercurous chloride%98
shows that it is built up of linear units Cl—Hg—Hg—Cl: while all com-
pounds MCI have a succession of M and Cl atoms in the crystal, as in
Cu—Cl—Cu—Cl—.

(5) Woodward?®® has examined the Raman spectrum of mercurie
nitrate in water, at an equivalent concentration of 0-6 normal, in presence
of excess of nitric acid. A monatomic ion such as Hg* can of course give
no Raman lines, and accordingly solutions of all other metallic nitrates
(cluding thallous) give only the lines of the NO;z ion. But mercurous
vitrate gives in addition a strong line which must be due to the Hg—Hg
livk,

It is thus proved that the mercurous ion is diatomie, in striking con-
trast to the monatomic cuprousion. It must have the structure *Hg—Hg™,
one of the two valency electrons of each atom being shared with the other
ntom, and the other electron removed. This behaviour of mercury is quite
mnique (the suggestion that the thallous ion is partly diatomic was dis-
proved by Woodward); in all other polymerized molecules of metallic
compounds, as in Al,Clg and Fe,Clg, it has been shown that the metallic
ntoms are not united directly but through atoms of the other com-
ponent.* The formation of the diatomic mercurous ion is a remarkable
sign of the tendency of mercury to use its valency electrons for covalencies
rnther than for electrovalencies. The structure is also remarkable in that
tlio mercury is satisfied not as elsewhere with a quartet, but with a duet of
oloctrons. It is indeed rather unstable; this Hg—Hg link seems to be
able to exist almost only when the atoms have a positive charge ; covalent
morcurous compounds are very rare, and even the salts are readily cou-
vorted into mercuric compounds and mercury. But in the ionic form this
group with two shared electrons has a singular stability. The tendency
to go over into mercuric salt+mercury is greatly promoted by the minute
nolubility of the latter. In presence of metallic mercury

[Hgi*]/[Hg**] = 116.

Now the true equilibrium constant K is given by

Hgt] [Hg]
[Hg] (Hg) — & bonee gy = K-[Hel
116
or K-[Hg] = 116,0or K = E-H—gj

I'rom Stock’s results 1 litre of water at 18° contaius about 0-02 mg. of
meroury, or 107 litres one g.-atom. Hence [Hg] = 1077, and K, the true
equilibrium constant for the formation of the mercurous ion, is 1-16x 10°.

* Probuble exoeptions are iron enneacarbonyl [p. 1369] and some similar molecules.

sw R, T, Havlghurst, 4m. J. Sci. 1825, 10, 18; J.4.0.8. 1920, 48, 2113,
50 T,, A, Woodwurd, Phil, Mag. 1934, [7] 18, 828.
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Properties of the Mercurous Ion

The chemistry of the mercurous compounds is practically that of the ion.
'The hydroxide Hg,(OH), is not nearly so weak as mercuric hydroxide
Hg(OH),, and accordingly the salts, though considerably hydrolysed in
wolution, are much less so than their mercuric analogues. This difference
in to be expected since the two positive charges which cause deformation
and 8o can form a covalent link with hydroxyl are spread over two atoms
instead of being concentrated on one. The salts are in general less soluble
thunthe mercuric, especially the sulphate, chloride, bromide,iodide, and the
malts of organic acids such as acetic. The only more soluble salts are those
of the strong monobasic oxy-acids such as nitric, chloric, and perchloric.

In solution the mercurous salts are all highly ionized ; the abnormally
low dissociation so characteristic of many mercuric compounds is not found
among the mercurous at all. Indeed the mercurous salts are devoid of
nearly all the peculiarities of mercuric mercury, since the latter depend
primarily on the tendency of the single mercury atom to form covalencies,
which is almost completely absent from the mercurous ion ; it forms prac-
tically no complexes, and in striking contrast to the mercuric ion it can-
not form stable covalent links with carbon or nitrogen.

The tendency of mercurous salts to go into mercuric depends, as we have
soen, on the limiting value of 116 for the ratio [Hgy *]/[Hg**] in presence
of metallic mercury. Accordingly, anything which diminishes the con-
centration of the mercuric ion will promote the change.800

Hernce mercurous cyanide cannot be prepared, since mercuric cyanide is
ulmost wholly undissociated, and in the presence of CN ions the mercuric
fons are all removed. So, too, acetylacetone acts on mercurous chloride to
give ‘mercuric acetylacetonate and metallic mercury.®®! In the same way
ammonia, amines, and alkyl sulphides, which form stable co-ordination
compounds with the mercuric ion, at once decompose mercurous salts in
solution with the separation of metallic mercury. (See further, under mer-
- ourous complexes, p. 295.)

There are some mercurous compounds which are of special interest.

Oxide and Hydroxide

The black ‘mercurous oxide Hg,0’ of the text-books, formed on treat-
ing-a mercurous solution with alkali, has been proved by X-ray examina-
tion to be an intimate mixture of mercuric oxide and metallic mercury.802

This is supported by the molecular heats of formation (from liquid
metal-+oxygen gas) which are 21:6 k.cals. both for mercurous and mer-
ouro oxides.®®® The hydroxide Hg,(OH), has never been isolated, but it
mnay be present in the yellow precipitate first formed on addition of alkali

400 W, Lang, Ber. 1888, 21, 1587.

6l (3, T, Morgan und H. W. Moss, J.C.8, 1914, 105, 195.

t00 R, Frioke and P, Ackermann, &, anorg, Chem, 1038, 211, 288.
*0 Bliohowsky and Rossini, Thermookemiatry, p. 69,
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to a mercurous solution, which rapidly loses water to give the black mixture
of mercuric oxide and mercury.

Mercurous Sulphide, Hg,S
This is precipitated by the action of hydrogen sulphide or alkaline sul-
phide on a mercurous solution, but it at once changes over into a mixture
of mercuric sulphide and mercury. It is obvious that we have in the solu-
tion at equilibrium the following relations:

[Sol of Hg,S _ Sol prod. Hg,S _ [Hgi*]-[S""]1 _ [Hed™l _ 416
[Sol¥ of HgSE =~ Sol¥ prod. HgS ~ [Hg++]-[S™"]  [Hg+*] )
Hence if mercurous sulphide has more than ~116 = 11 times the solu-

bility of mercuric sulphide (of which the solubility is only 1:25x 102 g.
per litre at 25°), the stable state must be HgS+ Hg.

Mercurous Halides

The fluoride is quite unlike the other halides in behaviour (as occurs also
with the mercuric halides), though its tetragonal crystals have the same
lattice as mercurous chloride®®; it is very soluble in water but at once
hydrolysed by it (owing to the weak acidity of hydrogen fluoride) to hydro-
gen fluoride and the black ‘oxide’.

The chloride bromide and iodide are very similar to one another. They
are all very insoluble in water, the solubility falling off as the atomic
weight of the halogen rises. The solubilities®®® are given below, in gram-
molecules per litre at 25°, with those of the mercuric halides:

Hg,Cl, Hg,Br, Hg,1,
103 x 10-8 37 x 10-8 0-037 x 10-8
HgCl, HgBr, Hgl,
0-269 0-0171 0-00013
Ratio Hg"/Hg' 2-6 x 10° 4-6 x 10° 3:5 x 105,

The mercuric salt is always 300,000 or 400,000 times more soluble,
Mercurous chloride, Hg,Cl,, is known as calomel, from the late Greek
word kadouédas, ‘beautiful black’, owing to the colour of the precipitates
which it forms with alkalies or ammonia (see below, p. 295). It melts at
f4-3°, and sublimes even below this temperature. Its vapour density is
only half that required for Hg,Cl,, suggesting that the molecule in the
vapour is HgCl; this is, however, really due to the decomposition into free
mercury and mercuric chloride, as was established by measuring the
wbeorption of the mercury resonance line at 2,537 A.5% and by the dia-
magnetism of the vapour,$°? since HgCl must be paramagnetic. Gucker

804 }. Ebert and H, Woitinek, Z. anorg. Chem. 1933, 210, 269.

808 A, E. Brodsky and J, M. Scherschewer, Z. Elektrochem, 1926, 32, 3.
605 F, T, Gucker and R. H. Munch, J.4.0.5. 1987, 59, 1275.

0 P, W. Selwood and R, Preckel, ib. 1940, 62, 30585,
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and Munch®% found that drying had some effect-in stopping the dissocia-
tion ; moist calomel was wholly dissociated to Hg-HgCl, at 100°, while
if it was dried, free mercury did not appear below 250°; but the vapour
density at 375-425° was that of HgCl or Hg+ HgCl, ; Bakert?® had found
thoe vapour density of dried calomel to be that of Hg,Cl, at 440°. The
ronctivity of mercurous halides is certainly much diminished by careful
drying; thus their reaction with alkyl sulphides to form mercury and
co-ordinated mercuric halides only takes place in the presence of water.
Hg,Cl, + Alk,S = Alk,S—~HgCl, + Hg.

Beckmann®® has found, from the freezing-points of solutions in the mer-
ouric halides, that the molecules of these compounds are Hg,Cl,, Hg,Br,,
aud Hg,I,. Mercurous bromide has also been found to have in the vapour
a density corresponding to HgBr (or Hg-+HgBr,).510

Mercurous iodide varies in colour from yellow to green according to the
method of preparation and the amount of finely divided mercury present.
"The todide is relatively unstable, and if warmed with water is slowly con-
verted into mercury and mercuric iodide.

'The cyanide Hgy(CN), cannot be prepared: the ionization of mercuric
oyanide is so minute that the conversion of the mercurous salt into the
mercuric and free mercury is complete.

Mercurous salts of Oxy-acids

The carbonate is a yellow powder slightly soluble in water and losing
carbon dioxide when heated with it. The formate (sol” 0-4/17°) is readily
converted into mercury and carbon dioxide on boiling with water; the
acetate (sol¥ 8-1/15°) is more stable.

The trichloracetate appears to give a covalent form, as it is soluble in
benzene. The dipole moment is 2-65 D, while that of the hydroquinone

oster Cl,,C-CO-O<DO-CO-CCl3 is 1-50.811 This excludes any chelate
structure for the mercurous compound, which must be

Cl,
No

with free rotation round the line O—Hg—Hg—0. The oxalate is in-
soluble. All these carboxylic salts are anhydrous.

The nitrate, one of the best known of the mercurous salts, is very
soluble in water (sol¥ ca. 30/25°) and forms various basic salts; the only
normal salt is Hg,(NOj),, 2 H,0, which is dimorphic.®1? Various double
nitrates have been described, mostly of the type M"(NO,),, 2 Hgo(NOyg),,

a
3C>C—O—Hg——Hg—O—
0

s0s H, B. Baker, J.C.S. 1900, 77, 646.

600 K. Beckmann, Z. anorg. Chem. 1907, B5, 175.

00 G, Jung and W. Ziegler, Z. physikal, Chem. 1930, 150, 139.
s11 N, R, Davidson and L. E. Sutton, J.0.S. 1042, 565.

o H, G, Denham and C. V. Fife, ib, 1088, 1418.
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but there is no reason to think they are complex, especially as complex
mercurous salts are not otherwise known.

The mercurous salts of the oxy-acids of the sulphur subgroup are all
nearly imsoluble in water, and decomposed by it with more or less ease
according to the strength of the acid. The sulphate Hg,S80,, the only
well-known member of the class, can be made by grinding HgSO, with
mercury ; sol¥ 0-06/20°. It is colourless: it darkens in light (especially
ultraviolet), and gives a basic salt with water.

The salts of the chlorate series are fairly soluble, but the solubility falls
off in the order Cl03 > BrO; > I0,, the last being almost insoluble. The
perchlorate forms a tetrahydrate at low temperatures, going to a dihydrate
at 36°, which is stable above 100° 513

Ammonia Compounds

The nature of the black solids which are formed when mercurous salts
are treated with ammonia has been much dispnted. The ‘black precipitate’
which gives its name to calomel has been known since the Middle Ages,
and has the composition Hg,-Cl-NH,; but it was variously regarded as a
true mercurous amide H,N-Hg-Hg-Cl or a mixture of the mercuric
amide and free mercury H,N-Hg-Cl+Hg. It was first suggested by
Feigl®14 that a reversible reaction took place between these two systems,
and the detailed work of Gleditsch and Egidius®!® has shown that this is
true.

They find that the first effect of ammonia on mercurous chloride is to
replace one chlorine, and give H,N-Hg-Hg-Cl. This is the ‘black precipi-
tate’ as first produced. If it is filtered off and dried it can be kept
indefinitely without change, but in contact with the mother liquor, or
with any solution containing ammonia, it undergoes a slow change (some
weeks in the cold) into free mercury and the mercuric amidochloride
H,N-Hg-Cl, which can be detected by its giving red mercuric iodide with
potassium iodide. The corresponding nitrate H,N-Hg-Hg-NOj, is formed
in the same way, and undergoes the corresponding change in presence of
ammonia, but much more rapidly (in about an hour).

Mercurous Complexes

The great majority of the complexes formed by mercuric mercury have
no mercurous analogues. There is no evidence that the double nitrates are
true complexes. No complexes of the mercurous ion with ammonia,
dlethyl sulphide, or the halogens have been prepared. If an attempt is
made to prepare them from a mercurous salt, the mercuric complex is
formed with separation of metallic mercury. This occurs with pyridine,$16

s B, Newbury, J. Electrochem. Soc. 19386, 69, 57.

8¢ P, Feigl and A. Sucharipa, Z. anal. Ohem. 1925, 67, 134.

8 E, Gleditsoh and T. F. Egidius, Z. anorg. Ohem. 1936, 226, 265; 228, 249.
818 W, Lang, Ber. 1888, 21, 1587,
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with ammonia, and with dialky lsulphides.®!” The reason, as Langs!®
pointed out, is that the equilibrium in the reaction

[Hg—Hg]++ == [Hg}** 4 Hg
is disturbed by anything present that combines with either the mercuric
or the mercurous ion. Now nearly all donors will co-ordinate with a
doubly rather than a singly charged ion; hence they usually remove the
mercuric ion as such and the mercurous salt is decomposed.

The only donors which might be expected to combine with the mer-
curous ion by preference would be chelate groups, if they were too small to
complete a stable ring through a single metallic atom, but could do so
through two ; and it is interesting that the only certain mercurous complex
is of this kind. Hofmann and Marburg®® obtained an addition compound
with hydrazine of the composition NoH, - Hgy(NO;),. It was formed from
the components, but they give no details. Now this is a case where a
mercurous complex is possible. The hydrazine molecule (like ethylene
diamine) might co-ordinate through both its nitrogen atoms giving the

complex H,N—NH, ]+
[ Hg—Hg ] ’
such a structure with only a 4-ring would usually be unstable, but this ring
is peculiar, because the mercury atoms are more than twice as large as the
nitrogens (radii of atoms Hg 1-48:N 0-70 A). With these radii the angles
in the ring are 68° 40’ at the mercury and 111° 20’ at the nitrogen. The
mercury has its usual shared quartet, in which the natural angle is 180°;
but there is evidence that with a quartet the valency angle does not exert
much resistance to compression; the nitrogen, on the other hand, has a
full octet, which strongly resists deformation, but here the valency angle
is 111° 20’, which is very near the normal tetrahedral angle of 109° 28,
With the mercuric ion the hydrazine must either form a 3-ring
H,N—NH
2N\ St
Hg
in which the angles would be 72° at the nitrogen and 36° at the mercury,
and the strain impossibly great, or an open-chain complex
[H,N—NH,—~Hg],
which would lack the stability of the chelate ring. So we can see why in
this particlar case a mercurous complex is possible.

MERCURIC COMPOUNDS

TuEsB are far more numerous and important than the mercurous. The
hydroxide Hg(OH),, from which the salts are derived, is a very weak base,
at least as regards its second dissociation constant (i.e. has a strong ten-
dency to assume the covalent state), and accordingly the salts when they
are highly ionized are also highly hydrolysed.

07 W. F. Faragher, J. C, Morell, and S. Comay, J.4.0.8, 1929, 51, 2774.
8 K, A, Hofmann snd K. O, Marburg, 4nn. 1899, 305, 2185.
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The mercuric salts are unique in the extent to which their degree of
ionization varies with the nature of the anion : no other element behaves in
this way except hydrogen, which mercury resembles closely in some
respects, especially in the fact that the group of shared electrons that the
ion acquires when it goes over to the covalent state is a stable number for
that element (4 for mercury, 2 for hydrogen). From this point of view the
mercuric derivatives can be divided into four classes. -

A. The salts of the strongest inorganic oxyacids, such as nitric, sul-
phuric, chloric, and perchloric. These are highly ionized (they are strong
electrolytes), and considerably hydrolysed, so that their solutions have a
strong acid reaction. The fluoride seems to belong to this group; it is
highly ionized in water, and so highly hydrolysed (owing to the weak
acidity of hydrofluoric acid) that it is almost completely decomposed by
cold water into mercuric oxide and hydrogen fluoride.

B. The chloride, bromide, iodide, and thiocyanate. These are only
slightly ionized in water (of the order of 1 per cent. or less, in /20 solution)
but enough to give a precipitate of the hydroxide with alkalies. They are
accordingly only slightly hydrolysed, and their solutions have only a weak
acid reaction.

C. Mercuric derivatives of the ‘half-strong’ organic acids, carboxylic
and the like. These are partially ionized like the acids from which they
are derived, and to about the same extent (see below p. 325).

D. Derivatives of compounds which have acidic hydrogen attached to
carbon or nitrogen, such as hydrogen cyanide, acetamide, and imides.
'I'hese are scarcely ionized (or hydrolysed) at all. They give no precipitates
with alkalies. From these compounds we can go on to derivatives of non-
acidic compounds like amines and hydrocarbons (e.g. to the mercury alkyls
and aryls), in which the mercury, like the hydrogen it replaces, is not
fonized at all. Thus with the sole exceptions of the chloride, bromide, and
lodide, and perhaps the thiocyanate and fluoride (Class B), all the mer-
ouric derivatives obey a peculiar but very simple rule: they are ionized
to about the same extent as the hydrogen compounds from which they
aro derived. Where the acid is strong—that is, a strong mineral acid—the
salt is a strong electrolyte (NOj, SO,, etec.) (Class A). Where the acid is
"half strong’, i.e. with the carboxylic acids, the salt is also a ‘half-strong’
oloctrolyte, and is dissociated to about the same extent as the acid
(Class C). When the hydrogen compound has its hydrogen attached to
nltrogen, it is never a real acid of any strength: when it is attached to
varbon it is practically not acidic at all. Mercury behaves in the same way.
When it is linked to nitrogen the ionization is very small (Class D), and
when to carbon the compounds are purely covalent.

Solubilities of Mercuric Salts

'The solubilities of the mercurio salts, as compared with those of zino
and cadmium, are largely affected by their peouliarities of ionization. The
merourio salts of strong oxy-acids, such as the nitrate, chlorate, perchlorate,
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and sulphate, are readily soluble, like the zinc and cadmium salts. The
oxides, sulphides, and carbonates of all three metals (only a basic mercuric
carbonate is known) are all insoluble, and so are the oxalates. On the
other hand, the slightly ionized chloride, bromide, and iodide, though
much more soluble than their mercurous analogues (mercuric chloride
dissolves to more than 7 per cent. in water at 25°), are far below the
enormous solubilities of the zinc halides, and the very considerable solu-
bilities of those of cadmium ; while the almost un-ionized mercuric cyanide
is very soluble—nearly 500 times as much as cadmium cyanide, and 10,000
times as much as zinc cyanide.

A general peculiarity of the mercuric salts is that they are rarely, if ever,
hydrated, unless the anion can take up water ; the mercuric cation scarcely
hydrates at all. This is to be expected for two reasons: (1) the reluctance
of mercury to combine with oxygen, and (2) its willingness to be content
without a complete octet.

Compounds with Mercury-Carbon Links

Mercury stands quite alone among metals in its power of forming
contpounds with organic radicals. The replacement of hydrogen atoms in
organic compounds by mercury is almost as easy as bromination or nitra-
tion, and the number of compounds which can be formed in this way is so
large that mercury may almost be said to have an organic chemistry of its
own.%!? This work has been stimulated by the hope, so far not fulfilled,
of finding new and valuable drugs.

The organo-mercury compounds are also remarkable for the fact that
unlike all other (neutral) alkyl or atyl derivatives of elements of any of the
first three periodic groups, they are not acted on by air or water. These
well-known facts have led to the natural belief that the Hg—C link is very
strong, and is formed with a large emission of energy.

This, however, is not so. We can calculate the heat-value of the link
in the following ways.

I. The heats of combustion of liquid mercury dimethyl and diethyl,
and solid mercury diphenyl, have been determined®?®; from the results
the heats of formation from the elements in their standard states can be
got. For the heats of evaporation we may assume a Trouton constant of
21, giving 8, 9, and 19 k.cals. respectively (mercury diphenyl has an
extrapolated b. pt. of 350° C.); to the last must be added the heat of
fusion, which from the melting-point can be calculated to be 4 k.cals.
From the resulting H, values (see table, p. 299) we get H,, the heat of

810 A very complete account of the work done on this subject up to 1921 is given
in F. C. Whitmore’s Organic Compounds of Mercury, Chem. Catalog Co., New
York, 192]. This is quoted in what follows as *Whitmore, p. x’. A more recent
summary, which is less complete, but gives a very clear description of the more
important feots, is conteined in E. Krause and A. v. Grosse, Met.-Org. Vbdgn.,
Borntraeger, Berlin, 1987, pp. 187-90.

80 M, Berthelot, O.R. 1809, 129, 918,
M P, Walden, Z. Blskiroohem, 1908, 14, 718,
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formation from the atoms, using the heats of atomization C 170-4,
H 51-7, Hg 14-6.522 From these must be subtracted the heats of all the
links except C—Hg—C (assuming C—H 98-8, C—C 81-6, C==C 146-1: heat
of resonance of benzene nucleus 39 k.cals., we thus get:

HgMe, HgEt, Hg(CeHs),

H; (from elements in standard

states) . . .| —87-8 liq. —154 liq. —90 solid k.cals.
H, for compounds as ga.ses . —45+5 —24-5 —113
H, (from atoms) . 619-5 1,187-7 2,462
Energles of bonds other than

Hg—C . ) . . 593-5 1,152-7 2,432
H, for C—Hg—C . . . 26 35 30
H, for Hg—C . . . . 13 17-5 15

Considering that these last are small differences of large numbers, they
agree fairly well ; the mean value for Hg—C is 15 k.cals. Thisis an almost
unprecedentedly low value for a chemical bond,* and is more of the order
to be expected for & van der Waals attraction.

There are, however, other reasous for thinking that the link of mercury
to carbon is exceptionally weak.

II. All mercury dialkyls and diaryls except the dimethyl decompose
spontaneously in the cold to mercury and the hydrocarbon (see below,
p. 311). We may therefore assume that this reaction, which involves the
change of linkage

C—Hg—C —> Hg + C—C

isexothermic. Hence 2 (Hg—C) << C—C (= 81-6) so that (Hg—C) < 40-8.
ITI. The same change of linkage occurs as we go from HgCN), to
Hg+(CN),. Their H, values are 61-8,, :+414-6:and 72; giving the heat
of reaction as 4+4,
For gaseous Hg(CN), we must add S, the unknown heat of sublimation,
which may well amount to between 10 and 20 k.cals. Thus

2Hg—C) =C—C—8—44 =1772-8
or Hg—C = 38-7 — §/2.

IV. Krishnamurti®? finds in the Raman spectrum of mercuric cyanide
two lines, one at 2,192 cm."! due to C=N, and another at 276 cm."! due
to Hg—C. If these lines are accurately assigned, which there is no reason
to doubt, the force constants accurately calculated,} are for fo=y 17-8 X 105,
a normal value for this link, and for fg, o 116X 105, the latter probably
tho lowest value for a force constant that has yet been found. On the

* A similar caloulation from the heat of combustion of zinc ethyl gives for Zn—C
87:8 k.oals,
% I am indebted for the calculation to Dr. L. A. Woodward.

885 Biohowsky and Roesini, Thermochemisiry, p. 69.
8¢ P, Krishnamurtl, Ind, J. Phys. 1980, 5, 651,
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rough assumption that the force constant is proportional to the heat of
rupture, that of the Hg—C link, taking Pauling’s value of 212 k.cals. for
C=N, is
212 x }7—12 = 13-8 k.cals.
We have assumed that the mercury in the cyanide is attached to carbon ;
if it is not, then it is the Hg—N link tbat is so weak ; but the Hg—C link
must then be weaker still, or the mercury would be attached to the carbon.
Jonversely, if the mercury is joined to the carbon, the Hg—N link (though
it ig so stable) must be even weaker than the Hg—C.
The values obtained for Hg—C may be summed up thus:

I. From heat of combustion of HgMe, . . . . 13
» » » HgEt, . . . . 17-5
’ ’s ’ Hgd®, . . . . 15
II. Spontaneous decomposition of HgAlk, . . .o<4l
I1I. » » ” Hg(CN), . . . <387
IV. Raman spectrum of Hg(CN), . . . . ca. 14
[Zn—C from combustion of ZnEt, . . . . 37

It is thus clear that the energy of the Hg—C link is very small, much
smaller than that of the Zn—C link in the highly reactive and spontaneously
inflammable zinc ethyl. The chemistry of the mercury alkyls entirely sup-
ports this conclusion ; almost any metal (Li, Na, Be, Mg, Zn, Cd, Al, Sn,
Sb, Bi, Te) will remove the hydrocarbon radical from the mercury (for
references, see p. 311).

The stability of the mercury organic compounds in spite of the small
energy value of this link may be ascribed to two causes.

(1) The common belief in the great stability of the mercury alkyls is
largely founded on their indifference to air and water, which attack all
other non-ionized alkyl derivatives of elements of the first three periodic
groups. But mercury has a peculiarly small affinity for oxygen; this is
shown in the exceptionally high ionization of the salts of oxy-acids—
mercury is reluctant to ionize, but even more reluctant to form covalent
links with oxygen—and in the almost complete absence of covalent Hg—O
compounds, even the normally stable chelate derivatives of 8-diketones.
The heat of formation of the oxide is abnormally small. The values for the
formation of the solid oxides (a) H, from the elements in their ordinary
states, and (b) H, from the atoms are:

H, H,
Zn0 . .| 835 1700
Cdo . .| 652 1521
HgO . .| 21 95-3

The instability of the oxide to heat is familiar, Thus the indifference to
air and water is no real proof of the strength of the link of meroury to alkyls
and aryls.
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(2) But even when full allowance is made for this there is still much to
explain in the multiplicity and the stability of these Hg—C compounds, if
it is true that the energy of the Hg—C link is so minute.

Now the position of mercury in these compounds is in a minor degree
not unlike that of carbon itself in organic compounds, the remarkable
multiplicity of which is not fully accounted for by the energy values of
the links (see IV. 490). In other words, the stability of the organic com-
pounds of mercury is largely not thermodynamic at all, but what we may
call for want of a better name mechanical, depending on the heat of
activation and not that of reaction. The explanation is probably the
same with both elements. The ordinary saturated carbon atom has a
valency octet which is fully shared, and also cannot expand farther, so
that it cannot co-ordinate either as donor or as acceptor, and it is there-
fore precluded from undergoing any change through co-ordination, and
consequently its rates of reaction are very much diminished. Mercury in
its organic derivatives has a quartet of valency electrons, which is fully
shared, so that it cannot act as a donor. But, as we have seen, its ohief
peculiarity is the small tendency that this quartet has to expand, or in
other words the small tendency that di-covalent mercury has to co-ordinate
as acceptor. This tendency is likely, as with other elements, to be excep-
tionally small in the alkyl and aryl compounds.

The organo-metallic compounds of mercury are of two kinds, according
ag one or both of the valencies of the mercury are attached to carbon. The
first kind R—Hg-—X are more easily made, and they can be converted by
special reactions into the second kind HgR,, which also can sometimes be
made directly. The radicals attached to the mercury can be derived from
paraffins, olefines, acetylenes, aromatic hydrocarbons, heterocyclic com-
pounds like pyridine and thiophene, and their substitution products.

The various methods used for the replacement of other atoms attached
to carbon by mercury may be classified according to the nature of the
atoms replaced, which can be (1) hydrogen, (2) another metal, (3) nitro-
gen, (4) a halogen ; it is also possible (5) to form these compounds by addi-
tion to doubly linked C=C groups.

1. Replacement of Hydrogen

This is the process known as ‘mercuration’; it is highly characteristic
of mercury, and scarcely if at all known in this direct form with other
metals. Our knowledge of it is largely due on the aromatic side to O. Dim-
roth, and on the aliphatic to K. A. Hofmann, both of whom began their
work on it in 1898. The process can be carried very far, and with many
aliphatic compounds such as alcohol all the hydrogen on the carbon can
be replaced by mercury; such fully mercurated products are known as
mercarbides,

Mercuration, like other replacements of hydrogen attached to carbon,

0 See Whitmore, pp, 128-31.
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oceurs more readily with the aromatic hydrocarbons than with the paraffins,
and much more readily with many of the substitution products of the
hydrocarbons than with the hydrocarbons themselves. The saturated
parafling cannot be mercurated directly, though many of the olefines can,
and acetylene and its mono-derivatives with great ease. The aromatic
hydrocarbons are mercurated by heating with mercury acetate: thus ben-
zene when heated with it under pressure at 100-110° gives phenyl mer-
ourio acetate, CgH;-Hg-0.CO-.CH,.%2¢ Heterocyclic compounds of the
aromatic type, such as furane and thiophene, react more readily still.

The substitution products of both classes of hydrocarbons are more
readily mercurated. On the aliphatic side this is especially true of the
oxygenated derivatives, such as the alcohols and ketones. Ethyl alcohol
whon treated with mercuric oxide and alkali is converted into ethane
hexamercarbide, C,HgsO,(OH), (see further below, p. 314), in which all the
hydrogen on the carbon has been replaced by mercury. Ketones contain-
ing the group —CO—CH,— mercurate easily, no doubt through the inter-
mediate formation of the enol. Thus acetophenone is readily substituted
in the methyl group, giving CgH;—CO—CH,—HgOAc, while benzo-
phenone, which cannot form an enol, does not mercurate below 150°,
whore it forms the ortho-mercury compound.

Among the aromatic compounds, substitution products, especially
phenols and amines, mercurate (as they brominate) with great ease; there
is some reason to think that the mercury may attach itself first to the
oxygen or the nitrogen. Mercury is unlike practically all other aromatic
substituents®?? in always taking up the ortho- or para-position whatever the
previous substituent may be. Thus if benzoic acid is fused with mercuric
aocctate, or mercury benzoate is heated to 170°, the mercury goes to the
ortho- (not as was thought the para-) position. Even with nitrobenzene
the product is mainly ortho- a