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P R E F A C E

T H E term "rare elements" is conveniently applied to those
members of the Periodic Table* whose chemistry in lit fie known.
Home of these* elements are so scarce that their study has of
necessity been difficult; others are abundant in nature*, but
their development has been retarded by lack of sufficient interest;
still others have only recently been discovered, and sufficient
time has not yet elapsed for them to lose the interest inherent
in newness. The "rare elements1* then should be understood
to include? those elements which are little known either because
of scarcity, neglect, or ignorance. The chemistry of norm* of
these elements is developing rapidly, since* we are junt beginning
to appreciate something; of their interest and usefulness. Rapid
advancement, has followed such an awakening,, and the names
of Home Htich substances have become household word*. In
other cases interest has been less keen and advancement has
been slow.

The purpose of this work is to call attention both to the ad-
vances which have recently been made in our knowledge* of the
so-called " r a r e " elements and also to the need of further re-
search in the development of many of the lens familiar elements.
This book is the* outgrowth of it lecture course given for many
years at the University of Illinois, first by I>r, Clarence W,
Balke, and biter by the author. This course* has been enmi-
tially a stuely e>f the Periodic Table with special referemw to
the dements which are treated very briefly or entirely ignored
in most textbooks on Inorganic Chemistry. f*or the present
course a working knowledge of the roittfrion element** IM under-
stood, and they are mentioned briefly for the pur|K>Hi* of show-
ing the relationship between the rare elements ami their more*
familiar neighbors.

The ehemiistry of many of the nire* element** in still in a
decidedly chaotic! ntate. The literature contain* conflicting
Btatenient«r misleaeling di#eu.NMio!}H, ami downright errors In
such caaea the author hau attempted U) mUn*t those



IV PREFACE

which seem to bear the greater weight of authority. Where
differences of opinion exist for the settling of which more in-
formation is needed, an at tempt has been made to present an
impartial summary. Care has been exercised to eliminate as
far as possible inaccurate, misleading, and untrue statements.
It is too much, however, to expect that a book of this sort can
be made free from errors either direct or implied. The author
will be glad to have his attention called to any undetected
errors, for which he alone must be held responsible. Sugges-
tions will also be gladly received.

In a course which has been developed by. a process of this sort
many of the original sources of information have been lost.
The writer would be glad to acknowledge his indebtedness to
every author from whom information has been received, but
this is manifestly impossible, since the material has been col-
lected from a very wide range of sources and over a period of
several years. Much material has been gleaned from such
standard works a s : Abegg, Handbuch der anorganischen Chemie;
Browning, Introduction to the Rarer Elements; Friend, Text-
book of Inorganic Chemistry; Gmelin-Kraut, Handbuch der
anorganischen Chemie; Johnstone, Rare Earth Industry; Levy,
Rare Earths; Mellor, Modern Inorganic Chemistry; Roscoe and
Schlorlemmer, Treatise on Chemistry; Schoeller and Powell,
Analysis of Minerals and Ores of the Rarer Elements; Spencer,
Metals of the Rare Earths; Stewart, Recent Advances in Inorganic
and Physical Chemistry; Venable, Zirconium; and many others.
Constant use has also been made of the current scientific jour-
nals. An attempt has been made to give sufficient references
to the literature to permit the student who is interested in any
particular phase of the discussion to pursue his investigation
farther. These references also serve the double purpose of
giving the authority upon which certain statements are made
and of acknowledging the author's indebtedness for the infor-
mation given.

The author is especially indebted to the following persons
who have read portions of the manuscript and offered many
helpful suggestions for its improvement, or have contributed in
various ways in the compilation of the material: C. W. Balke,
H. G. Deming, Saul Dushman, E. A. Engle, W. D . Engle, W. D.
Harkins, Maude C- Hopkins, H . C. Kremers, Victor Lenher,
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R B. Moore, W. A. Noyos, Rosalie M. Parr, (}. W. Bears,
Frederick Boddy, Marion 10. Sparks, Kdward Wichera, L. F.
Ynterna. The* students who have been enrolled in the eourHe,
enfMHtially during the* two yearn that the manu.seript, han been
iwcul in mimeograph form, have* contributed materially through
their interest in the subject matter and the inspiration whieh
they have furnished. To all of these, as well an to the* writern
whose works has been consulted, the? author wishes to express
his profound gratitude.

If this book serves to create grantor interest in those elements
whieh ares usually slighted in the study of Inorganic ChonuHtry,
the author will feel amply repaid for the* work whieh lias been
necessary in the assembling and editing of the material herewith
presented.

B. H. IIOPKIN8
URBAN A, IM,IN*(H8,

AugUHt I, iU2:f.
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C H E M I S T R Y O F T H E R A R E R

E L E M E N T S

CHAPTER I

THE PERIODIC SYSTEM

Historical. — Between 1S02 and 1808 occurred the
controversy between Proust, and Bcrthollet1 concerning th<»
Law of Fixed Ration. This discussion ended wfifh Proust con-
vincing chemists that chemical eomjHMindn jwssrHS a definite
comjKwition. In 1808 John Dal ton published- a connected
account of his Atomic Theory, u[>on which mo<lern chemistry
is ba.sed. In tins way the1 theory of elements came to he* ac-
cepted among scientific! men, and very quickly effortH were
made to find n fundamental relationship IK1! ween varioun eli»~
mental forms of matter.

In 1815 Prout called at tent ion 3 to the* fact that when the
atomic weights of the elements were* expressed ujxtn the* hydro-
gen basis, the values of the other elements were very e!«we to
whole numbers, arid expressed the* opinion that hydrogen wtw
the primary element from condensations of which resulted nil
of the* other so-called elements. Pront/s HyfRifheniH wim rtv
ceived cntliUHiaHfically by some and ridiculed by others. The
discUHHion concerning thin theory htm occupied the minds of
scientific men of all nations for it large part of the nineteenth
century and in a modified form lum continued down to the
present time.

ThcmuiH Thomson, in Knglaml, wits an witlumifiMtic follower
of Prout who tried to «how c*xpcrinif*tttnlly4 that the*
was true. Hh results were qucKtioruHl espi^cifiHy by
in Swcrlcm» whose* revinctd table of atomic; weights, publkhed in

1 Bw»! Mim FrtMind. Th*< Stwly »f ChtmirtU tfampmitum* f tamtflhklgo tliti-
v#r»ity Fritsw, HK>4, <'h»f»t*+r vf find HnriMg, Nalur^ 80 Htt CSHil4>.

*4 Nm» Hti*iem t»f ChrmmU f'hitwnphy. 2 vnU,< \H)7 |l>.
* Ann, PhU. 11 32! CiHjf,), mttl It III MSHlj,
*An Attempt UP Mt&atdvth lh* FkM I'rineipU* uf Cfmmktry by

b\ 182ft.



2 THE PERIODIC SYSTEM

1825, contained values which differed widely from Tl omson's.
Gmelin, in Germany, was inclined to accept the Hypothesis,
and Dumas, in France, was outspoken in its support, especially
after his work x upon the atomic weight of carbon showed that
the ratio between carbon and hydrogen was almost exactly
12 to 1. The accurate determination of the atomic weight of
chlorine 2 by Marignac, in France, showed its value to be almost
exactly 35.5. This led Marignac in 1844 to propose that the
Prout unit be half the atomic weight of hydrogen. Dumas
welcomed this suggestion, but his own work3 later led him to
suggest the adoption of -J- the hydrogen atom as the ultimate
unit. In 1860 the classic atomic weight work of Marignac
and Stas gave values showing variations altogether too large to
be accounted for by experimental error and made further sub-
divisions of the " u n i t " necessary. So the Hypothesis lost
standing owing to the necessity of frequent revision of the ulti-
mate unit.

In ,1880 interest in the idea was revived by Mallet4 whose
work upon the atomic weight of aluminium showed that it
belonged to the long list of elements whose equivalents are
approximately whole numbers. Mallet called attention to
the fact that 10 of the 18 elements whose atomic weights were
best known had atomic weights differing from whole numbers
by less than -fa of a unit. He suggested that possibly certain
constant errors might have influenced the accepted values of
certain elements. A more recent revival of interest in Prout's
Hypothesis was produced by Strutt, who called attention6 to
the fact that of the elements whose atomic weights are most
accurately known, 12 have values which are almost exactly
whole numbers. This is a far larger number than can be
accounted for by the law of probability, so that " we have
stronger reasons for believing in the truth of Prout's Law than
in that of many historical events which are universally accepted
as unquestionable." Along the same line Harkins has pointed
out6 that the atomic weights of 17 of the first 21 elements show
an average deviation from whole numbers of 0.05 and argues
that such a situation cannot be explained on the basis of chance.

1 Dumas and Stas, Ann. chim. phys. 3 (III) 5 (1841).2 Compt. rend. 14 570 (1842). 4 Am. Chem. Jour. 3 95 (1880).8 Ann. chim. phys. 3 55, 129 (1859). « Phil. Mag. 6 (i) 311 (1901).
6 Jour. Am. Chem. Soc. 37 1370 (1915).
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The thifory that f he elements are in reality a Herien of con-
densation products of some primal element which must, re-
semble the protyle of the ancient philosophers has heen n
fascinating theory from the beginning. It has been repeatedly
denounced as an illusion, but nevertheless it lias confirmed to
claim periodic attention among scientists. In the light of
modern theories of atomic structure, it is not strange that the
Hypothesis of Prout should reappear in modified form. IIurkiriH
and Wilson have shown l that at least the lighter elements may
be considered as composed of a certain number of atoms of
hydrogen and helium. This theory finds striking confirmation
in the study of the radioactive* elements and from the experi-
ments of Rutherford, who has found evidence2 for the con-
clusion that nitrogen atoms may be disrupted by bombardment
with alpha particles, with the liberation of hydrogen.

That the elements possessed relationships of a different sort
was shown soon after the establishment of Dalton's Atomic
Theory. AH early as 1817, Doebereiner called attention to the
fact that strontium had an atomic weight which was very clone
to the mean of the values for calcium and barium, while these*
three elements showed close similarity in both physical and
chemical properties. Later he also showed that there are-
other triads in which the name general relationship oxists, such
fl.8 *

WKICJKTH

Calcium 40.07
Strontium HIM HS.72
Barium , . . . , . UJ7.37

Chlorine 35.40
Bromine* 70.92 HI.10
Iodine 120.02

Sulfur 32.00
Bdcmium 70.2 79.78
Tellurium 127,5

The Triads of Doefoereiner apparently mwfwl very lit!It*
interest, for it wa« not until 1850 that PHU»nkof(»r took Urn
next step when he expressed the belief that t\u* dillvvvtm*H

1 Jour. Am. Chan. Hoc, 87 VMM, V4KA (HHfi).
*E. K. Ruthirftml, Phil, Man, %1 UH\ (IUW),
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between the atomic weights of the members of a " natural
group " were multiples of a constant number, thus :

ATOMIC DIFFBR- ATOMIC DIFPKK-
WEIOHTS BNCBB WKIOHTH KNCKH

Lithium . . 7 Oxygen . . U>
16 ir>

Sodium . . 23 Sulfur . . 32
1G

Potassium . 39 Selenium . 80

Tellurium . 127.5

In 1853 Gladstone arranged l the clements in the* order of
increasing atomic weights, but so many of the values accepted
at that time were faulty that no broad generalization wan
possible.

In the following year J. P. Cooke discussed 2 u the numerical
relations between the atomic; weights with some thoughts on
the classification of the chemical elements." He pointed out
that Doeberciner's Triads actually broke up natural groups of
elements, as, for example, the* halogen group which contains
four closely related elements. He proponed a cluHHification
by which the elements were divided into series, similar to the
homologues of Organic Chemistry. He took into consideration
the general chemical analogies of the elements, the tyjw*B and
relations of their compound**, and the* eryHtallographie relations
as well as the physical and chemieal properties. Cooked
classification is generally regarded an the first effort to arrange
the elements in groups by means of a comparative* study of all
the available chemical facts.

In 1857 Oclling arranged * the elements in accordance? with the
" totality of their characters " and found 13 triads mnnv of
which were double and some* incomplete. In each etxm the
intermediate term " is possessed of intermediate, properties
and has an exactly intermediate atomic; weight/ '

Two years later Dumaa wrote4 $m follows: " W h e n one
arranges in the same series the equivalent* (atomic weighte) of
the radicals of the same family whether in mineral or organic

1 PhU. Mag. 5 (iv) 313 (1853).
*8illiman'8 Am. Jmtr. HH, IT (it) M7 (IHM).

' » PhU. Mag. IS (ii) 423, and 4M) (IH57).
* Ann. Mm. phy*- W (ill) 20U (l&W).
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chemistry, the first term determines the* chemical character of
all the bodies which belong to the nerieH. The type of fluorine
reappears in chlorine, bromine, and iodine; that of oxygen in
sulfur, .selenium and tellurium ; that of nitrogen in phonphorun,
arsenic and antimony; that of titanium in tin ; that of molyb-
denum in tungsten, etc."

These early attempts to classify the elements are interesting,
but no attempt was made to include all the then known element8
because of the lack of a consistent system of atomic weights.
This essential was supplied in 185K by the splendid work of
Oannizzaro who was the first to utilize Avogadro'n Hypothesis
as the basis for atomic weight determinations. AH a result of
these revised atomic weights, order began to displace chaos
and in 1862-63 appeared the first real attempt, to include, all
the elements in a single classification. This work wan done by
A. E. B. de ('hnncourtoin l who is generally given credit for
first suggesting the relationships which may fairly be considered
the forerunner of the periodic system. He arranged the
elements spirally in the order of increasing atomic weights and
divided the cylindrical helix into Iff vertical sections. Elements
falling in the same vertical section had similar physical and
chemical properties. Thin arrangement became known an the
Telluric Screw and is recognized as embodying the fundamental
idea of the periodic system, although the conception in htwy,
the expression obscure,, and the accompanying speculations
misleading.

The next step was taken when John A. R* Newlands published
a scries of articles 2 in which attention wan directed to the* fact
that when the elements arc? arranged in the order of atomic
weight, the eighth element resembles the first, On account of
the resemblance to the musical scale* thin generalisation
known an the Law of Octaves. An examination of
table shows some meonsiHtcmcieH, due at least in part to hin failure
to leave spaces for undiscovered elements. There is much to
admire in Ncwlancin* contribution, in spite of hin inability to
provide satisfactorily for the elements of higher atomic weight*

1 C<mpt. rend, 54 757, 840, 007 (1802) ; W <HK» (iHfJil); 66 203, •*?«» (iHIWj;
63 24 (IHm). fkxt u\m V. J. Hnrtag'K itriMf? cm M A *V»r***fttult.»wirtft'*»f tin*
Periodic Lttw,M Nature, 41 IHfJ (IHm*).

Ulhmn. Afa0f,7 7O(i8fl3); 10 11, 60, IK (IHM) j It 83, 94 (1H06); t$ IVh
130(1806).
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Thus, it is seen that the* idea of a fundamental relationship
between the elements had been growing gradually for a half
century from the isolated Triads of Doebercinor to the Octaves
of Newlands and the Table of de ChuncourtoLs. It in no wonder
that, with these preliminary stops, two men should announce
a periodic arrangement almost Himultancounly and doubtless
quite independently.

TABLB I

Newlandx7 Law of Oclavvx

H
Li
Gl
1*
C
N
0

F
Na
Mg
Ai
Si
P
S

Cl
K
Ca
Or
Ti
Mn
Fc

Co, Ni
Cu
Zn
Y
In
As
So

Br
Kb
Sr

CV, hi
Zv

I)i, Mo
Ho, K«

I'd
AK
Ctl
t;
Sit
Kb
'IV

I
CH

Ha, V
Ta
\Vr

Nb
An

Pt, Ir
TI
Pb
T h
»K
Hi

OH

Lothar Meyer published Die Modern*' ThvorieM rftr Chcmie
in 1864, in which appeared a table* containing num\ of thi» then
known elements and leaving Hpa(HkH for tandiHrrivereil rk^inenlH.
Those elements which appear in the mtnv column have Himilar
properties, bu t the system was not complete, and wan little mow
than tha t of Newlands.

In 1869 71 Mendeltfcff published l an arrangemeiif of the*
elements in the order of increasing a tomic weight in which it
was shown clearly t h a t thorn in n f>eriodie recurrence of proper-
ties. In 1870 Meyer published a pajH»r * giving a table a lmos t
identical with Mendeleeffn and s ta t ing thnt " the propert ies
of the elements are, for the most jrnrf, jM*riodic functions of
their a tomic weights / ' La te r he modified bin table slightly
and suggested a spiral a r rangement , which him the a d v a n t a g e
of showing both the continuous na ture of the scheme f a n d t h e
periodic recurrence of certain propert ies.

While both Meyer and MendeMcff deserve great credi t for
the par t each played in the clearing tip of t he periodic relat ion-
ship, it is quite clear t ha t nei ther one deserve** all the credi t for
this useful generalization. T h e verdict of the* chemical world

i J. HUSH. Chem. Sac. 1 60 (1S09); 2 14 (1B70) ; 4 25, UH (IS71).
* AnncUm SuppL 7 354 (1870),
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THE PERIODIC SYSTEM

TABLE III

Comparison of Eka-silicon with Germanium

Atomic weight
Specific gravity
Atomic volume
Color
Calcination pro-

Effect ofIL/)

Effect of acids

Effect of alkalies

Production of the
clement

Properties of the
oxide

Properties of the
chloride

Properties of the
fluoride

Org&no-metallie
compound

EKA-SILICON (PREDICTED, 1871)

72
5.5

13.
Dirty gray
EHO2, white powder

Will decompose Hteam with
difficulty

Slight effect

No pronounced action

EflOa and EsK2F6 reduced
by sodium

Refractory; specific grav-
ity 4.7; less basic than
TiOj or SnOa; more
basic than BiO2

EBCU will be a liquid with
boiling point under 100°
and specific gravity 1.9
atO°

E8F4 will not be gaseous

ER(C»HS)4 boils at 160°
and has specific gravity
0.06

GERMANIUM (DISCOVERED, 1886)

72.3
5.47

13.2
Grayish-white
Ge(>2, white powder

Does not decompose water

Not attacked by HC1 but
soluble in aqua regia,
oxidized by HNO3

Solution of KOH has no
effect; oxidized by fused
KOH

GeO2 reduced by C and
GeK2Ffl by Na

Refractory; specific grav-
ity 4.703; feebly basic

GeCU boils at 86° and hag
specific gravity 1.887 at
18°

GeF4 is a solid

Ge(C*H5)4 boils at 160c

and has specific gravity
a little less than 1

gives greatest credit to Mendel^eff in spite of the fact that
Meyer has some very ardent supporters. Oswald in his Klassi-
ker der exakten Wimemchaften, No. 68, sets forth strong claims
for the priority of Meyer's %ork, but one of the main reasons
why Mendel6eff is given greater credit is because he ventured
to predict the properties of certain unknown elements. He
foretold the properties of the elements eka-boron (scandium),
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eka-s i l icon (germanium), and eka-aluminium (gallium). That
. l i e had a wonderfully clear conception of the meaning of his
p e r i o d i c table is shown by a comparison of the properties
p r e d i c t e d for eka-silicon in 1871 with the properties of the
e l e m e n t germanium discovered in 1886. (See Table III.) The
p r e d i c t i o n s of the properties of eka-aluminium and eka-boron
etre equally striking. This remarkable achievement centered
a t t e n t i o n * upon the Mendeteeff table and by some is considered
SLXX absolute proof of the truth of the theory. C. Winkler said :
c* I t would be impossible to imagine a more striking proof of
• t l i e doctrine of periodicity of the elements than that afforded by
• t h i s embodiment of the hitherto hypothetical eka-silicon."

O n the other hand, G. Wyruboff as late as 1896 considered
t h e periodic system as " a very interesting and highly ingenious
t a / b l e of the analogies and dissimilarities of the . . . elements "
a / n d proposed to reject the whole generalization because of its
d e f e c t s , reasoning that " since the laws of nature admit of no
e x c e p t i o n , the periodic law must be considered as a law of nature
d e f i n i t e l y established which must be accepted or rejected as a
w h o l e . " In spite of the bitter attacks made upon the system
b y those who claim that it has done more harm than good, the
fsbct remains that it is a convenient basis for the classification
o f a n endless array of facts. In addition it has been a vast
J b e n e f i t to the science of chemistry by reason of its-stimulation
b o research.

Usefulness . — Mendelfeff pointed out four definite methods
of u s i n g the periodic law :

1. As a means of classification it serves to systematize the detail** of
ilxministry and permits the student to group together a large number of
' a c t s , which would otherwise be in a disconnected and chaotic state. Not
>n.ly are the chemical properties of the elements periodic functions of thci
t/fcomic weight but there is also a periodic relationship in valence, specific
prstvity, atomic volume, melting point, boiling point, hardness, malleability,
Ltxctility, compressibility, coefficient of expansion, thermal conductivity,
a/fcent heat of fusion, heat of chemical combination, refractive index, color,
Lls"tribution in nature, electrical conductivity, and magnetic susceptibility.
?lxe analogous compounds of the elements frequently show periodicity in
LLOII properties as molecular volumes, melting points, boiling point*.
fccubility, and color. The specific heats of the elements furnish an exception
3 -fch.e rule since they are not periodic.

S . I t offers a method of determining atomic weights of element** whom)
qixrvalents or combining weights are known. In this way beryllium,
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indium, uranium, and certain nf the rare earth* wen* located in the po-i-
tioftH which they now occupy.

3. Tim prediction of the properties of un»li*erivered elementH wa I
poHnilih' front a nfudy of the properties of the adjacent known eleiu*-nt-r*.
In addition to predicting the discovery of w.'indium, ^allnini, and ger-
manium, MendchVfT predicted the discovery of ckn-caoiufu, dwi«r;M MUIII,
<*ku-niohium, ekn-tantahnn, ilwi-frllurium, eku-niaimaneHe, and dwi-
iimtt}j;ancHc. The prediction of 11n* Zero (Iroup wan ubviuii lv uiipo* i!»le
before the discovery of any member «»f thin family. Hu* after the dis-
covery und placing of helium and argon, the rxiMrncr nf other inert K,H,H**H
wan to he expeeted, and undoubtedly the discovery of neon, krypton, und
xenon vvâ  materiallv ha..••fen«*d by the fact fhnt fh«* pi*riodi*' «v.̂ fi*m in-
c!tnitr*d that nurh âneH 4i*»uld *'\v-A,

4. The eorrecti'in of fatilt̂  atMinir* weight H \n **nuw«t*'i\ wh«rjiv* r nu
element falln out of p}a«T ar produci'H a " unfit " m i}w *v*icoi. *riiu.:-*, m
1H7CI, thi* ln*t triad tu 'Jroup VIII brought pfnfinnm under irnn und ruthe-
nium and placed oHmiuut un«I«T ni«'kel mi*\ pii))n<}ium. Th«'-*e r*\:itton^hipn
nre oi»vi<»u iy ^framed, nud «orre*'t]«*!i uf t)i*' !tf<«»nif<* weights ni phitmuio,
jriciiuni, and oHttuuiu ha* rrtunwtl thtu difcrepiuiry, The ntoiuir weij»hfn

In 1H70 l!tfi.7 i<«'»,7 Wsfi
In I'J22 i«.»5.2 ItWJ 1VMU*

Defactl. "*•• The1 tafili*s *»f M«*iitIrl̂ r»fF ami M«§yrr i'<m\nitmi
tMhvmitl wt»uk xjHitH, nmnv <*f wbirh buvi* tint y«*f l«*f*ri w*f i**fiuft«»-
rily Htrntî tlif*iH**I, T!I«»H*» ilî forfH may 1M* briefly wuirurTjitciI
iw folltiwn:

1. The* position of hyrlrogcti in n \m??,h\ It. in tinivi»l*knt- nntl ••Iwtn*
|}OKit-ivt\ KO it in gs*ft**r7*Uy |»ljM***«t in Ctmnp t with th** idk îli r»i«49<ilH. Htii
it in rfrininly nut H mrtni, f«inr«« i«vrn in the w»li»l Umn if i« tyjur?illy nun-
iw>fiiiltt*; it in **i$i«ily tliitplnn^l frutti orgHiii'* r<r»!tt|Kitin<i>< by th#* hu.lot(**n(i
nntl Umnn inHulltr hydrides which i*n* in no wny wirnibtr to tb«* n?H HJIM:

rt*««r»n for fitni'ing i* in (*nmp VII tiejir th** giMM<«»iiJi rtMtt'ttK'ltt̂ *. Hut H
Hfudy t»f th<* chi'mimd }w*bu%fiof of !iytlrog«*ti nhow* thul, hk»* tfj** nn-fid?*,
it foritw itn mont «f »bli» romiMiitntlH witli tb#* noti"im*tHllir «4**iii**i#t«, CVm»
m*fjui*ntly tlw* n*lfition?*hip of hydron«*n to thi1* f»tb»*r ••l̂ m f̂il** m Mffit vî ry
much of nti wiiftftm.

2. T'h^ ritfv imrth group fiirfiwliî n mififhcr cliflftulty, Hin̂ tt h**n* w*» hi*v«*
i fiumtn*r of tdf̂ uritt.* vliuWtttg from out* iinoth«*r in nUmtfc

. hut $Ht$im*mitt% vt*ty fiimilitf jirofH*rf-tw» Hftvi*r»I tw%thwb% of di»»
of thf* rari* **iifthi« hiiv«.' lnw»ti proprwi<»if but lbt*y urif not wholly

.̂ CH»*** t»hn.pf**r tin Itftf»* lyirthn.)
3. If thu onir*r of nrrnn^-tn^ntM follow* tbn Akimb wt*ighf4

•mcntii fall out, of j»liti!i?, l*htm the fto«iitftmj) «f irgon nnci;
1 Di C*. Uiurdjwttll,, Jitttf, 4 m. Chcm* Mm, 4ft !
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t, of cobalt and nickel, and of tellurium and iodine would be reversed,
their properties require the positions usually given them. This

cLif5ie\ilty has disappeared since the iatrodaction of atomic numbers as the
of classification in place of the atomic weights used by MendeleefL
The symmetry of the system is destroyed by Group "VIII, which con-
triads in alternate series. These triads show a disturbing variation

ixx "Valence. They show a certain transition of properties between the last
rjaeualDers of the odd series and the first members of the following even
s e r i e s . Yet their presence is more puzzling than helpful.

-5- The most serious defect in the system, especially in its usefulness in
laboratory, is that similar elements are sometimes in remote positions,

il dissimilar elements are brought close together. These difficulties
a r e most pronounced in qualitative analysis, in which the solubilities of
s^tl^s are of prime importance. As illustrations of this defect it may be
o b s e r v e d that copper and mercury, silver and thallium, barium and lead,
h.£ive many similar properties which are not suggested by their positions
i r i trxe table. On the other hand we might expect gold and caesium,
rtat>idLium and silver, and manganese and chlorine to resemble each other
nOLixcli more closely than they do. It is obvious, however, that no table
eoizlcL possibly show all the resemblances and contrasts of each element, and
EL detailed study of each of these elements justifies in a measure its usual
p o s i t i o n in the table.

Arrangements of the Periodic Table. — The recog-
r x i z e d advantages and weaknesses in Mendelfeffs table have
p r o d u c e d a vast amount of discussion. The system has been
b i t t e r l y attacked and earnestly defended, with apologies for
L-fcs imperfections and suggestions for its improvement. As
a, r e s u l t of this discussion, progress has been made, but the prob-
l o m i s a complex one and much remains yet to be accomplished.
Zt, i s evident that we cannot understand clearly the relationship

exists between the elements until we have a pretty clear
of what an element is and know something of the

s t r u c t u r e of atoms. Recently great advances have been made
n "fch.ese directions, and any modern arrangement of the periodic
}afole must be in strict harmony with our best information con-
c e r n i n g atomic structure, must conform with the revelations of
?C-ra ,y analysis, and must agree with the conclusions of studies
rx xa,dioactivity. Accordingly in the recently suggested plans
Jb.e elements are arranged in the order of atomic numbers, which

the misfits found at the positions of argon and potas-
cobalt and nickel, and tellurium and iodine. Most of

m o d e r n arrangements also provide for the suitable placing
) f t h t e isotopes, especially of the radioactive elements. The
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MODERN ARRANGEMENTS OF PERIODIC? TABLK 13

greatest difficulties still remaining in preparing a. thoroughly
satisfactory table are two in number: first, in showing the
relationship of hydrogen to the other elements of the* table*; and,
second, in making adequate provision for the ran* earth group.

Modern arrangements of the table may be considered in two
classes, those using a flat surface and those* using three dimen-
sions. Only the more important suggestions in eaeh class can
be considered here.

In order to provide apace for the rare earth group, Werner
has proposed1 an arrangement shown in Table IV. This
plan makes provision for all the elements, but it is cumber-
some and lacks the simplicity and regularity of the MendeleefT
table, since as the sequence moves to the right across the page
a uniform change of properties does not follow. The arrange-
ment of Doming, Table V, brings out nicely the peculiar relation-
ship which hydrogen bears to the rest of the element** and
provides space for all the elements, the rare* earth group taking
a place in which we should expect to find only one or two single
elements. This plan brings out Home interesting relationnhipH,
but is complicated and does not show the isotopes of the* radio-
active elements. The table suggested by Dushnmn,3 Table VI,
has the advantage of simplicity and completeness. It shown
the body of the ran* earth group as an enlargement of the
position which wo. would expect to be occupied by a single*
clement in Group III and provides space for the inotofWH of
the radioactive elements.

Of the helical arrangements those by Hoclcly and HarkiriN
are notable. In the former3 the dements ar<; arranged in the*
order of increasing atomic? nurnhcrH around two helical
one of which has a Hharjx>ned end to nignify the abrupt
which take place when we* pans through the* Zero Group, while
the other has a flattened end upon which in arranged the triutin
of Group VIII. The rare earth group in arranged in order
along the surface of the helix in lite position occupied by Oroup
III . A flat surface drawing of Noddy f« arrangement m shown
in Fig. 1, but a small model in three* dimennioriH brings out the
relationships much more clearly. Harking 4 xxntm two cylindttn*,

* W«rner, Ber. 38 914 (1005).
* Saul Diuhman, Om. Khzd, Hev. 18 614 (1015). and 20 IUH (1017). tim in»

ttido front cover.
* Soddy, Chemutry of Hadvmtiim KtamrjtU,
*Bjurldiw and HaU, JW. Am. Chenu 8m. $8 1011 (ltfltt).



TABLE V

2
He
100
10
Ne
20.2

INERT
GASES

18
A

39.9
86
Kr

64
Xe

130.2

Nt
222.4

3
Li
$.94
11
Ka

23.00

4
Gl
9.1
12
lig

24.32

19
K

39.10
37
Rb

85.45
65
Cs

132.81

87

Ca
40.07

Sr
87.63

66
Ba

137.37

Ra
226.0

6
B

10.9

13
Al

27.0

Arrows indicate directions of increasing: basic properties.
Sloping tines indicate the degree of relationship between
Extreme Groups (A) and Intermediate Groups (B): greatest
for Group IV, decreasing: in both directions, and nearly
disappearing- with Groups I and VII.

6
C

12.005

14
Si

28.1

7
N

14.008

15
P

31.04

8
o

16.000

16
S

32.06

ft
F

19.0

17
Cl

35.46

21
Sc

45.1

39
Yt

22
Ti

48.1

40
Zr

90.6

90
Th

232.15

Valence Details:
• 5-

V
51.0

41
Cb

93.1

73
Ta

181.6

91
P a

234.2

24
Cr

52.0

42
Mo

96.0

74
W

184.0

25
Mn

54.93

?
99±
75
?

188 £

26 27 28
Pe Co Ni

55.84 58.97 58.68

44 45 46
Ru Rh Pd

10L7 102.9 106.7

76 77 78
Os I r P t

190.9 193.1 195.2

29
Cu

63.57

47
Ag

107.88

79
Au

197.2

30
Zn

65.37

48
Cd

112.40

HfiT
200.6

31
Ga
70.1

49
In

114.8

81
Tl

204.0

32
Ge
72.5

50
Sn

118.7

P b
207.20

As
74.96

51
Sb

120.2

Bi

34
Se

79.2

52
Te

127.5

84
Po
210

35
Br

79.92

53
I

126.92

?
219±

The rare earth elements are : I —»* <
67 58 69 60 61 62 63 64 65 66 67 68 69 70 71
La Ce P r Nd ? Sa Eu Gd Tb Dy Ho E r Tm Yb Lu

72
Ct

I I I I 1 I I I I 1 I I I 1 I I I I I I [ I I I i ii ij I I i l l I I I I I I I I I I I I I I M I 1 1 I I I I I I I I I
-90—
I 1 I I

Arrangement of H. G. Deming
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HOW MANY ELEMENTS ARE THERE ? 15

one within the other, and the sequence of elements changes from
the larger cylinder to the smaller as we pass from a long series
to a short one. In this way the elements in the B division of a
group fall behind the ones in the A division. The rare earth
elements and the isotopes of the radioactive elements are
arranged vertically along the surface of the helix parallel with
its axis. A flat surface representation of this arrangement is
shown in Kg. 2, but a model is needed to show the completeness
of the system.

How Many Elements Are There ? — In ancient times all forms
of matter were supposed to be derived from the four " elements/7

— earth, air, fire, and water. Since this theory was overthrown
there has never been a time when man could agree on the prob-
able number of elements. At no time has the answer to this
question been more nearly within reach than at the present.
A study of the atomic numbers of the elements has led to the
conclusion that from helium to uranium inclusive there are 91
elements, making with hydrogen a total of 92 possible elements
within the limits of our present knowledge. Nearly all of the
recent periodic arrangements also indicate the existence of 92
elements within these limits. It is a startling fact that in
Mendel6efFs table, he placed the 63 elements known in 1871
and left enough blanks to make almost exactly a total of 92
elements. At first thought this appears to be a wonderfully
accurate prediction, but upon close inspection it is found to be
merely a strange coincidence. Only three of Mendel6efFs
blanks have actually been filled. Some others may be filled by
elements yet undiscovered, but most of his blank spaces never
will be filled. He knew nothing of the Zero Group and the rare
earth group was quite incomplete. So it is more probable that
the number of elements for which his table provided was deter-
mined more by convenience than by any deep-seated conviction.

If the region between helium and uranium contains 91
elements then five are as yet undiscovered. These have been
predicted and named: (1) eka-manganese with an atomic
number 43 and an atomic weight approximately 100; (2) dwi-
manganese, atomic number 75 falling between tungsten and
osmium; (3) eka-iodine, atomic number 85; (4) eka-neodym-
ium, a rare earth element of atomic number 6 1 ; and (5) eka-
caesium of atomic number 87. Of these, greatest interest has



16 THE PERIODIC SYSTEM
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attached to the last named on account of the unsuccessful effort
to locate the element. (See Caesium.) Some interest is also
being shown in eka-manganese on account of the fact that its
discovery was announced x by Ogawa, a Japanese chemist, who
claimed that the element which he called nipponium, named
from Nippon, a name for Japan, confirmed all the prophecies
of Mendel6eff regarding this element. He has been accused of
" faking " the whole report, since separate investigations by Sir
William Ramsey and R. B. Moore have failed to verify his results.

In addition to the 92 elements already provided for, there are
three regions.of doubt: (1) before hydrogen, (2) following ura-
nium and (3) between hydrogen and helium. Studies in
radioactivity have suggested the possibility of atoms heavier
than uranium, but the existence of such elements has never been
demonstrated, and if they have ever existed on the earth they
are doubtless unstable under conditions now extant. Hence,
these are usually referred to as " extinct " elements (Bayley).

Spectrum analysis has given evidence of the existence of
several unrecognized elements, some heavier than hydrogen and
some lighter. The existence of a gas asterium,2 unknown upon
earth, is suspected in the hottest stars. Nicholson likewise
suggests the existence of a series of simple elements, including
arconium with an atomic weight 2.9 as calculated from the
width of the spectral lines and by the differences between the
calculated and observed wave lengths. Protofluorine with an
atomic weight 2.1 is probably identical with coronium 3 first
observed in the corona of the sun and later reported from the
volcanic gases of Mt. Vesuvius. Nebulium 4 with a calculated
atomic weight of 1.31 was reported present in the spectrum of
certain nebulae, and is probably identical with aurorium re-
ported in 1874 by Huggins 6 from a study of the spectrum of the
aurora borealis. Protohydrogen has also been reported with an
atomic weight of 0.082. Etherion was reported6 by Brush at
the Boston meeting of the American Association for the Ad-
vancement of Science in 1898. It was described as a gas which
may be expelled from powdered glass and other substances
under high temperatures and pressures less than loofrooo' of an

1 Jour. Chem. Soc. (Lond.) 94 952. * Chem. News, 78 43 (1898).2 See Chem. News, 79 145 (1899). * Chem. News, 59 161.8 See Proceedings Roy. Soc. 1899.
• Trans. Am. Assoc. Sci. Bostoti meeting; also, Chem. News, 78 197.




