Recent advances in physical and inorganic chemistry / by Alfred W.
Stewart ; with an introduction by Sir William Ramsay.

Contributors

Stewart, Alfred W. 1880-1947.
Ramsay, William, 1852-1916.

Publication/Creation

London : Longmans, Green, and Co., 1909.

Persistent URL

https://wellcomecollection.org/works/u85uvk3w

License and attribution

This work has been identified as being free of known restrictions under
copyright law, including all related and neighbouring rights and is being made
available under the Creative Commons, Public Domain Mark.

You can copy, modify, distribute and perform the work, even for commercial
purposes, without asking permission.

Wellcome Collection

183 Euston Road

London NW1 2BE UK

T +44 (0)20 7611 8722

E library@wellcomecollection.org
https://wellcomecollection.org



http://creativecommons.org/publicdomain/mark/1.0/













STANDARD BOOKS ON CHEMISTRY

A HISTORY OF CHEMISTRY. By F. P. ARMITAGE, M.A.,
F.C.S5., late Exhibitioner of Magdalen College, Oxford. Crown 8vo, 6s.

A TEXT-BOOK OF ELECTRO-CHEMISTRY. By SVANTE
ARRNENIUS, Director of the Nobel Institute, Stockhalm. Translated from
the German Fdition. With g8 Hlostrations, 8vo, gs, 64, net.

THEORIES OF CHEMISTRY. By SvANTE ARRHENIUS. Edited
by .31,% SLaTtEr Pricg, D.Se, Ph.D,, F.I.C, With 23 Illustrations. 8vo,
5f. O, met.

SELECT METHODS IN CHEMICAL ANALYSIS (chiefly
énorganicj. By Sir WiLLiaM Crookis, F.R.5. With 67 Illustrations.
Y&, 215 net.

PRACTICAL PHYSICAL CHEMISTRY. By ALEX. FINDLAY,
M.A., Ph.D., D.5¢. With g2 Figures in the Text. Crown 8vo, 45 64.

FERMENTATION ORGANISMS: a Laboratory Handbook, DBy
ALB. KLOCKER. Translated by G. E. ALLAN, B.Sc., and ]J. H. MILLAR,
F.I.C. With 146 lllustrations in the Text. 8vo, 124 net.

HIGHER MATHEMATICS FOR STUDENTS OF CHEMIS-
}RY AND PHYSICS. By J. W. MeLLor, D.Se. With 18 Diagrams.
vo, 155, net.

THE PRINCIPLES OF CHEMISTRY. By D. MENDELEEFF.
Third English Edition. Translated from the Russian [Seventh Edition)
by GEORGE KAMENSKY, A.R.5.M.; and Edited by THomas H. Porg,
B.Se, F.I.C. With 110 Diagrams and Illustrations. 2 vols. 8vo, 325 net,

OUTLINES OF THEORETICAL CHEMISTRY. DBy LoTHAR
MEVER. Translated by Professors P. PHILLIPS BEDsoN, D.5c., and W.
CARLETON WILLIAMS, B.Se. 8vo, g5,

CHEMICAL LECTURE EXPERIMENTS. By G. 5. NEWTH,
F.1.C., F.C.S., London. With 230 Illustrations. Crown 8vo, G,

CHEMICAL ANALYSIS, QUANTITATIVE AND QUALITA-
TIVE. By G. 5. NewrH, F.LC., F.CS With 102 Hiustrations.
Crown 8vo, 6. o

A TEXT-BOOK OF INORGANIC CHEMISTRY. By G. 5.
NewtH, F.I.C,, F.C.8 With 155 Illustrations. Crown 8vo, 65, 64.

A DICTIONARY OF APPLIED CHEMISTRY. By Sir T. E.
THorpE, C.B., D.Sc. (Viet.), Ph.D., F.R.8. Assisted by Eminent Con-
tributors. g3 vols., 8vo. Vols 1. and II., 42¢. each. Vol. I11., 63

A SHORT HISTORY OF THE PROGRESS OF S5CIENTIFIC
CHEMISTRY IN QUR QWN TIMES., By WiLLiaMm A, TILDEN, D.Se.
London, F.R.S. Crown 8vo, 55 net.

INTRODUCTION TO THE STUDY OF CHEMICAL
FPHILOSOPHY. The Principles of Theoretical and Systematic Chemistry.
By WiLLiam A. TiLpeEN, D.Sc.-London, F.R.5. With g Illustrations.
Crown 8vo, 55, With ANSWERS to Problems. Crown 8vo, 55 6.

WATTS' DICTIONARY OF CHEMISTRY. Revised and
entirely re-written by H, ForsTER MorLEy, M.A., D.Sc. Assisted by
Eminent Contributors, 4 vels. 8vo, [ net,



TEXT-BOOKS OF PHYSICAL CHEMISTRY

Edited by SIR WILLIAM RAMSAY, K.C.B.,, F.R.5,, D.5c

STOICHIOMETRY. By SypNEY YOUNG, D.5c., F.R.5, with an
INTRODUCTION TO THE STUDY OF PHYSICAL CHEMISTRY.
By Sir jWiLLiaM Ramsay, K.C.B., F.R.5. Crown 8vo, 75. 64.

AN INTRODUCTION TO THE STUDY OF PHYSICAL
CHEMISTRY. Being a General Introduction to the Series, By SR
WiLLIAM EaMmsay, K.C.B,, F.E.5,, In5c. Crown 8vo, 115 net.

CHEMICAL STATICS AND DYNAMICS, including THE
THEORIES OF CHEMICAL CHANGE, CATALYSIS AND EXPLOSIONS, DBy

. W. MELLOR, D.Se. (N.Z.), B.Sc. (Viet.). Crown 8vo, 75. 6d.

THE PHASE RULE AND ITS APPLICATIONS. By ALEX.
FinpLav, M.A,, Ph.D., D.Se. With 134 Figures in the Text. Crown 8vo, 55

SPECTROSCOPY. By E. C. C. BaLy, F.I.C. With 163 Illustra-
tions. Crown 8vo, 1os. 64,

THERMOCHEMISTRY. B{D]UL[US THoMSEN. Translated by
KATHARINE A, BUurkEg, B.5c nd.). Crown 8vo, gs.

ELECTRO-CHEMISTRY. Parr I.—GENERAL THEORY. By
R. A, LEHFELDT, D.Se, Including a Chapter on the Relation of Chemieal
Constitution to Conductivity, by T, 5. Moorg, B.A,, B.Se. Crown 8vo, 55

ELECTRO-CHEMISTRY. PaArT II.—APPLICATIONS TO ELEC-
TROLYSIS, PRIMARY AND SECONDARY BATTERIES, ete. By N. T. M.
WILSMORE, M.A., D.Sc. Crown 8vo. [fn the press,

STEREOCHEMISTRY. By A. W. Stewart, D.Sc. With &7
Illustrations. Crown Bvo, 1or. 64,

THE THEORY OF VALENCY. By J. NEwroN FRIEND, Ph.D.
(Wiirz), M.Sec. (Birmingham). Crown 8vo, 5+

The following Volumes are in preparation :—

RELATIONS BETWEEN CHEMICAL CONSTITUTION
AND PHYSICAL PROPERTIES., By SAMUEL SMILES, D.Sc. Crown 8vo.

THERMODYNAMICS. By F. G. Doxyan, M.A., Ph.D. Crown 8vo.

ACTINOCHEMISTRY. By C. E. K. Megs, D.Sc., and S. E.
SHEPPARD, I).5c. Crown 8vo,

PRACTICAL SPECTROGRAPHIC ANALYSIS. By ]J. H.

PoLLok, D.Sc. Crown 8vo,

MONOGRAPHS ON BIOCHEMISTRY

Edited by
R. H. ADERS PLIMMER, D.Sc., and F. G. HOPKINS, M.A., M.B., I).Se,

THE NATURE OF ENZYME ACTION. By W. M. BavLriss,
D.5.C., F.R.S. Royal 8vo, 3s. net.

THE CHEMICAL CONSTITUTION OF THE PROTEINS.
By R. H. ApERs PLIMMER, D.Sc. Royal 8vo. In 2 Parts, Part L., 35, net;
Part 11., 2s. 64, net.

THE GENERAL CHARACTERS OF THE PROTEINS. DBy
S, B, SCHRYVER, Ph.ID., D.Sc. Royal 8vo, 25 6d. net.

THE VEGETABLE PROTEINS, By THomAs D. OSBORNE,
Ph.D. Royal 8vo, 35 64, net.

The follnving are tn preparation '—
THE DEVELOPMENT AND PRESENT POSITION OF

BIOLOGICAL CHEMISTRY. By F. GowrLAnD Horkins, M.A., M.B,,
D.Sc., F.R.5.

THE POLYSACCHARIDES. By ARTHUR R. LING, F.I.C.

GLUCOSE AND THE GLUCOSIDES. By E. FRANKLAND
ArmsTRONG, D,.Se., Ph.D,

THE FATS. By J. B. LEATHES, D.Sc.
COLLOIDS. By W. B. HArDY, ‘M. A., RS,
ALCOHOLIC FFI-'.MENT:‘LTID‘;‘E. By A, HARDEN, D.Sc., F.R.S.

LONGMANS, GREEN, AND CO.
LONDON, NEW YORK, BOMBAY, AND CALCUTTA







BY THE SAME AUTHOR

STEREOCHEMISTRY

With 87 Iilustrations. Crown 8vo. 105 6d.

(TEXT-BOOKS OF PHYSICAL CHEMISTRY,

Eprrep ey SIR WILLIAM RAMSAY, K.C.B.,, F.R.S,)

* Though the author did not aim at exhaustive treatment, yet he has succeeded in
his 583 pages in giving us a sketch of the whole field of stereochemical research, and has
made it possible even for a beginner to grasp the subject. . . . Especially worthy of
commendation is the manner in which attention is distinetly drawn to the gaps atill
remaining to be filled up, so that junior readers will meet with numerous themes for
research.”—The late Prof. C. A. BiscHorr in the Cherriber-Zeiinng.

“ Though several treatises on the subject have already appeared, the author has known
how to handle it in an independent fashion of its own, and within the limits of the
volume has produced an extremely well-arranged work which will serve as a guide to the
present state of the science and as an inspiration to further research.”=—FProf. W.
OstwaLn in the Zeffsehrist fitr Plysibalische Chencie.

RECENT ADVANCES IN
ORGANIC CHEMISTRY

Wit AN InTropucTion ey J. WORMAW COLLIE, Pu.D., LL.D., F.RS.,

FROFESSOR OF ORGANIC CHEMISTRY IN UNIVERSITY COLLEGE, LONIFMIMN
Bwo, 75 64, netl.

* Tt is not often that such an intricate and bewildering subject as organic chemistry
is treated in so lucid and masterly a manner. . . . This book is an attempt to write a
work on organic chemistry which shall not be like most text-books, an abridgment of
a chemical dictionary. It exalts the idea above the facts, and by treating of substances
which represent types of compounds, it seeks (o illustrate the Erinciph:s upon which
modern mﬁa.ni:; chemistry moves—not stands—and to undermine the conservatism which
exists in all but strikingly original minds.— Fhe Chemvbead Trade fournal.

" This book can only be deseribed as simply invaluable for students of organic
chemistry. To many the study of orgapic chemisiry means nothing more than the
acquirement by rote of a greater or smaller number of facts, the meanings and correlation
of which are practically passed over altogether, and the extinction of this wholly false
view is one of the aims of the author, while the constructive object is to stimulate the
reader's own critical and selective powers to follow the most modern advances in methods
of thought and argument. . - . The book is more than an account of the work which has
alrendy been done ; it points out the methods by which the almost countless facts which
have been ascertained by research will be brought into relation with one another, and
how order will be made out of them,"— Chemicad News.

“ Much of the material has not previously appeared in volume form. . . . The matter
has been arranged from the synthetic point of view rather than a strictly historical, and
this iz a decided advantage, as it enables the reader to follow and criticize in a better
manner the arguments brought forward. Also, we have not a mere compilation of facts,
but nowvel theories in organic chemistry are brought forward, and these will help to
direct research and stimulate thought. . . = fesanm.

Az in his work on Stereochemistry, Dr. Stewart has indicated new directions in
which the student may attempt to find a path for himself through_the fog of isolated
facts with which he is often overwhelmed m works on mri‘nnic chemistry.  In short, the
book is constructive as well as instructive. « . . It will be found a stimulating and

interesting book, even for the most advanced workers in chemistry."— S nendadee.

LONGMANS, GREEN, AND CO.
LONDON, NEW YORK, BOMBAY, AND CALCUTTA



RECENT ADVANCES IN
PHYSICAL AND INORGANIC
CHEMISTRY

Y

A WML STEWART, 1DSc.

LECTURER N ORGANIC CHEMISTREY 1IN THE UHIVERSITY OF DBELFAST
FORMERLY FS;‘,.I; EXHIBITION RESEARCH SCHOLAKR AND CARNHGIE RESEARCH FELLOW

WITH AN INTRODUCTION BY
SIR WILLIAM RAMSAY, K.C.B, F.R.S.

WiITH DIAGRAMS

LONGMANS, GREEN, AND CO.
39 PATEENOSTER ROW, LONDON
NEW YOREK, BOMBAY, AND CALCUTTA
190g

A rights reserved












PREFACE

UNTIL a few years ago, most chemical text-books were written
on the lines laid down by Regnault: the advanced work
differed from the elementary manual in the amount of matter
which it contained rather than in the manner in which the
material was handled. In recent years, however, a certain
change has come over chemical liferature; and this has been
specially marked in the organic branch of the subject. In place
of making the advanced book merely an expansion of the
elementary one, some writers have endeavoured to break away
from the tradition and write series of essays upon various
special branches of a subject instead of attempting to force
the theoretical and systematic portions into a rigid mould.
The present work is an attempt to treat some parts of in-
organic and physical chemistry on these lines.

The volume is to some extent a complement to my Recent
Advances in Organic Chemistry. Like its predecessor, it deals
for the most part with researches which have been carried out
in the past two decades; but here also no attempt has been
made to adhere rigidly to this period when it was desirable
to begin the history of a subject at an earlier point. The chief
aim kept in view during the preparation of the work was to
avoid as far as possible those themes which have been fre-
quently and fully dealt with in text-books; in this way it is
hoped that students will find a certain amount of novelty in
the subject-matter, whatever may be thought of its treatment.

In a book of this kind, every reader will doubtless detect
the omission of some subject in which he is specially interested.
It is obviously impossible to include a tithe of the researches
which have been carried out in these two branches of chemistry
during even the last fen years; and many of the most important
investigations have been reluctantly omitted on the ground
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that a full treatment of them would have occupied mors space
than could be spared, while a partial treatment would have
served little purpose. As far as possible, the chapters have
been equally divided between inorganic and physical chemistry.

In conclusion, I desire to thank Sir William Ramsay, K.C.B.,
for the Imtroduction which he has written for the book, as
well as for suggestions and encouragement. I am also greatly
indebted to Professor Collie, F.R.S., and Professor Inglis, who
have read the manuscript, and given me valuable eriticism; to
Assistant-Professor Wilsmore, for suggestions with regard to
some chapters; and to Assistant-Professor Smiles and Mr. H.
T. Clarke, for their trouble in reading the proof-sheets.

A. W. STEWART.

Urivensity CorLpEGeE, LorpDox,
September, 1909,
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INTRODUCTION

At all periods of the world’s history, certain problems have
impressed themselves on men’s minds as being of paramount
importance. History affords many examples of this. From
the doetrine of “the divine right of Kings” to the question
of “Women’s Suffrage” is a long step, but not a longer one
than from the once all-absorbing theme which exercised the
minds of men of science as regards the true nature of phlogiston,
to the present contest regarding the structure of the cobalt-
ammines. Science has, however, this advantagze over polities
—that experiments devised to decide knotty questions are more
easily carried out; and, further, that it is in the inferests of
no one to conceal the truth.

In Dr. Stewart's Recent Advances in Physical and Inorganic
Chemistry, he has treated of a number of subjects which are
at present prominent in the minds of chemists No doubt
they will in time be succeeded by others equally engrossing ;
the essential features of each of the subjects here considered
will have been established or refuted, and new wviews will in
some cases succeed those which he has expounded. Such new
views, however, will be the result of maturer knowledge, gained
by incessant experiment. At present these essays represent
the state of knowledge which we possess; and rival theories
have been set forth with fairness, and yet not without some
guidance from the author of this work, who has not scrupled
to express his own opinion, where he holds a decided view.

The enormous mass of chemical literature which floods our
tables monthly makes it almost impossible o do more than
glance at the titles of the papers; and each of these, it is
sometimes almost sad to think, represents much patient and
careful work, which ought to receive, at all events, some con-
sideration. The chemically educated publie, too, is rapidly
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increasing ; those who are not themselves actively engaged in
furthering the science, and who have neither leisure nor incli-
nation to sit down and read the Transactions of the Chemical
Society or the Zeitschroft fiir Anorganische Chemie, are the better
for having their chemical food prepared for the table, instead
of trying to assimilate indigestible masses of what is often
very crude material. Dr. Stewart may be likened to a skilful
cook, who has trimmed his joint, rejecting all innutritions and
redundant excrescences, and has served it up to table in a
palatable form. Such essays, I venture to think, will do more
to encourage a taste for chemistry than many text-books. They
will be followed with pleasure by any one who has mastered
the nomenclature and is at home with the simpler conceptions
of chemistry. Fach may be taken to represent in a readable
form the latest work on the subject of which it treats.

This book, it may be hoped, will have a still further use;
it cannot be doubted that some who peruse it will have sug-
gested to them various directions in which they may profitably
attempt to inerease knowledge. Nothing is so sad as to see
much time and labour spent, with patience and devotion, in
the investigation of some matter which possesses no real im-
portance, It may be retorted that every true statement is of
importance, but this is not so. It is only statements which
hold forth some prospect of contributing to an organic whole
which can be held valuable. There may, perhaps, be a little
more merit in ascertaining to the hundredth of a degree the
boiling-point of sulphur than of measuring the area of the wings
of some particular butterfly ; but the difference is barely appre-
ciable. Omne is as likely to prove useless as the other. It
would be well if enthusiasts anxious to carry on research
wonld remember that it is much more stimulating to earry on
an interesting than an uninteresting research. It is, I believe,
not improbable that the reading of such a work as this may
aid those embued with the spirit of investigation to make a
happy choice of a subject of research. Should this hope be
realized, Dr, Stewart will have done a most useful work.

WILLIAM RAMSAY.



CHAPTER I
SOME HYDROXYLAMINE DERIVATIVES

1. INTRODUCTORY

Ir in ammonia the hydrogen atoms be replaced one by one by
hydroxyl groups, we shall obtain the following series of
substances :—

NH, NH,0H NH(OH), N(OH),

The first two of these are, of course, ammonia and hydroxyl-
amine, The last is the ortho-form of nitrous acid. The
remaining body, dihydroxy-ammonia, has recently been pre-
pared by Angeli,' who has studied its properties and those of
its salts. In the present chapter we shall first give an outline
of the methods by which this substance can be prepared, as well
as some account of its properties, and shall conclude by a
comparison of ammonia with its hydroxy-derivatives. Before
dealing with dihydroxy-ammonia (or nitroxyl, to give it a
shorter name), we must take up another hydroxylamine
derivative, nitro-hydroxylaminie acid, from which nitroxyl can
be produced.

2. NITRO-HYDROXYLAMINIC ACID

When we take a solution of one molecule of hydroxylamine
hydrochloride in aleohol and treat it with an aleoholic solution
of two molecules of sodium ethylate, filter off the precipitated
sodium chloride, and then add a molecule of nitrobenzene, we
obtain a solution from which glittering erystals begin to

1 A complete summary of Angeli's researches is to be found in his pam-
phlet, Ueber einige sauerstoffhaltige Verbindungen des Stickstoffs (1908), which
ia a translation of his original Italian paper, Sopra alcuni composti ossigenati
dell’ azoto (190T).

I



2 RECENT PHYSICAL AND INORGANIC CHEMISTRY

separate out. If the sodinm salt thus obtained is treated with
dilute hydrochloric acid at low temperatures, white needle-
shaped crystals of melting-point 59° C. are precipitated. On
analysis, it is found that these have a composition corresponding
to the formnla—

CoHy . NoOo

When we attempt to express the reaction in structural formule,
the following seems the most probable course :—

CGH5+N!O —I-' ]{EN.UII = GI;HE. N:N.OH + IIEO
I |
(8] 0
It is evident that we might expect this substance to exist in

another form ; for the wandering of a hydrogen atom would
produce a substance of the following structure :—

CeH; N.N:O
E
OH
Angeli has, however, advanced reasons for supposing that the
former structure is the more probable.

Now let us take the case of an aliphatic compound containing
the radicle —NO,, say ethyl nitrate. In it we have a substance
which, as far as the nitro-group is concerned, is perfectly
analogous to nitrobenzene—

OEHE. W NOE GQH{,O . H(}g

If we treat this substance with hydroxylamine as in the
previous instance, but use three atoms of sodium instead of
two, the same reaction between the hydroxylamine and the
nitro-group takes place as before; but in addition the ethyl
radicle is hydrolyzed away, and its place is taken by a sodium
atom. The resulting salt has the composition—

Nﬂg N203

From this body, or from the corresponding potassium salt,
Angeli has prepared a whole series of salfs, some containing
water of crystallization, others anhydrous—

IiﬂNzl}ﬂ; B&Nﬂ{jhrlﬂﬂ ) SI‘N‘,&OH,}[EU 5 SI'HQ{.]J;,]_LHQD 3
U&Ng(_}g,}zHgﬂ § ORNHDS,B%HED : CdNﬂDﬂ,IIgO 3 CngOa;
Ill.lﬂgf_);] ' G&J(NEUS),OG{OH)E
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From analogy with the case of nitro-benzene, we should
deduee that the reaction between ethyl nitrate and hydroxyl-
amine took the course shown in the following equation :—

CoH;0 . N:0 4 HoN,OH = C,H;0 . N:N.OH + H,0
| Il
0 O
And since the efhyl group and the hydrogen of the hydroxyl
group are replaced by sodium atoms in the usual way, we
ghall obtain in the end—

NaO.N:N.ONs
|
()

We must now turn to examine some of the reactions of this
substance. When we treat it with acids, its behaviour offers a
strong contrast to that of the corresponding phenyl compound
which we have already mentioned. Instead of yielding a
stable product, the sodium salt of nitro-hydroxylaminic acid
(as this body is termed) gives up nitric oxide violently.
Apparently the free acid is unstable and decomposes almost
quantitatively according to the equation—

H,N,0; = 2NO + H,0

As Angeli points out, this brings nitro-hydroxylaminic aecid
into line with sulphurous and carbonic acids, both of which
liberate their anhydrides when they are set free from their salts
by acids. The parallelism may be brought out by writing the
formule of the three substances as below—

HO\ HO HO

Ho/ >0 HO/\/LO H0> Ha
If, instead of adding acid to a solution of the sodium salf, we
allow the latter to stand in the cold, we shall find that nifrous
oxide is slowly evolved. If the solution be heated, the decom-
position reaction takes place with some violence. The solution,
after the nitrous oxide has disappeared, contains nitrite to the
extent of half the whole amount of nitrogen in the original
salt. The equation for this decomposition can be written

thus—

NaQ.N:NO,Na o :
NaO . N.NO.Na T Hi0 = Nz0 + 2NaNO; + 2NaOH
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Concentrated solutions decompose much more slowly than
dilufe ones; and the decomposition can be retarded by the
presence of soluble sodium salts in the solution.

The sodium salt of nitro-hydroxylaminic acid has a strong
reducing action upon silver nitrate. The first stage in the
process is the formation of a precipitate of silver nitro-
hydroxylaminate—

AgﬁNEOE

which, being very unstable, breaks down almost immediately
into silver, nitric oxide, and silver nitrite,

These reactions, however, though interesting in themselves,
throw no light upon the constitution of the substances with
which we are dealing. More information is to be gained from
two other actions in which the sodium salt can be made to
take part.

In the first place, when the salt is warmed, it melts to a
areen liquid which, on analysis, proves to be a mixture of
sodium nitrite and hyponitrite. This change we can represent
as follows :—

NaO.N:NO;Na NaO.,N
- | + 2NaNO,
NaO.N:NO;Na NaO.N

It is evident that the nitrous oxide which is liberated from
solutions of the sodium salt of nitro-hydroxylaminic acid is
derived from the decomposition of the sodium hyponitrite
which is first formed in accordance with the above equation.

Secondly, when we allow the sodium salt of the acid to act
upon an aldehyde we obtain the sodium salt of a hydroximic
acid. For instance, if we take acetaldehyde we shall produce
aceto-hydroximic acid—

CHy;. CHO ——» CH;.C:NOH

b

Now, as can be seen from the formule, we have in this case
added to the group —CHO the group NOH. Further, it is found
that in this case also sodium nitrite is present in the solution
at the end of the reaction: and from an estimation of the
quantities of the two end-products obtained, it is found that
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the reaction takes the following course and gives a quantitative
yield—
HyN;03 = HNO, 4 HNO

These reactions cannot be explained with any probability
except by the assumption that the sodium salt of nitro-
hydroxylaminic acid has the constitution which we assigned
to it, viz.—

N.ONa

I
HOE .Na

Before leaving this part of the subject, we might deal with
one point which is of some theoretical inferest. We have men-
tioned that the action of nitro-hydroxylaminie acid (in the form
of its sodium salt) upon aldehydes is to give hydroximic acids
according to equation (L.). Now, on boiling with dilute acids,
these hydroximic acids are broken down into hydroxylamine
and an organic acid in the way shown in equation (IL.).

NOH NOH
(L) | + R.CHO = | + NO:H
NOH R.C.0OH
NOH O
(IL) | +H0= | - + NH,0H
R.C.0OH R.C.0OH

When nitro-hydroxylaminic acid is treated with dilute acids, it
ought thus by analogy to decompose info nitric acid and
hydroxylamine, the equation for which reaction would be
parallel to (IL.)—
- NOH 0
0:N.OH O:N.OH

No such reaction takes place, however, for the product would
be nitrate of hydroxylamine, which is a perfectly stable body
and easy to detect. As we have seen above, what actually
occurs when the sodium salt is treated with acids is a violent
decomposition of the salt with the evolution of nitric oxide—

H,N,0; = 2NO + H,0
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Something evidently takes place in the series of reactions shown
in (L) and (IL.) which does not oceur in the direet action of
acids upon the salt. If we add together the two equations (L)
and (IL.), and then write the group R.CO.OH as R.CO.H + O,
we shall get the following result after cancelling out the sub-
stances common to both sides :—

NOH NH,OH
| + H.0 = + 0O
NO:H NO,H

In other words, in the course of the reactions (I.) and (IL.), we
have brought about a new species of decomposition of nitro-
hydroxylaminie acid, the produets being nitrous acid, hydroxyl-
amine, and oxygen.

Thus in the foregoing paragraphs we have described no less
than six different ways in which this acid can be decomposed.
We may tabulate them here for the sake of clearness, adding in

each case the material which forms the starting-point of the
reaction—

Free acid . ; . HyNsO3 = 2NO + H,0
Silver salt . - . HsNyOy3 = HNO; + NO+ H
Sodium salt : . HaNs0O3 = HNO; 4+ HNO
e e e ORLN0.= 2VDNG, 4 (MO,
. L. OHNL0.= 9HNO: 4+ N0 Hi0

and finally the indirect decomposition through the hydroximic
aclds—

HyN:Og + HyO = HNO; + 0 4 NH.0H

3. NIrroxyLn

The substance nitroxyl or dihydroxy-ammonia has not yet
been isolated in the free state, owing to its extreme instability ;
buf its properties have been studied by means of its solutions.
In the previous section we discussed one reaction during which
nitroxyl appears to be formed as an intermediate product; and
we must now deal with one or two other methods by means of
which we can obtain this body.

Many unsaturated carbon compounds when treated with



SOME HYDROXVLAMINE DERIVATIVES 7

nitrous acid take up N304, and are converted into nitrosites of
the formula—

E——CH CH i R—C—~CH-—R
| 1 or ]
NO NO, NOH NO,
Angeli chose the nitrosite of iso-safrol as the starting-point of
his work. When this nitrosite is treated with alkalis, it yields

an unsaturated nitro-derivative, which we can represent by the
formula—

R——CH :C——R

I
NO,

The equation for the reaction may be written in full as follows :—
[(CH,0,).C,H,. C,H, .N,0,],=2(CH,0,) . C,H,.CH : C(NO,) . CH,+2NOH

Hltmﬂlta of ls.o-as.im Hltro compound.

Angeli proved the presence of hyponitrous acid in the solution
by means of the characteristic silver salt; and as he found that
the solution converted aldehydes into hydroximic acids, the
presence of nitroxyl was also demonstrated.

Divers and Haga®! showed that when hydroxylamine sul-
phonic acid was hydrolyzed by means of caustic potash, the
end-produects of the reaction were the pofassium salts of
sulphurous and hyponitrous acids. They therefore formulated
the reaction in the following manner :—

9HO . NH . SO;K +4KOH = 2K,80,+2HO . NH , 0K + 2H,0
9HO .NH. OK = 2H,0 + KON : NOK

Angeli found that when treated with aldehydes in presence of
alkali, this sulphonic acid yields hydroximic acids and sulphites ;
and from this he concludes that the structure of the sulphonic
acid could be better expressed as analogous to that of nitro-
hydroxylaminic acid, thus—

HO . N : SO(OH),

The decomposition in presence of alkali would then be expressed
by the simple equation—

HO. N :SO(0K), = NOH + SO(0K),
! Divers and Haga, Trans., 1889, 55, T60.
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Again, take the case of benzene sulpholydroximic acid.
This body was discovered by Piloty,! who ascribed to it the
constitution —

CeH;.850,. NH . OH

By the action of alkali, it yields a hyponitrite as well as the
salt of benzene sulphinic acid—

+ 4H,0

Since in this case also aldehydes react with the body in presence
of alkali, Angeli deduces that here too nitroxyl must be
formed as an intermediate product; and the decomposition
in presence of alkali must follow the course shown in the
equation—

HO.N :S0(OH).C¢H; = HON + CgH;.50,. H

The parallelism in behaviour in the three substances, nitro-
hydroxylaminie acid, hydroxylamine sulphonie acid, and benzene
sulpho-hydroximic acid, is thus expressed by the three perfectly
analogous formule —

NOH NOH NOH
[ I I
NO.OH HO.S0.0H CeH,.S0.0H

It will be remembered that hydroxylamine itself can act
either as an oxidizing or as a reducing agent. Haber? has
shown that hydroxylamine hydrochloride reduces ferrie chloride
to ferrous chloride ; while in alkaline solution ferrous hydroxide
is converted into ferric hydroxide in presence of hydroxylamine.
This alteration of properties might be explicable by assuming
that in presence of alkali hydroxylamine becomes converted
into an unstable dibasic hydroxide—

H,N(OH),

Now, when we come to the hydroxylamine derivatives of acids,
we find that they in turn behave differently according to
whether they are hydrolyzed by acids or alkalis. With alkalis

! Piloty, Ber., 1896, 29, 1560. ? Haber, Ber., 1896, 29, 2444.
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the sulphonyl derivatives* give sulphinic acids, while with acids
the hydrolysis yields sulphonic acids—

Alkaline hydrolysia -+ >0z RHOM 5 g g0, 14 NH(OH),

Acid hydrolysis B - ‘“"%ﬂél‘r}l}(om —> R.S0,.H + NH,. 0H
Thus in the acid hydrolysis, we find that the group R . SO;— is
replaced by a hydrogen atom ; while in the alkaline hydrolysis
it is exchanged for a hydroxyl radicle.

We must now deal with a few of the characteristic reactions
of nitroxyl. There is, in the first place, the reaction with
aldehydes which we have had occasion to mention several times.
This reaction can be employed as a method of distinguishing
aldehydes from ketones, though in certain cases it fails to take
place: it is also a useful means of separating ketones from
aldehydes in a mixture.

If we allow a solution of nitroxyl, obtained from the salt of
nitro-hydroxylaminic acid, to react with an alkyl iodide, the
end-product of the reaction is an oxime—

R.CH;.I+H.NO=R.CH,.NO + HI
R.CH; . NO = R.CH: NOH

and since, of course, we can obfain hydroxylamine from an
oxime by hydrolysis with acids—

R.CH:NOH + H;0 = R.CHO + NH,0H

this reaction practically corresponds to a reduction of dihydroxy-
ammonia to hydroxylamine ; while at the same time the alkyl
iodide is converted into an aldehyde. Since the alkyl iodide
belongs to the same series as the aleohols, we have thus carried
out a simultaneous oxidation and reduction process in which
the oxidizing agent has been dihydroxy-ammonia. A converse
process has been known for a considerable time. If we treat
an aldehyde with hydroxylamine, we obtain an oxime, which
on loss of water is converted info a nitrile; this in turn can
be hydrolyzed by acids, giving ammonia. We have thus

* Nitro-hydroxylaminic acid is an exception.
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reduced hydroxylamine to ammonia, and oxidized the aldehyde
to an acid. The steps are shown in the equations below—

R.CHO + NHy;OH = R.CH : NOH + H,0
R.CH:NOH = R.CN + H,0
R.CN + 2H;0 = R. COOH + NH;

When nitroxyl is allowed to act upon nitroso-derivatives, it
forms nitroso-hydroxylamine derivatives. With nitroso-benzene
we thus obtain the same substance as we produced by the action
of hydroxylamine upon nitro-benzene; and in this way the
formula which we originally ascribed to it is placed beyond
doubt—

C¢Hs . N 4 NOH = CgH;. N: NOH
: I |
0 0
The action of nitroxyl upon secondary amines gives rise to
tetrazones, that is, compounds in which there is a chain of four
nitrogen atoms directly attached to each other. The action

can be best explained by assuming that ifs first stage is the
formation of an intermediate product—

R R\\
R>NH + NH(OH), = SN.NH, OH + H0
R/
Two of the intermediate compound molecules then lose water

and unite to yield the tetrazone—

R:: N.NH.OH Ry:N.N
= 2H0 + |
R;,: N.NH.OH R;:N.N

When we use a substituted hydroxylamine instead of a
secondary amine, the reaction takes a course almost parallel to
that outlined above ; in this case also a molecule of water splits
out, yielding the hydrate of a diazo-compound—

I{>‘JH NH(OH B\N .NH.OH + H,0
b e e o R L :

R R
>N .NH.CH= >NEN + H,0
HO HO

These last two reactions now allow us to approach the



SOME HYDROXVILAMINE DERIVATIVES 11

question of the formation of hyponitrites which we have touched
upon several times in the course of this chapter. If we write
down the formula for dihydroxy-ammonia—

HO
>NH
HO

its resemblance to that of a secondary amine is evident; we
have simply two h}dmxyl groups instead of alkyl radieles.
Now let us imagine that dihydroxy-ammonia could behave
towards itself Just as it does towards a secondary amine. The

interaction of the two molecules would then be represented in
the following way :—

O HO
>}TH+H0.1\TH.DH.—_ >N.NH.0H+H.30
HO HO

HO
HD>N_I\TH.UH = WO, N:N.OH % 3,0

In this manner the mechanism of the production of hyponi-
trites from dihydroxy-ammonia becomes quite comprehensible.

Finally, we may deal with the action of nitroxyl upon
hydroxylamine and hydrazine. In the case of hydroxylamine
itself, the reaction probably runs parallel to that which we
have already deseribed in the case of the substituted hydroxyl-
amines. The evolution of nitrogen which takes place would
thus be explained by the following changes :—

I H
>m—t + HO.NH.OH = >H NH.OH + Hy0
HO HO

H H 4+ N=N 4+ H.OH
>N,HH+OH= |
HO HO

When hydrazine is substituted for hydroxylamine, the reaction
products are nitrogen, ammonia, and water. This could be
explained on the scheme shown below—

NH, NH, _
H>NH + HO.NH.OH = H>H,NH,UH + H,0

NH NH.
NN NE . OH=| +N=Ni{H.0H
. H
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We have now given an aceount of the properties of nitroxyl,
and can devote our attention to the question of its probable
structure., From the reactions with which we have dealt, 1t
seems probable that the substance has the constitution shown
by one of the two possible desmotropic forms-—

N=0—H H—N=0

Angeli has, however, adduced evidence to show that it is more
likely that nitroxyl in solution exists as the hydrate of NOH—
in other words, as dihydroxy-ammonia,

Bamberger and Tschirner ! have proved that when primary
amines are oxidized with Caro’s reagent they are converted
into substituted hydroxylamines—

R.NH; —» R.NH.OH

Angeli found that when hydroxylamine was submitted to the
same oxidation process, the solution thus obtained gave the
nitroxyl reaction with aldehydes. In this case no hydroxyl-
amine could have remained unchanged, for the solution did not
reduce Fehling’s solution, though it did reduce ammoniacal
silver nitrate. It appears probable, therefore, that the oxida-
tion of hydroxylamine with Caro’s reagent takes the following
course: —

HO.NH; — HO.NH.OH

The action of nitroxyl upon aldehydes would then take place in
the following stages :—
/N{{JII )a

NOH
k.CHO + HN(OH),=R.CH{ =H,0 +1t.0{/\DH

4. AMMONIA AND IT8 HYDROXYL SUBSTITUTION PRODUCTS

We are now in a position to examine the series of substances
which are produced when one or more of the hydrogen atoms
in ammonia are replaced by hydrox] radicles. We should thus
obtain the following series of compounds:—

! Bamberger and Tschirner, Ber., 1899, 32, 1676.
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NH;, . Ammonia

NH,OH . Hydroxylamine

NH(OH); . Dihydroxy-ammonia or nitroxyl hydrate
N(OH), . Ortho-form of nitrous acid

The first member of the series is a weak base; hydroxylamine
is a still weaker base; nitrous acid is a weak acid; it seems
therefore probable that dihydroxy-ammonia is a neutral
substance.

The relative stabilities of the four compounds diminish as we
accumulate hydroxyl groups in the molecule : ammonia is a
perfectly stable substance; hydroxylamine is unstable in the
free condition ; dihydroxy-ammonia is not yet isolated ; and, of
course, the ortho-form of nitrous acid does not exist execept
perhaps in solution. On the other hand, the introduction of
hydroxyl groups increases the acidic character of the bodies.

When we examine the action of the four substances upon
aldehydes, the differences between them stand out very clearly.
The reactions are expressed in the following equations :—

R.CHO + NH, = R.CH(OH). NH,
R.CHO + NH,0H = R.CH:NOH + H,0
R.CHO + NH(OH), = R.C(OH):NOH + H,0

Nitrous aeid is without action upon aldehydes. Upon ketones,
the positions are reversed to some extent: nitrous acid reacts
with the neichbouring methylene group if there be one; dihy-
droxy-ammonia does not react at all; hydroxylamine produces
oximes; while ammonia does not add itself on to the earbonyl
group.

We may mention just one more series of reactions. It is
well known that in the diazo-reaction nitrous acid acts upon a
primary amine, and that from the solution we can liberate all
the nitrogen originally present in the amine and the nitrous
acid. The equation is as follows : —

R.NH;+ONOH=R.N:N.OH+H,O=R. OH+N,+H,0

If this could be applied to the parent substance, the equation
would take the following form :—

H]Tg + N(OH);; = Ng + HHEO
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A precisely similar reaction takes place between hydroxyl-
amine and dihydroxy-ammonia in aqueous solution at ordinary
temperatures—

NH,0H + NH(OH), = Np + 3H;0

This reaction occurs only when there is a good excess of
hydroxylamine present; if this is not the case, then the
dihydroxy-ammonia is apt to condense with a second molecule
of itself to produce hyponitrous acid.

A parallel set of reactions in which nitrous oxide is evolved
instead of nitrogen has also been discovered—

NH; + ON(OH)s = N0 + 3H;0
NH.OH + N(OH)y = Ny0 + 3H,0
NH(OH);, + NH(OH); = Ny0 + 3H,0

From these instances it is easy to deduce the influence
exerted on the properties of the substances by the successive
replacement of the hydrogen atoms by hydroxyl radicles.



CHAPTER II
COLLOIDS

1. GENERAL

GraHAM,! in the course of his researches on diffusion, came to
the conclusion that a substance in solution may belong to either
of two classes, The first of these divisions contains those com-
pounds which can easily be induced to crystallize, and which
diffuse rapidly through animal membranes, The second class
of substances does not form ecrystals, and their velocities of
diffusion are very markedly less than those of the other (erystal-
line) bodies. To distinguish the one class from the other, we
designate the former as erystalloids and the latter as colloids.
The name is derived from xdAAe, glue being a very good
example of the colloidal type.

It will be remembered that if we add an acid to a solution
of sodium silicate, a flocky gelatinous precipitate of silicic acid
is thrown down from the solution ; but that if, on the other
hand, we pour a solution of silicate into concentrated hydro-
chloric acid, no such precipitate appears. Phenomena such as
these led Graham to recognize two subdivisions of his eolloid
class. The first of these sections confained the colloid solutions,
such ag that of silicie acid in strong hydrochloric acid ; to these
he gave the name sols. In the second section he placed the
actual colloid precipitates, which, from their gelatinous nature,
he designated as gels. In recent years many systems of further
classification of the colloid substances have been proposed ; but
none of them geems to be quite satisfactory.?

U Grraham, Annalen, 1862, 121, 1; Ann. chim. phys., (iv.) 1864, 3, 121,

? Bee Miiller, Allgemeine Chemie der Kolloide, 1907, pp. 184 ff. A very
complete series of references to the literature is given in this work, to which
the reader is referred for a fuller treatment of the subject.



16 RECENT PHYSICAL AND INORGANIC CHEMISTRY

Graham found that colloids could be formed in solutions
other than aqueous, and this necessitated a slight addition to
his nomenclature. Where the liquid medium was water, he
termed the bodies hydrosols and hydrogels ; when the liguid was
aleohol, the substances were named aleosols and aleogels ; other
fluids were described in analogous ways.

Thoungh, technically speaking, the subject of the colloids falls
more within the province of physics than within that of
chemistry, it has in practice become a chemical problem rather
than a physical one. There are two reasons for this. On the
one hand, the chemical side of the question comes to the front
in the preparation of the substances; most recent research has
been led up to by purely chemical investigations, Secondly, of
late years organic chemistry has come more and more into
touch with physiology; and in this way the importance of
colloids has been brought home to both organic and physical
chemists, since almost all the more complicated natural
substances are colloidal in nature. It thus becomes of very
considerable importance to us to gain some knowledge of the
character and properties of this class of bodies,

In the following pages, a brief account will be given of the
preparation and properfies of the colloids, laying most stress
upon the sol form ; and some attempt will be made to indicate
the more important hypotheses which have been put forward to
account for the existence of this type of substances. At the
same time, it must be remembered that only the most general
treatment can be aimed at in the space at our disposal. A
subject which now possesses a journal of its own can hardly be
dealt with—except in the most cursory manner—within the
limits of a single chapter.

2. Tue PrREPARATION oF COLLOIDS

In this section we need not enter into any details as to the
preparation of those organie substances of high molecular weight
which occur naturally in animal and vegetable tissues. It will
serve our purpose better to confine ourselves to much simpler
cases which are known among inorganic compounds and
elements, for in them the main characteristics can be more
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clearly seen than is the case with the more complicated organic
bodies,

The first method of preparing colloids is by the ordinary
process of double decomposition, Here, however, we must
recognize two different types; for, as a result of our double
decomposition, we may have formed in addition to our colloid
a non-electrolyte or an electrolyte. Suppose we take an alkyl
derivative of aluminium and add if to water ; a hydrocarbon is
produced, and the aluminium hydrate is precipitated in colloidal
form—

2A1(CHy)g + 6H,0 = Al(OH); + 6CH,

An examination of the right-hand side of the equation will
show that in this case, apart from the colloid, we shall have
nothing left in the solution, so that we can complete the
isolation of the colloidal mass by simple filtration. On the
other hand, we may precipitate aluminium from its salts by
means of alkalis—

Aly(SOy); + 6NH,OH = Al(OH); + 3(NH,),S0,

In this case we have left, along with the aluminium hydroxide
gel, the ammonium sulphate formed in the reaction. To get rid
of this we may adopt either of two methods. We may simply
wash with water until we remove all the ammonium sulphate,
leaving behind on the filter the aluminium hydroxide. This
method is rather tedious, and in some cases may not lead to
a good result; for the colloid, when nearly freed from the
ammonium salt, may go into solution as a hydrosol, and in this
condition sink into the pores of the filter-paper., (This is often
noticeable in ordinary analyses.) The second method of sepa-
rating colloids from crystalline salts depends upon the fact that
colloids pass through an animal membrane very slowly, though
crystalloids do so with ease. This phenomenon was noticed by
Graham, who gave to it the name dialysis. To separate the
colloid from the crystalloid, we need only place the mixture of
the two in a dialyzer, and add water. The water outside the
dialyzer must, of course, be changed repeatedly, in order to
promote rapid dialysis of the crystalloid. It should be noticed
that even a sol will not pass through a dialyzer, so that even if
C
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we start with a mixture of ammonium sulphate and a colloid,
both in solution, the dialyzer in the end will contain the colloid
sol which it has retained, while the crystalloid ammonium
sulphate will have passed out.

A second method of preparing colloids depends upon the
hydrolysis of salts of mefals. For example, if we boil a solution
of aluminium acetate for a time, it breaks down into alumininm
hydroxide and acetic acid ; the latter, being volatile, disappears
from the solution, leaving the colloid—

Aly(CaH05)g + 6HZ0 = Aly(OH)s 4+ 6CH;. COOH

Since the decomposition of the acetate is not likely to be com-
plete, it is usually necessary to dialyze the solution in order to
get rid of the undecomposed portion.

A third method of preparation rests upon the conversion of
one colloid into another. For instance, if we act upon tin
with nitrie acid of specific gravity 1'35, we obtain metastannic
acid, This body, if left long in contact with hydrochlorie
acid, becomes soluble in water and gives stannic acid hydrosol.
We have thus got a colloidal solution. If to this we add
sulphuretted hydrogen, we shall convert the stannic acid into -
sulphide of tin, which is also a colloid. Thus we have prepared
one colloid from the solution of another.

Bredig! has shown that many metals may be reduced to a
colloidal condition by using wires of them as electrodes for a
small arc which is allowed to play under water. In this way
the metal is thrown off in such a finely divided condition
that it forms a sol with the water.

A fifth method of preparing colloid sols is to liquefy a
colloid gel. It is found that in some cases a mere trace of an
electrolyte will eonvert a solid gel into a fluid sol. Graham*
found that if one part of caustic soda in ten thousand of water
were added to two hundred parts of silicie acid, and the whole
was heated to 100° C. for an hour, the corresponding sol was
produced.

Finally, under certain conditions, hydrosols of metals can
be obtained by precipitating the metals from their solutions by

! Bredig, Anorganische Fermente, 1901, pp. 22 i,
* Grraham, dnn, Physik, (2) 1864, 123, 520,
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means of reducing agents. This method has not a very wide
field of application, however, as it is chiefly confined to the
noble metals.

3. THE ProPERTIES 0F COLLOIDAL SOLUTIONS

It has already been pointed out that a wvery striking
difference befween colloids and crystalloids is to be found in
their relative capacity for diffusion through animal membranes.
One or two examples will make clear the enormous difference
in this respeet between the two classes of bodies. The figures
below show the relative intervals of time which elapse before
the same amount of substance is dialyzed at a temperature
of 10° C,

Collodds, Crystallolds,
White of egg . . 49 Hydrochlorie acid . S |
Caramel ; . 98 Sodium chloride . . 388
Magnesium sulphate i
Sugar . - : |

From this extreme slowness of diffusion we may deduce that
the force driving the colloid molecule (its osmotic pressure) is
extremely small, or that the friction of its passage through the
solution is very great. It i1s very probable that both these
factors play a part in the matter. Osmotic pressure measure-
- ments in colloid solutions show that the pressure is very small
indeed, and the molecular weights of the colloids are probably
of the order of 10,000. Sabanejeff and Alexandroff! found that
white of ege has a molecular weight of about 14,000 ; and this
is probably near the lower limit. But all these measurements
depend upon the assumption that we are dealing with a true
solution.

When we examine a colloidal solution with the naked eye,
it usually appears clear and transparent; when a beam of light
is concentrated and passed through the solution by means of a
lens, it often gives rise to an appearance akin to fluorescence.
Now, if we examine the fluorescent light emitted by a
solution of quinine sulphate, we find that it is not polarized.
On the other hand, the “{luorescence” of arsenic sulphide

I Sabanejeff and Alexandrow, J. Russ. Phys. Chem. Soc., 1808, [1], 7.
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hydrosol yields polarized light. This fact puts the hydrosol
question before us in quite a new aspect. It is well known
that it we throw a beam of light into a space filled with a gas
in which fine particles are suspended, we find that the light is
polarized by reflection from the surface of the particles. The
fact that licht is polarized in colloidal solutions points to the
necessity of determining whether or nof they also are mere
suspensions of particles. Naked-eye observations are useless
in this case. Microscopic investigations did not throw any
very definite light upon the matter, though by means of them
it was possible to assign a maximum diameter to the hypo-
thetical particles. It was not until the ultra-microscope was
brought into play that much information was gathered as to
the state of affairs within the colloids. By means of the
ultra-microscope it is possible to recognize the existence of
particles having a linear diameter of 5Sup (Lpp = 0000001
mm.), From investigations with this instrument it appears
that organic colloids are built up from larger and smaller
masses, some of which are so small as to evade the ultra-
microscope at times. Colloidal metals, on the other hand,
appear to be formed of masses of small independent particles ;
and in the cases of several metals, it has been possible to
measure (of course only very approximately) the linear
dimensions of some of the particles. The following figures
give some idea of the size ol these objects.

Gold hydrosol : : : : . 20—80u
Platinum hydrosol 3 : : . ddp
Silver hydrosol . = : : . o0—TTu

In some gold hydresols, particles having the linear dimensions
1'7p exist; and since the diameter of a hydrogen molecule
according to the kinetic theory is about 0000LGw, it follows
that these particles have a diameter equal to ten thousand times
that of a hydrogen molecule. In these hydrosols, therefore,
we are reaching down very near to the confines of the
molecular world.

Turning now to the electrical properties of colloid solutions,
we may deal first with the attempts which have been made
to determine whether or not colloids are electrolytes. The
results obtained by different investigators are somewhat con-
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tradictory. On the one hand, Billitzer,! Whitney and Blake,?
from examinations of colloidal gold and platinum sols, came
to the conclusion that the colloids had a distinet eonductivity.
For instance, Billitzer measured the conductivity of water
before and after the formation in it of colloidal platinum,
and found the following figures :—

Conduetivity of the water = : . 0B1x10°
Conductivity of the platinum h}'ﬂrmol : . 114 x 107

Again, when a colloidal gold sol is placed in a dialyzer, it
appears that the econductivity of the liquid within the cell is
higher than that of the liquid outside.

On the other hand, it is suggested by some authors that the
conductivity of sols is due to the presence of slight traces of
electrolytes. Barus and Schneider?® state that silver hydrosol
is practically an insulator; Malfitano * observed that when a
colloid was filtered through a collodion membrane a con-
siderable part of it remained behind, and yet there was no
change in conductivity produced by the filtration. Pauli®
found that white of egg, after being purified by most careful
dialysis, was almost a complete non-conductor.

The data at present known in this branch of the subject are
evidently too few and too confradictory to allow us to form
any definite opinion upon the question.

The other electrical property which is of importance in the
case of colloids is the phenomenon termed ecafaphoresis. 1f we
take a porous cell, place it in a bath of some weak electrolyte,
and then dip one electrode into the cell and another into the
bath, we shall find, on switching on the current, that the water-
level rises at one electrode and sinks at the other, provided
the current be sufficiently strong. The explanation of the
phenomenon is to be found in the fact that, by the passage of
the current, the portions of the electrolyte which are lying in
the narrow tubes formed by the porosity of the cell wall are

! Billitzer, Wien. Ber., 1902, 111, 1898,

* Whitney and Blake, J. Am. Chem. Soc., 1904, 26, 1339,

* Barus and Schneider, Zeifsch. physikal. Chem., 1891, 8, 278.

¢+ Malfitano, Compt, rend., 1904, 139, 1221; but compare Duclaux, ibid.,
1905, 140, 1468,

s Pauli, Beitrdge chem. Physiol. Path., 1906, 7, 531,
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propelled in the direction of the electric current (at least in
aqueous solutions), and consequently the water-level rises in
the cell containing the cathode. The phenomenon is analogous
to osmosis, and is sometimes termed electrical osmosis. It
has been observed that this electrical wandering takes place
in the case of certain liquids in which fine particles are
suspended ; and from this it is only a step to colloidal
substances, Picton and Linder® showed that in the case of
the latter bodies the same rule held good; the direction of
the wandering is determined by the chemical nature of the
colloid. A sol of arsenic sulphide, which is acid in character,
moves towards the anode, while ferric hydroxide sol wanders
towards the cathode.

From the work of Pauli it appears that if white of egg be
submitted to a long-continued process of dialysis it shows no
cataphoresis, and the colloid therefore carries no recognizable
electric charge. But if we add to the solution a drop of acid,
we get the cataphoresis phenomenon at once, and the particles
wander with the positive current towards the cathode. On
the other hand, if we add a drop of an alkaline solution to
the colloid, an opaque white mass wanders towards the anode.
In other words, colloids in themselves have no elecirical
charge; but in presence of acids or acid salts they aequire
a positive one; while in presence of alkalis they become
negatively charged.

The last general phenomenon connected with eolloids which
we need mention in this place, is what is termed the Brownian
movement. In 1828, Brown observed microscopically that if a
number of fine particles were suspended in water, they became
actuated by some force which led them to vibrate rapidly
through small arcs about a mean position. Recent research
upon colloids has shown that within them the Brownian move-
ment is going on continually. Now, it is natural to assume
that this rapid vibratory movement owes its origin to the action
of foreces such as heat or light, which may set up convection
or other currents in the solutions in which the Brownian
movement takes place, and in this way induce the movements
of the particles. A recent investigation of Smoluchowsky,
however, appears to have disproved this hypothesis. This

1 Pieton and Linder, Trans., 1892, 61, 148,
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author! finds that the Brownian movement is a general
phenomenon if the particles have a maximum diameter of
0:004 mm, For particles of this size, the average velocity
in water at 23° C. is 0°00038 em. per second. Smoluchowsky
found that the chemical nature of the particles has very little
effect ; but great influence is exerted by the medium in which
they are suspended, its viscosity being the main factor in the
problem. The motion appears to go on as long as the particles
float in the liquid, for even after a year they still seem to move
as freely as ever. Neither heat from an outside source nor
light is necessary to bring about the motion.

Ramsay ® regards the Brownian movement as due to the
impacts of the molecules of the fluid upon the solid, suspended
particles, so that the process resembles that which takes
place in a radiometer. From experimental data he calculated
that a particle weighing 28 x 10— grms. would have a
velocity of 14 X 10 —* cms. per second. Now, the addition of
a trace of an electrolyte to a sol causes a cessation of the
Brownian movement. DBut we have already seen that the
action of a trace of alkali, for instance, is sufficient to convert
a solid gel into a fluid sol; in other words, the action of the
electrolyte is to break down the larger aggregates of the gel.
If we suppose that water itself is made up of a series of mole-
cular aggregates, these in their impaects against the solid sus-
pended matter will have sufficient momentum to produce
DBrownian movements ; but if by the addition of an electrolyte
these comparatively large aggregations are broken down, the
smaller masses which result from their decomposition will not
have sufficient weight to affect the solid particles.

The foregoing paragraphs give an idea of the general
characteristics of the colloids, but in conclusion it may be well
to mention one particular ease which is of considerable interest.
Bredig,® in studying the properties of his platinum sols, dis-
covered that they have a ferment-like action upon many
substances. For example, a comparison of the actions of
emulsin and a platinum sol upon hydrogen peroxide showed a
remarkable similarity between the two catalysts, Again, just

! Bmoluchowsky, dnn. Physik., [4] 1906, 21, 756,
* Ramsay, Froe., 1892, 7, 17.
* Bredig, Anorganische Fermente, 1901,
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as ferments ean be poisoned with hydrocyanic acid or other
bodies, so the platinum sol loses its ferment-like aetion in
presence of traces of such poisons.

4. COAGULATION

It has already heen mentioned that under eertain condi-
tions we can change a sol into a gel and wvice versd. When a gel
is produced the process is termed coagulation,

There appear to be no general rules to guide us in an
attempt to classily the methods by which coagulation may be
brought about. Some sols are converted info gels by heating,
but this is by no means a general rule. Again, some sols are
coagulated by the addition of electrolytes to them ; but there
are exceptions to this also. Inorganic colloids appear as a
whole to be unaffected by the addition of non-electrolytes ;
but, on the other hand, an organic colloid such as is found in
egg albumen can be precipitated by aleohol. It is clear from
this that there is no use attempting to classify the coagulation
phenomena from the point of view of the agents which are
employed to bring about the action. There is, however, another
mode of arranging the reactions which will serve as a rough
guide. It is found that the conversion of some sols into gels
is a reversible reaction, while in other cases the process can
only be made to take place in one direction. We therefore
divide coagulation phenomena into two classes: first, those in
which coagulation is reversible ; second, those in which it is an
irreversible reaction. Between these two classes comes a third ;
for in some cases it is possible to get a reversible reaction
under certain conditions, while if these conditions be exceeded
the process becomes irreversible.

Let us take up first the irreversible processes. It has been
found, in the case of precipitation reactions, that the action is
practically irreversible. The study of this class of reaction has
led to the discovery of two points which are of some importance.
In the first place, it is found that in order to precipitate an
inorganie gel from thesol condition, a certain minimum amount
of an electrolyte is required. The amount of the electrolyte
necessary depends upon its nature ; but it is an invariable rule
that if the amount of electrolyte present be under the minimum
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quantity it will not precipitate the gel, no matter how long the
solution be left to stand. Again, if we take a colloid like arsenic
sulphide and treat it with various salts, we shall find that the
power of coagulation of the salt depends upon the valency of
the cations and is independent of that of the anions, If we
take a basic colloid such as ferric hydroxide, the conditions are
reversed ; for here the valency of the anion is the predominat-
ing influence, while that of the cation ceases to be of any
account. This has been expressed by Hardy somewhat as
follows. The power of precipitation of a salt depends upon the
valeney of one of itsions. The predominant ion is either positive
or negative according as the colloidal particles move with or
against the current, The ion having the power of coagula-
tion has always an electric charge opposite to that of the
particles.

We must now turn to the case of organic colloids. Here
the chief coagulating agent is heat. It has been found that
under certain temperatures coagulation does not take place, so
that we can speak of the coagulation-temperature of a colloid.
We must not, however, assume that the coagulation will always
take place at this temperature; for it has been shown that if
we purify the colloid from electrolytes by means of dialysis, we
can then heat it above the coagulation-temperature without any
coagulation taking place.

We now come to the question of reversible coagulation. If
we warm glue, we obtain a liquid which on cooling returns
again to the gel condition. A solution of gelatine in water
will show the same series of changes. We need not enter
further into the matter here. There is, however, another class
of such changes which offer a peculiarity in their bhehaviour.
If we slowly evaporate the water from a sol of silicic acid
at ordinary temperatures, we obtain a glassy mass from
which we can obtain the sol once more by merely adding water
to the solid. But if we remove the water completely from the
gel by heating it, we shall find that it no longer shows any
tendency to re-dissolve, and no sol can be prepared from it.
Thus in this case we have an example of the intermediate
class of colloidal bodies, viz. those which have either a
reversible or an irreversible coagulation according to the con-
ditions we employ.
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5. THREORIES ON THE NATURE oF COLLOIDS

When we examine the properties of colloids as a whole,
there are two properties which must be accounted for by any
theory which seeks to make clear the mature of colloidal
substances. The first of these is the property of coagulation
possessed by colloids; the second is the electrical effects which
are manifested by colloidal bodies. Inthe following paragraphs
a brief summary of various views on the subject will be given ;
for further information the reader must be referred to Miiller's
Allgemeine Chemie der Kolloide and Die Theorie der Kolloide, as
well as to the original papers of the authors mentioned.

If we consider the nature of the colloids from the broadest
possible standpoint, it is clear that we may regard them as one
of two types, for they must be either suspensions or solutions,
The earliest theory on the subject was put forward by Graham,!
who regarded the difference between colloid and erystalloid
merely as one of the degree of aggregation. He assumed that
crystalloid silicic acid was made up of a series of very small
crystals, so when the silicic acid became colloidal, it simply
meant that these tiny molecular crystals became associated
together into larger masses which had colloidal properties.
Coagulation, on this view, is simply a further step in the
process; the colloidal masses in turn become associated with
each other and so produce the coagulated colloid. This view,
though it suffices to explain the coagulation phenomena well
enough, does nof really get us much further forward ; and it
quite fails to explain why some bodies are eapable of forming
colloidal masses while others have not this property.

Van Bemmelen takes up a rather more complex idea. If
we have two substances X and Y, it is often possible by
choosing the proper conditions to convert them into another
pair of substances, @ and 3, where @ is a solution of X in Y,
and y is a solution of Y in X. For instance, if we gradually
add phenol to some water in a beaker, we shall in the first
place have a simple solution of phenol in water. If we
continue to add phenol, however, until 8 per cent. of it is
present, no more can be dissolved in the water, and any

! Graham, Annalen, 1862, 121, 1.
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additional phenol which we add will sink to the bottom of the
vessel and form a layer there. This layer of phenol, however,
is capable of dissolving water; so that we have a solution of
waber in phenol at the bottom of the beaker instead of pure
phenol. Thus our two starting substances, water and phenol,
are now replaced by two other substances: a solution of phenol
in water and a solution of water in phenol. If we raise the
temperature of the beaker, we bring the solubility of phenol in
water nearer to that of water in phenol; and eventually, at
about 68° C., we reach a point at which the two are equal. Ag
this temperature the two liquid layers will become merged
info each other and the liquid will be homogeneous. The
presence of foreign substances will naturally affect the conditions
of solubility and equilibrium, just as the temperature does,

Let us apply an analogous view to the case of a gel
separating from its sol. Take the case of colloidal silicic acid
as a concrete example. 'We have here the water as hefore, and
instead of phenol we have silicic acid. These will form two
different substances, the gel and the sol. Now, an examination
of the structure of gels shows that they are really absorptions
of the sol-liquid contained by membranes of semi-solid gel
material. In other words, to some extent we have a solution
of the gel in the sol to form a viscous material ; and on the
other hand we have a clear solution of the gel in the sol.
Naturally, just as in the case of phenol in water, we shall have
an equilibrium which is capable of being influenced by the
presence of salts or by the variation of temperature. This view
of colloid sfructure is remarkably interesting from some points
of view.

The partition theory of Spiro and Hofmeister ' depends
upon somewhat similar conceptions. If we take as a basis the
salting-out of ether from water by means of sodium chloride,
we shall have a rough representation of the colloid coagulation
according to the partition theory. Let us suppose that we have
a colloid in solution, and that when we add aleohol to the
solution we precipitate the colloid. We have then a system of
two phases, each of which contains some of each of the three
components : colloid, aleohol, and water. Since the alcohol

! Hofmeister, Avch. exp. Path. Pharm., 1890, 27, 395 ; 1891, 28, 210: Spiro,
Beifrdge chem. Physiol, Path., 1903, 4, 320,
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will be evenly distributed through the water, it 1s clear that we
have a constant relation between aleohol and water in the
precipitated part of the colloid ; but the relation of eolloid to
alcohol is not constant. The precipitated phase is obviously
wealker in solvent than the original solution was; this has been
shown to be the case with gelatine solutions, when a series of
precipitations is carried out with salt solutions of gradually
increasing concentration. Spiro finds, however, that this
deprivation of solvent is not the only causal influence in the
precipitation ; for other properties of the precipitant, such as
surface tension, compressibility, and viscosity, appear to enter
into the problem as well. '

In the foregoing theories, it will be observed, no particular
attention is paid to the electrical properties of colloids. These
properties, however, are so peculiar and so marked that several
authors have based on them various views as to the nature of
colloidal substances. We must now turn to examine these
suggestions,

In one of the previous sections of this chapter, we have
mentioned that the direction of the electric cataphoresis of
colloids depends upon their nature ; the acidic colloids wander
towards the anode, while the basic colloids move in the
direction of the cathode. Hardy! has shown that a similar
phenomenon can be produced by adding an electrolyte to the
colloid solution. It will be remembered that pure white of egg
shows no cataphoric action whatever. DBut if we add to it
a little alkali, we find that cataphoresis takes place, and that
the particles of colloid move towards the anode; whereas if we
electrolyze in acid solution, the colloid wanders to the cathode.
We can best explain this by assuming that in alkaline solution
the particles of colloid in white of egg are negatively charged,
while in acid solution they are positively charged ; the solufion
in each case being charged with electricity of opposite sign.
If we have a neutral solution—i.e. in the case when we have
the pure colloid present—there is practically no difference in
potential between the particles and the liquid, so that both are
“iso-electric.” Now, on Hardy’s view, the explanation of
colloid phenomena is to be sought in this state of affairs, It
will be remembered that in many cases the action of the

! Hardy, Zeitsch. physikal. Chem., 1900, 33, 385.
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precipitant depends upon the nature of its cation. In these
cases, the colloid particles are negatively charged, and the
addifion of the precipitant discharges them and thus brings
the whole system near the “iso-electric” point. As soon as
this point is reached, the particles cease to interact electrically
with the liquid around them and simply become influenced
by gravity, with the result that they flock together and are
precipitated.

Bredig! has put forward somewhat similar ideas, but in
addition he points out that the removal of the charge would
leave the surface tension free to produce a centripetal movement
of the particles, and thus lead to coagulation. On this view,
coagulation is caused by a capillary-electric surface diminution,
which proceeds more rapidly the greater the surface tension of
the suspension becomes with respect to the liquid, owing to
the decrease of the potential difference and the simulfaneous
absorption which oceurs,

Billitzer has criticized these views on the ground that absence
of potential differences cannot be the sole cause of coagulation ;
for that phenomenon can be brought about in the case of
colloidal platinum by means of alcohol, formaldehyde, or even
by salts which are not hydrolytically dissociated, such as potas-
sinm chloride. Again, if we examine the potential of mercury
in conjunction with its surface tension, we find that the surface
tension reaches its maximum when there is a difference of
potential of three-quarters of a volt between the metal surface
and the liguid. If the theory were correct, the maximum
surface tension should coincide with the minimum potential
difference,

Billitzer's own explanation  is somewhat as follows. In the
solution of an electrolyte the colloid particles which are charged
positively with respect to the liquid draw to themselves the
anions, which they condense upon their surfaces; negatively
charged particles attract the cations in a similar manner. In
this way the ions act as condensation germs by attracting the
charged particles and producing a large uncharged mass. The

! Bredig, Anorganische Fermende, p. 15,

* Billitzer, Zeilsch. Electrochem., 1902, 8, 638 : Wien. Ber., 1902, 111, 1393 ;
1903, 112, 95: 1904, 118, 1159 : Zeilsch. physikal. Chem., 1903, 45, 307 ; 1904,
51, 129.
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process is somewhat similar to that which takes place in the
ordinary “ dust-counter,” in which each dust-particle serves as
a nucleus around which water-vapour condenses. It has been
proved by Linder and Picton® that colloidal arsenic sulphide
absorbs barium ions from barium chloride solution ; and similar
results have been obtained by Whitney and Ober? and by
Spring? Billitzer has shown that this absorption takes place
during the coagulation process, which certainly strengthens his
theory,

Another view of colloids has been put forward by Donnan,?
He considers what would happen if a substance had a negative
surface tension, Under these civrcumstances, it would cease to
exist in its first form and pass into a second condition of
division. At some particular point in the process we reach
a state in which the potential energy of the system is a
minimum. At this point the particles of the body reach what
may be called a critical size in grain, This eritical grain size
can be reached either by the breakdown of larger agglomera-
tions or by the union of finer particles, For instance, if we
have a large agglomeration in the liquid, it will be acted upon
by two forces; on the one hand we have the attraction from
the centre of the mass of particles, and on the other hand we
have the pull of the particles of solvent from the outside.
These two mutually opposed forces will come into equilibrium
when the agglomeration is reduced to the crifical size of grain,
At this point we have a colloidal solution.

There are many other theories of the nature of colloids,
but into these we cannot enter here. It is supposed by some
authors ® that colloidal solutions are produced by the formation
of chemical complexes; other views demand the hypothesis
that there are two kinds of molecules.® Enough has been said
to show the nature of the problem before us.

! Linder and Picton, Trans., 1895, 87, 63.

* Whitney and Ober, J. Amer. Chom. Soc., 1902, 23, 842,

* Bpring, Arch. se. phys. nat., (4) 10, 305.

4 Donnan, Phil. Mag., (6) 1901, 1, 647 : Heilsch. physikal. Chem., 1901, 87,
T35; 1903, 46, 197.

3 Bee Bull. Soc. chim., 1899, 21, 187; J. Chim. phys., 1907, 5, 29: Zeif.
anorgan. Chem., 1903, 36, 16.

& Zeitsch, physikal. Chem., 1902, 39, 468,



CHAPTER III
REACTIONS IN LIQUID AMMONIA

1. THE ProPERTIES 0F LIQUID AMMONIA

Liquip ammonia is a colourless, mobile substance of boiling-
point approximately —38° C,, and a density about 06 that of
water. At —77° C. it solidifies to white transparent crystals.

When we compare the properties of this body with water,
we can find many analogies between the two substances. The
boiling-point of ammonia is considerably lower than that
of water, but lies much nearer to it than do those of such
substances as methane, hydrogen sulphide, or hydrochloric acid.
On the other hand, the specific heat of liquid ammonia and the
heat of fusion of the solid substance are greater than the corre-
sponding constants of water and ice. The dielectric constant
of liquid ammonia is about 20, which is sufficiently high to
indicate that it is probably associated, like water. Its critical
temperature is also comparatively high ; and its critical pressure
is the highest known with the exception of that of water. Its
boiling-point elevation constant! is the lowest yet observed,
being 34 as compared with the 52 of water. In the table
below are some figures* which serve to show to what extent
the two substances resemble each other :—

: Liguid ammonia. Water,
Melting-point . - : - 77° 0°
Boiling-point . ; : — B8%5 + 100°
Specific gravity at 0° C, . 06254 1
Critical temperature . : + 181° + 365°
Critical pressure : . 113 atmospheres 2005 atmospheres

= = —~ e —

1 Franklin and Kraus, Admer. Chem. J,, 1900, 23, 277; 24, 83: J. dmer.
Chem. Soc., 1905, 27, 191.
* Roscoe and Schorlemmer, * Treatise on Chemistry,” 1905, 1.
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Liquid ammonia has the power of dissolving many sub-
stances. Salts are not so readily soluble in it as they are in
water, but on the other hand it has a much greater power of
dissolving carbon compounds than water shows. Further, it
is a good ionizing medium; dilute solutions of substances in
liquid ammonia are often better conductors than aqueous solu-
tions of the same strength.

2. REACTIONS BETWEEN INORGANIC SALTS, DASES, AND AcIDS
IN LIQUID AMMONIA SOLUTIONS

The first worker who directed attention to the fact thaf
liguid ammonia might be utilized as a solvent appears to have
been (Gore,! who in 1872 carried out some experiments in this
direction. In recent years Franklin? and his co-workers have
dealt very fully with this problem, and we shall devote the
present chapter to an account of the results arrived at by
them,

In the first place, however, we must deal with the classifi-
cabion of the salts which has been proposed by Franklin® He
takes as his starting-point the parallelism between water,
oxygen bases, and oxygen acids on the one hand, and ammonia,
metallic amides, and acid amides on the other, The oxygenated
bodies he terms hydro-salts, hydro-bases, and hydro-acids ; while
the corresponding ammonia derivatives are named ammono-
salts, ammono-bases, and ammono-acids. Thus potassium nitrate
is a hydro-salt; sodium hydroxide is a hydro-base; and acetic
acid is a hydro-acid. Potassium acetamide, sodinm suceinimide,
and sulphamide are ammono-galts; sodamide, lead imide, and
mercuric nitride are ammono-bases ; while acetamide, carbamide,
and succinimide are ammono-acids,

We shall examine in the present section the reactions
between some hydro-salts in ammonia solution; and in the
later sections shall deal with the behaviour of the ammono-
class, which differs to some extent from that of the oxygen
compounds,

! Gore, Proc. Roy. Soc., 1872, 20, 441; 1873, 21, 140,
* See Franklin, J. Amer. Chem. Soc., 1905, 27, 820,
¥ Ibid.
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It was shown by Franklin and Kraus! that when two
inorganic salts are dissolved in liquid ammonia, the reaction
between them may not follow the same course as it does in
aqueous solution. The reason for this is, of course, the fact
that the solubility of salts is not the same in ammonia as in
water. For instance, if we mix sodium chloride with calcium
nitrate in aqueous solution, no precipitation occurs; buf if we
repeat the experiment in ammonia solution we shall obtain a
precipitate of calecium chloride, a result which could not possibly
be obtained in aqueous solution.

As far as is known at present, metallic hydroxides are
insoluble in liguid ammonia. On the other hand, when acids
are brought into contact with that substance they first unite
with it to give ammonium salts, and the latter bodies are
soluble, giving acid solutions. It should be noted that liquid
ammonia is not a basic substance ; so that when an acid is dis-
solved in if, the solution thus obtained has acid properties.
This can be shown in the following way. Phenolphthalein is
dissolved in liquid ammonia, and is coloured by the addition
of a trace of alkaline hydroxide. On adding an acid to the
ammonia, the colour is discharged, though of course there is a
very large excess of liquid ammonia present.

Again, just as a dilute solution of ammonium sulphate in
water will dissolve magnesium, so a solution of an ammoninm
salt in liquid ammonia will dissolve sodium or magnesium,
hydrogen being evolved in this case also. The equation of the
reaction in the case of sodium and ammonium chloride would
be—

2Na + 2NH.CI = 2NaCl + 2NH,; + H,

Further, Divers had shown that such substances as sodiuni
hydroxide were soluble in solutions of ammonium nitrate,
though they are not soluble in liquid ammonia., Franklin ?
examined cases of ammonium salts other than the nitrate, and
found that the property is a general one. It thus appears that
bases dissolve in ammonia solutions of ammonium salts in a
manner exactly analogous to the solution in acids of bases

' Franklin and Kraus, Amer. Chem. J., 1800, 28, 83,
2 SBee Franklin, J. dmer. Chem. Sec., 1905, 27, 820.
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which are insoluble in water. Thus, as Franklin points out,
the action must follow the cowrse indicated below :—

NaOH 4 NH,Cl = NaCl + H,0 + NH,
Ca0 + 2NH,NO; = Ca(NOy); + Hy0 + 2NH;

We need not enter further into the deseription of this part
of the subject. In the following section we shall deal with the
reactions of the ammono-salts and acids.

3. Tue REACTIONS OF AMMONO-SALTS, AMMONO-BASES, AND
AMMONO-ACIDS IN LIQUID AMMONIA SOLUTION

1f we dissolve some phenolphthalein in liquid ammonia, it
is coloured red when a metal amide is added to the solution,
but the colour can be discharged by the addition of an acid
amide, Thus if sodamide be allowed to react with acetamide
in liquid ammonia, we shall obtain an ammono-salt, sodium
acetamide, in accordance with the following equations :—

CHy.CO.NH,; 4+ NaNH; = CH,.CO . NHNa 4 NH;,
CH;.CO.NH,; 4+ 2NaNH; = CH. CO . NNag 4+ 2NH,4

These reactions have been studied by Franklin and Stafford.!

By analogy with the hydro-salts in aqueous solution,? these
ammono salts ought to be good electrolyfes. Franklin and
Kraus have tested this view in the case of mercury succi-
nimide—

CH.00\ _ CO . CH,
[ o - N< |
CH,. €0~ CO . CH,

and have found it to be correct.

It will be remembered that some metallic hydroxides behave
as if they were slightly acidic. For example, aluminium
hydroxide dissolves in a solution of caustic potash, giving
potassium aluminate. A similar class of substances has heen
discovered among the ammonia-series, for some metallie deriva-
tives of ammonia, such as the silver, lead, and aluminium
compounds, dissolve in excess of potassamide solution.

! Frankland and Stafford, dmer. Chent. J., 1902, 28, 83.
# Frankland and Kraus, J. dmer. Chem. Sec., 1905, 27, 191.
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Among the ammono-bases we class such substances as
metallic amides, imides, or nitrides. These compounds dissolve
in liquid ammonia exactly in the same way as metallic hydrox-
ides dissolve in water. Potassamide is especially soluble in
ammonia ; and in consequence of this property, Franklin* has
utilized that substance in the preparation of a number of
insoluble metallic derivatives of ammonia by simply bringing
together a soluble metallic salt and potassamide in ammonia
solution. The double decomposition takes place in a way per-
fectly analogous to that which occurs in aqueous solution, and
the required body is obtained as a precipitate—

AgNO; + NH.K = AgNH, + KNO,
Pb2NO; + 2NH:K = NHPb + 2KNO; 4+ NH;
3Hgly + 6NH,K = N,Hg; + 6KI 4 4NH,

The soluble metallic amides form solutions which are good
electrolytes.

The ammono-acid group of substances includes a somewhat
varied assortment of compounds. We have already mentioned
some acld amides, and to these we must add aeld imides.
Further, while the nitrides of metallic elements act as bases,
it has been found that the non-metallic nitrides yield acids
with liquid ammonia ; so that here the paralle]l between hydro-
bodies and ammono-compounds is very close. Again, since
the halogen derivatives of strongly electro-negative elements,
such as phosphorus, are hydrolyzed by water, they are attacked
also by liguid ammonia, giving rise to substances analogous
to the water hydrolysis products, hydroxyl being replaced by
the ammonia group. The following equation will make the
matter clear:—

PCl; + 5NHy = NH : P.NH; + 3NH,Cl

SiCly + 8NH; = Si(NH,), + 4NH,C1

BySy + 6NH;y = By(NH); + SNH,SH
SiSBry + 4NHy = SiS(NHs), + 4NH,Br

Picramide must also be included in this category. It is
the ammono-analogue of picrie acid—

HD - GﬂHg(NDﬂa NHE . C‘hH'I.(N 02)3

Picric acid Picramide

! SBee Franklin, J. Amer. Chem. Soc., 1905, 27, 820,
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4, AMMONOLYSIS

From the foregoing sections it will have become clear that the
reactions which take place in liguid ammonia are closely allied
to those with which we deal in aqueous solution. Franklin!
therefore proposes to term them ammonolytic reactions in order
to recall their close resemblance to hydrolytic ones. Further,
since we find reversible reactions among the hydrolytic class,
we should expect to find something of the same nature amongst
ammonolytic reactions. Research has shown that this is actually
the case? When mercuric chloride, mercuric iodide, and lead
iodide are freated with liquid ammonia, the following reversible
equations represent their behaviour : —

HgCly + 2NHy= NH,HgCl + NH,CI
9Hgl, + 4NH, = HgNHgI + 3NH,I
9Pbly + 6NH; < Ph(NHy);. NH,PbI + 3NH,I

In these cases the ammono-basic salts NH,HgCl, Hg,NI, and
Ph(NHy): . NH,PbI, appear as solid phases, while the remain-
ing components of the system constitute the liquid phase.
Thus, parallel to hydrolysis in aqueous solution, we have
in liquid ammonia solution a process of ammonolysis going on.

5. OrrER loNizisé MEDIA

The power of dissociating dissolved salts is not confined to
water and ammonia, but has been observed among the most
varied types of compounds, both organic and inorganic.
Aleohols, amines, alkyl thiocyanates, nitriles, liquid sulphur
dioxide, arsenic halides, and phosphorus oxychloride are all
capable of furnishing conducting solutions when salts are dis-
solved in them. A very considerable mass of defailed informa-
tion has been acquired in this department of the subject during
the last five or six years; but at the present time many of the
data are contradictory, and it is hardly possible to draw any

I See Franklin, J. dmer. Chem. Soc., 1905, 27, 820,
? Franklin and Cady, ibid., 1904, 26, 499.
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certain conclusions. The work of Walden and others may be
consulted on the point.}

We may confine ourselves here fo the results which have
been obtained by Walden in the course of his researches upon
the influence of various media upon dissolved substances. The
method employed by him was to use a standard electrolyte of
such a character as to be soluble in all the liquids which he
intended to examine. This substance he found in tetraethyl
ammonium iodide. The conductivities of solutions of this
body were then examined, and eompared with the various
physical properties of the solvent with a view to detecting
any parallelism. The chief results were as follows.

In general, the equivalent conductivity of a solution increases
on dilution, just as is the case with aqueous solufions; but in
several cases there are irregular variations which may be due
to some action between the solute and the solvent. There
appears to be no connection between the equivalent conductivity
and the associating power of the solvent; nor is there any
apparent relation between the conduetivity and the dissociating
power of the solvent employed. There appears to be little
connection between the value of the equivalent conductivity
and that of the dielectric constant; and no conclusion with
regard to the degree of dissociation can be drawn from the
measurement of the conductivity. Walden has found that
there is a close relation between the viscosity and the limiting
value of the conductivify; this relation is independent of the
temperature and the nature of the solvent employed, and can
be expressed by the equation—

A i A 5 e =17

! Carrara, Gazzefia, 1908, 88, 1. 241; Centnerszwer, Zeif, physikal. Chem.,
1901, 39, 220; Dutoit and Levier, J. chim. phys., 1905, 3, 485; Jones and
Lindsay, Amer, Chem. J., 1902, 28, 529 Jones and Carroll, ibid., 1904, 32,
521; Kahlenberg, Zeif. physikal, Chem., 1903, 46, 064; Kahlenberg and
Schlundst, J. Physical Chem., 1902, 8, 447 ; Kahlenberg and Ruhoff, ibid.,
1903, 7, 254; Mathews, J. Physical Chem., 1905, 9, 641; SBechlundt, ibid.,
1901, 5, 157; Walden and Centnerszwer, Zeif. physikal, Chem., 1901, 39,
513; Zeil, anorgan. Chem., 1902, 30, 145; Walden, Zeif. physikal, Chem.,
1900, 25, 371 ; 1903, 43, 385, 46, 103; 1905, 54, 129; 1906, 55, 207, 281, 683;
Zeit. Electrochem., 1905, 12, T7; Baur, Zeif. Electrochem., 1906, 12, 725;
Jones, Bingham and MecMaster, Zeif, physikal, Chem., 1906, 57, 193, 257 ;
Jones, Lindzay, and Carroll, ibid., 56, 129.
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By means of this we can determine the limiting conductivity
if we know the value of the viscosity of any liquid. Further,
the product of the equivalent conductivity and the temperature-
coeflicient of conductivity is approximately constant—

A, X temperature coefficient = 13

With regard to the influence of the chemical constitution of
the solvent upon the econductivity, Walden has found that
solutions in which the higher membars of a homologous series
are employed as solvents have lower equivalent conductivities
at infinite dilution than are found when the lower members of
the series are used as solvents. Again, if we take an aromatic
and an aliphatic subtance of similar chemical nature (acetal-
dehyde and benzaldehyde, for instance), it is found that a
solute in the aromatic body will give a lower equivalent
conductivity than it would were it dissolved in the aliphatie
solvent. Media containing ketonic, aldehydie, or cyanide
radicles show the highest values of A, ; while the lowest
values observed were found in the case of bodies containing the
amino or carboxyl radieles.



CHAFPTER 1V
THE FIXATION OF NITROGEN
1. Tug CIRCULATION OF NITROGEN IN NATURE

ANximMALS have two fundamental needs: oxygen and nourish-
ment. Oxygen they ecan derive direct from the air, but
nourishment can only be obtained by a more roundabout
process. At the basis of all animal structure lies a group of
substances called proteins, which the animal, being unable to
synthesize itself, obtains from vegetables. These proteins con-
tain from fifteen to twenty per cent. of nitrogen. It has been
shown than non-nitrogenous vegetable produets, such as sugars,
are incapable of supporting life. Animals, therefore, subsist
upon the nitrogenous bodies of the vegetable kingdom; but
this only carries us a step further back, and leaves us fo dis-
cover how this nitrogenous matter is obtained by plants. It is
found that part of the nitrogen in plants is derived from the air
by means of certain bacteria, but the major part of it comes
from the decomposition of plant tissue by one means or
another, For example, a plant may be eaten by an animal ; a
certain amount of the nitrogen is excreted in the form of urea
derivatives and the like ; these break down to ammonia, which
is then oxidized by bacteria to nitrous and nitric acid; and
this, in turn, is absorbed by the vegetable world once more.

If one could enclose a few plants and a suitable series of
animals in a bell-jar, this process of nitrogen circulation might
conceivably be prolonged indefinitely ; but, unfortunately, when
we have to deal with the matter from a practical standpoint,
the question of waste bulks very largely. The scheme below
shows the main steps in the process of cireunlation, and we have
now to consider at what points waste is to be expected.
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ATMOSPHERIC NITROGEN.
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In the first place, we mu:t bear in mind that though the
vegetable kingdom as a whole has its uses in the question of
respiration, where it counterbalances the loss of oxygen due to
the animal kingdom, it is only certain groups of plants which
can serve as food. Thus any nitrogen which is absorbed by
non-edible plants is, temporarily at least, lost from the point
of view of nourishment. Again, we dispose of the greater part
of our sewage by running it into the sea; but in this way the
larger portion of the nitrogen contained in it is lost to us and
goes to build up sea-plants, for which we have at present no
use. Further, the nitrous and nitric acids produced from
ammonia in nature do not necessarily remain on the spot where
they are produced; they may disperse and be lost, as far as
practical purposes are concerned.

In the past, these losses have been counterbalanced by two
methods : either by inoculating plants with nitrifying bacteria,
or by manuring the soil in which they grow. With the former
method we have no concern here, but we must enter info some
consideration of the second,

At the present day, the nifre beds of Chili supply the major
part of the demand for cheap nitrogenous matter which can be
used in agriculfure. Guye?! gives the following figares, which
show how great is the current consumption of nitrates. * In
1905, the entire consumption of Chili nitrate was 1,567,000

* Guye, J. Soc. Chem., Ind., 1906, 25, 567.
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tons ; while that of 1896 was 1,060,000 tons. Of these
1,567,000 tons we can reckon about 300,000 tons as having
been utilized in chemiecal industry. . . . The use of nitrate of
soda as manure is represented by the balance, approximaftely,
1,267,000 tons for 1905; and this consumption is rapidly
increasing, especially since a commencement has been made in
the direction of applying nitrogenous manures to the culture of
corn in the United States. Recent caleulations by M. Vergara,
which have taken into aceount the increase in the consumption
of the last few years, indicate the year 1923 as the date when
the Chili beds will be exhansted.” In less than a generation,
if these calenlations be true, we shall be faced with the problem
of producing nitrogenouns substances upon a vast scale and at a
" reasonably low cost. By adopting a less wasteful method of
sewage disposal, and perhaps by utilizing as nitrogen sources
such substances as seaweed from the Sargasso Sea, we may
hope to diminish the amount of synthetic material required ;
but at the best we cannot hope to dispense with it altogether.

Now, for synthefic purposes, the cheapest source of nitrogen
15 the atmosphere; and in the last few years many attempts
have been made to tap this store by econverting atmospheric
nitrogen into some nitrogenous compound which can be used as
a manure. This process has been termed the fization of
nitrogen. In the following sections of this chapter we shall
deal with a few of the methods which have been devised with
this end in view.

2. ToeE PropucTioN OF NITROGEN OXIDES, NITROUS AND
NITRIC AcCIDS

In any technical process we must bear in mind two things
which govern the price of the final product: the cost of the
starting materials, and the expenditure of energy necessary to
convert them into the compound required. Now, in the manu-
facture of nitrogen compounds, the cheapest source of nitrogen
is cerfainly the atmosphere: but we have not only to obtain
nitrogen ; we have also to find some comparatively cheap sub-
stance with which to combine it; and, finally, we must devise
an economical method of effecting the combination.
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[t is obvious that oxygen is the cheapest element we could
choose in order to form a compound with nitrogen, for the two
occur together in the atmosphere in what is, for practical
purposes, an unlimited quantity. The question then arises,
Can we convert nitrogen into its oxides with an expenditure of
energy low enough to make it pay in practice? Up to the
present time, the methods applied to this question have been
almost entirely electrical ; so that the problem, in this depart-
ment at least, rests chiefly upon the cost of electricity.

Half a century ago, Berthelot pointed out that there were
four chief modes of applying electricity to chemical problems :
we may utilize—

1. The spark discharge.
2. The silent discharge.
3. The electric arc.

4. Electrolytic action.

Previous to this, Madame Lefebre! had patented a method
of manufacturing nitric acid by means of sparking a mixture
of air and oxygen ; but her process does not seem fo have met
with much technical sucecess, In 1863, Meissner? pointed out
that if the gases used were made moist, the yield of nitrogen
oxides was much increased. In 1882, Prim? showed that
compression of the gases made a considerable improvement
in the results obtained ; and he detected, further, that much
loss might be caused by using too strong a draught in driving
the air through the apparatus and thus blowing out the spark.
The subject has been very fully investigated by Muthmann and
Hofer,! as well as by von Lepel ® and by Rayleigh® We need
not enter into any further detail, as other processes have proved
more practical than the spark discharge, and with these we
must now deal.

Prim, in his investigations, had used a combination of the
spark discharge and silent discharge, allowing them to act
simultaneously upon a mixture of nitrogen and oxygen.

' Lefebre, English Patent, No. 1045 (1859).

* Meissner, Usber den Sauerstoff (1868).

* Prim, German Patent, No. 20,722.

! Muthmann and Hofer, Ber., 1903, 38, 438.

* Von Lepel, Die Bindung des Atmospherischen Slickstoffs, 1903,
* Rayleigh, Trans., 1897, 71, 181.
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Siemens and Halske,! in their process, have omitted the spark
discharge entirely. According to their view, the mechanism
of the oxidation depends upon the formation of ozone, which,
in breaking down into oxygen, becomes active enough to attack
the nitrogen with which it is mixed. As is to be expected,
the air must be kept dry when this process is employed, for
otherwise the silent discharge would be without effect. Siemens
and Halske found that when the process was applied to a
mixture of oxygen and nitrogen, the yields were foo small to
make if of any practical wvalue; but if ammonia gas were
mixed with the air before it passed through the apparatus,
solid ammonium nitrate was deposited on the walls of the
vessel : and with this modification the method becomes
possible from the technical point of view,

The third method of applying electricity to the problem, in
which the electric arc is employed, has proved more satisfactory
than the two which we have just described. Crookes? in
1892, showed that at a temperature of a high tension are,
oxygen and nitrogen combined to form nitric oxide. Rayleigh?®
five years later proved that in this way 25 c.c. of oxides
of nifrogen could be produced by the expenditure of one
watt hour, The action of the arc appears to be due purely
to its heating effect ; for McDougall and Howles,! as well as
Muthmann and Hofer,® made it elear that the efficiency of the
arc depended upon its temperature.

At this point it may be well to recall the work of Nernst®
upon gas equilibria at high temperatures. If we take the case
of the union of nifrogen and oxygen to form nitric oxide, we
have the following equation :—

N, + 0; = 2NO

An examination of this equation will show that the volume of
gas at the beginning of the reaction is the same as that at the
end. Now, if no change in volume takes place during a

! Siemens and Halske, German Patent, No. 85,103,
? (rookes, Chem. News, 1892, 65, 301,
_ * Rayleigh, Trans., 1897, T1, 181.
4 McDougall and Howles, Mem, Manchester Phil. Soc., 1900, 4, 44.
5 Muthmann and Hofer, Ber., 1903, 36, 438,
¢ Nernst, Application of Thermodynamics to Chemistry, 1907.
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reaction, it is clear that the position of equilibrium of such a
reaction would be uninfluenced by the pressure under which
it is carried out. If we were fo take a case in which an
increase in gas volume oceurred during a reation, then pressure
could exert an influence, for the newly formed gas would have
to exert a pressure upon the rest of the gas in the containing
vessel in order to make room for itself. No such pressure is
required in the present case, so the reaction is not influenced
by the external pressure.

The equation which we have written down above iz not
strictly aceurate; instead of the sign of equality, we should
have inserted the sign of a reversible reaction, for this reaction
is actually a reversible one:

.ﬂg + 02-«?‘-—"" 2NO

Now, it is clear that the position of equilibrium in a
reversible reaction is very largely dependent upon the tempera-
ture at which the reaction is carried out. Nernst has shown,
for instance, that if air be passed through a tube heated to
1538° C., only 04 per cent. of nitric oxide was formed; while at
1922° C. the quantity rose to 1 per cent. The results appear to
be in contradiction to the fact that nitric oxide decomposes at a
white heat. The matter will be made clear if we take into
account the velocities with which the two reactions—

M- Oe—000 Lo e
INO =N +0s . . & . . {2

take place. According to the Guldberg-Waage Law of Mass
Action, the amount of chemical action is proportional to the
active masses of the substances reacting. Thus the chemical
action corresponding to equation (1) will be proportional to
the amounts of nitrogen and oxygen present; while equation
(2) represents an action which will be proportional to the
amount of nitric oxide used. Thus if »; be the velocity of
formation of nitric oxide, then we have the equation—

=k % (N3) % (Og)
where (Ng) ahd (O,) are the active masses of nitrogen and

oxygen present. Again, if »; be the velocity of formation of
nitrogen and oxygen from nitric acid, then—

% =y x (NO) x (NO) = & x (NO)2
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Suppose, now, that the two reactions have proceeded until
equilibrium has been reached. At this point, the amount
of nitric oxide formed is equal to that decomposed, Conse-
quently—

vy = Vg

and the equilibrium constant, K, is the ratio of the one velocity
constant to the other. In other words—
ftlg

i
Now, the values of k; and ks can be ascertained experimentally,
so that we can easily determine the value of the equilibrium
constant K.

When we apply this line of arsument to the concrete case
of the production of nitric oxide from the air, we proceed as
follows. It is evident that the equilibrium constant K will be
dependent upon the active masses of the three gases present,
nitrogen, oxygen, and nitrie oxide, and will be expressed thus—

(L1
(N2) X (0g)
Let « be the amount of nitric oxide produced at the equilibrium
point ; then, since the concentration of nitrogen at the start is
79 per cent., and that of oxygen is 21 per cent. (these being the

proportions in which these gases occur in air), we have at
constant temperature the following equation :—

= 2
e (79_{3)(21_35)

Since we can determine K experimentally, we can solve the
equation for z, and this will give us the quantity of nitric
oxide formed when the equilibrium point is reached.

Now, K alters with the temperature according to the
equation—

IH =

il lﬂgg ]{ R {l__
LT

where @ is the change of energy in the system, and T the
absolute temperature. Integrating this under the assumption
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that () is independent of the temperature (as it apparently is
for all practical’ purposes in the case we are considering), we
then have for two temperatures Ty and T, the equation—

loge K3 — loge Ky = %G’.—l = %ﬂ

Thus, if we know the equilibrium constant Ky for temperature
Ty, and also the energy change in the system, we can calculate
from this last equation what the equilibrium constant will be
for any other temperature T;. The energy change in the
system can be determined by finding the equilibrium constant
for two temperatures, and then substituting in the above
equation. In this way, from a couple of measurements at
different temperatures, we shall be in a position to foretell
the equilibrinm constant of the reactions for any temperature.
The agreement between theory and experiment is quite close,
as the following figures?! show :—

Temperature, % N0 olbserved, % N0 calenlated.
1811° | o 5 : . DAy 085
137 . 3 o : . D42 048
2033° . : . . . 064 0-67
2195° . . - . 09T 0-98
2580° : : . . 0B 202
aeTee . . : e a5

Another point of importance arises in this connection.
From what has already been said, it is clear that the velocity
of decomposition of nifric oxide is very greatly influenced by
the temperature at which the reaction is carried out. If we
can bring the reactions into equilibrium at a temperature of
about 2500° C., we shall have in the mixture, according to
Nernst's data, about two per cent. of nitric oxide. If we cool
the gases down slowly, they will come into a fresh state of
equilibrium for each temperature they pass through, and con-
sequently when we reach ordinary temperatures the percentage
of nitric oxide will be negligible. On the other hand, if we
produce a sudden drop in the temperature, the gases will not
attain equilibrium quickly enough to keep pace with the fall in
temperature, and consequently we shall be able to reach ordinary
temperatures before the nitric oxide has time o decompose.

! Nernst, * Application of Thermodynamics to Chemistry,” p. 35.
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Once the ordinary temperature is attained, the decomposition
of nitric oxide will proceed with such slowness as to be
negligible from the practical point of view. Thus, if we could
cool the mixture of gases instantaneously from 256° C. to zero,
we should preserve the two per cent. of mitric oxide which it
contains at the higher temperature. Of course, in practice such
instantaneous cooling is impossible ; but if the gases be removed
rapidly from the neighbourhood of the source of heat, it is
possible to stave off the decomposition of the nitric oxide to
a cerfain extent.

In the McDougall and Howles process, in which the mixture
of oxygen and nitrogen is passed over the electric are, the arc
was kept stationary, and the cooling was achieved by using a
rapid stream of gas, so that the oxides were swept along in the
current and carried away from the arc as quickly as possible. An
improvement ! upon this was devised by Birkeland and Eyde,
whose process has been utilized on a commercial scale at
Nottoden, in Norway. In this process advantage is taken of
the effect which a strong electro-magnet exerts upon arcs. If
we fix opposite the middle of an electric arc a strong electro-
magnet, the arc will be diverted and finally broken; after
which it will reform between the electrodes, be diverted and
broken again. By this means we replace the simple arc by
a series of arcs, which form, bend outwards, and break. If the
apparatus be properly adjusted, it is possible by this means
to produce an arc in the form of a thin disc instead of the nsual
narrow stream. The advantages of the Birkeland and Eyde
method are twofold: in the first place, since the disc of the
arc is very thin, a gas passing through it is only heated for a
very brief inferval ; secondly, owing to the increase in diameter
of the are, it is possible to pass a much larger quantity of
gas through it than is the case when the gases are passed
across an ordinary arc. After the gases have been passed
through the arc they are conducted into a cooling apparatus ;
they are next led into an oxidizing, chamber where the nitric
oxide becomes nitric peroxide. The final product of the pro-
cess is basic calcium nitrate; the basic salt is prepared in
preference to the nmormal nitrate, owing to the fact that the
latter is too deliquescent for commercial purposes.

! Birkeland, German Patent, No. 179,852,

™
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3. Tne PropucTiON oF AMMONIA

In the previous section we dealt with the processes sug-
gested for the union of nitrogen with oxygen, and it was pointed
out that the use of oxygen was dictated by its comparative
cheapness ; in the present section the union of nitrogen with
hydrogen will be considered, as, next to oxygen hydrogen is the
least costly element—at least, when it can be utilized in the
form of producer gas or some other such mixture,

The work of Regnault® on the spark discharge, and that of
Donkin ® upon the silent discharge, had shown that these two
forms of electric energy were capable of causing the direct
union of nitrogen with hydrogen. It was not till about ten
years ago, however, that this process was brought into effective
touch with the technical side of the problem. In 1900, de Hemp-
tinne,” using both the types of discharge, made an investigation
of the proper conditions under which the action should be
carried out. It had been proved by Ramsay and Young* that
ammonia begins to decompose at a temperature of 500° C., and
is completely broken up at a little below 800° C.; so that it
was to be expected that the best resulfs would be obtained
by synthesis at comparatively low temperatures, This view
is confirmed by de Hemptinne's results. He found that the
yield was greatest when three conditions were observed: first,
the temperature was kept down to the point at which ammonia
liquefies ; second, the pressure under which the experiment is
carried out must be low; and, lastly, the gap across which the
discharge acts must be narrow. Schlutius ® has patented a some-
what analogous process in which, instead of a mixture of hydro-
gen and nitrogen, he employs “ Dowson gas,” which is obtained
by passing a mixture of air and steam over glowing coal. The
resulting gas has approximately the following composition :—

% Volume,
Hydrogen : : SR
Nitrogen ; : ; 43
Carbon monoxide . : 39
Carbon dioxide : 2 4

! Regnault, Traité de chimie, 15846.

* Donkin, Proc. Roy. Scec., 1873, 21, 281,

De Hemptinne, Bull. dcad. roy. Belg., 1902, 28,
! Ramsay and Young, T'rans., 15884, 45, 85,
 Schlutius, English Patent, No. 2200 (1903).

)
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This mixture is acted upon by the silent electric dizcharge in
presence of moist platinum, and the nature of the resulting
compound depends upon the temperature at which the reaction
is carried out. If the apparatus be kept below 80° C,, ammonia
15 formed in accordance with the equation—

Ns 4 3H, + 2H,0 = 2NHjaq.

On the other hand, if we allow the temperature to exceed
807 C., the earbon monoxide also reacts, with the formation of
ammonium formate—

N. + 3H, + 200 + 2H,0 = 2H. COONH,

Nithaeck!® has applied electrolysis to the ammonia synthesis,
His method consists in electrolyzing water which has been
saturated with nitrogen under high pressure.

We must now turn o the consideration of the action of
catalytic agents upon the union of nitrogen with hydrogen.
De Lambilly ® has investigated this problem, and has taken out
a patent for a process based upon his results. He was struck
by the fact that the heats of formation of ammonia and
ammonium hydrate are less than those of ammonium carbonate
and ammonium formate. From this it follows that the expen-
diture of energy required to produce the salts is less than is
"necessary in the case of the free ammonia or ammonium
hydrate. De Lambilly therefore devoted himself to the pro-
duction of the salts rather than the free substance. His
process is as follows. Air and steam are led over white-hot
coke, and from the mixture of gases thus produced, either
carbon dioxide or carbon monoxide is removed, according as
ammonium formate or bicarbonate is required, The gases are
then passed through tubes filled with porous substances, such as
platinized pumice, wood-charcoal, bone-charcoal, or spongy
platinum. After they have passed once through the tubes, the
gases are mixed with steam and again sent through the apparatus.
The reactions which take place depend upon whether carbon
monoxide or carbon dioxide be used—

N, + 3Hs 4+200, + 2H;0 = 2HO.CO.ONH, . (L)

1 Nithack, German Patent, No. 95,532,
* De Lambilly, German Patent, No. 74,274,
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In the case of equation (I.),it is found that the most favourable
temperature lies between 40° and 60°, while most ammonium
formate is produced between 80° and 130°,

The main fault of the process thus outlined lies in the
tendency of the ammonium formate to decompose into water
and hydrocyanic acid. In order to evade this difficulty, de
Lambilly ! utilized the same apparatus, but passed through it a
mixture of carbon monoxide and ammonia, the latter being
obtained from ammonium hydrate. In this case the best
temperature seems to lie befween 150° C. and 180° C.

It was shown in 1862, by Fleck,® that if a mixture of
steam, nitrogen, and carbon monoxide were passed over red-hot
lime, ammonia was formed. Fleck found that in this reaction,
as in the others we have deseribed, the femperature employed
was of the greatest importance ; in this case it lies somewhere
between a dull red and a bright red when the best yields are
obtained.

Woltereck  passes a mixture of steam and air over iron
oxide raised to a dull red heat; in technical practice, peat is
used to replace the oxide, :

Mackey and Hutcheson,! in their process, pass heated air in
at the bottom of a furnace containing a mixture of coal and
carbonate of potash or some other alkali carbonate. By the
interaction of these substances a cyanide is produced, which ig
carried into the upper part of the furnace, where it is broken
up by a jet of steam and decomposes into ammonia and a
earbonate. The latter falls again into the lower part of the
furnace, and the proeess recommences.

The last method with which we need deal was originated by
Kaiser,” and differs from the others in that a stable intermediate
compound is formed. Caleium, when heated to redness in a
stream of hydrogen, is converted into caleium hydride; and
when this body is heated and nitrogen passed over it, calcium

nitride is produced. If this in turn be heated in a stream of

! De Lambilly, German Patent, No. 78,573,

* Bee Bolley, Handbuch d. chem. Technol., I1., 2, 48 (1862).

* Woltereck, Zeilsch. angew. Chem., 1904, 17, 1717; Eiectrical Review,
1905, 56, 1721.

* Mackey and Hutcheson, English Patent, No. 13,315 (1594).

% Kaiser, French Patent, No, 350,966,
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hydrogen, ammonia is liberated. The process is expressed in
the equations below—

(L) Ca + Hy = CaH,
(IL) 3CaH, + 2N, = CagNs + 2NH,
{[I[.) GRHN-E - ﬁ-[{g = 30&]’[2 + EN]IH

It appears to be immaterial whether the gases are allowed to
enter the tube together or separately; the action seems to go
on with the same ease in either case.

4. Tne PropucrioNn oF CYANIDES

In the foregoing sections we have dealt with the prepara-
tion of ammonia and of nitrates, both of which are naturally
oceurring substances; the present section deals with another
set of compounds which at first sight appear most unpromising
from the agricultural point of view, owing to their poisonous
character. In actual practice, however, the cyanides appear to
offer many advantages when used as manures.

The technical applications of cyanides had led to the
devising of methods for the production of these substances
long before the question of nitrogen fixation became acute,
The South Afriecan gold industry demanded a heavy output
of cyanide for use in the cyanide process of extraction, and
consequently a very considerable number of processes have
come into existence for the purpose of supplying this need.
With these we have no concern here, but will confine our-
selves to the chief methods which have been suggested within
the last ten years or so.

Next to oxygen and hydrogen, earbon is probably the cheapest
element which we can employ to form compounds of nitrogen.
Whether it be utilized in the form of coal or coke, it is compara-
tively cheap and easily procurable, so that it is not surprising
that attempts have been made to employ it in the fixation of
nitrogen. Before dealing with the later processes which depend
directly upon coal, however, we must glance at one or two
others which are based upon other substances.

It was long ago shown by Berthelot that if a stream of
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mixed nitrogen and acetylene was raised to a high temperature,
hydroeyanic acid was formed—

Hoyermann! proposed to utilize this reaction in technieal
practice by passing a mixture of one part of acetylene and two
parts of nitrogen over an electric are. In this way sixty to
seventy per cent. of the acetylene was converted into hydrocyanie
acid. The chief drawback of the method lies in the heavy
deposits of earbon which take place on the electrodes. (O’Neill ®
employed a mixture of air with petroleum vapour or coal-gas,
instead of acetylene and nitrogen. Gruszkiewicz?® utilized
“ Dowson gas,” which he passed over a flaming electrode. The
best results were obtained when the percentage of carbon
monoxide in the Dowson gas was raised to about fifty.

We must now turn to another set of methods, in which,
instead of acetylene, metallic carbides are used. The work of
Desfosses,! Fownes,” Bunsen and Playfair® showed that when
carbon was heated with non-volatile alkalis, the resulting pro-
docts contained ecyanogen compounds from which ammonia
could be obtained. Attempts were thereafter made by various
workers to utilize the reaction on a large seale, using barium
hydrate as the alkali, but none of them seem to have come to
much, owing to the effect which the high temperatures required
had upon the apparatus.

The invention of the eleetric furnace, of course, gave a
great impetus to technical research in this department, and as
a result most of the difficulties experienced by the older workers
have been evaded in modern practice.

The Ampére Electrochemical Company 7 employ the follow-
ing method. The starting materials are coke and a mixture of
barium hydrate and carbonate. The guantities are so chosen
as to provide an execess of coke over and above the amount

! Hoyermann, Chem. Zeil., 1902, 26, 70,

2 O'Neill, Elsctrical World, 1902, 40, 1009,

* Gruszkiewicz, Zeifsch. Electrochem., 1903, 83,

' Desfosses, J. Chim. Pharm., 1828, 14, 280,

* Fownes, J. pr. Chem., 1843, 26, 412,

® Bunsen and Playfair, J. pr. Chem., 1847, 42, 397.
? Dingler's Polyteeh., Jowr., 1903, 83, 524,
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required for the formation of barium carbide ; the reason for
this is that unless excess of coke is present, the mixture does
not possess sufficient porosity to allow the passage of gases
through it. The mixture is placed in a revolving electric
furnace and the current is switched on. The action which
takes place in the heated portion of the furnace is the forma-
tion of barium carbide, which fuses and flows over the unaffected
part of the coke. The revolution of the furnace now carries
this into a colder zone, in which it cools down and solidifies.
At this point in the revolution it encounters a stream of
nitrogen, which converts the carbide into the eyanide—

BaC;, + N; = Ba(CN),

The further revolution of the furnace brings the formed eyanide
into a cooler section, where it is withdrawn from the apparatus.
The emptied part of the machine then passes another point,
where it is refilled with the mixture of coke and barium sals,
and the process continues as before.

In this method® there is formed as a bye-product the substance
barinm eyanamide—

BaC; + Ny = BaN .CN 4 C

This substance is a derivative of cyanamide, which in turn is
an ammonia substitution produet—

Ba:N.C=N Hy;N . CN H;N

Barium eyanamide Cyanamide Ammonia

On repeating the experiment with ecalcium salts instead of
barium ones, it was found that the bye-product of the one
reaction became the main product of the second; so that the
process yielded chiefly caleium cyanamide. This substance,
when heated with water under pressure, liberates ammonia as
shown in the following equation :—

Ca:N.C=N 4+ 3Hy0 = CaCO; + 2NHj

The same reaction fakes place on long exposure to moist air; so
that this substance forms an excellent artificial manure.

! Frank, Bericht d. V. Intern. Kongr. f. Angew. Chem., 1905, ITL., 727 ;
Caro, Zeifsch. angew. Chem., 1906, 19, 1560. See also Zeifsch. angew. Chom.,
1903, 16, 520,
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5. Tue PropugrioN OF NITRIDES

In the section on ammonia, we have already mentioned one
of the processes by means of which nitrides have been made of
service in the nitrogen fixation problem ; in the present section
we may deal with another method which has been employed.
In this department, as in some of the others, the invention of
the electric furnace has made practicable in technical work
methods which without its aid would never have been of any
service on a large scale,

The work of Schiitzenberger and Colson,! following upon
that of Deville and Wohler 2 showed that two mitrogen com-
pounds of silicon could be obtained, one of which contained
carbon in addition to the other two elements. The two
substances have the following compositions—

SigCeN SiaNg

From the technical point of view it does not much mabter
which of these substances is formed, or even if a mixture is
produced. The nitride, of course, contains a greater percentage
of nitrogen than the nifride-carbide, but the difference is not of
sufficient importance to make it worth while to take special
precautions in order to produce the pure nitride,

Mehner? has patented the following process. An oxide
of some nitride-forming elemenf, such as silicon, boron, or
magnesium, is mixed with coal or coke and submitted to the
heat of an electrie furnace. Nitrogen is then blown through
the mass. As a result, the carbon reduces the oxide, yielding
the element itself, which is then attacked by the nitrogen to
form the nifride—

2Mg0O 4 C = 2Mg 4+ CO,
6Mg + 2N, = 2MgsN,

When these nitrides are used as artificial manures, any
weak acid in the soil, or even carbonic acid, iz sufficient to
decompose them—

Mg,N, + 6H:0 = 3Mg(OH), + 2NH,
! Schittzenberger and Colson, C. r., 1852, 94, 1710,

¢ Deville and Wihler, Annalen, 1859, 110, 248,
* Mehner, German Patent, No. 67,489,






CHAPTER V
DOUBLE SALTS

1. GENERAL

I¥r we dissolve two organic substances or two inorganic salts
with a common ion, and then erystallize them from the solu-
tion, there are four possible results.

1. The two solutes may separate from the solvent in the
form of independent erystals, so that it is possible by mechanical
means to separate one substance from the other. In this case
we have a conglomerate.

2. The erystals which are deposited contain both solutes
in quantities depending upon the percentage of each solute
present in the solvent, In this case no mechanical separation
can be effected, as each separate erystal contains a mixture of
the solutes. If we redissolve the crystals, add to the solution
more of one of the original solutes, and again crystallize, we
shall find that the new erystals have a composition different
from that of the first set. In this case we have an example of
a mixed erystal,

3. Crystals are deposited from the solution which contain
both solutes ; but if they are redissolved as in the last example,
and some of one solute added to the solution, the erystals which
separate from the solutiom have the same composition as the
first set. In this case we have a double salt formed.

4. Crystals separate from the solution, and on examination
are found to contain portions of both solutes; but if these
crystals be redissolved they are found to have acquired new
chemical properties, and do not give the reactions of either of
the original solutes. In this case we are dealing with a
complex salt.

We need not enter further into discussions of Cases 1, 2,
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and 4, which lie outside the limits of the present chapter, but

must turn to an examination of the class of substances known
as double salts.

2. T CONDITIONS GOVERNING THE FORMATION OF
DouBLE SALTS

If to a solution of ferrous sulphate we add a solution
of magnesium sulphate, we shall find, on evaporating the
water, that no double salt is formed from the two sulphates.
On the other hand, if we use ammonium sulphate instead of
magnesium sulphate, we shall obtain on evaporation crystals
of Mohr's salt, (NH,)S0,.FeS0,.6Hz0. If we employ zinc
sulphate and copper sulphate we can obtain no double salt for-
mation ; whereas zine and potassium sulphates together yield
the salt ZnSO,. Ko80,.6H:0., It thus becomes evident that
the character of the metals from which the salts are derived
plays a very considerable part in determining whether or not a
given pair of salts will form a double compound with each
other.!

Refgers states that if two salts can be made to form a series
of mixed crystals of varying composition, double-salt formation
is not to be expected ; and, conversely, if two salts combine
to form a double salt, we are not likely to obtain a series of
mixed crystals from them. For example, ferrous sulphate
forms mixed erystals with magnesium sulphate, but no double
salt can be obtained from the two; while, on the other hand,
potassium and sodium sulphates form no mixed erystals, but
do yield a double salt.

Hinrichsen and Sachsel * have examined a series of chlorides
with respect to double salt formation, with the following
results. Ferric chloride and sodium chloride form merely a
continunous series of mixed erystals: with potassium chloride
at 21° C,, ferric chloride gives a double salt, FeCl;. 2KC1. H,0 :
at the same temperature, cmsium chloride and ferric chloride
give two double salts, I'eCly . 2CsC1. H,0 and FeCl, . 3CsC1. H30.

1 Retgers, Zeitsch. physikal. Chem., 1880, 3, 289, 407; 4, 189; 5, 436;
1890, 6, 193 ; 1892, 8, 6.
* Hinrichsen and Sachsel, Zeifsch. physikal. Chem., 1904, 50, 81.
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Thus in this case the increase in atomic weight of the metal
appears to raise its capacity for double salt formation,

The acid radicles may exert a similar influence; for while
sodinm chloride forms no double salt with sodium nitrate, the
latter body yields a double salt with sodium sulphate.

Physical influences also play a very considerable part in
the problem. It has been shown! that pressure may be a very
important factor in the stability of double salts; while the
question of temperature is the dominant feature in any investi-
gation in this department. In the following section we shall
deal with this part of the subject.

3. TraxnsiTioN TEMPERATURES

() Historieal—It will be remembered that in the course
of his researches on molecular asymmetry, Pasteur, by crystal-
lizing the sodinm ammonium salt of racemic acid, was able
to obtain two sets of crystals, the one set being the sodium
ammonium salt of dextro-tartaric aecid, while the others were
the corresponding levo-compound. Staedel,® attempting to
repeat Pasteur’s experiments, found that only the sodium
ammonium racemate was formed, no separation of the double
salt into its components having taken place. This apparent
contradiction found its explanation in the work of Scacchi,!
who showed that crystallization at high temperatures yields
no resolution, while at low temperatures a separation into the
two dextro- and lmvo-tartrates. The work of Wyrouboli?®
proved that 28 C. was the temperature above whieh the resolu-
tion was not observable,

Now, it has been shown by van't Hoff that this behaviour
is characteristic of all double salts : above a certain temperature
—to which he gave the name ¢ransition femperature—the solu-
tion of some double salts will yield separate crystals of the two
components which go to form it; below the same temperature

! Van't Holl, Bildung und Spallung von Doppelsalzen, 1897, p. 57.
Pasteuar, Ann. chim. phys., 1848, [3] 24, 442; 1850, [3] 28, 56.
Staedel, Ber., 1878, 11, 1752,
Seacchi, Rend. decad, Seci. Fis. Mat. Napoli, 1865, 250.

i Wyrouboff, Bull. soc. chim., 1884, [2] 41, 210; 1886, 45, 52: Compt.
rend., 1886, 102, 627.

W W
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only the double salt can be obtained. In the case of other
double salts, the components are obtained below the transition
temperature and the double salt above it. In either case,
however, the transition temperature marks the limit of exist-
ence of the two components in solution. Thus we may compare
the transition temperature of a double salt to the melting-point
of a solid: just as the solid cannot exist above a certain
temperature, so some double salts, such as copper dipotassium
chloride, when heated above their transition temperature, break
down into their components. The case of water of crystalliza-
tion is, of course, merely an example of double-salt formation.
For instance, Glauber's salt has a fransition temperature of
32:5° C. 1If it be heated to this temperature, it loses water
and is converted into the anhydrous form—

NagS0y. 10H,0 = Na,80, + 10H,0

On cooling it below 325° C. in presence of water, the
anhydrous sodium sulphate will combine with ten molecules
of waser to form again the original Glauber’s salt.

(6) The Determination of Transition Points—There are
eight methods of ascertaining the transition temperature of a
substance—

The Dilatometric Method.!

The Tensimetric Method.?

The Thermometriec Method.”

The Speectrometric Method.

The Method of Solubilities.*

The Conductivity Method.’

The Method of Electromotive Force Measurements.”
. The Viscosity Method.”

We bhﬂll take up these in turn.

When a double salt is converted into its components or vice
versi, it is to be expected that there will be a sudden change in
volume due to the alteration in consgitution. If this volume
change be sufficiently marked, it forms one of the simplest

g NS o 0o

! Van't Hoft, Bildung und Spaltung von Doppelsalzen, 1897, p. 33.

¥ Ibid., p. 43. 3 Ibid., p. 55. 4 Ibid., p. 51.
5 Archibald, T'rans. Nov. Scof. Insf. Sei., 1891, 9, 307,
& Ibid., p. 48.

? Dunstan and Thole, Trang., 1908, 93, 1815,
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criteria of the transition temperature. The apparatus employed,
the dilatometer, resembles a thermometer with a very large
bulb. Into this bulb the double salt is introduced and covered
with oil. The level of the oil is read off on the graduated stem
of the dilatometer just as we read off the height of mercury in
a thermometer. The bulb of the dilatometer is now placed in
a bath whose temperature is very gradually raised. Readings
are taken simultaneously of the bath temperature and the
height of the oil-level in the stem. At first there will be a
steady rise proportional to the temperature; but when the
transition point is reached there will naturally be a rapid change
in volume of the salt, quite independent of the normal increase
in volume of the oil. On plotting the volume against the
temperature, we shall thus obtain a break in the curve at the
transition point. Since the transformation of a double salt into
its components, or the reverse process, is not instantaneous,
there is usually a slight lag in the volume increase. Te allow
for this it is best to make two sets of measurements, one with a
rising, the other with a falling temperature. The two errors
then counteract each other to some extent. A modification of
the method allows this lag to be turned to account. If we take
a mixture of a double salt and the two components, mix all
three together, and place them in the dilatometer they will not
immediately come into equilibrinm. The dilatometer bulb is
therefore placed in a bath and allowed to attain constant
temperature ; after which readings of the oil-level are taken as
before. Now, unless the temperature of the bath is the transi-
tion temperature, it is obvious that the salt within the bulb will
contract or expand in the course of time: for if the temperature
is one at which the double salt is stable, then the component
will be slowly changing into the double salt; or, conversely,
if the double salt is unstable at the temperature of the bath,
then it will be converted into a mixture of the components. In
either case there will be a change in volume, which will make
itself apparent in the alteration of the oil-level in the stem.
Suppose a confraction takes place, We note the temperature,
and then repeat the operation at another temperature; and
continue thus until we find some temperature at which expan-
sion oceurs. Now, at the transition temperature, since the
components are there in equilibrium with the double salt, it is



obvious that no
change in volume
can occur. lhere-
fore the transition
temperature lies
between the tem-
perature at which
expansion occurs
and that at which
contraction is ob-
served, By a series
of measurements

we can narrow the [

limits between the
two temperatures,
and thus finally
arrive at the tran-
sition temperature
by a series of trials.

The second
method of deter-
mining the tran-
sifion point de-
pends wupon the
fact that at the
transition tempe-
rature the vapour
pressures of the
double salt and its
components must
be in equilibrium.
The apparatus usu-
ally employed is
the Bremer-Frow-
ein tensimeter,
whose  construc-
tion is shown in
Fig. 1. The whole
apparatus is first
carefullydried,and
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then the two substances whose tensions are to be compared are
introduced into & and ¢ respectively. The substance having the
greater vapour pressure is usually infroduced into e. Olive oil
is then passed into the U-tube ¢ by means of a fine funnel until
it stands about halfway up the U-tube on both sides. The
tubes at f and g are now sealed off, and a mercury pump
attached to i, The whole apparatus is then evacuated. When
the highest possible vacuum is produced, the mercury pump is
removed by sealing off the tube at /. The apparatus is then
placed in an air-bath and its temperature gradually raised. At
the transition temperature the surface of the oil in the two
arms will reach the same level. Of course this is only an
outline of the method ; numerous precantions must be taken,
and some corrections have to be applied in order to make it
accurate, -

If we allow the temperature of ice to rise slowly, it
will be remembered that when it reaches 0° C. a thermometer
immersed in it will remain constant until the ice has melted.
Applying the analogy between the transition temperature and
the melting-point, we arrive at another method of determining
the transition temperature. We have only to note the tempera-
ture at which a thermometer seems to lag when the mass of
double salt surrounding it is slowly heated or cooled through its
trangition temperature,

The fourth method of determining transition points depends
upon the change of colour which some salts undergo at the
transition temperature. For instance, a concentrated solution
of the two simple salts, ferric chloride and potassium chloride,
will be yellow at ordinary temperatures, If it be raised to
about 22° C,, the colour changes to red,! owing to the forma-
tion of the double salt FeCly. 2KCl . HyO, This method may
be employed even in cases where there is no visible change
of eolour, by using a photographic spectroscope and noting the
change in the ultra-violet spectrum,

At the transifion temperature, the solubilities of a double
salt and its components become equal; and this has been
employed in some cases to determine the transition point of the
system. If we plot the solubility of each of the three sub-
stances (double salt and its two components) against the

! Hinrichsen and Sachsel, Zeitsch. physikal, Chem., 1904, 50, 90,
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temperature through a given range, we shall obtain three curves
which will cut each other in a point. This point gives the
transition temperature.

The application of conductivity measurements to the problem
before us is so obvious that we need not enter into the matter
in detail.

It is a well-known fact that if we have two vessels contain-
ing solutions of some salt and connected together by a tube
which allows the liguid to pass from one vessel to the other, we
can obtain an electric eurrent by immersing electrodes in the
two wessels and connecting them by means of a wire. The
current passes in the eell from the weaker to the stronger solu-
tion. Suppose that we take the case of the two hydrates of
zine sulphate, ZnSO, . THyO and ZnSO,. 6H:0. We place
saturated solutions of each of these in a vessel along with some
solid salt, connect the two vessels with a fube bent in such a way
as to prevent the action being disturbed by conveetion currents,
then dip into each vessel a zinc electrode. The electrodes are
connected by a wire, and a galvanometer is included in the
eircuit. At temperatures below the transition point, the
salt ZnS0,.G6H,0 is more soluble than the other, so that
the solution of the latter will be weaker in zinc sulphate.
Hence the current will pass in the cell from the vessel con-
taining the heptahydrate to that containing the hexahydrate.
As we raise the temperature, the solubilities of the salts in
the two vessels approximate more and more to each other,
and consequently the cuwrrent passing becomes weaker and
weaker. Finally, at the transition temperature, it ceases to
flow.

It has been shown?! that the viscosity of a solution of a
racemic compound is less than that of the corresponding active
antipodes, and the transition temperature can be detected by the
break in the temperature-viscosity curve.

4. TRANSITION INTERVALS

We must next turn to examine the solubility relations
which have been observed in the case of double salts and their

I Dunstan and Thole, Trans., 1908, 93, 1815.
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components. We have already touched upon the matter in the
last section when dealing with the determination of the transition
temperature by means of the solubility; but in the present
section we must look upon the question from a somewhat different
point of view.

It has been shown by van’t Hoff and Miiller ' that the
transition temperature of rubidium racemate is 40° C. DBelow
this temperature the racemate exists; above if, the individual
dextro- and levo-tartrates. Now, suppose that we take equal
weights of the dextro-tartrate and of the levo-tartrate and place
them both in a vessel containing the same weight of water at
15° C. DBoth tartrates will go into solution in equal quantity,
since their solubilities are equal ; and since there is not enongh
water present to dissolve them, part of each tartrate will
remain as a solid phase. A complication now enters into the
problem. As the tartrates go into solution they are converted
into the corresponding racemate, which is the stable form
below 40° C., and this racemate is less soluble than the
tartrates. Consequently, the solution will be able to take up
more of the single tartrates than it can keep in solution when
they have combined to form a racemate. As a result we shall
have a conbtinual deposition of racemate to keep pace with the
amount of tartrates taken up by the water. In this way we
have first the solution of the two tartrates, then their conversion
into racemate, and consequent supersaturation of the solution
with racemate, leading to a deposition of erystals of the race-
mate; and this process will go on until all the tartrates have
been dissolved.

This is a simple case, owing to the fact that the two
components of the double salt have the same solubility; but
we must consider a more complicated problem. Let us take
the case of astrakanite, MgSO,. Na,50, . 4H,0, as an example.?
In this case the two components of the double salt have not
the same solubility, and in the first place we have to find the
solubility of the two component salts, sodium sulphate and
magnesium sulphate, in presence of each other. This is done
by placing an excess of both salts in contact with water
and agitating at constant temperature until equilibrium is

! Van't Hoff and Miiller, Ber., 1898, 81, 2206.
* See Findlay, The Phase Rule, 1906, p. 268,
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established, after which the solution is analyzed. In this
way we obtain the following figures : —

IL—Sonip PaAseEs: Sopium SULPHATE AND MAGNESIUM SULPHATE.

Temperature, NagB0,, Mgs0y,  Ratlo of NagS0y to MgS0,.
AT 216 457 1:21
B <« o e 34-3 46°8 1:14

The figures under NayS80, and MgSO, represent the number of
molecules of the salt dissolved in a thousand molecules of water,

The transition point of astrakanite is about 22° C,; above
this temperature the double salt exists, below if, the components
are stable as independent salts. Let us examine what happens
at the temperature 24'5°, which lies above the astrakanite
transition temperature. Af this temperature, as the figures
above show, water will take up a greater number of molecules
of magnesium sulphate than of sodium sulphate. But in
solution these two salts will combine to form astrakanite, which
is less soluble and will consequently crystallize out, just as the
racemate did in the case of the rubidium salts, And since
astrakanite contains magnesium and sodium sulphates in
equimolecular proportions, it follows that at the end of the
process we shall have an excess of sodium sulphate left as a
solid phase, along with the other solid phase astrakanite. If
we exclude the vapour phase, we have three phases present
(solid astrakanite, solid sodium sulphate, and the solution), and
consequently the system is univariant, and at a given tempera-
ture the solution will have a definite composition,

If we take astrakanite and sodinm sulphate in excess, place
them in contact with water at a given temperature, and agitate
the mixture until equilibrium is attained, we shall find that we
obtain the following results! for the number of molecules of
magnesium and sodium sulphates dissolved in a thousand

molecules of water :—

¥

II.—Sonip PHASES: ASTRAKANITE AND SODIUM SULPHATI.

Temperature. NaoR0,, Mgs0,. Ratio of NagS0, to Mgs0,,
R L e D 29-5 470 1:1'59
B oo o0 o bR 84-5 362 1:1-04
B o E S 458 201 1:063

—_— e m—— — i

e e e ——

' Roozeboom, Zeitsch. physikal, Chem., 1888, 2, 518,



66 RECENT PHYSICAL AND INORGANIC CHEMISTRY

Repeating the process, but using in this case astrakanite
and magnesium sulphate, we find the following results :—

TII,—Sonip PHASES : ASTRAEANITE AND MAGKESIUM SULFPHATE.

Temperature, Naa30y. Mg50,.  Latio of NagS0y to MgsOy,
SR i 341 427 1 B 15
RS 285 46-3 116
G 24-5° 26-8 476 1:18
BB B 23-0 531 1:2-3

Now let us fix our attention upon the temperature 24-5° C,
If we take pure astrakanite and dissolve it in waler at this
temperature, we should get, in the first place, a solution con-
taining exactly equimolecular quantities of sodium and
magnesium sulphates. But if we look at Table II., under the
temperature 24:5° C., we shall find that equilibrium is attained,
not when the two salts are present in exactly equal proportions,
but when there is slightly less sodium sulphate present. Conse-
quently, in order to reach the position of equilibrium, a solution
of pure astrakanite must deposit some sodium sulphate. (We
exclude the case of supersaturation for the sake of convenience.)
Thus it will be impossible to obtain at 24-5° C. a solution of
pure astrakanite.

Let us now construct from the data in the three tables
given above a graphic representation of the relations between
the various substances. The abscissie in Fig. 2 represent the
temperatures, while the ordinates show the ratio of magnesium
to sodium sulphate in the various solutions. The diagram is
only a rough one.

The line ACB represents solutions saturated with magnesium
and sodium sulphates, and is drawn from the data in Table I.
The line CD represents a series of solutions saturated with
astrakanite and sodium sulphate, the data being taken from
Table II. Similarly, the line CH is drawn from data in
Table III., and represents a series of solutions in equilibrium
with solid astrakanite and magnesium sulphate. If the experi-
mental data were absolutely correct, these three lines would
meet in the point C, which is the transition point of the
syatem.,

An examination of the figure will show that if we have a
solution under conditions represented by the point P, it will
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contain more magnesium sulphate than a saturated solution of
magnesium and sodium sulphates or of sodium sulphate and
astrakanite could do. It is therefore in a state of unstable
equilibrium, and will begin to precipitate magnesium sulphate.
In other words, the line representing its change in composition
will be PX, and the solution will only come into equilibrium
when its composition can be represented by the point X, the
temperature being kept constant throughout. Similarly, a
solution represented by the point @ would contain an excess
of magnesium sulphate, and part of this salt would separate out

f.u- T—-———u-ll--—

20+
ATME Transition

Ratio of Na;S0,4 to MgS0,4 in solution

Falnt
H
20° 29 24° 26” 28° 30°
Temperature
Fra. 2,

until the composition of the solution became representable by
the point Z. Further, a solution represented by the point R
would be unsaturated with regard to both sodium sulphate and
magnesium sulphate,

We are nowin a position to understand what happens when
we dissolve pure astrakanite in water. Let us take the case
of a solution at 28° €., which we can represent by the point S,
All solutions of pure astrakanite in water will be represented
by points on the line KSD, since all such points represent
solutions containing equimolecular quantities of sodium and



68 RECENT PHYSICAL AND INORGANIC CHEMISTRY

magnesium sulphates. Now, when we lower the temperature
the composition of the astrakanite solution will remain un-
changed until the point D is reached. At that point a change
must take place, for if we attempt to confinue along the line
DT we shall produce a solution supersaturated with regard to
magnesium sulphate ; hence precipitation will oceur, and the
solution will cease to contain the two sulphates in equimolecular
quantities. The point D, then, marks the lowest temperature
at which astrakanite can be dissolved in water without decom-
position. DBut the lowest temperature at which astrakanite
can exist is the transition point C, The interval between
these two temperatures is called the fransition interval for

astrakanite solutions.

5. THE EXISTENCE OF DoUBLE SALTS IN SOLUTION

When we mix solutions of two salts containing a common
ion, it may in some cases be important to know whether the
solution contains a mixture of the two original salts or a
new double salt, Various methods have been suggested for
ascertaining this, some of them being adaptations of those
employed in the determination of transition temperatures. It
is obvious fthat physical methods alone can be employed, as
chemical experiments can tell us nothing in the matter,
unless we are able to isolate the solid substances and analyze
them with a view to finding differences in the amount of
waler of crystallization or some such property.

In applying physical methods to the problem, we begin
with the most obvious property, colour. Many cases are known
in which the formation of a double salt produces an absorption
spectrum different from that of the components. We have
already quoted the case of the double salt of potassium and
ferric chlorides, whose formation gives rise to a red tint in the
previously yellow solution. When we mix a solution of
colourless lithium chloride with one of green cupric chloride,
we obtain a garnet-coloured double salt. Other instances
might be quoted.

Conductivity measurements! may also be employed to test

1 Archibald, Trans. Nov. Scol., Imsf. Sci., 1891, 9, 307; Jones and his
collaborators, dmer. Chem. J., 1897, 19, 83 ; 1899, 22, b; 1900, 24§, 249.
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whether or not a double salt is present in solution. We can
calculate the conductivity of a mixture of two salts in solution ;
and it has been found in many cases that if we use fairly strong
solutions the observed conductivity differs to a considerable
extent from the calculated value, thus showing that double salt
formation has taken place.

Magnetic rotation ! has been used in a similar manner. The
values for two separate substances ave first obtained, and the
rotation due to a mixture of them is caleulafed in the usual
way from the mixture rule. The actual value found by experi-
ment will differ from the ecalculated one, if any interaction
between the salts oceurs.

The depression of the freezing-point of solutions has also
been of service in this field. We first ascertain the depression
produced by given quantifies of fhe two components, and then
caleulate their joint effect upon the freezing-point. If this
corresponds to the experimental results obtained with a solu-
tion confaining a mixture of the two components, no double
salt formation has taken place at thabt temperature. If the
caleulated and experimental values do not agree, a double salt
has been formed.

6. CRITERIA OF THE NATURE 0F EQUIMOLECULAR MIXTURES
oF OPTICAL ANTITODES

The last problem in connection with double salts which we
need enter into is that of the nature of the crystals which are
produced when equimolecular quantities of two optical anti-
podes crystallize from a solution together. It is obvious that
in this case we may have one of three possible alternatives : the
substances may form a true double salt ; they may successively
crystallize in separate layers round the same nucleus, producing
a mixed crystal; or, finally, they may simply erystallize out of
the solution as a conglomerate, a mixture of erystals of each
separate antipode.

It is well known that the melting-point of a substance is
lowered by the solution in it of a foreign substance. For
example, the melting-point of water is very considerably

! Schinrock, Zeifsch, physikal. Chem., 1893, 11, 776,
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lowered when salt is added to the liquid, Now, the same rule
will hold even if the relative amount of the solvent be
decreased ; and, consequently, if we increase the amount of
solute and diminish the amount of solvent, we shall eventually
reach a minimum value for the melting-point of the mixture.
If the process be continued, it is clear that eventually the
solvent will be present in less guantity than the solute, so
that their relative positions are altered: what was at first the
solvent now becomes the solute. When this point has been
passed, the melting-point of a mixture of the two bodies will
rise rather than fall, for the proportion of solvent to solute is
now steadily increasing.

Let us apply this to the case of two optical antipodes.
Suppose that they do not combine with each other chemically ;
in that case we may have a con-
clomerate or a mixed erystal present
in the solid condition,

A F If A (Fig. 3) represents the
melting-point of, say, the dextro
form, then as some of the levo
8 p Variety is gradually added to the
pure dextro form, the melting-point
of the mixture will gradually fall
until it reaches a minimum at C,
when equal quantities of the dextro
and levo forms are present in the
0% 100% :

Tl p mixture. Now let F represent the
melting-point of the levo form.
Since the melting-points of optical antipodes are equal, DF will
be equal to BA. As we add more and more of the dextro form
to the levo substance, the melting-point of the mixture will
fall just as in the last case, and in the end it will be represented
by the point C. It is evident that at C both antipodes will be
present in equal proportions. Hence, if we add to such a
mixture as this a small quanty of either antipode, the melting-
point of the new mixture will be higher than that of the

equimolecular mixture.

In the case of a mixed erystal composed of two optical
antipodes, there are various possible forms for the curve repre-
senting the melting-points of a set of mixtures of different
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composition. Of these possible curves, only two have been
as yet observed in practice. They are of the forms shown in
Figs. 4 and 5.

It has been found that the two camphor oximes, for instance,
form a series of mixed erystals, all of which have the same
melting-point, The eurve of the wmelting-points of these
mixtures is therefore a straight line. An example of the other
form of curve is furnished by the carvoximes. In this case a
maximum is found, as shown in the figure.

With regard to racemic substances, we have an actual com-
pound present., Consequently, since we are now dealing with

H
G B G
7 10075 09 5095 10075
Fra. 4. Fig. 5.

three substances (the two antipodes and the racemic compound),
we shall have two sets of curves, one showing the relations
between the dextro anfipode and the racemic substance, the
other illustrating those between the racemic compound and the
leevo isomer. Figs. 6 and 7 show possible forms of the curves.

This case is really a repetition of the one we first dealt with,
but here the figure is repeated twice over. If the racemic
compound be considered as taking the place of one of the
antipodes, A represents the melting-point of the dextro form,
H that of the leevo isomer, and D that of the racemate. The
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abscisse along BK represent graphically the percentages of
dextro isomer and racemic compound present; while those
along KG represent the percentages of racemate and levo
antipode. It can be seen that an addition of ecither the dextro
or the levo form to the racemate will result in a lowering
of the melting-point,

We are now in a position to understand the method to be
applied. We have before us an optically inactive crystalline
body which is made up of equal quantities of dextro and levo
forms; and we have to decide whether it is a conglomerate, a
mixed crystal, or a racemate. We take its melting-point. Then
we add to it a small quantity of one of the antipodes, and take

A H
: l D
D \/'\/_
A H
& C K F G B C K F G
0% 100% 0% 100%
Fia. 6. Fra. 7.

the melting-point of the mixture. We continue this process,
adding each time rather more of the antipode than we used in
the previous experiment. In this way we are able to plot the
eurve of the melting-points of the mixfures. If this curve is a
straight line parallel to the X axis, or if it is a curve of the
type shown in Fig. 5, then we have a mixed crystal. If, on
the other hand, we get first a fall in the melting-point, and
then a rise as we increase the quantity of antipode in our
mixture, it is obvious that we are dealing with a true racemic
compound, for the curve will resemble one of those shown in
Figs, 6 and 7. Finally, if the addition of more and more
antipode to the inactive body produces a series of mixtures
whose melting-points are higher and higher, then we evidently
have merely a conglomerate before us, and the curve will be
one of the branches of that shown in Fig. 3.



CHAPTER VI
THE PROBLEM OF THE OCEANIC SALT DEPOSITS

1. THE STASSFURT SALTS

IN various parts of the earth, large tracts of sedimentary
deposits have been discovered which confain very high per-
centages of common salt. Such strata form the most valuable
source of salt at the present day; but in addition to their
practical value, they offer a further claim to attention on account
of some physico-chemical questions which their existence sug-
oests. The most important deposit is to be found at Stassfurt,
and we may describe its characteristics briefly before entering
into a discussion of these problems.

The salt strata in the Stassfurt district may be divided
into four types. Beginning at the top, we have a layer of
carnallite (MgCly. KCI1. 6Hy0) mixed with a little rock salt ;
this bed may be anything up to thirty metres in depth. Below
this comes a stratum of rather greater thickness made up of
kieserite (MgSO,.H0); the percentage of roek salt in this
layer is rather greater than in the carnallite bed. Deeper still
we come to a zone in which the prevailing mineral is polyhalite
(MgS0,. Ky80,. 2CaS0y4. 2H,0) ; while the fourth stratum is
chiefly made up of anhydrite (CaSO,). The polyhalite and
anhydrite regions are remarkable for the manner in which the
characteristic minerals are interspersed with regular layers of
rock salt: first comes a layer of rock salt, then a layer of
polyhalite, then another layer of rock salt, and again a layer
of polyhalite. DBelow the anhydrite strata lies the main bulk
of the common salt deposits. Fig. 8 shows an ideal section of
these strata. :

While the problem of the conditions under which the
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Stassfurt beds were laid down is most important from the
point of view of geology, it is evident that very little pro-
gress conld be made towards ifs solution by the means at the
disposal of geologists. Apart from the suggestion that the
alternating layers of salt and polyhalite, ete., owed their origin
to the change of temperature with the seasons, there seemed
little chance of any results of value being obtained, 1In the

Fig. 8.

hands of van’t Hoff and his collaborators, however, the whole
question has been opened up and developed to such a point
that we can now tell even the temperature of the period at
which any particular series of beds was deposited. In the
following pages a brief account of these researches will be
J1VEL.
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2. Tne Researcues or Usignio AND orF vanN'T Horr

From the composition of the Stassfurt deposits, it seems
probable that they were originally formed by the evaporation
of sea-water; and hence it may at first sight appear perfectly
simple to repeat the process in the laboratory by evaporating
sea-water to dryness. This was carried out on a large scale
by Usiglio ;! but the results obtained by him failed to corre-
spond with the natural deposits in several important respects,
For example, he obtained neither kieserite, polyhalite, nor
anhydrite, though these substances are the predominant facfors
in the middle strata at Stassfurt.

Several causes probably contributed to the failure of Usiglio’s
experiments. In the first place, at the time when he carried
out his work, the question of transition temperatures had not
been thoroughly investigated, and consequently this important
factor was perforce left out of the caleulation. This alone
would have made success very doubtful in the case of the
deposition of double salts, but there were many other draw-
backs to his method. In artificial experiments, even on the
largest scale, there are many sources of error which prevent
the action from proceeding on lines exactly parallel to those
followed by the natural proeess. There may be supersaturation
in a small tank ; the layers of two deposits may be so intimately
mixed that it is difficult to determine which came down first ;
or, again, after one solute has separated out from the solution
its erystals may become crusted over with layers of a second
solute, so that there may be no solid phase of the first solute
in contact with the solution.

It is therefore evident that, in order to obtain an insight
into the conditions under which the Stassfurt strata were laid
down, we must have recourse to methods more refined than
the mere evaporation of sea-water. The question remained
practically at this stage until the year 1887, when van’t Hoff'®
and his collaborators attacked the problem from a different
point of view.,

! Usiglio, Ann. ehim. phys., (iii.) 1849, 27, 92, 173,
* Van't Hoff, Zur Bildung der ozeanischen Salzablagerungen, vol 1. (1905),
vol. i, (1909).
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Instead of taking a solution like sea-water, which contains
a very larce series of solutes, van’t Hoff in his researches
worked from simple to more complex cases. The simplest
case is, of course, that in which there is only a single solvent
and a single solute. In such an instance, evaporation would
proceed until the solvent was saturated with the solute, after
which, if more solvent evaporated, the solute would begin fo
separate out from the mother-liquor. The ease of two or more
solutes is more complicated, and we must devote another seetion
to ifs eonsideration.

3. SorLuTIoNs oF PorassioM AND Sopivm CHLORIDES

If we dissolve two salts, such as sodium chloride and
magnesium sulphate, in water, it is evident that we shall at
once have a double decomposition taking place, so that if we
were to evaporate the solution we should obtain a mixture of
magnesium sulphate, magnesium chloride, sodium chloride, and
sodium sulphate. The original two salts would give rise o two
new salts, thus complicating the problem very considerably.
It becomes clear, therefore, that if we are to deal with a case
which does not involve these complications, we must restrict
ourselves to two salts having a common ion, such as two
chlorides or two potassium salts., Further, we must be careful
to select two salts which do not combine together to yield a
double compound, as this would confuse the matter to some
extent,

We may choose, as a conerete example, the case of potlas-
sium chloride and sodium chloride; and we may take the
temperature at the time of the experiment as 25°C. Under
these conditions, a saturated solution of sodium chloride con-
tains one hundred and eleven moleenles of salt in a thousand
molecules of water. Under the same conditions, a saturated
solution of potassium chloride contains eighty-eight molecules
ol salt in a thousand molecules of water.

Now, suppose we take a saturated solution of sodinm chloride
and add to it potassium chloride, two results will follow, In
the first place, potassinm chloride will be dissolved; but as
more and more is added it will finally be present in greater
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quantity than the solution can take up, and further addition
of it will have no effect. The solution which we thus obtain is
saturated with respect to both potassinm chloride and to sodium
chloride. It is termed a constant solution, and is composed of—

Potassinm chloride : : : ; 89 molecules
Sodium chloride . ; : : : 89 o
Waber . : : ; ; : . 1000 4

We must now attempt to express these relations graphically
(see Fig, 9). We take two rectangular axes, OX and OY,
and let distances measured
along OY represent the
number of molecules of po-
tassium chloride in a thou-
sand molecules of water,
while distances along OX
represent the analogous

measurements for sodinm
chloride. Then P will in-
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MNumber of molecules
of KClin solution.
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dicate the s::a,turaiilﬂﬂ point O™ b 40 6o 8o 100
of the solution with regard Mumber of molecules of NaCl in solution.
to potassium chloride, since F1a. 9.

OP is eighty-eight units in

length. TFurther, I represents the saturation point of a solu-
tion of sodium chloride in water, OR being a hundred and
eleven units in length. The co-ordinates of the point Q are,
of course, thirty-nine along OY, and eighty-nine along OX,

A consideration of the figure will show that the composition
of any possible solution of sodium chloride and potassium
chloride can be represented by some point inside the figure
OPQR. Further, points outside OPQLR represent merely ideal
solutions; for in practice any attempt to add to the solution
more salt than can be represented by a point within the figure
would result merely in the deposition of a corresponding
amount of salt.

Let us next consider the case of some definite solution, and
see if we can foretell its behaviour on evaporation. Suppose
we take as an example a solution containing forty molecules of
potassium chloride and sixty of sodium chloride in a thousand
molecules of water. To obtain the point corresponding to this
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composition, we measure sixty units along OY and forby units
along OX, and in this way we find the point S. When we
begin to evaporate this solution, it is evident that at first we
do not alter the ratio of potassium to sodium chloride contained
in it; we merely remove the water. The solution therefore
becomes more concentrated, while at the same time the ordinate
and the abscissa of the point representing it maintain the same
ratio to each other as before. Now, the ordinate of any point
on OV is obviously two-thirds of the corresponding abscissa ;
and the line OV represents a series of solutions in which the
ratio of sodium to potassium chloride remains always the same,
though the proportion of water present decreases as the distance
from O increases.

As we evaporate the solution, then, the point representing
its composition will move from S along OV in the direction of
Y. When it reaches the point T we have a solution which is
saturated with potassium chloride, and consequently some of
that salt will separate out. If the evaporation be continued, it
is obvious that the point representing the solution’s composi-
tion cannot move along the dotted line TV, as no such solution
can exist; experiment shows that it moves as shown by the
arrow, in the direction of Q. When, by further evaporation,
the composition of the solution becomes that which is repre-
sented by the point Q, no further change takes place ; the two
solutes are then present in such proportions that their rates of
erystallization are exactly proportional to the quantity of each
substance which is present in solution. The solution therefore
yields crysfals of a constant composition, and goes down to
dryness without change in concentration. The point Q is
termed the end-point of crystallization.

These results van't Hoff ! summarizes in the following rule:
“ A solution in depositing a solute changes its composition
away from that of a saturated solution of this solute alone.”

4, Tag CAsE 0F CARNALLITE

In the foregoing section we examined the case of a solution
containing two non-combining solutes ; in the present section we
must take up a slightly more complicated case. When we mix

! Van't Hofl, Ozcanischen Salzablagerungen, i, p. 12,
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together under certain conditions of temperature solutions of
magnesium and potassium chlorides, a double salt called carnal-
lite is formed, which has the composition—

I'I'Igﬂlg .KO1, GHQU

It is evident that the formation of this body differentiates the
case of a solution of magnesinm and potassium chlorides from
the solution of sodium and potassium chlorides with which
we have dealt, Instead of two solutes we have now three :
magnesium chloride, potassium chloride, and carnallite. Thus
we have to determine the solubility relations of—

1. Potassium chloride in water,

2. Magnesium chloride in water.

3. Carnallite in magnesium chloride solution.

4. Carnallite in potassium chloride solution.

As in the last case, we take two rectangular axes, along one
of which we measure
the number of mole-
cules of potassinm +B
chloride in a thou-
sand molecules of
water, while along
the other we measure
the number of mole-
cules of magnesium
chloride in the same
quantity of water.
The point A (see
Fig, 10) represents a
saturated solution of
potassiumn  chloride
(88 KCl in 1000
molecules Hy(). The o 70 40 60 80
P‘U‘iﬂt B ]:BprBSG]ltS a Mumber of molecules of KC] in the solution

: Fic. 10.
saturated solution of
magnegium chloride (108 molecules MgCl, in 1000 H,0).

Now, suppose we take the saturated potassium chloride
solution represented by the point A and add to it some
magnesium chloride. The two salts at once combine to form
carnallite. Consequently the solution is really one containing

¥

100+
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W
-

Number of molecules of MgCls In the selution
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o
o
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carnallite and potassium chloride; so that by the continual
addition of magnesium chloride we are really approaching
a constant solution of carnallite and potassium chloride
instead of a constant solution of magnesium and potassinm
chlorides. This constant solution is obtained when we have

present—

Potagsium chloride . : . . 11 molecules.
Magnesium chloride . ; ; ; TaB
Water . : g : : ; . 1000 ,,,

This point is represented on the figure by the point E.

If we begin with a saturated solution of magnesium chloride
and add to it potassium chloride, a similar process takes place.
The added potassinm chloride combines with the excess of
magnesium chloride, forming carnallite again ; but in this case
the constant solution formed by continued addition of potassium
chloride is one containing carnallite and magnesium chloride
and having the composition—

Potassium chloride : . . 2 2 molecules,
Magnesium chloride . : : . 105 i
Water . : : ‘ : . . 1000 a

In the figure this is represented by the point F,

If, as in the previous section, we take the case of a solution
of the composition shown by the point S, we can now tell
exacfly what will happen when it is evaporated. In the
first place, water will be driven off, and the point S will
move along OV towards V until it reaches T, beyond which
it cannot go. At this point there is an excess of potassium
chloride in the solution, and as the concentration increases
it is found that this separates out. That is to say, the
point representing the solution will move from T along TE
towards K,

At this point there are two possible courses open. If we
remove from the vessel all the solid potassium chloride which
separates out from the solution, the ecomposition of the solution
will follow the line EF, becoming richer in magnesium chloride,
In this case, ¥ is the end-point of crystallization. On the
other hand, if we do not remove the solid potassium chloride
from the solution, it is attacked by the magnesium chloride
with the formation of carnallite, which then crystallizes
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out. In this case the composition of the solution remains
constant, and a continuous separation of carnallite takes
place.

Of course in this, as in the previous figure, the lines should
not be quite straight, but the deviation from straightness is
probably not great.

5 Tur CASE oF THE CHLORIDES AND SULPHATES OF
MAGNESIUM AND POTASSIUM

We must now proceed to examine a still more complicated
case, in which the number of possible constant solutions
- increases greatly. If we take a solution of potassium chloride
and add to it magnesium sulphate, we obtain in the consequent
double decomposition a solution which contains four salts:
potassium echloride, potassium sulphate, magnesium chloride,
and magnesium sulphate. As we shall find later, it contains
other salts as well; but for the present we may confine our
attention to these

As in the last case, we must determine the solubility of
each of the four salts in water, The number of molecules of
each salt which can be dissolved in a thousand molecules
of water is given in the following table :—1

A, K0l . : f : - 44 molecules *
T 1 P e o A L SR (1 JT
C. MgSO,.TH.O . : ; : 55 =
W B L N et el g T

To this table we have to add a second showing the relations
between carnallite and its components—

Molecules of

K3Clg MgCly saturate 1000 HaO
E. K,Cl, and carnallite . . 55 725
F. MgClL and carnallite . - 1 105

Then we have to take into account the relations of
magnesium chloride to the two hydrates of magnesium sulphate,

! For these and the following figures and diagrams, van't Hofl's
Ozeanischen Salzablagerungen has been utilized.

* Van't Hoff reckons potassium chloride in terms of double molecules in
order to bring it into line with the other salts.

G
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as well as the reciprocal relations of the two latter bodies.
These are expressed in the following figures :—

Molecules of
Mg, MgS0, saturate 1000 1.0
G. MgCOlL and MgS0,.6HL,0O . . 104 14
H, MgCl, MgS0,.7H,0 and MgS0,.6H,0 73 15

The formation of MgSO.6H,0 is due to the dehydrating action
of the magnesium chloride ; so that the hexahydrate is formed
only in-solutions containing that substance.

When the sulphates of magnesinm and potassinm oeeur in
the same solution, there is a possibility of the formation of the
double salt schonite, MgSO. Ky80,.6H,0, so that this in turn
must be taken into account. We therefore obtain two more
sets of data—one showing the relation of magnesium sulphate
to schonite; the other giving the relation of schonite to
potassium sulphate—

Molecules of

Mgs0, K80 in 1000 mols, T,0
I Mgs50,.7H,O and schinite . 585 55
K. K.,80, and schinite : : 22 16

To complete the series, we now require to know the
relations between potassium sulphate and potassimin chloride.
These are given in the following figures :—

Maolecnles of
KaCly K80y in 1000 mola, HaO

L. ES0.and 0L . .. . 48 1'5

In the foregoing data we have taken each substance
separately ; then we have taken their double salts; and
finally we have taken them in pairs, We must next take
the data found when the substances are present three at a time,
These data are given in the table below :—

Molecnles of
KaCla MgCl, Mg30, in 1000 mols, HoO

M. K.Ol, K.SO, schonite . . 25 21 11
N. K.,Cl,, Mg80,.TH.O, schinite . 9 55 18
P. K.Cl, MgS0,.7H,0, Mg30,.6H.0 8 62 15
Q. K.Cl, earnallite, MgS0,.6H.O . 45 70 186
R. MgCL, carnallite, MgSO,.6H 0. 2 99 12

These figures complete the data required, and we must now
proceed to express them graphically. For this purpose van’t
Hoff chose rectangular axes as in the previous cases, and
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carried out the construction of his figure in the following
manner (see Fig. 11). Along the axis OA he measured off
forty-four units, corresponding to the quantity of potassium
chloride required to saturate a solution. Similarly the point B

MEGIEEKIS
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G F
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IT -~
804
E
Hgp
60
404
20| oh
MgSQ, axis ¢ 20 40 HECIﬂtis
O L“A
J
D
[
K,80, axis
Fia. 11.

represents the saturation point of a solution of magnesium
chloride, point C represents a saturated solution of magnesium
sulphate, and D a solution saturated with potassium sulphate.
The positions corresponding to the constant solutions are then
filled in as before at E, ¥, G, H, K, and L.
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The diagram which we thus obfain is not satisfactory,
however, as the following consideration shows. Let us take the
concrete case of two solutions, one of which (I.) contains

10 molecules KaCly
20 molecules MgCl,
0 molecules MgSO,

while the other (II.) contains

30 molecules KyCl,y
20 molecules MgCl,
20 molecules MgS0;

If we attempt to insert these in the plane figure (Fig. 11) we
must for case (I.) measure from O ten units along OA, then
turn at right angles and measure twenty units parallel to the
direction OB. This will place us at the point X, which should
thus represent the composition of fhe solution I. In the case
of solution II., we start again from O, measure thirty unifs
towards A to represent the quantity of KyCly present; then
in the reverse direction—towards C—measure twenty units to
represent the amount of MgS0O, in the solution, This leaves
us at a point ten units from O in the direction OA. We then
measure from this point twenty units up the paper in the
direction OB, and this brings us in this case also to the point
X. Thus two solutions would be represented by the same
point X,

In order to avoid such confusion, van’t Hoff inserted
another co-ordinate into his scheme. I¥rom every point in
the plane of the paper he raises a perpendicular whose length
is proportional to the number of molecules of all kinds which
are present in the solution. For example in the two cases
aiven above, a perpendicular would be raised from the point
X ; on this perpendicular we should cut off a distance of thirty
units (10 molecules KqCly 4+ 20 molecules MgCly = 30 molecules
in all), and the point thus obtained would represent solution
(L.). Since solution II. contains seventy molecules, we should
have to travel seventy units up the perpendicular from X hefore
we arrived at the point which represents its eomposition,

When we have in this way filled in the five points
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corresponding to the solutions M, N, P, Q, and R, we shall
have the outline of a space-model whose appearance is shown
in the perspective sketch, Fig. 12. Each face of this model

MgCl, axis

1
i
1
i
1
i
1
i
1
I

The face FRGE represents
MgCla. GHaD

i ———
£

K, 504 axis

]

¥
I
I
1
1
1
1
1
I
1

Fia. 12,

represents a solution saturated with the salt whose name is
placed upon it in the figure,

We must now endeavour to see how this model can be
utilized. As far as the edges are concerned, there is no diffi-
culty ; the lines AR, BF, ete., have exactly the same meaning as
the lines in Figs. 2, 3, and 4; and the route followed in
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cerystallization can be foretold by the van’t Hoff rule just as in
the previous cases. The arrows in the figure indicate this.

The case is not much more complicated if we start from a
solution whose composition is represented by a point on one of
the faces. Suppose we take the point S in Fig. 12. This
point lies on the potassium chloride face, so that an evaporation
of the solution will cause the separation of that salt. Since the
point A represents a saturated solution of potassium chloride,
we join S to A. Then according to the van’t Hoff rule, the
point representing the composition of the solution will pass (as

the solufion is

evaporated) along

AS produced

away from A, It

will thus cut the

edge MN in T,
F and thereafter the
crystallization
. Drocess will fol-
Q low the direction
A of the arrows as
shown,

C = H : G < B

¥ MgCl,.6H,0

-

v MgS04 TH,0

MgSO0,- 6H, O
=

. Carnallite A

.

D
¥

A

Schonite

Ko S0,

.

A

Polassium
Chloride

-

L

We need not
enter in detail
into cases in
which the point
representing the

composition  of
the original solu-
tion lies inside the surface of the space model ; it is, of course,
more complicated, but the same rules apply there also.

Since the space model is somewhat clumsy, we may replace
it in a way by a simplified figure which gives equally well the
relations between the various faces (see Fig. 13).

Fic. 18,

6. Tur CasE oF FIVE SALTS

If to the salts dealt with in the last section we add
sodinm chloride, we shall obtain a solution which closely corre-
sponds to that from which the upper bed of Stassfurt must
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have been laid down. The case is an exfremely complicated
one, there being no fewer than twenty-six different possible

< A =~
\ Bischofite
Y MgCla.6Ho0 Y
: " Z - D
Kieserite GCarnallite
T MgS04.H20 MgClo. KCLEH,0 I
Y Q
; R E
A MgS04.6H20 A
Kainite
: X MgS04.KCL3H0 /|
M
iF
Reichardtite
A MgSO4THL0
A Leonite Sylvine
MgS04.KpS0,4.4H20 KCL A
| = Ay
u _ N
Astrakanite Schaonite
AMgs0,.NayS04.4H EGA MgS0,4.K2504.6H,0
T IM
M
! = = Glaserite
Thenardite 2K2S0,4.NagS0, A
A Na,SO,
= ™
G i G 5 s 2

Fia, 15,

solutions and combinations of solutes to be taken into account.
We may content ourselves with reproducing van’t Hofl’s sketch
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of the space model (Fig. 14) as well as the plane arrangement
derived from it (Fig. 15). This model corresponds to a set
of experiments carried out at a temperature of 25° C.

7. Tune INFLUENCE oF TIME

At this point we must deal with another factor in the
question which complicates matters very considerably. In the
course of his earlier researches, van't Hoff found that in many
of the solutions employed by him supersaturation oceurred, with
the result that salts which should theoretically have appeared
at a certain stage of the evaporation process did not begin to
erystallize from the solution until much later. The salts which
thus appeared in the wrong place were kieserite (MgS0O, . Hy0),
leonite (MgK,(SO4)4H;0), and kainite (MgSO,. KCl. 3H,0).
Van't Hoff, in order to detect the presence of these bodies,
brought into action the differential tensimeter. The salts which
now and then fail to erystallize at the points where they are
expected are all dehydration produets of salts already present
in solution: they must therefore be formed in a solution whose
- tension is smaller than that of the water of crystallization in
the undehydrated salts. By means of the differential tensi-
meter, we can decide which form will appear.

For example, at 25° C., the tension of the water of crystalli-
zation of magnesium sulphate hexahydrate is greater than the
tension of a solution containing magnesium sulphate hexahy-
hydrate, carnallite, and magnesium chloride ; and it is there-
fore to be expected that when the hexahydrate is brought
into contact with the solution, it will be dehydrated. This
actually oceurs in practice, and can be detected by means of the
tensimeter. Again, at 25° C. a saturated solution of schonite
may be supersaturated with leonite, which contains fwo mole-
cules less water of crystallization; so that this salt must be
taken into account when the examination of the solution is
made.

These supersaturation questions naturally complicate the
problem very much, for they result in crystallization hanging
fire to a greater or less extent, and thus creating a discrepancy
between theory and practice.
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_ There appears to be some relation between the retardation
of crystallization and a number which is called the mean valency
of compounds. This mean valency is obtained in the following
manner. As a numerator we take the sum of the number of
valencies of the ions into which the salt dissociates in solution,
and add four units for each molecule of water of crystallization.
The denominator of the fraction is obtained by adding together
the number of ions and three units for each molecule of water
of erystallization. |

A few examples will make the matter clearer.

24248

Gypsum, CaS0,.2H,0 . St =16

g T LB EdT
Glauberite, CaNa,(50,). . T 16
L] = | 14y m ‘1 + 18 + E‘;} e MY IR
Colemanite, Ca,B,0,, . 8H,0 . RS e 1-83

; 24841 _

Ascherite, MgBO.H o, e e 2:0

In this series of substances, there will be less retardation
in the crystallization of gypsum than in that of glauberite,
while ascherite will show the greatest resistance to crystal
formation,

8. PARAGENESIS AND THE INFLUENCE oOF TEMPERATURE

An examination of Fig. 15 will show that some of the
rectangles are conterminous, while others do mnot touch ecach
other. For example, the rectangles representing kainite and
schonite do not touch each other in any point; while the
rectangle denoting sylvine touches those symbolizing kainite,
leonite, schonite, and glaserite. This indicates, as has been
shown experimentally to be the case, that while sylvine can
co-exist in solution with kainite at 25° C., astrakanite cannot
do so. DBut if two substances cannot co-exist in solution it is
evident that they cannot occur together in the same salt
stratum; for their occurrence together would  .show that
they had crystallized out side by side ifrom the solution,
Hence our space model can be made to serve another purpose,
viz, to tell us whether or not we can expect to find two
wminerals oceurring in the same mineral layer. Further, if we
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do discover cases in which astrakanite and kainite occur in the
same strafum, then we can at once say that the temperature at
the time of deposition could not have been 25° C.

This question of paragenesis, as van't Hoff called it, led him
to take up an elaborate series of supplementary researches, in
the course of which he determined, in the presence of sodium
chloride, the transition temperatures of all the double salts
shown in the following table :—

Existence-limits,
Mineral, Composithon, ——
: Upgper. Lower,
|
Thenardite . MOAT . | Na, 80, — 18-5
Glaubersalt . . .| Na,SO,.10H.0 i san =l e
Kieserite . i : . | Mg80,.H.0O : - - i 18
Schonite . . . .|MgSO.K.S0,6H,0 | 26 =
Reichardtite . . .| MgS0,7H.0 || B =
Hexahydrate . . . | MgB80,.6H,0 | 365 | 13
Langbeinite : : . | E.80,.2MgS0, - | 37
Loewite . . . .|9Mg80,.2NaS0,5H0 | — 43
Vanthoffite . . : . | MgS0,.3Na,50,.4H,0 — | 46
Astrakanite. . . .| MgSO, Na,S0,4H,0 60 45
Teonite . . . .|DMgSO,ES04HO0 | 615 18
Kainibe . . . .|MgsSO,KoL3HE,0 | 8 o

—————

These data furnish us with the means of foretelling the
outlines of the crystallization process which will take place
when a solution containing these salts is evaporated. Let us
choose the temperature 84° C. as a starting-point. At that
temperature, the only double salts which can exist are carnallite,
langbeinite, glaserite, vanthoffite, and loewite; but crystals of
bischofite (MgCl,), kieserite (MgSOy. Hy0), thenardite (NagSOy),
and sylvine (KCl) may also be formed.

When the liguid cools down one degree, kainite (MgSO, .-
K(Cl.3H,0) makes its appearance, as it has then reached its
upper existence limit, 83° C. The solution will go on deposit-
ing these ten minerals until the temperature falls to 61'5° C,,
at which point leonite (MgSO,.KsS0,.4H,0) first occurs.
One and a half degrees lower, astrakanite (MgSO,. NagSO, .-
4H,0) begins to be formed. The temperature must now fall
to 46° C. before further change takes place; but at this point
we reach the lower limit for the existence of vanthoffite
(MgSO,. 3Na,S0, . 4H,0), and it consequently ceases to be
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deposited from the solution. After the temperature reaches
43" C,, loewite (2MgS0,. 2NasS0,.5H,0) in turn disappears ;
and at 37° C. langbeinite (2MgS0,.K3504) also ceases fo
crystallize out. At 3855° €. it becomes possible for the
hexahydrate of magnesium sulphate to be deposited ; at 31° C.
the heptahydrate, reichardtite, appears, and at 26° C. we begin
to find deposits of schonite (MgSO;. KoSO, . 6H,0).

When the temperature reaches 18° C., three simultaneous
changes oceur; for on the one hand we reach the upper limit
of existence of Glauber's salt, which therefore makes its
appearance, while on the other hand we find that both kieserite
and leonite disappear at this point,

At 13-5° C., thenardite (NagSOy) disappears, the Glauber salt
taking its place. Then, if the temperature falls half a degree,
we reach the lower limit of existence of the hexahydrate of magne-
sium sulphate, Finally, at 4:5° C. astrakanite ceases to exist,

Data such as these, however, only allow us to judge
roughly the temperature which must have existed when a
certain bed was laid down. A much more accurate method
of determining this temperature is to be found in the state
of paragenesis which is observed in the strata in question.
We cannot go into the matter in detail ; but an examination
of the annexed table! and of Figs. 16 and 17, will show the
applicability of the method. _

For example, if we take the two figures representing the
state of affairs at 47° C. and 46° C. respectively (Fig. 16), we
see that if crystallization takes place at 46° C., langheinite and
astrakanite cannot oceur together in the strata; while if the
temperature sinks lower to 46° C., they may appear as a
mixture. Again (Fig. 17), at 31'5° C, kieserite and leonife can-
not crystallize from the solution simultaneously ; if they occur
together in a stratum, the deposition must have taken place
at 32° C. or above it.

The objection might be made that the effect of pressure
might vitiate these conclusions, but van’t IHoff investigated
this point, and showed that even the highest possible pressures
would be practically without influence.

We need not go into the details of van’t Hoff's further
researches upon the calcium salts and the borates; the

' Van't Hoff, Oseanischen Salzablagerungen, i. p, 85
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experimental methods employed were similar to those with which

we have dealt.
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van’'t Hoff and his collaborators have yielded us what we may
call a “ geological thermometer,” by whose aid we may determine
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the temperature which prevailed in the solution from which
certain strata were deposited : and in certain cases this thermo-
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meter is so finely adjusted as fo enable us to determine this
temperature even to half a degree.



CHAPTER VII

THE COBALTAMMINES

1. (ENERAL

Ix the eighth column of the Periodic Table we find a group of
three elements, iron, nickel, and cobalt, which, while resembling
each other in a general way, show the usual slight differences
in their chemical properties. All three form chlorides in which
one atom of the metal is combined with two atoms of chlorine—

FeCl, NiCly CoCly

But when an attempt is made to produce a higher chloride, it is
found that while the ferric chloride, FeCl,, is quite stable, the
corresponding cobalt compound, CoCly, exists only in solution,
and no analogous nickel salt can be produced at all. From
this it appears probable that the highest valency which we can
reasonably aseribe to cobalt is three.

If we take a solution of eobaltous chloride, add ammonia
until the first-formed precipitate dissolves, allow the solution
to stand in air until the original brown colour is changed
to red, and then add concentrated hydrochloric acid, we
obtain a precipitate of bright scarlet crystals, This new
substance, which is called roseo-cobalt chloride, is found on
analysis to have an empirical formula corresponding to the
composition—

CoCly + 5NH, + H,0

Again, if we precipitate and redissolve the cobaltouns
hydroxide in excess of ammonia as before, but this time add
to the solution a large quantity of ammonium chloride, we
shall find that after standing in the air and treatment with
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hydrochlorie acid it gives a yellow-brown precipitate, luteo-
cobalt chloride, whose empirical formula may be written
thus—

CoCl; + 6NH,

These compounds are typical examples of the class of cobalt
ammonia derivatives with which we shall deal in the present
chapter. It is found that they may be conveniently divided
into classes according to the number of ammonia molecules

which they contain; and in this way we obtain the following
gl’ﬂ'llpﬂ —

Nama, Formmla.
Hexammine series . p . CoX, 4 6NH,
Pentammine series . . . CoX, 4+ 6NH,
Tetrammine geries . . . CoX, + 4NH,
Triammine series : . CoX, 4 3NH,
Diammine series . ., . CoX, 4+ 2NH, + MX

Here X represents an electro-negative atom or group, and M
an elecfro-positive one,

Now, research has shown that these ammonia groups are
not attached in a loose way, but are actually in some manner
bound up with the original cobalt salt. Further, they are so
closely attached as to produce a complete change in the chemical
character of the compound; for while in the salt CoXy we can
detect the presence of the atoms X by the usual analytical
methods, in the case of many cobaltammines the X atoms
appear to lose their ordinary chemical character. The problem
hefore chemists, therefore, is twofold. In the first place, we
have to find some explanation of the addition of several ammonia
groups to a compound such as cobaltic chloride, in which, as
we have seen, the affinity of the cobalt atom already appears
to be completely saturated by that of the three chlorine atoms.
Secondly, we must show why this addition of ammonia molecules
has such a far-reaching effect upon the chemical behaviour of
the chlorine atoms.

Since the problem of the cobaltammine constitution is a
special case of the general question of the constitution of com-
plex salts, it is hardly to be wondered at that the suggestions
proposed at various times are now fairly numerous. The chief
of these hypotheses we shall deal with in the succeeding sections
of this chapter.

H
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2 THEORIES 0F THE COBALTAMMINES

() The Blomstrand-Jorgensen Theory

It is not necessary in this place to enter into any detailed
account of the historical development of the metal-ammonia
question. Reifzenstein ® has traced its evolution, and reference
may be made to his paper for further information. The first
important step was taken by Berzelius in the consideration of
the ammonia ecompounds of platinum salts, which in some
respects resemble the cobaltammines. On the dualistic hypo-
thesis of Berzelius, metal-ammonia compounds were produced
by the union of ammeonia with another complex ; this complex
was not split off by treatment with acids, and did not affeet the
“ gaturation-capacity ” of the base. To express this idea,
Berzelius used formule of the following type :—

Pt . N3y . ¥H; €1

In the succeeding quarter of a century the ideas of
Berzelius receded into the background, and it was not until
1869 that they were recalled by Blomstrand in his Chemie der
Jetztzeit? DBlomstrand,® while taking Berzeliug’ formula, pre-
ferred to modify it in order to make it represent a true
ammonia derivative, and in this way he arrived at the
following symbol :—

Pt . N> NE2.Cl

which, when reduced to the modern system of nomenclature,
becomes—

NH;. NH;. Cl
Pt
NH;. NH;. Cl

A somewhat similar view had been taken by Odling, This
formula earries the implicit assumption that the group —NH,;—,
like —CHy—, has the faculty of forming homologous ehains,

! Reitzenstein, Zettsch. anorg. Chem., 1898, 18, 152,
* Bee also Wurtz,  Dictionaire de Chimie,”” i, 947. 1869,
* Blomstrand, Ber,, 1871, 4, 40,
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Blomstrand recognized this, and represented the metal-ammonia
derivatives by means of symbols of the following type :—

Mo ML

If we assume the possibility of such a linkage of nitrogen
atoms, we must take into account, as Blomstrand himself
pointed out, the possibility of two forms of chain formation ;
for just as in the carbon compounds we may have the normal
form (I.) and the iso-form (IL), so in the nitrogen chains we
may have the normal form (ITL.) and the iso-form (IV.)—

M. L

CH,
(L) B—CHy—CHy—R (I1.)
R—CH—R
NH,
(I11) R—NH;—NHy—R (IV.) |
R—NH,—R

Blomstrand pointed out that a structure of the type (IV.) was
not at all probable, owing to the fact that while the four
valencies of carbon are apparently equivalent, the fifth valency
of the nitrogen atom is always attached to a negative radicle;
so that the radicle NH, could hardly be expected to unite
with another nitrogen atom. At that time, however, the
subject was not sufficiently studied to make a decision on the
point possible ; and it was not until Jérgensen began his series
of researches on the metal-ammonia compounds that the
question was settled.

In the early days of research upon the metal-ammonia
compounds, it was supposed that the cobalt-ammonia molecule
contained two cobalf atoms, so that the formula of the pentam-
mine salts, for example, was written thus—

CWG]G,IDN Hﬁ

Jorgensen ! from molecular weight determinations, showed that
the molecule contained only one cobalt atom, so that the true
empirical formula is—

CoCl,, 5N H,

1 Jorgensen, J. pr. Chem., [2] 1890, 41, 440,
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In order to avoid confusion, we may trancliterate the state-
ments made in his earlier papers into the true formule,

In 1879, Jorgensen® took up the question of the chloro-
and bromo - pentammine salts, which have the empirical
formulse—

CDUIs, 5 NIIE COBI‘S, 5 NHE.

and he found that in both series of salts one of the halogen
atoms was connected more closely than the others with the
rest of the molecule. This conclusion he based upon the
following evidence, (1) In double decompositions carried out
in the cold, one halogen atom remains associafed with the
cobalt and ammonia instead of being split off like the other
two—for instance, it is not removed by silver nitrate; (2)
though concentrated sulphuric acid breaks off two halogen atoms
in the form of haloid acid, it leaves the third halogen atom
unattacked; (3) in the formation of double salts, two halogen
atoms are alone concerned ; (4) if for a chlorine atom in the
chloro-pentammine salt we substitute a bromine atom, we can
produce two different salts which differ in molecular volume
from each other, as the following figures show :—

Substanee. Molecnlar volome,
Br(GoSMH)OL, . . . . . .. 2818
QUCoBMENEY, . .. . .. . . BTTY

Diff, = 39
CHOOBNEYBE, . . . o . . 0199
Cl{Co,5NH,)CL, . . o et SR

Diff. = 422

Thus in the first case the replacement of chlorine by bromine
produces a difference of 39 in moleenlar volume, while in
the case where the other type of chlorine atom is similarly
replaced the difference in molecular volume is 422 =2, In order
to express these differences between the two sets of halogen
atoms, we might write the formul® of the salts as shown in the
foregoing table ; but since the third halogen atom appears to be
associated in some way with the cobalt and ammonia, we might
express the character of the compounds better by the following
formulee :—

[Co,CLENH,]Cl;  [Co,Br5NH5]Cly  [Co,C1,5NHy]Br,
t Jorgensen, J. pr. Chem., [2] 1879, 19, 49.
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We must now concern ourselves with the constitution of
the groups enclosed within the square bracket. It will be
remembered that the guestion at issue was whether (supposing
the ammonia groups to be united in a chain) the chain was a
normal one or a forked one. Let us consider the latter case.
Since the metal-ammonia compounds are formed from a metallic
salt and ammonia, it is obvious that one ammonia must lose
a hydrogen atom, while another ammonia is changed to ammo-
nium by the gain of that hydrogen. The formule below show
the only possible mechanism for the reaction—

(L) M¥ W = M-NH—X
(IL) M—NH;—X +4 NH; = M—NH,—X
I
NH,

Thus for the formation of the forked chain, the presence of the
labile hydrogen in the ammonia group is a sine gua non.

Jorgensen ! attacked the problem in an ingenious way. If
the labile hydrogen atom was essential to the production of the
forked chain, then no forked chain could be produced by the
interaction of a tertiary amine with a metallic salt; and to
make doubly sure, Jérgensen chose as his amine pyridine, in
which there is no possibility of decomposition. Had he used
trimethylamine, for example, it might have been suggested
that one of the methyl groups was labile, but this argument
could not possibly be advanced in the case of pyridine. When
the metallic salt was allowed to interact with pyridine, it was
found that metal-pyridine compounds were formed which were
in every way analogous to the metal-ammonias. DBy this means
it was shown that the latter class of substances did not contain
the group —NH,.

We now come to a point where our ordinary ideas of
metallic salts cannot help us much. As was mentioned above,
Jorgensen has shown that the pentammine salts have two
halogen atoms which take part in the ordinary reactions, while
a third halogen atom apparently is not ionized, but acts as if it
were attached to the rest of the molecule in fhe same way as
bromine is attached in bromo-benzene. To express this

1 Jirgensen, J. pr. Chem., [2] 188€, 83, 489,
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Jorgensen adopted the Blomstrand formula, assumed the
division of the ammonia groups into chains (one being a main
chain of four ammonia groups), and postulated that halogen
atoms or electro-negative radicles directly attached to the
cobalt atom were not ionized in solution. DBy this means he
arrived at formule of the following type:—

Cl*
2
Co—NH,—Cl
NH;. NHy. NHy. NH;. Cl

Here the chlorine atom marked with an asterisk is the one
which is not ionized; the other two have the same properties
as the chlorine in ammonium chloride,

On first coming into contact with these formulw, the
ordinary chemist feels, for some reason or other, that “some-
thing is wrong.” On a closer inspection, however, it will be
found that there is nothing in them which differs in kind from
what we meet every day; it is merely the way in which the
formulz are written that at first sight makes them seem
strange., For instance, we usunally write the hydrochloride of
hydrazine as in ([.); if we write it as in (IL), the analogy with
the Jorgensen cobaltamine formule is better brought out —

(1) HCl, NH,—NH,.HCl  (IL) CI—NH;.NH,. Cl

In the case of the hydroxylamine salts, it seems probable that
similar chains are formed. For instance, dihydroxylamine
hydrochloride * might be written in the following way :—

H—NHy;—NH,—Cl
| I
OH OH
while trihydroxylamine hydriodide? may be supposed to have
the constitution—

H—NH;—NH,—NH,—I
I I
OH l’gH OH
! Lossen, Annalen, 1871, 160, 242,

* Dunstan and Goulding, Trans., 1896, 69, 838 ; see also Piloty and Ruff,
Ber., 1897, 80, 1656,
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So far, we have dealt only with those compounds which are
made up of a metallic salt and ammonia, but we must now
consider a second type of the cobalt-ammonia class, In these
new substances, it is found that one or more of the ammonia
molecules can be replaced by a corresponding number of water-
molecules. To express this, Jirgensen! formulated these bodies
as oxonium derivatives, thus—

Cl
o
Ob—cl H

|
NH;.NH;. NH;.0. Cl

|
H

or, more concisely, representing ammonia by “a” and water
ll}r 11 h- I

Cl

o
Co—C1

a.8.8.h,.Cl

This, then, is the Joérgensen-Blomstrand theory. Although
at first sight it may appear to contain some rather unusual
features, it must be borne in mind that in the metal-ammonias
we have a series of substances without parallel among our
simple salts. If we recognize this, we shall not run the risk of
rejecting, through prejudice, either the idea of ammonia chains
or the hypothesis that a halogen atom directly connected with
a metal may not ionize in solution.*®

(&) The Werner Hypothesis

In 1893 Werner? put forward an hypothesis, by the aid of
which he hoped to give a complete explanation, not only of the

« V Jorgensen, Zeitscl, anorg. Chent., 1897, 11, 448, 14, 417-8; 1899, 19, 109.
* Uompare the cases of mercuric chloride and cyanide.
* Werner, Zeifsch. anorg, Chem., 1898, 3, 267, See also his Lelrbuch der
Stereochemie, 1904, PFull references to the literature of the metal-ammonias
are given by him in Ber., 1907, 40, 15.
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properties of metal-ammonia compounds, but of hydrates as
well.  'We must take up in turn the series of assumptions upon
which his views are based.

I. He assumes the existence of two different forees which go to
link together the atoms of a molecule. In the first place,
there are what he calls * main valencies,” which correspond
to “our ordinary valencies” ; and, secondly, there are so-
called * auxiliary valencies,” * which must be assumed to
explain the constitution of molecular compounds.” To make
clear the difference between the two he gives the following
definitions * : (a) *“Main valencies unite together simple or
compound radicles which can exist as independent ions or
whose chemical binding-power is equivalent to that of the
1onizable radicles, () Auxiliary valencies represent actions of
affinity which unite together radicles that neither act as in-
dependent ions nor can be equivalent thereto.” He further
defines the two terms thus : (1) * Main valencies are those
whose saturation-power is measured by equivalence with one
electron. (2) By an auxiliary valency is understood an
action of aflinity which can unite two atomic groups by
“alomare’ union, but is not capable of chaining up an
electron.” Finally,? to make the matter quite clear, he adds,
“Main and auxiliary valencies are actions of affinity which
apparently differ only in their order of magnitude, as a
metre from a part thereof.”

II. His second assumption (the evidence for which we shall
examine in a later section) is as follows: If we take the
compounds shown below—

(L) (IL.) (11L.) (LV.)
CoX,,3NH, CoX,4NH, CoX,5NH, . CoX,6NH,

Werner lays it down that when (I.) is dissolved in water
no ions are formed, the substance not being dissociated.
In the case of (IL), one of the X groups is supposed to
ionize ; in (II1.) two “ X " jons are formed ; while in (IV.)
there are three. That is to say, if Werner be correct, we

' Werner, Newere Auschauungen auf dem Gebicle der anorganischen
Chemie, pp. 58-9. 1905,

* Werner, Lehrbuch der Stereochemie, p. 318, 1904,
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must write the formulse of the four bodies thus, in order to
bring out their behavionr in solution—

(L) (IL.) (T1L.) (IV.)
(CoX,,3NH,) (CoX,iNH)X (CoX,5NH,)X, (Co,6NH,)X;

Thus, in order to go from the compound (IV.) to (IIL.) one
of the acid radicles ** X " loses its acid character, ceases to
act as an ion, and replaces one of the ammonia radicles
within the bracket.! In the compound (I.) this process has
reached its limit, all three acid groups being within the
bracket, and hence forming part of the complex radicle.

II1. Werner’s next assumption is identical with that of Jireen-
sen, viz. that acid radicles direcily attached to the cobalt
atom are not ionized when the substance is dissolved in
water.

IV. He further assumes that all the groups within the brackets
are directly attached to the cobalt atom, whether they be
halogen atoms, nitro-groups, or ammonia molecnles,

V. He assumes, in the fifth place, that the groups within the
brackets are united to the cobalt atom by means of his
postulated “auxiliary valencies.” It does not seem quite
clear whether he means that the chlorine atoms in such a
compound as—

IQIISHH ff(ﬂ
NH,..~Co—Cl
NH,~ \(l

ave united to cobalt by a so-called * auxiliary ” valency or
not. According to his definition they must be; but in
cases where he distinguishes between “ main” and “auxiliary ™
valencies, he uses the ordinary straight line to represent
an ordinary valency, and a dotted line to represent an
“anxiliary” one; it therefore seems peculiar to find in
some of his formule a mixture of the two symbols, such
as is shown above.

VI. He next assumes that each of the six groups within the
bracket is placed at the corner of a regular octahedron,
whose centre is occupied by the cobalt atom,

VII. In the seventh place he makes the further implicit assump-
tion that, except when intramolecular wandering of groups

I Qompare, however, Jorgensen’s remarks, Zeitsch. anorg. Chem., 1894, 7,
S17-320.
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is required to make the hypothesis fit the facts, the six
aroups retain in space their relative positions with regard to
each other and to the cobalt atom. On this assumption, it
is evident that a compound of the type—

(NH,),
(o X
X,

could exist in two isomeric forms, according to whether the
two “ X groups lay at opposite ends of the same edge of
the octahedron or not. The two possible formulwe are shown
in the figures below, which also give the system of numbering
proposed by Werner for the corners of his octahedron—

Xi1) X
NH.9 NH,!:)

NEL®) X(2)
e e v

NH, 4 NH, () NH,( | NH,®)

NH, ) Xl

These seven assumptions, together with some others which
we need not detail, make up what Werner calls his « Co-ordina-
tion theory,” the gist of which is that the six groups within
the brackets are directly attached to (or, as he calls it, “ co-
ordinated with”) the cobalt atom, by means of some sort of
foree which is the same kind of thing as an ordinary valency,
without exactly being one. He has applied the same ideas to
the case of ammonium salts! and oxonium salts,?® producing
formule like—

| __,----l’t{.}l{;m_ﬂ___
e : oo =
0 0 0 e 0
| I | . I
H,N C G C {

; e G Vs ? -
H.cl  HC \m{ HU/ CH HC CH HE \UH
I I I Ii I | | Ii
HC CH HC CH HC KEH HC CH
o b
\b \b \h \Hf

' Werner, Annalen, 1902, 322, 261. ¢ Itad,, 296,
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In these cases the hydrogen atoms are assumed to be more than
monovalent, and the ammonia radicle or pyrone group is attached
to the hydrogen atom by means of a so-called “auxiliary valency.”

With regard to Werner’s first assumption, that of the so-
called “main” and “auxiliary” valencies, Jirgensen! has
pointed out that it leads to confusion when applied to the
rest of Werner’s ideas about the cobaltammines, “If one atom
of chlorine or another electronegative radicle is supposed, for
instance, to be co-ordinated with the trivalent cobalt atom, and
does not saturate a valency of that atom, it is incomprehensible
why the radicle thus formed, Co(NH;);Cl is only divalent,
unites with only two electro-negative radicles, and does not
behave like a trivalent radicle, just as much as Co(NHg)s. On
the other hand, if the chlorine atom saturates a valency of the
cobalt atom, it cannot be co-ordinated ; for co-ordinated groups
do not alter the valency of the metallic atom. In this case
one can understand that the group CoCl. (NHjy); is only divalent,
but then there can be no question of an octahedral grouping,
since there are only five co-ordinated groups of atoms present.”

Jorgensen ? has also pointed out that “ the compound—

L(NO2)yCo . (NHg)y |2C504

whether it be supposed to be dinifro-diammin-oxalate or
dinitro-diammin-dinitro-diammin-oxalate, absolutely cannot be
brought into concord with Werner’s theory. He (Werner) has
certainly tried to force ® the salt into his system, but he has done
so by assuming that CsOy occupies one co-ordination place in the
oxalo-pentamine salts, fwo such positions in the oxalato-tetram-
mino salts, and fowr in dinitro-diammino-oxalate. It is clear
that with assumptions of this type one could prove anything.”

In order to get round these and similar difficulties, Werner
has to resort to formule* such as—

3 (NHp)—0.)
X | (H;N).Co

0——it0

! Jorgensen, Zeitsch. anorg. Chen., 1899, 19, 155, * Ibid., 161.
* Werner, Zeitsch, anorg, Chem., 1897, 14, 26.
! Werner, Neuere Anschauungen, p. 131, 1905,

—
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and fo assume?® that two molecules of water, piperidine, or of
aniline can act mono-molecularly.

We have not space here to deal with the many cases
mentioned by Jorgensen, which cannot, except by means of
elaborate supplemental hypotheses, be brought into line with
Werner’s ideas. Jorgensen’s papers? may be consulted on the
subject.

Looking at the maftter in its broad outlines, the following
seems to be a fair summary of the chief points. Tn the first
place, the three chlorine atoms of cobaltic chloride are evidently
weakly attached to the cobalt atom. This is shown by the
instability of the salt. Therefore we must conclude that the
affinity of the cobalt atom is completely occupied in holding
these chlorine atoms. Yet, according to Werner's ideas, the
cobalt atom has still enough residual aflinity left to attach
to itself six ammonia molecules, and then when it has done
this these molecules are so firmly hooked on by the so-called
“auxiliary valencies,” that they cannot be driven ouf of the
compound as they could be from an ammonium salt. Further,
the complex thus formed has apparently very much more
affinity for chlorine atoms than the original cobalt atom had,
as it forms a quite stable compound with them.

(¢) Friend's Eaplanation

Friend? distinguishes three kinds of valency: (1) free
negative valeney; (2) free positive valency, and (3) residual
valency. The first of these is possessed by those elements
which ¢an combine with one or more electrons; the second,
positive valency, is due fo a capacity for parting with an
electron. Thus an element may have both mnegative and
positive valency. Residual valency (or latent valency) differs
from the others in that residual valencies can only be brought
into action in pairs of equal and opposite sign. In order to
distinguish between free and latent valencies, Friend represents

! Werner, Zeifsch. anorg. Chem., 1897, 15, 243 ; compare Jiorgensen, ibid.,
1899, 19, 151,

* Jorgensen, Feitsch. anorg. Chem., 1894, 5, 147; 1897, 18, 172; 1807, 14,
404 ; 1599, 19, 109,

* Friend, Trans., 1908, 98, 260, 1007; The Theory of Valency, p. 150,
1908,
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the free ones by thick lines. For example, in ammonia the free
negative valencies of the nitrogen are saturated. Now, a new
negative valency can only be called out in conjunction with a

positive one, so that ammonium chloride would be represented
by—

T
=N

1

Applying this view to the cobaltammines, we get formule of
the following type :—

NI, NH,
Pl N
NEH, ! NI 0l
(L5 1 (1) | o b (']
NH, /u1 NH; NGl
.Y g A o
NH; NHj

Here the chlorine atoms and the ammonia molecules form a
shell round the metallic atom, and are joined together by latent
valenecies ; the ionizable chlorine in (IL.), and the two ionizable
chlorine atoms in (I.) are joined to the cobalt atom by free
valeneies,

The great advantage which this wview has over both
Jorgensen’s and Werner's explanations lies in the fact that
we have no need to assume that a chlorine atom directly
attached to a metallic atom will not ionize in solution.
Instead of Werner’s long series of assumpfions, Friend’s theory
requires only those which Ramsay ' has shown to be consonant
with the newer electronic views of chemical affinity.

The views of Spiegel,® Briges?® and Arrhenius? resemble
those of Friend to some extent; but as they do not carry the
question further, we need not refer to them in detail.

1 Ramsay, Trans., 1908, 23, 774.

* Bpiegel, Zeitsch. anorg. Chem., 1902, 29, 365.
¥ Briggs, Trans., 1908, 93, 1564,

+ Arrhenius, Theorien der Chemie, p. T3. 1906.



1to RECENT PHVSICAL AND INORGANIC CHEMISTRY

(d) Baker’s View!

According to this view, isomerism among the metallic
ammines is due to difference in configuration round the
nitrogen atom. The ionizable acid groups are represented as
derivatives of substituted ammonias thus—

>00~—NH3~—NHH—K

The non-ionized acid groups, on the other hand, are directly
united to the cobalt atom, but are prevented from ionizing by
having an NH; group also attached to them, thus—

>CO—K=NHR

A regular series is formed in this way; as each grouping
—NH;—NH;—X is replaced by —X=NHj; a single molecule
of ammonia is removed, and one of the acid groups becomes
non-ionizable. After the ftriammines, further removal of
ammonia results in the substitution of the group —X=NH,
by —X=X—M, and so complex metallo-ammonia compounds
are formed.

Applying this idea to the qguestion of the oecurrence of
isomeric cobaltammines, we find the following, If fhe sym-
metrical space grouping of atoms be considered as due to
repulsion between the connecting electrons, then in the case
of such a grouping as—

—(Cl=NH;,

in which there is a strong attraction between the electro-
positive hydrogen and the electro-negative chlorine, this
attraction may overcome the repulsion of the bonds. Under
such conditions there are two possible isomers—

H H
L e
M—Cl=N—H M—Cl—N
| H//
H —
Ex-form En-form

which may be called ez and en according to whether the double

' Miss 5. M. Baker, private communication to the author,
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bhond is inside or outside the ring of hydrogen atoms. The
possibilifty of such isomerism explains all the isomers which
have been found among the cobaltammines. A study of their
reactions makes it probable that the flavo-salts are ex- while
the croceo-compounds are en- derivatives.

(¢) Ramsay's Views

Ramsay,! in his 1908 Presidential Address to the Chemiecal
Society, put forward the thesis that what we term an electron
is really an “atom” of electricity, and from this point of view
he was able to throw a new light upon many echemical problems.
Before proceeding to deal with the cobaltammines, we must
examine the application of Ramsay’s view to the ease of sodium
chloride.

“If it be conceded that salt differs from its solution only in
so far as the mobility of the solution permits of transfer of ions,
the transfer of an electron from the sodium to the chlorine
must take place at the moment of combination, Symbolized,
if we write E for electron and simplify the reaction, dealing for
the moment with an atom and not with a molecule of chlorine,
we have—

ENa + Cl = NaEC(l

Here the electron serves as the bond of union between the
sodium and the chlorine.

“If it be desived fo form a mental picture of what oceurs,
let me suggest a fanciful analogy which may serve the purpose :
it is that an electron is an amceba-like structure, and that ENa
may be conceived as an orange of sodium surrounded by a rind
of electron; that on combination the rind separates from the
orange and forms a layer or cushion between the Na and the
Cl; and that on solution the electron attaches itself to the chlorine
in some similar fashion, forming an ion of chlorine.”

In order fo save complication in formule, Ramsay adopts
the ordinary symbol — to represent the electron, so that the
above equation becomes—

Na— + Cl = Na—Cl
and on solution in water this splits up into Na and —Cl,

! Ramsay, Trans., 1908, 93, T74.
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Turning to the case of the cobaltammine nitrites, Ramsay
applies the foregoing ideas in the following manner :—

“ Just as the nitrogen in NH,(C] takes one electron from the
hydrogen of the HCl and gives up one to the chlorine, so it
appears reasonable fo suppose that in these cobaltammines each
nitrogen atom of the three ammonia groups takes from the
eobalt atom one electron, whilst it cives one at the same time,
The formula of the triammino-nitrite would therefore be—

N,
1

NH;

If another molecule of ammonia be added, then the cobalt atom
gives to the nifrogen of the ammonia an electron, but does not
receive one in return. The nitrogen atom of that ammonia
group is then ‘ over-loaded,” for it has received four electrons in
addition to its normal five, making nine in all. Now, it appears
that no element can be associated with more than eight in all ;
hence that nitrogen atom must lose an electron. This i
imparts to one of the (NO,) groups, which parts company with
the cobalt atom, and, as a complex ammonium nitrite 1s now
present, it is ionizable on solution in water, A glance at the
proposed formula will explain the conception—

NHg—NO,

1]\

Z N
H,N NH;

Why is the group Co(NH,)y(NOyg); not ionizable? Let us first
inquire: why 1is cobalt nitrate ionizable? (Cobalt nitrite is
unknown.) DBecause the cobalt atom gives up an electron to
each of the three NO3— groups, remaining itself as anion. That
ig, the metal cobalt has three electrons associated with it ; what
we call ‘metallic cobalt’ is a ‘tri-electride’ of cobalt. As
“cobaltion’ it has parted with its three electrons. But, in the
last of the three compounds above, the cobalt has not got three
electrons at disposal; it has already parted with them to the



THE COBALTAMMINES 113

NH;—NO, groups. And we are led to conclude that in the non-
ionizable compound the cobalt does not, as in its ordinary salts,
part with three electrons, but that it receives them from the
nitro-groups.”

3. Tug CHEMICAL DEHAVIOUR OF THE COBALTAMMINES

a. The Tons in Cobaltammine Solutions

From what has been said in the previous sections, it will
be evident that one of the most important questions in this
division of inorganic chemistry is that which concerns the
number and character of ions formed when a given cobaltammine
is dissolved in water. The whole theoretical part of the subject
hinges upon this point, and it is much to be regretted that
up to fhe present time no really conclusive researches have
been carried out in this direction. It is to be hoped that
in the near future the problem may be attacked without parti
pris, in order to determine at least the number of the ions in
question,

Up to 1893, our knowledge of the behaviour of the cobalt-
ammines in solution depended upon the work of Joérgensen
and others, who deduced the number of ions in solution in the
usual way from the results of chemical decompositions. In
that year, however, Werner and Miolati! put forward what
they call a “ simple empirical rule ” for determining the number
of ions in solution. According to their assumptions, the
number of ions in a cobaltammine solution can be measured
by the conductivity of that solution, if the temperature be
25° C., and the dilution equal to one gramme molecule in a
thousand litres. From this assumption they have deduced a
whole series of numbers of ions which agree quite closely with
what is required to fit in with Werner's hypothesis.

Aftention might be drawn to one or fwo points. In the
first place, when the results obtained at 25° C. and 1000 litres
dilution agreed with Werner's views, no further measurements
were made, On the other hand, when the figures obfained did

! Werner and Miolati, Zeifsch. phys. Chem., 1803, 12, 35; 1894, 14, 506;
1896, 21, 225.

I
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not agree with the hypothesis, it was at once assumed that the
substance was unstable (as in many instances was the case), and
the measurements were repeated at very high concentrations
and low temperatures. In this way, of course, other figures
were obtained which agreed more closely with what was
required.

Further, the assumption that one can deduce the number of
ions from the conductivity of a solution, cannot be regarded as
incontestable. For example, in Fig. 18 is shown a series of

3001 11,50, 111

1I%Mgo520;
MEClaX111 Werner,s
» 220 “tri-ionic”
.E 1 MgS0, salis
= MNa malonate H]II
> E I‘umarﬂte" ‘Mg fumarate
':" 2004
= Me(10-)a\ 111
= [I%ME malonate
=
o
© 150 IS
NayS, 0N
Wernen's
100- “di-ionic”

salts { Nald.,
11

Fig, 18.

examples in which the conductivities for 1024 litres at 25° of
various salts are plotted in a line; the approximate limits
of Werner's range for ¢“di-ionic” and “tri-ionic” salts are
shown by the horizontal lines. An examination of the figure
will show that no sharp gradations exist, such as Werner's
hypothesis requires.

The fact is, of course, that except in a few very restricted
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classes, there is no general rule connecting ionization numerically
with the constitution of a compound. For example, if we take
the case of phosphoric acid, it is well known that the constitu-
tion of the substance is expressed by the formula—

OH
7
0:P—OH
OH

Now, this formula corresponds to that of phosphorus
oxychloride—

Cl
e

0 : P—Cl

Cl

and as Caven! has shown that the three chlorines in the latter
compound are equivalent to each other, we may fairly deduce
that the same must be true for the hydroxyl groups of phos-
phoric acid, as far as sfructure is concerned. It is well known,
however, that the three hydroxyl groups of phosphoric acid
are not equivalent from the electro-chemical point of view, as
with regard to methyl orange it is mono-basie, dibasic with
regard to phenolphthalein, and tri-basic with yet another
indicator, From this it follows that little reliance can be
placed upon @& priori connections between molecular consti-
tution and ionization.*

Petersen ? approached the matter with a much broader out-
look. Taking the van't Hoff equation—

i=14+ (k= 1a

in which % is the number of ions into which a salt dissociates,
and « is the degree of dissociation of the solution, Petersen
pointed out that we have ftwo ways of caleulating the

! Caven, Trans., 1902, 81, 1362,

* Compare Walden's investigations on the relation between conductivity
and degree of dissociation, Zeif. physikal. Chem., 1906, 54, 129,

* Petersen, Zeitsch. physikal, Chem., 1897, 22, 410; 1902, 39, 249,
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approximate value of ¢. In the first place, we may determine
the value of « in the usual way from a comparison of the con-
ductivity at, say, » litres dilution with that at infinite dilution.
The value of «, (that is to say, the extent to which the substance
is dissociated into ions when one gramme molecule is dissolved
in v litres of water) is expressed by the equation—

e e
M=

a,

If we now substitute this value of « in the equation—
t=14 k= 1)a

we shall get a series of values for ¢ if we make & equal fo
unity, two, three, or four. We shall thus obtain a series of
four possible values for 4. To distinguish which of these is
the correct ome, we must calculate the value of ¢ from
experimental results obtained by a different method.

Now, van't Hoff’s factor ¢ is really an expression of the
ratio between the observed osmotic pressure and the caleulated
one in the case of an electrolyte in solution. Thus if we take
an electrolyte, dissolve one gramme molecule in 100 grammes
of water, and observe the depression of the freezing-point, when
we proceed to calculate the molecular depression we shall find
it abnormal, owing to the fact that each ion acts as a molecule.
To find the value of 4, we must obviously divide our observed
molecular depression by the normal value for water, viz. 187,
the quotient giving the value of 4,

We have now got the value of ¢ in two ways: one possible
value from the freezing-point depression, and alternative values
from the conduetivity measurements. We proceed to compare
the freezing-point ¢ with those obtained from the conductivity,
and we shall find, of course, that the two agree only for one
value of . We therefore conclude that this value of k is the
true one, and represents the number of ions in the solution
in question,

An actual example will make the matter quite clear. We
may take the values given by Petersen for dinifro-triammino-
cobalt chloride,
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y . Valoe of 1 4 (& =1)a from con-
Obs | Molecud

o | doin, | A, | (reeingpoi, | Ay fstyhers
o lit, 0090 450 241 '_ 184 268 B-52

Here it is obvious that the value of ¢ found from the freezing-
point agrees with that of the equivalent expression 1 + (& — 1)a
from the conduectivity only when & is 3. Hence, under the
condifions of the experiment, the number of ions in the solution
is three.

Further, the accuracy of the experimental work can be
controlled by the closeness of agreement between the values
of ¢+ obtained in the two ways. Petersen in many cases got
very close agreement between the two sets of results.

Werner and Herty,! four years later replied to Petersen
in a somewhat violent tone, admitting that theoretically his
methods were perfectly accurate, but criticizing the experi-
mental details. They gave some figures for ¢ which did not
agree with those found by Petersen. It is noteworthy that
while they are extremely critical of Petersen’s methods, which,
after all, seem to be the best that could be devised, they give
absolutely no experimental details with regard to the methods
they employed to obtain their own figures. Petersen?® makes
out a very strong case in his reply, and it appears strange that
Werner has not given any explanation of the methods used to
obtain his figures,

A comparison of the number of ions which the different
workers deduce from their results in the case of several
cobaltammines may be given here® It shows the state of
uncertainty which exists in the matter,

Werner and Miolati,
Dinitrotriammino-cobalt chloride
Flavocobalt nifrate

Croceocobalt nitrate .

Chloronitrotetrammino-cobalt chloride
Carbonatotetrammino-cobalt bromide

H
m.ﬁ-lﬂ-hﬁ-tﬂé
=

b 2 O 2 D

' Werner and Herty, Zeilsch. physikal. Chem., 1901, 38, 331,
* Petersen, Zeitsch. physikal. Chem., 1902, 39, 249,
* For further figures see Jorgensen, Zeitsch. anorg, Chem., 1899, 19, 133.
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Obviously, until some definite work is done upon this branch
of the subjeet, no conclusions can safely be drawn with regard
to the number of ions in question. Two workers have arrived
at conflicting results, and the question must be treated as
sub judice, Until it is seitled one way or the other, it would
hardly be safe to draw conclusions from the results of con-
duetivity methods alone.

b, The Jirgensen- Werner Controversy

In the present section, we must consider some of the main
points which came to light during the controversy between
Joraenson and Werner with regard to the constitution of the
cobaltammine salts. If is, of course, quite impossible to deal
even with the broad outlines of the discussion, which lasted for
eight years or more; but we may select a few examples of the
arguments employed on each side.

In the first place, we may mention one instance in which
Werner's ideas do not appear to be capable of explaining the

known facts.
If we accept Werner's octahedral arrangement of the so-

called “co-ordinated groups” around the cobalt atom, it is
obvious that in the case of a compound CoX(NHg); only one
form can exist. Now, in point of faet Jérgensen! has shown
that in the case where *“ X ” is a nitro-group, 7.c. in the xantho-
salts, fwo isomeric forms are known. This phenomenon Jérgen-
sen explained by assuming that the isomerism was caused by
some difference in the constitution of the two nitro-groups, and
he suggested many different possible structures, the simplest of
which were —NOy and —0O .NO. Now, as will be shown later,
Werner cannot admit this type of isomerism here, or he must
admit it in other cases which tell against his hypothesis,
But if he does not admit it here, the so-called “ Co-ordination
theory ” offers no explanation of this isomerism.

One of the weak points in Werner's hypothesis is the ease
with which it can be extended to “explain” cases of isomerism
which after a time have proved to be mere mares’ nests. For

t Jirgensen, Zeifsch. anorg. Chem., 1894, 5, 169, 172; 1899, 19, 148.
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example, in his very first publication of his hypothesis! he
gave an elaborate “ explanation” of the occurrence of two
isomeric forms of cobalf roseo-salts. Jorgensen investigated
the matter, and found that no such isomerism existed. Werner?®
then declared that the views developed by him to explain the
isomerism of the aquo-pentammine salts stood in no direct
relation with the general ideas on the metal-ammonia compounds
put forward by him, but were rather a special develop-
ment, which, as regards the general ideas, was totally un-
important and totally independent, and whose fall, therefore,
had no connection whatever with the main hypothesis. One
might well ask why, in this case, it was worth putting it forward
at all.

The crux of the whole question, however, lies in the
tetrammino-salts, with which we shall now deal., In the
ethylene diamine derivatives of cobalt, in which two molecules
of ethylene diamine replace the four ammonia molecules of the
tetrammine series, Jorgensen ? established the existence of two
isomeric series of compounds, To one of these he gave the
name Praseo-salts, to the other Violeo-salts. The formula of
the series would be

. X
[(}ﬂﬂnﬂg]x
where “en” represents one molecule of ethylene diamine,
NH,.CH,.CHs.NH,;. Now, Jirgensen found that in the case
of the compounds

(HOE}QCG(NH:]).jX

which are the analogues of the ethylene diamine eompounds,
two isomeric substances also exist. To these he gave the names
Flavo- and Croceo-salts. :
Jorgensen saw that there were two possibilities to be kept in
view. In the first place, the cause of the isomerism might be
the same in the ethylene diamine compounds as it was in the
tetrammine series ; or, secondly, the origin of the isomerism in
the latter case might be due to differences in the structure of the

' Werner, Zeifsch. anorg. Chem., 1893, 3, 301.
* Ibid., 1897, 15, 144,
* Jirgensen, J. pr. Chem., (2) 1880, 39, 17; 1890, 41, 448,
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nitro-groups, just as in the case of the pentammine xantho-salts.
Later! he abandoned completely any idea of a parallelism
between the ethylene diamine and the ammonia compounds,
finding “ not a single fact in support of such an assumption.”

Meanwhile Werner? had found that when praseo-salts are
warmed with sodium nitrite and dilute acetic acid, they go over
into croceo-salts. Hence he deduced that eroceo-salts belonged
to the praseo-serieg, and conversely, that the flavo-salts must
be violeo-compounds.

He then concludes as follows: “ Since in the preparation
of flavo-salts from ecarbonato-tetrammino chloride” (violeo-
salt), “ and also in the preparation of croceo-salts from praseo-
cobalt ehloride, intermediate tetrammino-purpureo- and tetram-
mino-roseo-salts ” (of the composition—

a4CoClg, Hy0,Cl, Tetrammino-purpureo salt
ﬂgUﬂ(IIgD}g,{Jlﬂ, 4 I'osen o )

“are formed, it is clear that these also are present in isomeric
forms. We thus obtain the following series, which correspond
completely with one another :(—

:Un%flﬂ] (1, Prasco-salts [003503]01, Violeo-salts
= iy

Co H,0 [Cly, Praseo-purpureo-salts  Violeo-purpureo-salts
= Cl

s

Co Clg, Praseo-roseo-salts Violeo-roseo-salts

L (HeO)q

Oy

Co l Cl, Croceo-salts Flavo-salts

| (NOy),/

Since it is proved by the above considerations that twe ecom-
pletely corresponding series of geometrically isomeric cobalt-
ammonia compounds oecur, the chief problem before us is the
question of the configuration of the two series” He then
proceeds to deal at length with the configurations.

! Jirgensen, Bull, de I Aead. de Danemark, 1895, 1.
? Werner, Zeitsch. anorg. Chem., 1895, 8, 182,
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Jorgensen ! draws aftention to the following points: “If
one now reflects that, in the preparation of croceo- and flavo-
salts in the way described, the formation of isomerie (not to
speak of geometrically isomeric), purpureo-, and roseo-salts
neither has been observed nor can be observed, and, further, that
isomers most certainly cannot be “proved ” to exist by means
of “ considerations,” but only by experiments, the main question
is certainly, not whether the isomeric salts have one configura-
tion or another, but rather whether such isomers exist at all.

" “Werner himself has felt this, but the whole experimental
proof which he adduces is the following: ‘The preliminary
researches '—how they are carried out is not even mentioned—
“to demonstrate the existence of the isomeric tetrammino-
purpureo- and roseossalts have shown that the tetrammino-
purpureo-salts of the praseo-series are deep violet, those of the
violeo-series more lilac to rose-coloured ; the latter go over into
the former even on standing. On the other hand, the pr.-
purpureo-salts are less soluble than those of the violeo-series,
and the latter are converted more easily than the former into
the eorresponding roseo-salts.’

“Since November, 1894, when Werner wrote this, and on
such shaky foundations built up whole pages of theoretical con-
siderations with cis- and trans-forms and numerous octahedra
he has found no oceasion to give any further information on the
subject. It therefore seems about time to prove that the whole
thing is a castle in the air.”

Jorgensen then goes on fo give numerous experimental defails
which completely disprove Werner's assumptions; we need only
quote one example. Werner takes, in the table above, praseo-
chloride as his typical praseo-salt, and carbonato-tetrammino-
chloride as his typical violeo-salt. Jorgensen shows that when
warmed with ammonium carbonate, the former is converted
into the latter. Hence either Werner's typical violeo-galt
belongs to the praseo-series; or the typical praseo-salt belongs
to the violeo-series.

Now, since all these difficulties arise only from the assump-
tion that the ethylene diamine series of compounds are exactly
parallel to the tetrammino-compounds, the simplest way out of
the difficulty seems to be to abandon any such parallelism.

1 Jorgensen, Zeitselt. anorg. Chem., 1897, 14, 406.
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Jorgensen! pointed out that in the case of ethylene diamine,
we can imagine two possible arrangements within the cobalt-
ammine molecule—

| Cl
w fog
o N I
N H.E—I‘I;I H,—NH,—NH,—Cl N I-IE—I& H,—NH,—NH.—Cl
I I | I
[:! l-l-g _Cnﬁ U}{g_—ﬂnﬁ é}-]-ﬂ__(."ng

so that we might attribute the isomerism in these compounds
to this difference. Now, in the ammonia compounds such an
isomerism could not ocenr, owing to the similarity of all
four ammonia groups. We should therefore expect to find no
isomerism in the case of the ammonia-compounds of the type
[(NHj),CoCly] ; and, as a matter of fact, no such isomers are
known, the compound exists in one form only. Dut as soon
as we replace the chlorine atoms by nitro-groups, producing
[(NHy)4Co(NOy)s] we introduce the possibility of structural
isomerism again in the nifro-groups, and in this case we
actually find two isomers.

It seems, therefore, unnecessary to assume the existence of
ammonia-violeo-salts until some better evidence is prodneced,®

Werner? has endeavoured to disprove Jorgensen's assump-
tion of isomerism in the nitro-groups of the tetrammino-salts
by the following work.

Jorgensen * had shown that when the two isomeric dinitrito-
tetrammino-chlorides

(NOs)q
Co Cl

(NHj),

are treated with hydrochloric acid, one isomer loses one nitro-
group, while the other loses both at once. From this behaviour,
Jorgensen deduced that the two nitro-groups were differently
constituted in the tetrammmino-compounds, and suggested as
one possibility that in the one salt the group might be present

! Jirgensen, Zeitsch, anorg. Chen., 1897, 14, 410,
* Thid., 1899, 19, 146.

* Werner, Ber,, 1901, 34, 1710.

' Jorgensen, Zeifsch. anorg. Chem., 1899, 19, 109,
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as —NO,, while in the other it might be —O.NO, just as in
the case of the pentammine salts.

Werner, assuming the parallelism between tetrammino- and
diethylenediammino-compounds which Jorgensen had proposed
and subsequently abandoned, owing to the weight of evidence
against it, postulated that this isomerism of the nitro-groups
must also oceur in the corresponding diethylene diammino-
compounds, whose formule would thus be—

0. NG : [ 0.NO
/ i
Co—NO, |X Co—=0 .NO | X
L = 5
€1l 5 i €Ng

Werner found that, when acted on by nitric acid, both salts lost
one nitro-group and were converted into nitrito-nitrato-com-
pounds, which on treatment with hydrochloric acid in aqueous

solution give identical chloronitrito-salts.
If this chloro-nitrito saltis to be derived from both the above

dinitrito-compounds, it must, according to Werner, have the
following constitution :—

= 0.NO

4
(L) | Co—Cl x
e

aTo

Now, there is another chloro-nitrito salt known, isomeric with
this; and if the difference lies in the structure of the nifrite-
group, this new chloro-nitrito-compound must have the con-
stitution—

[’ NO;g ]

=
(IL.) ‘Gﬂ<01 X

l_ eNa |

that is, it must have a nitro- instead of a nitrito-group.
When treated with sodium nitrite, this substance gives
quantitatively the dinitrito-compound, in which the two
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nitro-groups were assumed originally to be alike; while the
compound (I.) under the same conditions gives the isomeric
dinitrito body in which the two nitrito-groups were different
in behaviour, These changes are shown in the scheme helow.
It will be seen that instead of the compound (A) heing
recenerated, we get a compound (C).

" 0.NO r 0.NO
o B
Co—0.NO | X (A) @B). | Qo—N0; X
2 e
eng ely
A
2 A
2\ K/
e o
\ 0.NO NO, 7
/ o ’
Co—Cl X Co—Cl | X
N\ o
£lg en,
(Obtained from both (Tzomerie nitro-body)
A and B)
| NaNO, Y NaNO,
i 0.NO NO,
; Pt
Co—=N0y | X | Co—%0. |x

_ \‘mﬂ £ \EHEJ

(B) ©)

The chief points to notice in regard to this reasoning are as
follows. In the first place, it assumes the parallelism between
the tetrammino-compounds and the diethylene-diammino-
compounds. In the second place, it assumes that the isomerism
of the ethylene-diamine compounds has its origin in the nitro-
aroups, and not, as Jirgensen suggested, in the arrangement of
the ethylene-diamine groups within the molecule. Thirdly, it
assumes that under the strenuous treatment to which the
nitrite groups are exposed during the above series of reactions,
no desmotropic change in their constitution takes place.
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The question at issue is quite clear. Jérgensen points out
that if we take the three cases of the dichloro-diethylene-
diammino salts, the dinitrito-tetrammino-salts, and the dichloro-
tetrammino-salts, two isomeric series are known in the case of
the first two sets, but the dichloro-tetrammino-compounds occur
in one form only—

[Cng:“ X Oc¢eur in two forms,

2
(NOg)s :

[CG(HHg).L X  Oceur in two forms.
Cl,

[GG(NHE)J X Only one form known.

So that in each case where isomerism is observed there are either
two nitro-groups or two ethylene diamine molecules. Where
these are both absent, no isomerism occurs. Werner, on the
other hand, maintains that his theory accounts better for the
facts, though he has not been able o produce the two isomeric
tetrammino-salts which, according to his views, ought to exist,
The non-production of these salts is specially significant when
we consider how easily we can transform one diethylene-
diamine isomer into the other; evaporation with mineral acids
produces one form, from which the other can be regenerated by
evaporating with water after making the solution neutral.

4, CoxCLUSION

We have now surveyed the chief hypotheses which have
been put forward to account for the isomerism and behaviour
of the various cobaltammines; and from the contents of the
foregoing sections it is clear that the whole question is at
present in a very unsettled condition. The explanations we
have mentioned may be divided into three classes: first, those
based upon the electron theory ; secondly, those which postulate
new ideas of valency ; and lastly, explanations founded on the
old ideas of valency.

Though it seems evident that eventually the electron theory
will be brought into close connection with chemistry through
the common ground of physical properties, the time has not
yet come for putting it to the test of experiment in the case
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of the cobaltammine compounds. We shall require to amass
a very large quantity of experimental material in other branches
before we can hope for experimental proof in this particular
section of the subject. Our experimental methods in this field
lag far behind the theoretical developments which we can
foresee, and our hypotheses in this region must remain merely
hypotheses for some time to come.

Friend’s views form in a way a bridge between the electronic
view and the older and more purely chemical conceptions of
valency. The only point to which objection might be taken
is their application to the case of substances containing non-
ionizable nitro-groups or sulphate radicles, for in these cases the
formule would be somewhat complicated. The chief advantage
of this explanation lies in the fact that it evades the assumption
that a halogen atom directly attached to a eobalt atom does not
become ionized in solution.

Baker’s views have the same advantages as Friend's; but
in this case also the nitro-groups and sulphate radicles compli-
cate the formulze,

Turning now to Werner’'s ideas, we have already mentioned
some cases in which they do not fif the experimental results ;
but the deficiencies of the so-called * Co-ordination theory ™
can easily be seen if we examine one of the simplest cases to
which its inventor has applied it, viz, that of ammonium salts.!
Here we are asked to assume that the reaction between
ammonia and an acid takes the following course :—

HE - - B.ISHN . o 0H T

Now let us take the perfectly analogous case of the addition of
an alkyl iodide to a substituted ammonia—

Iy 9
L e

BN 4+ BRI .= BN .-E.0
o /

R; R,

According to this idea, the group R would be attached to the
nitrogen atom in a fashion different from that in which the

! Werner, dnnalen, 1902, 322, 261,



THE COBALTAMMINES 127

other groups R;, Ry, and Ly are attached. This is, of course,
quite absurd; for in that case we should get two isomeric
compounds by starting in the one case from EyBRzR . N and Ry,
and in the other case from RyRsRy. N and RR.I. The two end-
products would be in these cases—

I I
2. |

] 3 T R I{Q;N... P |
o

Ry Ry

As was shown by Jones! such isomers are not formed, the
end-products being the same from each process.

The only other assumption we could make is to suppose
that in the ammonium salt all four groups R, Ry, Ry, Rg, are
“ co-ordinated ” with the nitrogen atom.* This leads us to the
following conclusion. Since the groups R, Rs, R; in the am-
monium salt have the same properties as the same groups in the
tri-substituted ammonia N .R;E;Rg, 1t i1s obvious that in the
latter case they must be “ co-ordinated ” also. (The only other
possible assumption is that a so-called “ auxiliary valency”
is the same as a “main wvalency.”) DBut if they are “co-
ordinated” to the nifrogen atom in the case of the molecule
N.R;RsR;, that atom cannot be trivalent; and so we shall
have to throw over all the ideas upon which our present-day
chemistry rests, merely for the sake of adopting Werner's
hypothesis. Of course it is quite possible that the difficulties
mentioned above might be got round by means of elaborate
supplementary postulates; but since in the end they get us
no further forward than we can go with our ordinary assump-
tion of change of valency from three to five, if seems un-
necessary to take the long road whem we can find a much
more direct one.

Finally, we come to the Blomstrand-Jorgensen theory,

! Jones, Trans., 1905, 87, 1721,

* This new view (which, of course, clashes with the other) has been
advanced by Werner in the second edition (1909) of his Newere dnschauungen,
p. 211. 1t furnishes another example of the elasticity of the Wernerian
hypothesis, and the eaze with which it can be modified to get round a
difficulty.
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which is based upon the old and well-tried theory of valency.
As Jorgensen has shown,! this theory can be brought into
agreement with all the facts known up to the publication of
his last paper on the subject. Since that time Werner has
published his research on the dinitrito-diethylenediammino-
compounds to which we referred in our last section, and there
the matter rests,

! Jorgensen, Zeifsch. anorg. Chem., 1899, 19, 109.



CHAPTELR VIII
ABSORPTION SPECTRA

1. (RENERAL

WHEN we endeavour to classify the physieal properties of
chemical compounds, we find that we can divide them roughly
into two categories: colligative properties and non-colligative
properties. The first of these groups comprises properties
which are dependent purely upon the number of molecules
present in the specimen we are examining; and of this type
a good example is afforded by the pressure which a gas exerts
at constant temperature. Non-colligative properties are in
turn divisible into two sections : additive properties and con-
stitutive properties, It is very difficult to draw a hard-and-
fast line between these two sections, for most properties are
partly additive and partly constitutive. When we speak of
an additive property, we usually mean one on which the
number of atoms of each element in the molecule is the pre-
ponderating factor ; while we regard as constitutive properties
those in which the additive properties are masked by the
greater influence of the mode of linkage of atoms in the
molecule.

It is self-evident that the study of additive properties is
a much more simple line of research than the examination of
constitutive properties. For instance, refractive index appears
to be an additive relation, and its laws are already marked out
in their main outlines ; but when we take dielectric constant—
which is simply the refractive index for waves of infinite length
—the constitutive factor overwhelms the additive one, and up
to the present time no definite relation has been traced between
structure and dielectric constant.

Of all the constitutive properties of chemical compounds,

K
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the most complex appears to be ahsorption spectra, A few
rough rules, some of which, like Armstrong’s quinonoid hypo-
thesis, are either mere words or obviously incorrect, are all that
we have to guide us at the present fime in tracing a connection
between what is called “ colour ” and the chemical constitution
of compounds. A considerable amount of time has been wasted
in discussing the question of physiological colour, a phe-
nomenon of very little scientific value, since it depends upon
the crude perception of the human eye, which can be thrown
out of gear by a dose of santonine, and which, at best, excludes
more of the spectrum than it perceives. But even our finest
instruments to-day probably include within their range only
a very small portion of the complete electrical, thermal, and
luminous spectrum of any substance.

When we look at the sun, we see what is called the visible
solar spectrum, that is, white light. If we hold up between
our eye and the sun a beaker containing ferric chloride solution,
we shall see a yellow colour. Now, it is obvious that the ferric
chloride solution has added nothing to the sun’s light, so if
it has produced a change in the light which reaches our eye, it
is clear that the solution must have abstracted something from
the solar spectrum. What actually happens is that some of
the rays of the spectrum are absorbed in the solution, so that
instead of the solar spectrum, we now see what is called the
absorption spectrum of ferric chloride,

Suppose that instead of merely looking through the beaker,
we place it in front of a spectroscope and pass the sun’s light
through the ferric chloride solution. By looking through the
spectroscope we shall then find that, instead of the whole solar
spectrum being transmitted, some of the lines are absent,
having been absorbed by the ferric chloride. By comparison
with the usual solar spectrum we could easily determine
exactly which lines have been absorbed, and in this way we
should have a more or less accurate idea of the absorption
spectrum of ferric chloride. In practice, however, this method
suffers from many drawbacks, and instead of it we use the
following arrangement,

In Fig. 19 the apparatus is represented diagrammatically.
E, E are the electrodes of an are light. C is a cell containing
the solution whose absorption spectrum is to be measured. S
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is the slit of the spectroscope. P is the prism. O iz a photo-
graphic camera containing a plate, Q. The electrodes E, E
may be of any metal or alloy which gives a well-distributed
series of lines in its spectrum ; an iron arc is sufficient for
most purposes. The cell C, must have quartz ends, through
which the light of the arc may pass to the slit 5. If glass
ends were used, a very large proportion of the
invisible ultra-violet part of the spectrum would
be cut off; for though glass is transparent to the
visible spectrum, it is almost opaque with respect C
to the ultra-violet region. The spectrum of the -
are is thus thrown upon the plate P, and by means 2

of a diaphragm just in front of the plate it is
reduced to a narrow band. With the usual form
of photographic spectroseope, the band is about five
inches long and a quarter of an inch wide.

Before we can utilize the spectroscope for
studying absorption spectra, however, it is neces-
sary to prepare what we may call a standard plate.
That is to say, we must have a photograph of the
pure arc spectrum, and be able to identify the lines .
upon it. Suppose we are working with an iron 'AF
arc. We first photograph the spectrum of the arc
pure and simple, removing the cell
C. This negative forms the basis
of our standard plate. We then
smear some salt, say a lithium salt,
upon the are, and take another
photograph of the spectrum. In
this new photograph we shall have
not only the iron spectrum, but in Q
addition to it the characteristic
lines of the lithinm spectrum. A :
comparison of the two negatives will enable us to deteet the
lithium lines. We now look up the tables of the lithium
spectrum, and pick out one or two of the chief lines whose
wave-lengths have been accurately determined. These lines
we must next pick out on the lithium-iron plate. Having
found them, it is clear that we shall be able to find some
characteristic lines in the iron spectrum close to them. We look

e e

#

Fig. 19,
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up the position of these iron lines in the table of the iron
spectrum, and thus find the exact wave-length in that part of
the spectrum, It is obvious that here we have a double control :
the lithium spectrum and the iron spectrum. All that now
remains to be done is to note with a mapping pen on the margin
of the standard plate the exact wave-length of the lines in the
iron spectrum whose position we have thus established. Other
salts are smeared upon the are, and a series of photographs
containing iron spectra interspersed with characteristic lines of
the spectra of other elements is thus obfained. In this way
we obtain the bearings, so to speak, of a series of points in the
iron spectrum, and the intermediate points are filled in by
interpolation.

Having now got our standard plate, we must proceed to
apply it in mapping absorption spectra. We fill up the cell C,
and adjust it so that the light of the iron arc passes through a
tenth-normal solution of, say, quinone in aleohol of a certain
thickness, ¢g. 80 mm., We give an exposure of, say, fifteen
seconds, and then develop the plate. On examination, the
negative will be found to contain only part of the iron spectrum,
for the guinone solution will have absorbed a portion of the
rays. We lay the negative side by side with the standard
plate, and are thus enmabled to read off the wave-length af
which the absorption begins.

Instead of using wave-lengths, it is more usual to reckon in
frequencies—that is, the reciprocals of the wave-lengths.

It is clear that the absorption spectrum which we obtain in
this way is conditioned by two things: the length of the
exposure and the strength of the solution. Taking the case of
a tenth-normal solution of quinone as an example, we shall
find the following. If we begin with a layer of solution
80 mm. in thickness, we find that all the spectrum beyond a
frequency of about 2000 is absorbed (see Fig. 20, No. 1).
When we reduce the thickness of the layer of solution in the
cell to 70 mm., a somewhat peculiar phenomenon occurs.
The part of the spectrum to the left of 2000 comes through as
before, but in addition to it a small portion of light is trans-
mitted at a frequency of about 2800. This is shown in Fig. 20,
No. 2. When we reduce the thickness of the layer in the cell
to 60 mm., we find that this band of light transmitted at 2800
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is a little broader, and it continues to inecrease in breadth as
we reduce the thickness of solution through which the light is
passed. In the end (see Nos. 14 and 15) the light absorption
between 2000 and 2800 becomes reduced to a minimum and
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finally disappears, so that we have complete transmission.
The rough triangle of absorbed light extending from No. 2
to No. 14 in Fig. 20 is called an absorplion band. It will be
observed that this band has a portion of transmitted light on
either side of it. When no second portion of the light is



134 RECENT PHVSICAL AND INORGANIC CHEMISTRY

transmitted, as in No. 1, we have what is called general
absorption.* The extreme apex of the absorption band which
is shown in No. 14 is called the #ead of the band. The
ragoedness of the line running down from the frequency 2000
is due to experimental error, and is brought about by the fact
that the iron spectrum is not quite uniform. Some of the
lines are strong, and others are weak, so that the readings are
influenced to some extent. A group of strong lines may be
transmitted where weaker ones would not appear, so that in
some cases our readings are a little too high, in other cases a
little too low.

Hartley was the first to see the value of results such as we
have described. He pointed out that in this way we could
obtain a map of the absorption spectrum of a compound which
would serve to identify it completely, for each substance has
its own particular type of absorption spectrum. Some give
shallow bands, some deep, and some none at all, but only
general absorption. Again, some substances have one band,
some two, and others many,

It is clear that the diagram in Fig. 20 would be foo clumsy
a mode of reproducing the results obtained, and Hartley
therefore devised what are called curves of molecular vibration.
The ordinates in this system represent the thickness in milli-
metres of a given solution, say a tenth-normal one, and the
frequencies are plotted along the abscissee. Baly and Desch!
suggested that instead of the thickness being plotted on the
ordinates, it would be more advantageous from some points of
view to use the logarithms of the numbers representing the
thicknesses, and this is the method now generally employed.
Fig. 23 shows the molecular vibration curve of quinone in
aleoholic solution plotted in this manner., The data on which
the curve is based are the same as those from which Fig. 20
was drawn. The head of the band lies near the intersection of
the lines 40 and 2200. There is one other term which it may
be advisable to make clear before proceeding further, viz. the
persistence of the band. Dy this term we mean the change of
dilution over which the band remains in existence. An

* When an absorption band is present, we have what is called selective
absorption.
I Baly and Desch, Trans., 1904, 85, 1020.



ABSORPTION SPECTRA 135

examination of the figure will show that the band comes into
existence just above the line 48 and disappears just below the
line 40. It has therefore persisted over a change of dilution
represented logarithmically by eight units.

In the following section we shall discuss the application of
this method of investigation to the determination of the
consbitution of substances which cannot successfully be dealt
with by purely chemical means,

2. Tng HarTrey Mernop

In organic chemistry, one of the most interesting classes of
compounds are those which are termed tantomeric (or desmo-
tropic, pseudomeric, phasotropie, merotropic, or isodynamically
isomeric), Whatever name be applied to these substances,
their chief characteristic is that an apparently homogeneous
mother-substance can give rise to two isomeric derivatives
according to the conditions under which the substitution
reaction is carried out. The best known example of this class
is the substance aceto-acetic ester, which is usually supposed to
have the constitution—

CHy—CO—CHy—COOESt

When this body is treated with sodium and then with methyl
iodide, it produces a methyl derivative to which the following
formula is ascribed :—

CHy—C0—CH—COOES
|
CHj

Here the methyl group is attached to one of the carbon atoms.
If, on the other hand, we treat accto-acetic ester in ethereal
solution with diazomethane, we obtain an isomeric methyl
derivative in which the methyl group is attached, not to carbon,
but to oxygen—

CHy—C : CH—COOE
I
O CH,
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It appears, therefore, that aceto-acetic ester may react as if it
had either of the two formule shown below—

CH3—CO—CH;—COOES CH3—C : CH—COOE

om

Now, Hartley found that the replacement of hydrogen by
a methyl or ethyl radicle produced very little change in the
spectrum of substances, except in some special cases. In
general, the members of a homologous series show a slight
increase in general absorption as we go up the series, but in
other respects there is very little change in the spectra. DBut if
we take the spectra of two such substances as the alkyl
derivatives of ortho-hydroxy-carbanil, whose constitutions are
represented below, we shall find that we have hit upon a case
in which the replacement of a hydrogen atom by an alkyl
radicle has made a considerable difference in the absorption
spectrum—

O

0
cn.< 0o CGH D0—0.GH
GLLg N/ G l\\h‘// ablin
|
¢, H,
Lactam form. Lactim form.

The absorption spectra of hydroxy-carbanil and of the two
ethyl derivatives (lactam and lactim forms) are shown in
Fig, 21,* and it is evident on inspection that we have here
two different types of absorption spectra. The spectrum of the
lactam-cther differs completely from that of the lactim-ether.
Now, when we compare the spectrum of the mother substance
with those of the derivatives, it is obvious that it resembles
the spectrum of the lactam-ether rather than that of the lactim-
ether. From this, Hartley deduces that the mother-substance
must have a constitution resembling the lactam-form rather
than one akin fo the lactim-type. We should, therefore,

* The curves are reproduced from Hartley's work, and it should be noted
that the ordinates represent thicknesses of solution, and not logarithms of
thicknesses,



1 milligramme molecule in 100 c.m 3 —

<=1 in 600 <

ABSORPTION SPECTRA 137

aseribe to hydroxy-carbanil the constitution (I.) rather
than (I1.)—

0O 0
co 115 GHL S50_0H
\NH e

-

(1) C4H,

This gives some idea of what is known as the Hartley
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method of determining the constitution of organic eompounds,
It has proved itself of great importance in many cases, and is
certainly one of the most accurate in the solution of these
problems.
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3. Tar Grovp —CH,.CO—

When we leave the firm ground of the Hartley method,
it must be admitted that we launch out into more or less
uncertain waters. We take a substance, examine its absorption
spectrum, and construct the eurve of its molecular vibrations;
so far, we are on a safe footing of experimental evidence. If
we wish to go a step further and formulate some hypothesis
to account for the substance showing this particular type of
absorption spectrum, we must recognize that we are now
dealing with pure theory, and that we must be prepared to
adduce some definite chemical evidence in support of our
suggestions. At every point we must fest and re-test our
ideas by purely chemical means; and if at any point there
is a conflict between our chemistry and our hypotheses based
upon spectroscopic results, we must be prepared to abandon
the theoretical speculations which are not in accord with
chemical practice. Only on these conditions can we hope to
obtain results of any value. In recent years there has been
a tendency to regard spectroscopic evidence as being on a
different plane from purely chemical work; but it is quite
apparent that when we are dealing with a chemical guestion,
chemical and not spectroscopic evidence must be paramount,
In this and the following sections, therefore, it must be borne
in mind that we are dealing with two absolutely distinet
questions, viz. the experimental evidence acquired and the
theoretical deductions from it. The first of these we may take
as accurate: the speculations must justify themselves by
rendering clear the connection between the various facts upon
which they are based,

Among all the varied classes of substances with which the
organic chemist has to deal, he finds repeated in compound
after compound the grouping of atoms which is represented
by the formula—

—CH,. CO—

The wide distribution of the group, however, is not its only
claim to attention. It has been shown that in some cases
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the atoms of this complex can be rearranged into a new form,
which has the formula—

—CH : C—

l
OH

The change from the one grouping to the other is brought about
by the transfer of one hydrogen atom from the carbon atom
to the oxygen atom ; and it has been found that of all intra-
molecular rearrangements this is probably the one which can
be most casily accomplished. 1t requires no great acquaintance
with organic reactions to perceive that this possibility of re-
arrangement carries with it the probability of increased reactive
power for the group of atoms. For example, if we have one
form of the body, it can be acted upon either by acetic
anhydride or by hydroxylamine, for in presence of the reagent
the atomic group will rearrange itself in the form best suited
for reaction. The study of this complex of atoms, then, is one
which cannot fail fo produce results of great interest.

In 1904, Baly and Desch' began an investigation of the
absorption spectra of some bodies which contained this group.
Previous to their work it had been shown, in the course of
Hartley’s monumental researches in this department of spectro-
seopy, that no absorption band was to be expected in a compound
owing to the presence in the compound of a hydroxyl group,*
or of a double bond between two carbon atoms. DBaly and
Desch took as their starting-point the substance acetylacetone,
which has the formula—

CHy.CO.CH;.CO.CH;

This body is capable of yielding metallic derivatives in which
one of the hydrogen atoms of the group.CO.CH,.CO. is
replaced by a metal. Now, it was found that acetylacetone,
beryllium acetylacetone, aluminium acetylacetone, and thorium

! Baly and Desch, Trans., 1904, 85, 1029 ; 1905, 87, T66.

* This statement refers, of course, only to observations made through
moderate thicknesses (say, 100 mun. of an N/1000 solution) of the substances.
1f we take a layer of water or alcohol several metres in depth, we shall find
absorption bands even in the visible region of the spectrum,



140 RECENT PHYSICAL AND INORGANIC CHEMISTRY

acetylacetone all gave similar absorption spectra in which there
were strong absorption bands.

The question arises : What causes the bands? They might
be supposed to be due to the presence in the molecule of either
of the following groupings :—

—00—CH;— =
|
OH

(A.) (B)

Now, as we have already seen in the last section, acetoacetic
ester can give rise to two ethyl derivatives whose formulae
arg—

CHy;—CO—CH—COOEL CH; —C—CH—- COOEg

I |
Et OEt

and it will be observed that each of these contains one of the
groups (A and B) in question. An examination of the spectra
of these two ethyl derivatives showed that neither of them
contained an absorption band, both showing only general
absorption. When the two substances were mixed together,
the mixture was devoid of a band in its absorption spectrum,

These are the experimental resulfs. From them Baly and
Desch deduced that the absorption bands in the spectra of
acetylacetone and its derivatives could not be due to the
presence in these bodies of either of the groupings (A) or (B).
They therefore concluded that the bands were not due to the
presence of any specific grouping in the substances, but had
their origin in some vibration due to the change of one
modification into the other. Now, Lapworth® had shown that the
presence of acids has the effect of bringing about an equilibrium
between the forms of tautomeric substances. Baly and Desch
ascribe to sodimm hydroxide the property of accelerating the
change between the enol and keto forms, and hence conclude
that hydrochloric acid must have an opposite effect.

On examining the absorption spectrum of acetoacetic ester
in an aqueous solution containing sodium hydrate, they found

! Lapworth, Trans., 1902, 81, 1508 ; 1903, 83, 1121,
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that a band was visible whose persistence was conditioned by
the amount of soda in the solution.

It is noteworthy that in the case of acetylacetone and ifs
derivatives, the absorption bands appear in almost the same
positions in the speetrum, even when the metallic atoms which
replace the hydrogen atoms are very different in atomie weight.
For instance, a thorinm and an aluminium derivative of
acetylacetone show bands at almost the same frequency. DBaly
and Desch deduced from this that the metallic atom in itself
has no conneetion with the bands; nor can the latter be caused
by any vibration of the metallic atom or hydrogen atom. They
were therefore driven to the conelusion that the absorption of
light in these cases was due to the change of linking expressed
by the following reversible equation :—

—CH—CO— —CH=C—
| = J

0

|
This may be expressed in another way by saying that the
phenomenon is due to the change in condition of the two
carbon atoms and the oxygen atom. If we consider in detail
the transition of the enolic to the ketonic form, it is evident
that if the hydrogen atom leaves the carbon atom and wanders
to the oxygen, there must be a position when, being halfway
on its journey, it cannot be considered as definitely linked to
either the carbon or oxygen. During this transition phase,
which we may express thus—

—CH—C—

H
O

the two carbon atoms and the oxygen atom are actually
changing their linking. It is to this change of linking that
Baly and Desch ascribe the absorption band in the spectra of
these substances,

According to the electronic theory of matter, atoms are
united together by what are called tubes of force, When a
reaction takes place, an electron (or more than one) leaves one
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atom, earrying with it what is called a Faraday tube; the
electron reaches a second atom, is absorbed into its system, and
the two atoms are united by the Faraday tube. Now, if we
cause a rearrangement of these Faraday tubes within a mole-
cule, we produce a movement which has an order approximating
to that of some of the light-vibrations ; and so we may expect
to find absorption bands in the spectrum of substances which
are undergoing intramolecular change,

Desch,! in a later paper, after studying the derivatives of
camphor, has apparently come to the conelusion that his earlier
views were not correct. The reason which led him to choose
camphor and its derivatives as the subject for his later investi-
gations is to be found in the fact that the optical rotatory power
of camphor provides us with a means of detecting any con-
siderable changes in structure which that substance or its
derivatives may undergo in solution.

In the first place, Desch examined the spectra of the nitro-
derivatives of camphor, beginning with nitro-camphor itself.
It has been found that nitro-camphor has the faculty of chang-
ing.into an isomeric form, the change being reversible; and
that the equilibrium between the two forms is reached after
different periods in different solvents. Thus by dissolving
nitro-camphor in alcohol, ether, and ethylene dichloride, and
then observing the rate of change in the polarimeter, it was
possible to determine fhe velocity with which the compound
attained the equilibrium position expressed by—

CH, CH CH.NO, CH, CH C:NO,. H

| |
UH&—{;lﬁ—UHS = CHy—C—CH,
I
CH,—C co CH—C CO
I
CH, CH,

It was found that the velocity of this isomeric change had no
distinguishable influence upon the absorption spectrum of the
substance.

Turning now to the methyl and halogen mono-derivatives
of camphor, Desch found that the change of persistence in the

! Lowry and Desch, Trans., 1909, 95, 807,
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band which he could produce by the action of alkali had no
traceable connection with the isomeric change which this
addition produced. In neutral solutions, the change of one
form into the other is infinitely slow, while on the addifion of
an equivalent of alkali it takes place practically instanta-
neously ; yet no marked difference is found between the spectra
of the neutral and alkaline solutions. It is clear, therefore,
that the presence of the band cannot be correlated, even quali-
tatively, with the ocecurrence of isomerie change in these bodies,

In his next series of substances, Desch endeavoured to
eliminate all possibility of enol-keto tautomerism, choosing the
ad’-di-derivatives of eamphor as his subject. After having in
this way, as he supposed, prevented any possibility of enol-keto
change, he found that there was still an unmistakable band
in the spectrum of the substances. Hence he deduced that a
definite band may be produced by a compound from which all
possibility of keto-enolic change has been removed by the dis-
placement of the whole of the mobile hydrogen.

To what extent this later work of Desch’s invalidates the
conclusions which he and Baly drew from an examination of
the acetylacetone and acetoacetic ester spectra is difficult to
determine. In the first place, the bands in the absorption
spectra of nitro-camphor in presence of sodium ethylate do not
by any means coincide with those found in the spectra of the
metallic derivatives of acetylacetone: there is a difference of
some five hundred units between the positions of the heads of
the bands in most cases. This points to a slower rate of vibra-
tion in the case of the nitro-derivatives; so that it is clear that
the process expressed by—

CH. X0, >C:NO.OH
is by no means parallel fo that indicated by—
—CHy—CO0— —CH : C(OH)—

To some extent this invalidates the conelusions deduced by
Desch from the behaviour of nitro-derivatives of camphor.

In the case of the halogen and methyl derivatives of
camphor, he appears to be on safer ground. It seems evident
that in this group of substances a change of linkage can go on
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within the molecule to such an extent as to be measurable by
the comparatively gross polarimetrie method, while it produces
no marked influence upon the spectrum, Smiles! considers
that one factor in the case has been overlooked by Desch. It
has already been shown spectroscopically that a close relation
exists between the 1,6-positions of a hexamethylene ring,* and
in all the substances examined by Desch there are two hydrogen
atoms always free in the 1,4-position to the carbonyl radicle.
These are marked with an asterisk in the formula below, which
shows the general strueture of the di-derivatives of bromo-

camphor used by him.

*H,C- CHS (B

1 B
CH;—C—CH, X

I
H,C A T

l
CHj

In spite of these objections, however, it cannof be denied that
Desch’s later work has thrown considerable doubt on (if it has
not actually invalidated) the conclusions drawn by him in con-
junction with Baly in an earlier series of researches. Tf seems
doubtful whether there is any direct connection between keto-
enol change and the absorption spectra of substances in which
this change is capable of taking place. The question must
remain in suspense until more experimental data are forth-

coming,

4, Tnr BENZENE SPECTRUM

It will be remembered that during the last generation,
organic chemistry has entered upon a new stage in its eareer.
Half a century ago, the arrangement of atoms within a moleeule
was supposed to be more or less rigid, and even Kekulé was
unable to shake this fixity in the minds of his generation.
Since his day, however, things have progressed a little ; we no

I Smiles, private communication.
* Btewart, Stereochemistry, 1907, p. 485,
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longer regard atoms as fixed points, but rather as bodies vibrat-
ing about mean positions; and the benzene formula, which
Kekulé described as a system in vibration, has once more
‘become dynamie, after a considerable static existence. Even
after Kekulé had shown the way, various authors put forward
suggestions for rigid benzene formule. Amongst these we need
mention only Claus, Dewar, Armstrong, Thomsen, Ladenburg,
and Sachse,

In 1897, Collie! described a benzene space formula based
upon the idea that benzene was a system of twelve atoms, all
of which were free fo vibrate either about their own axes or
about mean positions in space; and he showed that by means
of this model the older rigid formule could be represented
merely as phases in the vibrations of the benzene molecule.
Several years later, Collie, in conjunction with Baly, examined
the absorption spectrum of benzene, with which we must
now deal.

Hartley and Huntingdon® photographed the absorption
spectrum of benzene, and described it as confaining seven
bands in the ultra-violet region. Later, Hartley and Dobbie
found only six bands. A re-examination of a considerable
number of photographs of the spectrum* led to the conclusion
that Hartley and Huntingdon were correct, and that the
spectrum of benzene contains seven bands and not six. The
difficulty of detecting and identifying the seven bands was
considerable, for, as can be seen from Fig. 22, they are situated
very close to one another, and are very narrow.

We must now turn to the theoretical views put forward to
explain this series of phenomena. Baly and Collie started [rom
the assumption that the bands in the absorption spectrum of
benzene were due to a making and breaking of linkage between
the carbon atoms of the benzene ring. When we speak of a
change of linkage, however, we perhaps run the risk of being
misunderstood, What is really meant is that a variation in
the amount of affinity exerted between two atoms takes place.
From this it is clear that we must ascertain the number of the

! Collie, T'rans., 1897, 71, 1018,

* Baly and Collie, Trans., 1905, 87, 1332.

* Hartley and Huntingdon, Phil. Trans., 1879, 170, i. 257,
' Baly and Collie, Trans., 1900, 87, 1332.

L
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different possibilities of atfraction between any two atoms in
the benzene ring ; for it is clear that all the atoms of a closed

system must exert some effect
Freguencies: —even though it be only a
;B% % 8 small one—upon each other.
' : We have thus to find out how
35- many pairs of atoms, each
different in character from the
others, we can find in the
benzene system. In point of
fact, there are three such
pairs: for the carbon atoms
may be in the ortho-, meta-
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exchanging affinity at the same time. These seven phases of

linkage change are represented below, the atoms which are
supposed to be changing their linkage being marked X—
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X X
2 T T

KYK K\K/ .x}/ﬂ

Each of these possible phases of linkage-change differs sufficiently
from the others to make it not unreasonable to suppose that
the vibration set up by each will differ from the others suffi-
ciently to produce a different band in the absorption spectrum.

The vibrations of Collie's space formula for benzene make it
clear how the required alteration in affinity could occur in each
of the seven cases, but of course there is no possibility at
present of our being able to refer each of the seven bands to its
proper source. Such a task would require very much more
experimental data than we have yet at our disposal.

In the following section we shall endeavour to trace a con-
nection between the absorption spectra of some substances and
their reactive powers with regard to hydroxylamine.

5. Tur SPECTRA OF THE SUBSTITUTED (QUINONES

In continuation of some researches of Stewart® upon the
reactivity of carbonyl groups in various compounds, Stewart
and Baly?® were led to put forward certain views as to the
connection between the reactivity of carbonyl compounds
and their absorption spectra. We need not enter here into the
question of the open-chain substances, but the substitution
products of quinone form a very striking example with which
we may deal briefly,

Kehrmann ® has shown that when the hydrogen atoms of
p-benzoquinone are replaced one at a time by methyl radicles
or by halogen atoms, a distinct change takes place in the
reactivity of the carbonyl groups in the compounds. Although
he made no accurate quantitative measurements, his results are
quite sufficient for the present purpose. His conclusions, which
are based on the examination of many substituted quinones,
may be summarized as follows :—

' Stewart, Trans., 1905, 87, 185, 410; Proc., 1905, 21, 78.

? Stewart and Baly, T'rans., 1906, 89, 489, 618; Stewart, Recent ddvances
in Organic Chemdstry, 1908, p. 242 ff.; compare, however, Lowry and Desch,

T'rans., 1909, 95, 807,
3 Kehrmann, Ber., 1888, 21, 8815; J. pr. Cheme., 1889, 39, 309 ; 40, 257.
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(1) Monosubstituted quinones, when treated with hydroxyl-
amine, first form a monoxime, the carbonyl group in the ortho-
position to the substituent being left umnattacked. On further
treatment, this monoxime yields a dioxime —

0 0 NOH
# A A
Ty
r—C CH R ¢ CH R—C CH
Il s 1 i I
HC CH HC CH HC CH
bl S o
: 2 v
0 NOH NOH

(2) Disubstituted quinones, when both substituents are in
the ortho-position to the same ecarbonyl group, yield only
IMONOX1mnes—

0 0
C C
S Pak
B—0 0—R E—0 —H
Al Il gives only |l
HC CH HC CH
AN N
: 2
0 NOH

(3) Disubstituted quinones, when the substituents are in
the paraposition to one another, give mono- and di-oximes, but
only with some difficulty—

0 0 NOH
' C A
i A

S W pod om
Il — | ==, —> -4

HC =B HC (C—R B | E—R
Nl \
; o 5
0 NOH NOH

(4) Trisubstituted quinones give only monoximes, that
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carbonyl group being attacked which has only one ortho-
substituent—

0 0
B C
i s
R—C C—Lk R—C (C—R
|| aives only I i
R—0  ©H R—C CH
S N
v C
0 NOH

(5) Tetrasubstituted quinones give no oximes.

Up to the present time, it has been usual to attribute the
phenomena observed by Kehrmann to the influence of steric
hindrance. It was supposed that the chief cause of the non-
reactivity of the carbonyl groups was to be found in the
occupation of the space around them by the vibrations of the
substitnents in the ortho-position, this being supposed to be
sufficient to prevent the approach of any hydroxylamine mole-
cules. This rough and ready mechanical idea has been very use-
ful, as it gave an easily comprehensible explanation of most of
the phenomena of hindrance which oceur in chemieal reactions,

An examination of the absorption spectra of the wvarious
compounds used by IKehrmann in his researches throws some
further light upon the matter; but before entering into a
consideration of these, we must deal with one point which is
of considerable importance. It has been shown that quinone
i3 a substance which can reaect in either of two ways, according
to the reagent which we employ. For insfance, if we treat it
with hydroxylamine, the earbonyl groups react in the ordinary
manner, and an oxime is formed—

0 N.OH
| |
C C
H.U/\EJ_H B.C, U8
I = 1l
E.C C.H II.[J\/U.H
o X

=
<

|
)
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On the other hand, if we let quinone react with phosphorus
pentachloride, the reaction product is a benzene derivative :
p-dichlorobenzene. This can be explained only by assuming
that quinone may exist in the form shown below :—

cl
|
C 0 ¢
Py ' o
H.6 O.H Bd .5
i o i i
3.0 C.F | H.C C.H
N a4
et (
I
Cl

From these reactions it is clear that the amount of oxime
formed by a quinone will depend upon the relative amounts
of the two forms present. If the quinone be entirely quinonoid
in structure, oximation will be easy; but if there be a large
percentage of the benzenoid form present, oximation will not
take place until the benzenoid form has become converted into
the quinonoid one.

Let us now examine the absorption curves of some
quinones. In Fig. 23 we have those of the following four
bodies : quinone, toluquinone, p-xyloquinone, and thymoquinone,
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An examination of the spectra will show that in quinone
we have a deep band whose head lies at about 2200. This
band is characteristic of all bodies containing the grouping
—C0—CO— or the quinonoid type. It is further clear that
the quinone spectrum shows no band in the neighbourhood
of 4000, which is the region of the absorption bands in the
benzene spectrum. When we come to the spectrum of
toluquinone, we find that the quinone band at 2200 has
decreased in persistency, while at about 4000 there is a rapid
extension of the spectrum, which shows the formation of an
incipient band in the same position as the benzene bands, In
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the spectrum of p-xyloquinone this band is actually developed,
while in thymoquinone’s spectrum it is more persistent still.
Turning to the spectra of the halogen-substituted quinones
(Fig. 24), we find a similar change as we inerease the number
of the substituents. The development of the band in the
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benzene region is marked as before; but we can see, further,
that the quinone band diminishes rapidly, falling almost to
nothing in the cases of dichloro- and tri-chlorobenzoquinone, in
trichlorotoluquinone, and in dichlorothymoquinone.

So much for the experimental details. We must now
endeavour to find some explanation for them.

In the first place, we must mention one fact which throws
some light upon the nature of the bands in the quinone spectra
lying at a frequency of about 4000. It has been shown by
Baly and Collie® that if we destroy the symmetry of the
benzene molecule by inserting substituents instead of hydrogen
atoms, the seven benzene bands become blurred and merge into
one broad band with its head at approximately 4000, From
this it seems evident that the bands in the guinone spectra
which have their heads at this frequency are due fo some
vibration resembling that which goes on in the benzene
molecule. It seems a fairly safe deduction that in any given
quinone some of the molecules are vibrating in the benzenoid
form and others in the guinonoid form; and that the per-
sistence of the two bands—quinonoid and benzenoid—gives us
some idea of the relative amounts of quinonoid and benzenoid
vibration which are going on in any given substance,

But the portion of the substance which is vibrating in the
benzenoid manner cannot be expeeted to react with hydroxyl-
amine ; so we should expect to find that the capacity for oxime
formation diminished with the increase in the benzenoid band in
the absorption speetrum., A comparison of Kehrmann's results
with the absorption spectra will show that this is actually true.

Thus instead of invoking sterie hindrance as an explanation
of Kehrmann’s results, we can explain them equally satisfactorily
in terms of the vibrations of the benzene molecule. In order
to account for the effect exerted by a substituent in the ortho-
position to a earbonyl group upon that particular carbonyl and
not upon the other, we have to put forward a supplementary °
hypothesis,? but we need not go into that point here. Enough
has been said to show that there is some evidence in favour of
the existence of a connection between the absorption spectrum
of a substance and its reactive power.

! Baly and Collie, Trans., 1905, 87, 1332,
* Stewart and Baly, T'rans., 1906, 89, 629.
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6. Tne SPECTROSCOPIC DETERMINATION OF CHEMICAL CHANGE

Dobbie, Lauder, and Tinkler! have shown how spectroscopic
measurements may be used to throw light upon the extent to
which chemical change takes place in a solution, and also upon
the relative strengths of two reagents which have the same
chemical effect. The substance used by them in this research
was cotarnine, which is capable of existing in two forms.
What the struetures of these two forms are is of no importance
to us at the present time ; considerable controversy has centred
round the point. All that we need remember for our present
purpose is that the change of one form into the other takes
place under the influence of alkalis, while the reverse change is
produced by acids,

In aqueous solution, cotarnine is yellow ; that is to say, it
has an absorption band in the visible region, Now, when the
aqueous solution is treated with alkali, the yellow colour dis-
appears, the amount of colour change being proportional to the
quantity of alkali present. To compare the strength of various
alkalis, therefore, it is only necessary to add fixed quantities of
them to a given solution of cotarnine, and estimate spectroscopi-
cally the change which they bring about in the substance.

In this way, Dobbie, Lauder, and Tinkler arrived at the
results shown in the table below. The figures represent the
percentages of the ammonium form of cotarnine which is con-
verted into the carbinol form in presence of the corresponding
amount of alkali,

Strangih of base. KO, | LIOH. WaOH, Bal O Ja. | CafOH ). MH O,
N/l 985 98-5 985 —_ | — 15
N/2 975 | 975 a7 - | = 40
N/3 W5 965 955 — — 30
N/4 95 94 04 — ik —_
N/6 93 98 93 —_ - 25
N | 925 — | 925 - | = | -
N/8 | 91 025 a1 0 | — —
N/10 | 89 90 89 — — 20
N /20 | 88 825 82:5 —_ | - —
N/50 675 70 70 675 675 10
N/100 525 575 525 525 50 —
N /200 42-5 42-5 40 40 40 —
N /400 8 | 20 20 20 20 —
NG00 20 | 20 20 20 20 -

I Dobbie, Lauder, and Tinkler, T'rans., 1904, 85, 121.
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The possible applications of this method are, of course,
almost inexhaustible ; and it would be quite feasible to enlarge
its scope and make it a means of measuring reaction velocities.

7. CoNcLUSION

In the foregoing sections we have described one or two of
the more inferesting researches which have been ecarried out
recently in this field. It will be seen that in some cases the
experimental basis upon which the theoretical views have been
raisedd is apparently not of sufficient breadth to allow us to
accept the theories themselves with perfeet confidence ; but this
is, of course, the ease with all branches of science in fheir
earlier period. At the present fime, spectroscopie research may
be divided into several eategories. In the first place, we have a
series of investigators who photograph spectra apparently with
no idea beyond finding out what the absorption eurve looks like.
This work is pretty much on a par with that of the organic
chemists who apply somebody else’s reaction to the iso-propyl
derivative when the lower members of the series have already
been made ; it may eventually be of use to some one, but that
will not be the fanlt of the man who carries it out. Then there
is a second class of spectroscopists who apply the Hartley
method without seeming to recognize the fact. These, at least,
may do work of some practical value, even though it be not
very original. Finally, there are two classes of workers whose
researches are tending to bring spectroscopy into touch with
chemical problems. The first of these concern themselves with
the relation between spectroscopic measurements and other
physical properties of organic substances, such as refractive
index, optical rotatory power, magnetic rotation, and so forth.
The second class of investigators endeavour to link their spee-
troscopic resulfs with their chemical reactions, in order to find
out whether there be any connection traceable between the two
phenomena. In either of these directions there appears to be a
fruitful field awaiting research.

At the same time, it must be remembered that great care
must be taken in the building up of hypotheses. In all the
chemieal field there is no subject which lends itself more to
this than does spectroscopy ; but it cannot be too often stated
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that hypotheses which are not backed by chemical evidence of
their correctness are worse than useless, - Further, the substitu-
tion of vague generalities for definite statements may do con-
siderable harm. It is true that in some cases we know so little
of the processes which go on within the molecule, that we are
forced to express ourselves in general terms; but it should be
our aim to come as soon as possible to some definite conclusion
in the matter, and put forward something which can be tested
—something which is not mere verbiage and an excuse for
dodging round a dialectic corner as soon as people begin to look
into the subject.

One of the most promising fields at the present moment
appears to be the study of the action of solvents upon absorp-
tion spectra. If it were possible to carry out a long series of
experiments in which attention were paid to the physical pro-
perties (such as dielectric constant) of inert solvents, one can
hardly doubt that some important results would follow.
Another branch of the same subject is the influence of the
solvent upon reaction-velocities, and here it might be possible
to detect a parallelism between the action of the solvent upon
the reacting bodies and its action upon their spectra,

Another line of research which might lead to interesting
results is the study of the spectra of completely substituted
benzene rings. Up to the present, unsymmetrical derivatives
of benzene have been examined, but no one seems to have in-
vestizated the spectra of such substances as hexachloro-benzene,
mellitic acid or hexahydroxy-benzene. In ordinary substitution
products of benzene it has been found that the entrance of a
substituent produces a disturbance of the benzene spectrum,
and it appears probable that this is due to two main causes.
In the first place, if the substituent be an unsaturated atom or
radicle, its presence fends to “hold up” the vibrations of the
benzene nucleus into which it is introduced, and hence to
cause a blurring of the seven bands; in the second place, it
weights the ring unevenly, and hence destroys the balance of
the molecule, which will lead to the same effect. Of course
these ideas are only hypotheses, and not established. Now, if
we were to displace all the hydrogen atoms of benzene by six
identical groups, we should be able to study the interplay of
the six groups apart altogether from the disturbing influence



158 RECENT PHYSICAL AND INORGANIC CHEMISTRY

of the asymmetry of the molecule. The results might quite
possibly be of some importance.

Again, spectroscopy furnishes us with a means of watching
the changes which take place while a reaction is going on in a
solution ; and it seems probable that interesting results might
be acquired by a study of reactions which may or may not
involve the formation of an unstable intermediate product ; or of
those which result in inframolecular change.

We need not describe any further subjects for research ;
many others will at once suggest themselves to the reader. At
the present time, this field of chemistry has been comparatively
neglected, bub it is to be hoped that at an early day we shall
find an increase in the number of researches carried out in it.



CHAPTER IX
THE ELEMENTS OF THE RARE EARTHS

1. INTRODUCTORY

Ix the fourth column of the Periodic Table is a group of
substances whose atomic weights lie between 180 and 130.
These substances, together with scandium and yttrium, make
up the greater part of what are termed the rare earths. These
rare earths are found for the most part in the Scandinavian
peninsula, but deposits have also been brought to light in the
Ural Mountains, and in certain parts of America and Australia.
It appears that rare earths are usually found among eruptive
rather than among sedimentary deposits, and that they are most
likely to occur in archaan rocks, particularly in granite,

The rare earths are chiefly made up of a series of hasic
oxides, but it is usual to divide them info three groups: the
cerium group, the terbium group, and the ytterbium group.
This division is somewhat arbitrary, for the rare earth elements
appear to resemble each other very closely indeed, and we have
really a single series of substances with properties changing
slightly as we pass from member to member, rather than three
groups whose properties differ sharply from each other. Still,
for the sake of convenience, the following arrangement is
usually employed :—

Cerium group. Terbium group. | Yiterbiom group.

Element. Atomic weight. | Element. Atomic weight. | Element. Atomic weight,
Scandium . . 441 | Europium . . 1520 | Dysprosium . 162-5
Yitriom . . 890 | Gadolinium . 1578 | Holmium . = e
Lanthanum . 1890 | Terbium . . 1592 | Erbium . . 1674
Cerium . . 140-25 Thulium . . 1685
Prascodymium . 1406 | Neo-Ytterbium . 172
Neodymium . 144-8 | Lutecium . . 174

Samarinm . . 1504
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2. Tue IMPORTANCE oF THE RARE EaArTHS

The group of the rare earths has very considerable im-
portance, whether we look upon the question from the point of
view of theory or from the practical standpoint. With the
theoretical problems involved we shall deal in the final section
of this chaper, so we need not enter here into the question of
the position which must be assigned to these elements in the
Periodic System.

On the practical side, the rare earths were without any
importance until a quarter of a century ago ; but in 1884, Auer
von Welshach fook out a patent in which the present-day
incandescent gas mantle was foreshadowed, and at once the
question of the rare earths became a commercial one. At that
time the known deposits were limited, both in extent and
capacity, and it consequently became questionable whether
the raw material for the manufacture of mantles could be
produced at a price sufficiently low to allow of commercial
success. Forbunately, large deposits of monazite sand were
soon afterwards discovered in Carolina and in DBrazil. These
beds rendered it possible to obtain the rare earths comparatively
cheaply, and the incandescent gas-lighting industry has grown
upon them.

At this point the theoretical side has shared in the profit,
for the mantle industry has produced vast quantities of bye-
products which have been placed at the disposal of investigators,
who would otherwise have been forced to work up the crude
material for themselves at the cost of much time and labour.
At the present day, these bye-products form one of the most
fruitful sources in the investigation of the elements of the rare
carth series.

3. TnHg PHYSICAL PROPERTIES OF THE RARE EARTH ELEMENTS

Muthmann and Weiss! have carried ont a comparison
between some of the members of this group of substances, and
have obtained the following results,

! Muthmann and Weiss, dnnalen, 1904, 331, 1.
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As regards colour, lanthanum is a white metal similar to tin
in appearance ; cerium is rather more like iron; neodymium
shows a faint tinge of yellow; while praseodymium is more
pronouncedly yellow in tint.

When the hardness of these elements is compared with that
of lead, tin, and zine, they lie in the following order : lead, tin,
cerium, lanthanum, zine, neodyminm, praseodymium. Samarium
is harder than any of the foregoing.

The melting-points are shown in the following table.
Aluminium melts at about 660° C., and silver at about 960° C,,
which gives a rough standard of comparison—

M.P.
Cerium . : g : : ; 3 6237
Lanthanuom . : 5 : ; - 5107
Neodyminm . : : : : : B40°
Praseodymium - 5 : 1 : 940°

The specific gravities of the four substances are—

Lanthanum . ; : : : : G156
Praseodymium : : . : : 6-48
Neodymium . : : ; d : G-06
Cerinm . : . : : 3 : 704

Cerium, therefore, is about the same density as tin (7°3).

By means of a Berthelot-Mahler calorimeter, Muthmann
and Weiss investigated the heats of combustion of these
substances, comparing them with aluminium and magnesium.
The results are given in the table below :—

{ne gramime giver Heata of formation per molecule.
Mg . . . 58708cal. @ 3MgO. . . 429:0cal
i : . Tl400 R : . 3856 ,,
Ce . : < 18082 . 11Ce(), : . 8869
P, 3 . 14668 |, ' r,0, . : . 412:4
Nd . . . 15060 , Ma0,. o o 4l
La . . . 1e021 ,, 707 A S a7 1

e — o e —_

4. ToHE GENERAL CHEMICAL CHARACTER OF THE RARE EApTH
ELEMENTS

The metals of the rare earths are comparatively reactive,
and enter into direct combination with various elements. They
burn in air, giving rise to oxides of the type MeyOy; but in

M
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addition to this series, some of the metals can be converted
into oxides having the composition MeO,. For example, cerium
oxide of the formula Ce,O; 1s unstable, the stable oxide being
Ce0y  The corresponding oxide of praseodymium has also been
isolated, but it is much less stable than the cerium one.
Terbium and neodymium also yield higher oxides having the
compositions ThO, and NdO,. It is a curious fact that there
are two forms of the oxides Me,O;, one form being prepared by
heating the nitrate of the metal, the other form being obtained
by igniting the hydroxide. The two varieties arve different in
both physical and chemical properties. It appears likely that
this case is parallel to that of the two forms of calcium oxide
(unslaked lime and overburned lime) and to the two varieties
of magnesium oxide. The origin of the difference in properties
very probably lies in the existence of two different polymeric
forms of the oxides.

The oxides of the rare earth metals are bases of medium
strength ; the order of basicity appears to be the following, the
strongest bases being placed first :—

LBE{}E, PI‘gOH, ng[}g, Uﬂgﬂ& Yg{:’g, 3111903, Gngg, TbﬂOg,
HﬂgUg, EI‘EUH, Tﬂ]gﬂ,@, Y}.:»EUH, 50203, CEO-;

The behaviour of ignited lanthanum oxide resembles that of
quicklime ; it hisses when placed in contact with water, and
absorbs carbon dioxide from the air. The oxides of the
ytterbium series are much less active in this respect. From
the fact that their salts with strong acids are not measurably
hydrolyzed even in dilute solution, it follows that the oxides of
the cerium group are the strongest bases derived from trivalent
elements,

The rare earth metals combine directly with hydrogen and
nitrogen as well as with oxygen. The hydrides have the
general formula MeH, or Mel; and are obtained either by
passing hydrogen over the metals at 200° C. to 300° C, or
by the action of magnesium upon the metallic oxides in a
stream of hydrogen. The nitrides are formed by the action
of nitrogen upon the oxide in presence of magnesium, or
from the carbides by the action of ammonia. They have the
composition MeN.

The carbides of the rare earth series have the general
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formula MeCs. Theyare produced by the electrolytic reduction
of the oxides in presence of carbon.

It is necessary for us to enter into defails with regard to
the salts of these metals. They present no special characteristies.
The rare earth elements form salts with nearly all the ordinary
organic and inorganic acids, and these salts have to a great
extent the ordinary properties of salts of strong bases.

D. MErHODS OF PREPARING AND PORIFYING THE RARE EARTHS

In the present section no attempt will be made to enter
into any great detail in the desecription of the various methods
employed to divide the rare earths from the minerals among
which they occur, and to separate the elements of this group
from one another. For these details the reader is referred to
larger treatises.! All that we can doin this place is to indicate
briefly the main lines of the separations, choosing as far as
possible the more characteristic of these.

There are four chief stages in the isolation of the rare earths
from the deposits in which they occur naturally—

A. The decomposition of the mineral and the isolation of

the rare earth class.

B. The conversion of the rare earth oxalates into soluble
salts.

(. The separation of the rare earth group into three sub-
groups by means of double salt formation with
potassium sulphate.

D. The isolation of the various elements from the cerium,
terbium, and ytterbium sub-groups,

Section D we cannot enter into, as each element requires special
methods for its treatment. We shall content ourselves with
indicating in oufline the principles underlying the methods
actually employed.

A. In nature, the rare earths oceur among silicates, which
are usually easily broken up by evaporating the ore to dryness
with concentrated hydrochlorie or sulphuric acid. The powdered

' Abegg, Handbuch d. anorgan, Chem., 1906, vol. iii.; Moissan, Traité de
chimie minerale, 1904, vol. iil.; Dammer, Handbuch d. anorgan. Chent.,
vol. iii. (1893), vol. iv. (1902); Browning, Infroduction fo the Raver Elements
(1909). :
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residue is then added to water, and any insoluble portion is
filtered off, The solution now contains the rare earths in the
form of chlorides or sulphates, and may also contain salts of
copper, bismuth, molybdenum, and iron. Thorium also is often
present, The solution is treated with sulphuretted hydrogen to
precipitate the metals of the second group. This leaves us
with the rare earth elements, iron, and thorinm in the solution.
After oxidation of the ferrous iron to ferric with chlorine, we
add a little hydrochlorie acid, and then precipitate the rare earth
elements and thorium in the form of oxalates.

B. Since the oxalates are insoluble substances, we must
convert them into some other salts which we can get info solu-
tion. This is usually done by one of three methods. The
oxalates may be heated to form oxides, from which any required
salt can be produced; or we may simply dissolve the oxalates
in hot nitric acid, and thus obfain the easily soluble nitrates;
or, finally, we may boil the oxalates for a considerable time with
caustic potash solution, which gives us the hydroxides, and from
these we can produce any salt we may need. At this point we
have to get rid of the thorium which still remains in the solution,
This is usually done by adding hydrogen peroxide to the nitrate
solution; after warming, a precipitate of thorium peroxide
separates out and is filtered off.

C. We have now to separate the rare earth salts into three
main groups by means of double salt formation with potassium
sulphate. It has been found that in this way we get the
following classification :—

1. Elements giving practically insoluble double salts:
Scandium, cerium, lanthanum, praseodymium, neo-
dymium, and samarium

2, Elements giving soluble double salts: Europium, gado-
linium, and terbium.

3. Elements giving easily soluble double salts : Dysprosium,
holmium, erbium, thulium, yttrium, neo-ytterbium.

Instead of potassiumm sulphate, sodium sulphate is sometimes
used.

D. When we come to the actual isolation of one element of
the rare earth series from its companions, there are two chief
methods which we may employ. The first of these depends
upon the basicities of the different metals; the second upon
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the differences in the solubility of their salts. The former
method is capable of subdivision ; for we may depend either
upon a fractional precipitation of the salts by means of bases
of different strengths, or we may reply upon a differential
decomposition of the nitrates by means of heat. We must now
give an outline of these methods,

la. The principle underlying the method of fractional pre-
cipitation is almost self-evident. If we take two substances X
and Y in solution, and add to them a third substance Z which
is capable of precipitating both X and Y, then if we add excess
of Z, both X and Y will be completely deposited from the
solution. If, on the other hand, we add a quantity of Z which
is insufficient to precipitate the total quantity of X and Y present,
it is clear that the amounts of X and Y preecipitated will depend
to a great extent upon their chemical behaviour with respeect
to Z. Suppose that Z is a base which is very much stronger
than A, but only very little stronger than B. If we have one
molecule of each body present, it is clear that Z will displace A
from its salts rather than B. Consequently we shall have A
precipitated and B left in solution. In the case of the rare
earths, this method is employed, using such bases as ammonia,
magnesia, caustic potash, caustic soda, or organic bases. In the
first precipitation the substance is separated into two parts:
precipitate and mother liqguor, The precipitate is then redis-
solved, and the process is repeated. The crystals resulting
from the second fractional preeipitation are once more dissolved
and fractionally precipitated, and the process is confinued until
a pure substance is obtained.

14, The second method, depending upon the difference in
basicity of the wvarious members of the rare earth group, is
carried out in the following manner. In the first place, the
mixed oxalates are converted into nitrates in the usual way,
and to this mixture is added some alkali nitrate in order to
lower the melting-point of the whole mass, Thereafter the
mixture is fused. It is then found that the nitrates decompose,
and usually the most negative oxide separates out first. This
is removed from the mass by solution, and the process repeated
again and again as in the last case.

2. The method depending upon the solubilities of the salts
of the rare earths is simply a process of fractional crystallization.
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The mixture of salts is dissolved in water, and the solution is
then evaporated until about half the solid separates out. This
is filtered off and dissolved in water, and the same process is
repeated. At the same time the mother liquor is again
evaporated till half its solute separates out, and the process is
repeated a sufficient number of times. Where there are more
than two elements present, it is usual to mix the fractions in
the following manner. After the first crystallization, we have
crystals (A) and mother liquor (B). In the second set of
erystallizations, each of these gives rise to a set of crystals
and a mother liquor. The crystals derived from the second
erystallization of the mother liquor (B) are then mixed with the
mother liquor derived from the recrystallization of (A), and in
this way a third set of fractions is produced which grow more
and more rich in the salts whose solubilities lie between the
two extremes. The scheme below will make the point clear.

Original solution

i i
More zoluble Less soluble

(mother liquor) {erystals)
I s ]
| I |
More soluble Lozs goluble More soluble Less soluble

| | | =
More soluble Less soluble DMore soluble  Less gu]u'h!n More solulle Less soluble
1

I Lo s ol s s s aaaaniee| |

P — [ p—_ T e e

(L) (11.) (111.)

The brackets indicate that two fractions have been mixed
together before recrystallization.

A glance at the scheme will show that we are accumulating
the more insoluble salts at (I.), the salts of intermediate
solubility at (I1.), and the least soluble salts at (I1L.).

The salts which have been found most useful in this method
of separation are the chromate, sulphate, nitrate, oxalate, and
formate. The metallic derivatives of acetylacetone have also
been utilized. James! has recently discovered two methods by
means of which rapid separations of the yttrium earths can
be carried out. In the first of these, the rare earth oxalates

" James, Chem. News, 1907, 95, 181 : 1908, 97, 61, 205: J. Amer. Chem.
Soc., 1907, 29, 495,
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are dissolved by warming them with a saturated solution of
ammoninm carbonate in dilute ammonia ; and the fractionation
is carried out by simply boiling the solution until a precipitate
is thrown down. If five fractions of approximately equal weight
be obtained in this manner, the first contains yttrium, the second
18 mainly holmium and dysprosium, the third is a mixture of
various elements, while the last two contain erbinum. James’
second method depends upon the fractionation of the bromates
of the rare earths; he obtains these from the corresponding
oxalates by treating the latter with sulphuric acid, and then
with barium bromate.

Now, let us suppose that we have ecarried out a series of
fractional precipitations or crystallizations, The question at
once arises: Have we carried the process to its end and secured
the pure product we set out to obtain? In order to answer
this question, we must know whether or not we are altering the
composition of our substance in the course of the fractionation,
Thus quite early in the series of fractionations it becomes
advisable to find out what change each successive operation
produces in the substance under treatment.

There are two methods by means of which we may settle the
question. If we are gradually purifying a crude substance, it
is obvious that if, after each operation, we determine the
equivalent of the metal (or the average equivalent of the
mixture in the first case) we shall get a gradual approximation
to the equivalent of the pure metal, as the fractions contain less
and less impurity the further the process is continued. For
example, if we start with a mixture of cerium and lanthanum,
the equivalent of the mixture (if the two metals be present in
equal proportions) will lie halfway between those of cerium
and lanthanum, As our fractions become richer and richer in
cerium, the equivalent of the fraction will draw closer and closer
to the cerium equivalent; and when the fraction contains
nothing but cerium salt, we shall, of course, find the equivalent
of cerium. This method is very rough at the best; and when
applied to the case of the rare earths it is unsatisfactory, owing
to comparatively small differences between the equivalents of
the various metals in the group.

The second method, which is much more refined, consists in
applying the spectroscope to the problem. Here we have a
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considerable choice of procedure, for we may employ either
absorption spectra or emission spectra, and in the latter class
we have three different types; spark spectra, arc spectra, or
phosphorescence spectra. The principle of the method is similar
to that dealt with above. The spectrum of each set of fractions
is examined, and purity is counted as attained when repeated
[ractionation fails to alter the spectrum.

6. THE Prack oF THE RARE EArri ELEMENTS IN THE
PErionic SysTEM

An examination of the form of the Periodic Table which is
oiven in most text-books will show that the elements of the
rare earths (excluding scandium and yttrium) lie just at a point
in the table where a considerable number of blank spaces occur :
to the right of them lie eight gaps in columns V., VL, VI,
and VIIL., while to the left of them are seven other blanks in
the table, under xenon, cmsium, silver, barium, cadmium,
lanthanum, and indium. If an attempt be made to fit the
rare earth elements into the table in the usual way, it will be
found that they cannot be arranged in any satisfactory manner.
The problem of the position in the Periodie Table which must
be assigned to these bodies is one of some complexity, and it is
not astonishing that several investigators ! have endeavoured to
solve it.

Up to the present time attempts have been made to arrive
at a solution from three different points of view. In the first
of these, it is assumed that the rare earth elements are all
trivalent and can be placed in the third group of the Periodic
System, The second view is based upon the arrangement of
these elements (like the others in the system) in the order of
their atomic weights, and under this classification they fall into
Groups IV.,, V,, VL, VIL; and VIII. The third explanation is
based upon the assumption that the elements of the rare earths
form a bridge between lanthanum and tantalum ; and a further
development of this idea by Crookes has led to a new conception

! Brauner, Zeitsch, anorgan., Chem., 1902, 32, 1; Verh. d. denisch. Natur-
forscher w. Aertste, 1899, I1., 131; Retgers, Zeit. physikal. Chem., 1895, 16,
661 ; Steele, Chem. News, 1901, 84, 245; Biltz, Der., 1902, 35, 562 ; Reychler,
Les thiories physico-chimiques, 1903, p, 50; Rudorf, Zeifsch, anorgan, Chem.,
1903, 37, 177.
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of the nature of chemical elements, We shall take up these
three main hypotheses in turn, and briefly review the evidence
which bears upon each of them.

The view that all the rare earth elements should be placed
in the third column of the Periodic Table is one which has the
major part of the practical evidence in its favour, though some
facts cannot be brought into line with it. With the exception
of cerium, the rare earth metals in their commonest forms appear
to be trivalent, and on this ground they should occupy a
position in the same group as scandium, yttrinm, and lanthanum.
Against this view we may urge the objection that there is no
room for this series of substances in that position in our present
Pericdic System ; while the exclusion of cerium from the third
group would produce a hiatus in the table which would very
much diminish the symmetry which is its chief recommendation.

If we suppose that these elements do not belong to the third
group of the table, we have two other possibilities before us
for we may assume that the rare earths are distributed through
the table in the order of their atomic weights, just as the other
elements are, or we may place them in a class by themselves,
in which case we shall have to modify the Periodic Table in
some way.

Let us take the first of these possibilities and see to what
conclusions it leads us. The point will be best understood if
we compare two series, the fourth and the eighth in the table.
The eighth series is, of course, arranged on the assumption that
the elements are to be placed in the order of their atomic
weigzhts,

—— e
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It is known that lanthanum, cerium, praseodyminm, and so
forth, have the faculty of forming oxides of the type Ry0;, and
to this extent they resemble the series scandium, titanium,
vanadium, ete.; but if we are to push the analogy between the
two groups to its full extent, we must be prepared to compare
the higher oxides as well as the lower ones. In the last line of
the table above, we have placed the highest type of oxide
corresponding to each of the elements in the fourth series, and
the question now arises : Have we any evidence of the occur-
rence of analogous oxides in the case of the rare earth elements
which we have placed in the eighth series? As Brauner ' has
pointed out, the problem is complicated by the oceurrence of
two different types of peroxides (Schonbein's ozonides and
antozonides). The “ozonides” or polyoxides contain their
oxygen in the form of atoms doubly linked to the metal or
bridging the gap between two metals :—

0 O Y
Pb<<0 0 Mu——D—Mué?}
07 N0

while the superoxides or “antozonides” contain the group
—0—0—

Na—0O K—0—{)

0
| | Ba/ |
Na—Q K—0—0

O
The difference between the two is best seen in their behaviour
towards dilute acid. The polyoxide is not usually attacked by
dilute acid, and when it is attacked the products are oxygen
and water in addition to the salt of the acid used; the super-
oxide, on the other hand, yields hydrogen peroxide. It is
clear that evidence as to the valency of the metal deduced
from an examination of its peroxide can be relevant only if we
are dealing with a polyoxide. The superoxide type throws no
certain light upon the point.

Unfortunately, in the ease of the rare earth series, the pro-
perties of the peroxides are but little known at the present day,
and consequently we are without definite evidence with regard

! Brauner, Zeit. anorgan. Chem., 1902, 32, 1.
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to their constitution. Until we know with certainty whether a
given peroxide is a member of the superoxide or the polyoxide
class, we cannot lay much stress upon any deductions with
regard to valency which we may base upon this particular
substance.

From the results of his researches, Brauner has come to the
conclusion that there is not sufficient evidence to allow the
assumption that praseodymium, neodymium, and their followers
yield the same type of peroxides as is formed by vanadium,
chromium, ete,

Again, the properties of the rare earth elements do not lie
halfway between those which would lie above and below them
in the columns in which we have placed them. . One example
will suffice. It will be remembered that the specific gravity of
any element in a group of the Periodie Table usually approxi-
mates to the mean of those above and below it, but when we
compare neodymium’s specific gravity and colour with those of
molybdenum and tungsten, between which it would lie if this
arrangement of the table were correct, we find that the rule
does not hold.

Specific gravity. Colour.
Molybdenum . - : . 86—9 . Silver-white
Neodymiom . : : . 696 . Yellow
Tungsten : : . B I . Steel-grey

In the cases of the other metals, such as those lying in the
eighth group, the resemblance of the rare earth element to its
neighbours is even less apparent.

It therefore seems doubtful whether this view of the place
of these bodies in the Periodic System can be maintained, and
it seems most probable that as our knowledge of the group
increases we shall be less inclined to adopt this form of classifi-
cation. There remains still to be considered the question of
placing these substances in a class by themselves.

Brauner has suggested that since, in the ordinary Periodic
Table, there is no room for us to arrange the rare earth group,
we must expand the table into a three-dimensional figure. On
this assumption, cerinum and its followers would form a hori-
zontal bridge between two vertical planes containing the other
elements, or they would be arranged upon a plane perpendicular
to those containing the other elements. The table on p. 172
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shows Brauner's arrangement,! the part prinfed in heavy type
being supposed to lie perpendicular to the plane of the paper,
while the section containing tungsten and its suceessors is
supposed to lie above and parallel to the plane of the page.
The table has been modified from Brauner’s in order to bring it
into line with the 1909 Table of Atomie Weights,

In his Presidential Address to the Chemical Society in 1888,
Crookes? put forward a view of the rare earths which now,
after twenty years, seems capable of throwing very considerable
licht upon researches which have been carried ouf in other
branches of chemistry sinee it was published, while its appliea-
bility to the rare earth problem has become even stronger than
ever. Without extensive quotation it would be impossible to
do justice to Crookes’ conceptions, but the following summary
will show the general trend of the argument as far as it concerns
the rare earths.

Crookes introduced into chemistry the coneeption that what
we are accustomed to treat as elements are not really homo-
geneous bodies, buf are to be regarded rather as aggregates of
particles which differ from each other to some extent, though
when taken in large groups their mean characteristics corre-
spond to those of our so-called elements. We may make this
clear by a concrete example. Suppose that we had a crowd of
men of different nationalities, British, Japanese, Negroes, and
Polynesians. If we were asked to classify these, we should
have no difficulty in separating them into four different groups,
and in the mass each group would show ifs distinet racial
characteristics. But if we then examined the members of each
group, we should find that each individual differed to some
extent from his neighbour. In the British group the native of
Devonshire would differ from the Cockney and from the York-
shireman, and yet we should have no doubt about his nation-
ality. Crookes applied similar ideas to chemical elements, and
suggested that up to the present time we have only got to the
stage of separating particles into chemieal nations.

Let us carry the analogy a stage further. Let us suppose

! Brauner, Zeif. anorgan. Chem., 1902, 32, 18.

* Crookes, Trans., 1888, 53, 487 ; see also Tvanms., 1889, 55, 257 ff. The
reader is recommended to consult these papers, the first of which is full of
very valaable and striking views.,
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that the British group of men represents the rare earth family of
elements, Just as the elements of this class resemble each other
much more closely than chlorine resembles bromine, so the
Devonshire member of the British group will be more like the
Yorkshireman than a Japanese is like a negro, Crookes thus
introduces a new class of bodies, which he fterms * meta-
elements.”” These meta-elements resemble each ofther very
closely, much more closely than one ordinary elemenf resembles
another; they have many properties in common, and the
separation of the meta-elements from each other is much more
difficult than the separation of two ordinary elements. This,
on Crookes’ view, is due to the fact that in the meta-element
the particles do not resemble each other as individuals to the
same extent as is the case in the ordinary elements. In the
case of chlorine, the factor which we call atomic weight is
represented by the figure 35-5. Here the great bulk of the
component atoms may be supposed to have this atomie weight ;
a small percentage may vary from this figure to the extent of a
decimal place, while a few others may stray as much as a whole
number or two on one side or other of the mean. The ultimate
atoms whose factor is not exactly 355, but a little higher or
lower than 355, will congregate round the 35'5 nueleus,
forming a group whose average value will be 35:5. In like
manner, similar groups will be formed having the average
factors 80 and 127, while the intermediate spaces will be
cleared, the ultimate atoms which occupied these spaces being
attracted to the chlorine, bromine, and iodine groupings. These
groupings represent what we call elements, but Crookes con-
jeetures that they may possibly consist of an element and a
certain number of meta-elements, or that they may each be
formed of a whole group of meta-elements, none of which
clearly preponderates over the remainder.

One final example may help to make the matter clearer. If
we suppose that the grouping of our chemical matter is to some
extent analogous to the grouping of the heavenly bodies, we
should draw a parallel between what we call elements and what
we call fixed stars, while meta-elements would correspond to
the nebul@. Just as in a nebula we can have nuclei which
will eventually become eondensation points for the formation of
lixed stars, so in the meta-elements we find kernels which






CHAPTER X
ATOMIC WEIGHTS

1. GENERAL

WHEN we set out to determine the atomic weights of the
elements, it is clear that we must have some standard substance
whose atomic weight we take as a basis, and with this standard
we compare the atomic weights of various other elementary
bodies, At first sight, 1t appears that it 18 most important to
choose as a standard substance one which enters into combi-
nation with as many other elements as possible ; for in this way
we shall be able to determine directly the ratios between the
atomic weights of the standard and of the element with which
it is combined.

Since oxygen combines with nearly every elemenf and
furnishes a series of well-defined compounds, Berzelins chose it
as the standard. Now, after fixing the standard by which the
elements are to be measured, it is necessary to have some plan
of campaign. It is useless to analyze a series of oxygen
compounds at random in the hope of obtaining atomic weights.
What is required is a series of substances which will yield a
set. of checks and counter-checks, so that the analysis of one
substance can be controlled by the results obtained in the case
of the other compounds of the group. With this aim in view,
Berzelius, Marignae, and Stas, in their researches, took up in
turn the six elements sodium, potassium, silver, chlorine,
bromine, and iodine. The object of the scheme was to obtain
the atomic weights of these six elements on the oxygen basis,
and then, by combining either one of the metals or one of the
halogens with another element, to obtain the atomic weight of
the new element. For example, let us suppose that we knew
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the atomic weight of the above three metals and three halogens,
and that we wished to determine the atomic weights of lithium
and nitrogen. We should make lithium chloride, determine
1ts composition or its molecular weight, insert the value for
chlorine, and thus obtain the value for lithium. In the case
of nitrogen we should prepare silver nitrate and estimate its
composition, then (by using the values of silver and oxygen)
discover the wvalue of the nitrogen atom. The experiments
and caleulations leading to the determination of the six funda-
mental weights can be described in four stages.

I. In the first place, the molecular weights of the halides
were determined in the following manner. The chlorates,
bromates, and iodates were prepared and carvefully purified. A
weighed quantity of, say, chlorate was then converted into
chloride, and in this way the relation between the weight of
oxygen in the chlorate and the molecular weight of the corre-
sponding chloride was obtained. The molecular weights of

Sodium chloride Potassium chloride Silver chloride
Potassium bromide Silver bromide
Potassium iodide Silver iodide

have besn determined in this way. The results obtained in
the case of potassium iodide were not accurate; sodium
bromide and sodium iodide were not dealt with.

1I. The relation of silver to the alkali halides was obtained
in the following way. A fixed quantity of the alkali halide
was weighed out, dissolved in water, and titrated with a solution
containing a fixed quantity of silver dissolved in nitric acid.
The required relation was then found from the constants
obtained.

III. The next relation required was that between the silver
and the halogens. This was determined in various ways. In
the first method, a weighed quantity of silver was acted on by
chlorine, and the silver chloride thus obtained was weighed. In
the second method, a given quantity of silver dissolved in nitric
acid was precipitated by hydrochloric acid, and the quantity of
silver chloride formed was determined. In another method
ammonium chloride was used as a precipitant instead of hydro-
chloric acid. There are various meodifications of this method,
depending upon whether the silver chloride is filtered, washed,

N
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and dried or merely has the excess hydrochloric acid removed
by evaporation and is thereafter melted.

IV. From L. and II. we can determine the atomic weight of
silver in relation to oxygen. Having got this, we can (from
the data of IIL) determine the atomic weight of chlorine in
relation to silver, and hence to oxygen. To complete the
series, we need only subtract from the molecular weights of
the chlorides MeCl the atomic weight of chlorine, and we shall
be left with the atomic weights of the metals potassinm and
sodinm ; we then go through an analogous process with the
bromide and iodide of potassium, subtracting from the molecular
weight of the bodies the atomic weight of potassium, the
remainder being the atomic weight of bromine or iodine.

Coming now to the atomic weights of elements other than
those belonging to the first fundamental class, we must begin
with that of nitrogen. This atomic weight can be determined
in either of two ways, chemically or physically. The chemical
method is the same as those described above : silver nitrate is
prepared and analyzed, the atomic weights of silver and oxygen
are substituted in the formula, and the remainder of the salt
must be nitrogen. IFrom these data we can calculate the
atomic weight of the element. It will be apparent from this
that in the chemical method we are dependent only upon the
law of combining proportions. When we turn to the physical
method, we base ourselves upon quite different considerations.
In it we determine by direct weighing the density of a given
volume of nitrogen under fixed conditions of temperature and
pressure. Theoretically, this direct estimation should be suffi-
cient to allow us to caleulate the atomic weight of the gas, if
we fake Avogadro’s law as correct. In practice, however, this
law is by no means true ; or at least it is only true for infinitely
low pressures. If we raise the pressure upon two different
gases, it is found in practice that their compressibilities are
usually different; so that even if we start with the same
number of molecules in a litre of each gas, we shall soon find
that under a higher pressure one gas has become more com-
pressed than the other, and consequently contains a greater
number of molecules per litre at the same pressure. Thus it is
not sufficient to weigh a given volume of nitrogen at a fixed
temperature and pressure; in addition, we must insert a
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correction whose magnitude depends upon the compressibility
of the gas with which we are dealing.

Turning next to the atomic weight of hydrduen, we find that
the majority of determinations depend upon the synthesis of
water either from direct combination of oxygen and hydrogen
in weighed or measured quantities, or by the reduction of copper
oxide by hydrogen.

The atomic weight of sulphur can be obtained from the
reduction of silver sulphate to silver, or the synthesis of silver
sulphide.

Finally, in the case of carbon, advantage is taken of its
direct combination with oxygen, the amount of carbon dioxide
produced being measured in this case.

For nearly a generation Stas’ work was accepted as being
almost the last word upon the subject of those atomic weights
which he had determined, but in recent years considerable
doubt has been thrown upon the accuracy of his methods.
The chief aim of Stas was to avoid errors in weighing, and with
this in view he employed comparatively large quantities of the
substances with which he dealt, half a kilogramme and
upwards being used in some of his experiments. In order to
reduce his solutions to manageable bulk, he was thus forced to
use high concentrations ; and consequently he ran the risk of
having some of his substances occluded in his precipitates. In
this way errors crept into his work which, from their nature,
were by no means constant errors.

In the last ten or fifteen years Rayleigh, Ledue, Guye, Gray,
Richards, and others have corrected the data of Stas and the
earlier workers, and in order to give some idea of the pre-
cautions which are now employed in atomic weight determi-
nations, we shall devote two sections of this chapter o a
summary of two recent researches on the atomic weight of
nitrogen and silver, the physical method being illustrated by
an account of Gray’s researches, while the chemical side will be
exemplified by a set of Richards’ experiments. Before entering
upon these, however, we must deal briefly with the methods by
means of which we arrive at approximate values of the atomic
weights of some elements. In many cases it is easy to obfain
the correct equivalent of an element; but the further problem
remains to determine whether this equivalent or a multiple of
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it is the true atomic weight. In the next section we shall
mention some of the methods which have been propused to deal
with this question.

2, METHODS FOR THE DETERMINATION OF APPROXIMATE
Aromic WEIGHTS

(a) Dulong and Petit's Law.—If we multiply together the
numbers representing the specific heat and the atomic weight
of an element, we obtain a figure which is termed the afomic
heat of the element in question, Dulong and Petit ! discovered
that within certain limits the atomic heats of elements are
practically constant and equal to 6'4. The application of this
to the discovery of approximate atomic weights is obvious., If
we could determine the specific heat of an element with great
aceuracy, we should be able to dedoce the element’s atomie
weight by simply dividing the number 64 by the number
representing the specific heat. Unfortunately, in practice there
are two grave drawbacks to the application of this method with
any degree of accuracy. In the first place, the number 64 is
only a rough mean, and not an accurate value ; for the atomic
heat varies slightly from element to element, and is not a true
constant. Again, there are no methods known which will
allow us to determine specific heats with the degree of accuracy
which would be required to give us sufficiently accurate values
for the atomic weights, even if the value 64 were exact.
Nevertheless, the Dulong and Petit law is very useful as a
rough guide in certain cases.

The results of Nilson and Petterson? in the case of titanium
will give some idea as to the merits and defects of this mode
of approximation, They determined the specific heat of titanium
at various temperatures, and found the following results. The
first column shows the limits of temperature between which the
experiments were carried out; the second column gives the
experimentally determined specific heats; the third column
contains the approximation to the atomic weight of titaninm
obtained by dividing 64 by the corresponding numerical value

! Dulong and Petit, dnn. chim. phys., (ii.) 1819, 10, 395.
* Nilson and Petterson, Zeitsch. physikal Chem., 1837, 1, 84.
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of the specific heat. The true atomic weight of titaninm
is 477,

Tomperature-rangn, Specific heat, Calenlated atomic weight.
1007 — @ : 2 0r1125 : : 506
211°¢ - 02 ; 2 0-1288 : - 49
301-5° = 02 - - 0-1485 - . 43
4400 — (° : : (- 1620 A : A9

From these results it is apparent that the specific heat
varies with the temperature range of the experiment. The
mean of the four ealenlated atomic weights is 47.

(b) Newmann’s Law.—An extension of Dulong and Petit’s
law was proposed in 1831 by Neumann,! who showed that a
somewhat similar rule was applicable to compounds as well as
to elements. According to Neumann, if we add together the
atomic weights of the atoms in a molecule, and then multiply
this sum by the specific heat of the compound in the solid
state, we shall obtain the molecular heat of the compound;
and this molecular heat is approximately 14 for all compounds.
It should be noted that we are not multiplying the true mole-
cular weight by the specific heat. Tn the case of calcium oxide,
for example, it is most improbable that the solid substance has
a molecular constitution represented by the formmla CaO ; it is
much more probable that it is a polymer of this, (Ca0O),.
Nevertheless, in applying Neumann's law we take the simple
molecular weight (40 + 16) = 56, and multiply this by the
specific heat of lime.

A modification of Neumann's law was introduced by
Garnier ? in 1852. He pointed out that if we multiply together
the simple molecular weight of any compound and the number
representing the compound’s specific heat, and divide the
product by the number of atoms in the compound irrespective
of their chemical eharacter, we shall obtain a constant guantity.
The relation is expressed in the equation below, in which W
represents the simple molecular weight, H the specific heat of
the solid compound, and N the number of atoms in the simple
(unpolymerized) molecule :

W.H

— = constant

N

1 Neuamann, Pogg. Ann., 1831, 23, 1.
* Garnier, Compl. vend., 1852, 36, 278; 37, 130,
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Hence, if we know the specific heat of the solid substance we
can caleulate the approximate molecular weight, and thus
arrive at some idea of atomic weights, provided we know the
atomic weights of all but one of the elements in the compound.
There are of course excepfions to this rule. For instance, it
fails when it is applied fo compounds containing gaseous
elements such as hydrogen, chlorine, or oxygen.!

(¢) Mitscherlich’'s Law.—Mitscherlich,? in the course of an
examination of a series of phosphates and arsenates, observed
that he was able to produce a series of mixed crystals, and that
if to the solution of ome salt were added a seed-crystal of
another salt crystallization fook place round the nucleus thns
formed. From this he was led to examine the erystalline
forms of the salts, and on comparison he found that in
many cases it was possible to replace an atom of one element
by an atom of a second element without producing any
change in the crystalline form of the solid salt. When
this replacement can be carried out, the two elements which
are interchangeable are obviously of the same chemical
type; and Mitscherlich deduced that the replacement of one
element by another made no alteration in the general
character of the molecule as a whole, Thus if we know the
chemical constitution of a salt, we can deduce the probable
constitution of another salt which is isomorphous with the
first one.

These three methods find their most useful application in
cases where the equivalent of an element has been determined
with accuracy, but where there is no definite evidence to estab-
lish its valency. For example, let us take the case of gallium,
If we determine the equivalent of gallium (taking oxygen as 8),
we find that it is 23-3. But the oxide might be Gay0, GaO,
Giag0y, Ga0y, ete.  When we mix gallium sulphate with potas-
ginm sulphate and evaporate the solution, we obtain a series of
crystals which outwardly resemble the alums, with which the
new double salt can form mixed crystals. The double sulphate
of gallinm and potassium, therefore, is isomorphous with ordi-
nary alum. But according to Mitscherlich’s law, it is therefore

! Kopp, Wied. Ann. Suppl., 1864, 3, 1 and 289,
* Mitscherlich. Ann. chim. phys., 1820, 14, 172; 1821, 19, 350; 1323,
24, 264,
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similarly constituted ; and the formule for the two substances
must be similar—

K504, Aly(S0y), . 24,0

KsS0y . Gag(S0y)g . 24H,0

Hence we deduce that the formula of the sulphate of gallinm

must he—
Gﬂ.g( ot 04)3

which, again by analogy with aluminium, must be derived
from an oxide of the composition Ga,0, Gallium is therefore
trivalent, and we must multiply its equivalent by three in
order to obtain its atomic weight—

233 x3="T0

We must now proceed to the consideration of modern exact
methods of determining atomic weights, dealing first with the
physical method.

3. Tar Puysicar, DETERMINATION OF THE AtoMic WEIGHT
oF NITROGEN

When we endeavour to apply purely physical methods to
the determination of the true atomic weight of nitrogen, it is
clear that fhe simplest process is to ascerfain the density of
the pure gas. IXnowing this, we can caleulate from it the
atomic weight; and the accuracy of the result will depend
almost entirely upon two factors: first, the degree of purity of
the gas used; and, secondly, the precision of the methods
employed in defermining its density. We shall therefore deal
with these two branches of the subject in turn,

Gray,! instead of using nifrogen itself in the determination
of the atomic weight, found it more convenient to employ nitrie
oxide, which he prepared in the usual manner from acetic acid,
potassium ferrocyanide, and potassium nitrite. The gas thus
obtained may confain two impurities—nitrous oxide and
nitrogen.

The nitrous oxide was eliminated in the following manner,
The crude gas was collected in a gas-holder over water, and
was first washed by passing through a large volume of water.

' Gray, Trans., 1905, 87, 1601,
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It was then sent through two flasks containing strong aqueons
potash, by which means the higher oxides of nitrogen were
absorbed ; and was finally dried by passage across solid caustic
potash and phosphoric oxide. It was now passed into a
“bubbler ” cooled by liquid air; condensation of the gas
took place, and the bubbler was soon half filled with
liquefied gas. A second bubbler was then brought into play.
This was so arranged that by means of a two-way tap it
was possible to pass a gas into it either through a wide tube
or through a ecapillary. The erude gas was now bubbled
through the liguid in bubbler I., and was then passed through
the wide tube into bubbler II., and was condensed there until
that bubbler in turn was half full. At this point the two-way
tap between bubbler I. and bubbler II. was turned so as to pass
the gas through the capillary whose point lay below the liguid
in the surface of bubbler II. Finally, a third bubbler was
attached to bubbler II., and in this last vessel the gas was
solidified. The process in brief, therefore, consists in bubbling
the erude gas twice through its own liquid. The gas was next
distilled from the third bubbler into a gas-holder over water,
and after drying it over phosphorus pentoxide, it was again
submitted to the process of condensation and bubbling through
its own liquid. In this way from thirty litres of gas ten litres
of purified produet were obtained.

This gas, however, still contains nitrogen, which is occluded
among the solidified gas in the third bubbler. To some extent
this impurity can be eliminated by attaching a Topler pump
to the third bubbler, and pumping off as much gas as possible
while keeping the nitric oxide solidified by means of a liquid
air-jacket. Even after this treatment, however, the gas still
contains nitrogen, and it was found difficult fo eliminate this
trace by fractionation. Gray therefore had recourse to an
extremely ingenious process, At 170 mm. pressure the boiling-
point of nitrie oxide coincides with its melting-point, so that if
we condense the gas below this pressure the liquid phase never
comes into existence, and hence the nitrogen never has a
chance of dissolving or becoming entangled in the interstices
of the solid. This process was carried out at the end of
the second series of fractionations, the pressure used being
about 50 mm.
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The following table gives some idea of the steps in the
process :—

Crude gas
Purified by water and caustic potash
F"metd]nnntmi
L TS LT e :
F‘l'actiiml 1 ch!t.i:m 2 Fraction 3
Density = {igig& Refractionated Density = {igﬁ
Gnntaillm YN Refractionated
Fraction 4 | Fraction & Last {raction
ﬂuliect.r,id firat nnllacllnad last Density T 1-5820
Density = {{ 3a0 | Donsity = {13475 Torvoun sulphte

| Gras rekindled
[ wood splinter

= !
' N.O

Middle fraction 6

nearly pure gas

Fractionated into
density bulb

We must now turn to the second part of the investigation,
and deseribe the precautions which are necessary in the opera-
tion of weighing the gas. The method employed was the
same as that used by Ramsay and Travers.! The bulb in
which the gas was weighed had a capacity of about 300 c.c.
It was found that the volume of the bulb altered to some
extent when it was pumped out; and this necessitated the
introduction of a correction to counterbalance this change.
The change due to a difference of pressure of 727 mm. was
found to be 0°043 c.c., so that the weight of nitric oxide gas
determined in the bulb must be increased by 0:00006 grm. in
order to make it accurate.

The bulb was weighed upon a balance placed in a tin
box to avoid draughts and changes of temperature; the scale
and pointer of the balance were illuminated by a beam of
light. By these means the maximum error in weighing was

! Ramsay and Travers, Phil. Trans., 1901, 197, A. 47.
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reduced to 002 milligrm.; and sinece each defermination
require two weighings, the maximum final error was 004
milligrm. The bulb was counterpoised by a sealed bulb
of approximately the same external volume, which was hung
from the other end of the balance beam.

To measure the pressure in the bulb, a direct-reading
manometer was employed, by means of which the pressure
could be determined to 0:03 mm. Readings were made by
means of a cathetometer. To reduce the temperature of the
gas to zero, the bulb was packed in ice; and to make sure
of avoiding error the counterpoise was always similarly treated.

The whole apparatus was set up in a cellar whose tempera-
ture did not change appreciably, and whose stone floor precluded
vibrations likely to interfere with the accuracy of weighing,

When the results were obtained, they of course referred
only to the latitude of Bonn, where the experiments were
carried out. To bring them to agree with those found for
other latitudes a correction must be applied.

The results obtained by Gray in one of his series of experi-
ments are given in the table below :—

i m— - —

Veight of gas | 2 | Pressure in mm, Volume of I L
amotss|  Veeoom | Pramminmm. | Vowmesf | e
' Bonn,
085914 | = 0-00006 gramme 76147 | 26788 ce. | 035851
035003 + 0°00006 |, T61-50 - (-35848
0-35774 + OrDDOOG i To8-47 , — (r35852
034953 + 000006 -, T41-11 i — (-35850
Mean weight of nitrie oxide filling bulb at 0® C. and 760 mm. |
prezsure in the Chemiecal Institute in Bonn . - : 035851

From the results of his experiments, Gray has deduced
that the atomic weight of nitrogen determined in this way
is 14:006. If no allowance were made for deviations from
Avogadro’s law, the result would be 14:012; this gives some
idea of the importance of this correction.
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4, Tar CAEMicAL DETERMINATION OF THE ATOMIC
WEIGHT OoF SILVER *

In the present section a summary of the researches of
Richards and Forbes® upon the atomic weight of nitrogen
will be given. Naturally, in a condensed summary, only the
more important points in the investigation can be touched
upon; but an attempt will be made to bring into relief the
various elaborate precautions which are necessary in our
modern methods of atomic weight determination.

The method adopted by these two anthors was to prepare
pure metallic silver, note its weight, and then convert it into
silver nitrate, determining the increase in weight thus produced.

The research was thus divisible into three main sections—

I. The preparation of pure materials.
IT. The quantitative synthesis.

IIT. The determination of the purity of the product.
We shall take up each of these in turn.

1. The Prepavation of Pure Materials—These were four in
number: nitric acid, silver, water, and air (the last being used
for blowing water-vapour out of the apparatus).

The nitric acid was redistilled twice just before the silver
was added, the middle fraction only being retained in each
case. The silver used was derived from different sources, and
different samples were purified in different manners. It will
be sufficient to mention one of the processes. Silver was
first precipitated as chloride, reduced with best alkaline sugar,
washed free from chloride, dissolved in nitrie acid, filtered
and crystallized as nitrate in platinum’ vessels six times from
nitric acid distilled through a platinum condenser. The
mother liquor was eliminated centrifugally. The last crop
of erystals was precipitated with ammonium formate in a
silver dish, after which the precipitate was washed free from
ammonia, and fused in a cup of pure lime. The silver was
then etched with nitric acid to remove adherent lime, and

* This research was actually carried out to determine the atomic weight
of silver; but if from other work the atomic weight of silver is known, the
Richards-Forbes results enable us to caleulate the value for nitrogen.

! Richards and Forbes, Publications of the Carnegie Institule of
Washinglon, No. 69, p. 47.
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was afterwards electrulyzefl through a nitrate solution made
from some of the same silver and the purest nitric acid. It
was then fused again in a well-seasoned lime boat in a new
porcelain tube in an atmosphere of electrolytic hydrogen. The
buttons were then etched to remove lime as before, and were
then dried either in an electric oven at 150° C. or at a dull
red heat in wacuo or in hydrogen at reduced pressure. The
water used in the experiments was first distilled with alkaline
permanganate through a glass condenser; a drop of sulphuric
acid was then added, and the liquid distilled through a block
tin condenser. The air passing through the apparatus was
treated in the following manner. It was delivered from a
water-pnmp, in which the larger proportion of original impurity
must have been removed. It was then passed through a tall
Emmerling tower filled with glass beads moistened with sul-
phuric acid to which a trace of potassium bichromate had been
added ; it next passed through two towers filled with a eon-
centrated solution of potash, and thereafter was led into another
tower containing stick potash. After this, it was passed
through a hard glass tube containing platinized asbestos heated
to a dull redness, It then passed into a trap for removing
asbestos shreds, and was finally dried in two towers of broken
potash. No rubber connections were used in the whole
apparatus.

II. The Quantitative Synthesis of Silver Nitrate—Two long-
necked quartz flasks of approximately the same superficies
and capacity were heated in an oven to 250° C. for at least
half an hour, a moderate air-current being passed through
them during the process. They were then transferred (by
means of loops of platinum wire about their necks and a
hook of platinum fused into a glass rod) to a large desiceator.
After standing near the balance for two hours, the flasks were
removed from the desicecator and weighed. On removal from
the desiccator it was found both flasks absorbed moisture from
the air; but the amount of absorption was remarkably constant.
It was found that weighings made after this treatment on
different days concorded fo within 0-00003 grm. The weigh.
ings were corrected to vacuum standard. The silver was
weighed by substitution and infroduced into the flask, which
was then transferred to a desiccator whose sides had been
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moistened. A sufficient quantity of purest nitric acid was
then distilled into a platinum ecrucible, mixed with half its
volume of pure distilled water, and poured direct from the
crucible into the flask. The cover of the desiccator was
replaced, the stopper removed and covered with a watch-glass
and a clean beaker. The apparatus was kept all night at a
temperature of between 40° and 50° C. In the morning the
neck was washed down with a little distilled water, and the
flask placed in a special apparatus for the evaporation of
the liquid. The desiceator was then washed out with water,
and the washings were tested for silver, lest any should have
escaped by spurting of the solution up the neck. The solution
in the flask was evaporated to dryness and finally fused.
Finally, the flask was placed while still hot in a large desic-
cator, which was wrapped in a black cloth to exclude light,
and was left near the balance over-night. In the morning
the flask was weighed again, Thus, in the whole eyele of
operations, nothing had been allowed to touch the outside of
the flask except air, platinum, and elean glass.

ITL. The Determination of the Purity of the Product.—The
next stage in the process was to make certain that the silver
nitrate thus prepared was really pure. We need not enter
into a description of the long series of very careful experiments
which were carried out by Richards and Forbes in order to
track down any possible impurity. It will be sufficient to
give the table showing the extremely small sources of error
detected by them,

Lirammes,
Weight of fused AgNO, from 100 grammes Ag . . 157480
Correction for weight of—
Dissolved air : : g ’ 5 : < 0000
Hetained water . . : o . = 00016
Retained ammonium nitrate : ; : . = 00007
Nitrate g g a : : ; : : 0000
Free acid . 0000
Corrected weight of u.rgnnt.m mtmtc cbi.muu.hlc. fr-:;rm
100 grammes of pure silver . : . 157478

5. THE CALCULATION OF ERRoRs®
In scientific researches which aim at securing exact
numerical results there are two possible types of error which

! Reference may be made to Mellor's Higher Mathematics for Students of
Chemisiry and Physics, 1909, chap. ix.
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may vitiate our results, The first of these comprises what
are called econstant or systematic errors, that is, errors which
run uniformly through a whole series of experiments, so that,
while the experimental results are concordant, they are all
inaccurate to the same extent. For instance, if we are deter-
mining a series of pressures, and find in the end that our
results agree among themselves, this is no proof of their
accuracy ; for our manometer may have a defective vacuum,
in which case all the results will be vitiated by a constant
error. The only certain way of detecting constant errors is
to ascertain the results sought for in two ways which differ
from each other completely as regards experimental details ;
for example, if we determine the atomic weight of nifrogen
by a physical and by a chemical method, there will be no
possibility of a constant error affecting both series of results
to the same extent,.

The second class of errors with which we meet in practice
are deviations due to some inaccuracy in a particular experi-
ment. For example, in the course of two analyses we may
wash a precipitate better in one case than in another, and
consequently the experimental error in the analytical results
will be greater in the one example than in the other. In this
particular class we have a rather complicated series of names
which cover various different ways of arriving at some idea of
the extent to which our observations are erroneous; but we
need only deal with one of these, the probable error. A concrete
example will make clear what we mean by these two terms,

Suppose that we have made a series of observations and
have obtained the following results :—

4 6 9 10 12 13
We proceed to take the mean of these results, and find it fo
be 9. We now wish to determine the probable error in the
series of observations—that is, the measure of amount of con-
fidence which we are justified in reposing in the mean of the
series as the best representative of the whole series. To do
this, we find in the first place the deviations of the various
observations from their arithmetical mean, 9. We thus get
the following series of figures: —
b & 0 18 .4
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We next arrange these in order of magnitude, and then choose
a value which lies midway in the series; in other words, a
value such that the number of valunes before it is the same
as that of the values coming after it. In the figures below
this value will be 3 :—

0 1 3 3 4 5

The value for the probable error in this series of observations
will therefore be 43, so that we should say that our final result
was the mean, 9, plus or minus three; or, expressed as
usual —

9 3

It should be noted that the probable error has no relation what-
ever to the accuracy of the experimental work, as in calenlating
it we take no note of the possible occurrence of constant
errors.

It has been laid down by Legendre that the most probable
value for observed quantities is that for which the sum of the
squares of the individual errors is a minimum. This is what is
called the Principle of Least Squares. Without going into the
mathematical side of the question, we may quote the following
equation, which enables us to caleulate the probable error in
any series of observations :—

Probable error = 0‘6745\/ s -

n(n — 1)
where s is the sum of the squares of the variations of the
individual values from the mean, and n is the number of the
observations made.

Now, suppose that we have several series of observations
bearing upon the same point; and that we wish to co-ordinate
them all and determine the final mean value. This we can do
by the aid of the formula below, in which A, B, C . . . are the

individual means, and @, b, ¢ . . . their respective probable
errors i—
A + B = C
atptas-
Mes—T =

r52+53+é§ i
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The probable error of the final mean is calculated from the

formula—
1
Probable error = / T T T
FF pikge

6. ANOMALIES IN THE PERrIopic TABLE OF THE ELEMENTS

When we examine the Periodic Table of Mendeléelf, there
are four cases in which we find that it does not show the same
regularities as are exhibited in the case of the majority of the
elements. These anomalies are displayed by the, following
elements : argon and potassium ; the rare earths ; iron, cobals,
and nickel ; and, finally, tellurium and iodine.

Take the case of argon and potassium first. The atomic
weight of argon has been most carefully determined by weighing
the gas; and there is no doubt whatever thatit has a density of
19-96, which corresponds to an atomic weight of 3992, On the
other hand, the atomic weight of potassium is 39°15, and that
of calcium is 40-1. Hence if these elements were arranged
in the order of their atomic weights, we should have the
following—

K A Ca
39-15 3992 40-1

whereas if we arranged them according to the periodic recur-
rence of their chemical and physical properties, we should have
this order—

A K Ca
3992 3915 40-1

It has been suggested by Ramsay and Collie! that argon may
contain about three per cent. of diatomic molecules, which would
suftice to bring its density to the experimental value. In this
case, of course, the true atomic weight of argon would be below
that of potassium, and there would in consequence be no
anomaly in the table. The evidence of the specific heats at
constant pressure and constant volume, however, tells against
this view. The matter is still unsettled. '
! Ramsay and Collie, Proc. Roy. Soc., 1896, 60, 206,
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Turning now to the elements of the rare earths, an
inspection of the atomic weights of these bodies will show
that between cerium with an atomic weight of 14025 and
tantalum with one of 181, there lies a seattered group of
elements which apparently have no such simple relationship
between their atomic weights as appears in the rest of the table,
and all of which belong, by their chemical character, to the
fourth group in the table. In the previous chapter we have
dealt with this point, so we need not enter into it again in
this place.

When we examine the group of elements, iron, cobalt, and
nickel, in the eighth group, we find that their behaviour and
chemical character do not vary with their atomic weighf as
they ought to do in accordance with the Periodic System. If
we take the formation of trichlorides as a test case, and compare
it with the atomic weight relations between the elements, we
shall find the following : —

Fe Co Ni
559 590 587
FeCl, CoCly NiCly

(Quite stable) (Exists only in solution) (Unknown)

According to the chemical properties of the substances, there-
fore, the order should be : iron, cobalt, nickel ; whereas accord-
ing to the atomic weights it should be: iron, nickel, coballt.

The fourth example of anomaly in the Periodic Table is
furnished by the relative positions of iodine and tellurium.
The atomic weight of iodine is 126-97, while that of tellurium is
12760 ; so that if we arranged the elements according to their
atomic weights, this region of the Periodic Table would be set
ont as follows :—

S Cl
32:06 3545
Se Dr
792 7996
I Te
126-97 127-G0

In other words, iodine would be removed from among its
0
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congeners and placed along with sulphur and selenium, to which
it is not chemieally akin; while tellurium would be elassified
along with bromine and chlorine, to which it shows no resem-
blance whatever.

This glaring inconsistency between the chemical properties
and the position according to the atomic weight led to numerous
researches being made upon the atomic weight of tellurium,
In the latest of these® no fewer than eight different methods
were devised in order to separate tellurium into two elements
if it proved to be a mixture. None of the methods was success-
ful, and it appears most probable that tellurium is a true
element. The anomaly in the Periodic System therefore admits
of no explanation.

! Baker, Trans., 1907, 91, 1849,



CHAPTER XI
THE INACTIVE GASES

1. HISTORICAL !

In 1893 the Periodic Table of the elements remained very much
in the form which it had taken under the hand of Mendeléeff a
quarter of a century earlier. Here and there a new element
had been discovered, and had taken its place in one of the gaps
of the original table; eka-boron (seandium), eka-aluminium
(gallium), and eka-silicon (germanium), whose general proper-
ties were forecast by Mendeléeff, had been isolated and found
to correspond closely to the descriptions which had been
theoretically deduced from their position in the Periodic
System. DBut the Table of 1893 contained exactly the same
number of spaces as that of 1864, and no one could then have
foreseen that in less than half a decade five new elements
would be discovered, whose recognition would necessitate the
addition to the Periodic System of a new eolumn, and whose
properties would be so strange as to differentiate them entirely
from any class of elements hitherto isolated. The first of
these was argon.

It appears that argon had actually been isolated over a
century before it was recognized as a new element. Cavendish,
in the course of his researches, had passed electric sparks
through air, and, by means of alkalis, had absorbed the oxides
of nitrogen thus formed. 1In this way he obtained as a residue
a small bubble of gas which appeared to be unaltered by
further sparking. The quantity of substance which Cavendish
obtained was too small to allow him to make any experiments

I The material for this section was derived from Sir William Ramsay’s
lecture, * Die edlen und die radioakiiven Gase” (1908). See also Ramsay,
The Gases of the Atmosphere; Travers, The Study of Gases; and Ramsay
and Travers, Argon and its Companions, Phil. Trans., 1901, 197 A., 47,
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with it; and when we remember that, even to produce this
small amount, it had been necessary for him and his assistant
to spend three weeks in turning the handle of a frictional
electrical machine, it is not to be wondered that the experiment
was not repeated on a larger scale. Cavendish’s experiment
passed out of the recollection of the majority of chemists, and
it was only after argon had been isolated that any attention
was paid to it.

In the year 1894 Lord Rayleish was engaged in an
examination of the densities of various elementary gases, and
in the course of this work he had occasion to measure the
density of nitrogen obtained from two sources. In the one
case, he took air and extracted from it carbon dioxide and
other impurities, then removed fhe oxygen, leaving behind
atmospheric nitrogen. His other samples of nitrogen were
produced from nitric aeid or from ammonia. When he came
to weigh a litre of the nitrogen prepared in these two ways, he
found that instead of getting identical results he appeared to
have bodies of different densities, as the following figures

show :—

1 litre of atmospheric nitrogen weighed 1:2571 grms.
chemically prepared nitrogen weighed 1-2507 grms.

11

Atmospheric nitrogen was thus 00064 gramme per litre
heavier than nitrogen derived from pure chemicals.

Rayleigh was inclined to believe that his results could best
be explained on the assumption that nitrogen existed in two
allotropic forms; so that in the one case he had the ordinary
diatomic molecule, while in the other the molecule contained
a higher number of atoms. The two gases would then differ
from each other as oxygen differs from ozone.

Ramsay, on the other hand, attributed the higher density of
the atmospheric nitrogen to the presence in the weighed portion
of some hitherfo unknown heavier element. To seftle the
uestion, experiments were carried out by the two investigators,
each working according to a different method.

In the course of one of his lecture experiments before his
clags, Ramsay had observed that when magnesium is burned in
a limited supply of air it combines with nitrogen; for he found
that the solid which was left behind after the conclusion of
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the experiment had a strong odour of ammonia. He decided
that this property of magnesinm would serve the purpose in
view; and accordingly he and Williams began a series of
experiments, in which atmospheric nitrogen was passed and
repassed across heated magnesinm. The gas was weighed
between each set of experiments, and it was found that its
density gradually increased as more and more nitrogen was
absorbed by the magnesium. When it passed 16, it became
clear that definite results had been obtained, for oxygen was
the only possible known impurity. The density of the residue,
however, still continued to increase as the gas was passed more
and more frequently across the magnesium; it rose to 175,
when all doubt as to the existence of a new gas was excluded ;
linally it rose to 19, and there remained constant.

By this process no less than about 100 cec. of the new
gas was obtained ; and an examination of its spectrum showed
that hitherto unknown lines in the green and red were present
in if,

In the mean time Rayleigh had been at work independently,
and, by employing Cavendish’s method with modern apparatus,
had produced about a gquarter of a cubic centimetre of the
same gas. By diffusion experiments, he proved that the new
gas was present in greatest quantity in the less diffusible
portions of air, so that it evidently was a comparatively dense
substance.

It now remained to ascertain whether the new gas was an
element or a compound. Ramsay determined the ratio of the
specific heats of the gas at constant pressure and constant
volume, finding 166 as a result. This coincides with the
corresponding value for a monatomic gas, such as mercury.
Obviously, then, the new gas was monatomic. But if it were
monatomic it must be elementary, as we cannot have a
monatomic compound. In this way it was shown that a new
element had been discovered.

The fact that the new element did not combine with either
magnesium or oxygen had been proved in the course of its
isolation, and it was thus made clear that it was chemically
very inert., In view of this, its discoverers proposed to name
it argon (from avipyov, actionless).

About this time, Hillebrand had been engaged in analyzing
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various minerals, and had noticed that those which contained
uranium, when they were dissolved in acid, gave off a gas
which had a spectrum slightly different from that of nitrogen.
Not being thoroughly certain of his spectroscopic results,
Hillebrand, in his publications, described the gas simply as
nitrogen. Ramsay, being naturally on the look-out for any
peculiar sources of nitrogen in nature, procured some of the
mineral in question—ecleveite—and on boiling with sulphurie
acid it was found to yield a gas. Ramsay proceeded to
compare the spectrum of this gas with that of argon, and
found that in the spectrum of the cleveite gas there was a
brilliant yellow line, which he atfributed to sodium. Close
comparison, however, showed that the yellow line of sodium
and that of the cleveite gas did not exactly correspond when
they were brought into the field of a comparison spectroscope.
Ramsay was at first inclined to believe that the instrument
was at fault, and, in order to satisfy himself on the point,
took his spectroscope to pieces and rebuilt it. Still the two
lines could not be brought into correspondence, and he was
driven to the conclusion that he was dealing with a second
new gas.

An investigation of the properties of the cleveite gas was
then made, and it was found that its density was only twice
that of hydrogen, so that the gas was the second lightest in
existence. It was discovered that the spectrum of the
gas was already known, having been observed in the chromo-
sphere of the sun during a total eclipse. The gas from cleveite,
therefore, was identical with the substance previously known to
exist in the sun (and hence termed helium), though previous to
Ramsay’s work it had been supposed that it was confined to the
sun, and non-existent on the earth,

An examination of the properties of helium and argon
showed that they belonged o the same class of elements.
Both were monatomic gases, both were inert as far as chemical
properties were concerned. Neither of them could be fitted
into the old Periodic Table. Obviously, then, the Periodic
System must be modified, in order to find a place for these
new elements. A new column was therefore inserted in the
table, and heliuimn was placed alongside lithimin, while argon
fell into position to the left of potassium.
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He Li (SHISE ™
4 7 9
FIE Na Mg
(20) 93 24
A K Ca
40 39 40

But this left a gap between argon and heliwm, which should
have been oceupied by some element with an atomic weight of
about twenty. Ramsay and Travers began an examination of
all sorts of natural sources, with a view to finding this element
if it existed. They examined seven mefeorites, a score of
mineral waters, and about a hundred and fifty minerals, but
without success. They also recovered the nitrogen from the
magnesium nitride which had been formed in the preparation
of argon, in the hope that along with it they might be able to
detect traces of another gas. Here, also, they were unsuccessful.

About this time liquid air emerged from the stage of being
a curiosity, and became obtainable in practical quantities.
Ramsay and his assistants evaporated a small quantity of
liquid air ; took the fraction which was last to evaporate ; and,
after freeing it from nitrogen and oxygen in the usual manner,
they examined its spectrum, and found two new bright lines,
one in the green, the other in the yellow, which were hitherto
unknown. The density of the gas was investigated, and found
to be 22:5. It was therefore higher than that of argon (20),
which showed that yet another new gas had been detected.
This substance was krypton (ypvrroc, hidden).

Fractional distillation of crude liguid argon resulted in the
discovery of still another new element, neon.

Since the neon which had been obtained was mixed with
helium, if now became necessary to use liguid hydrogen instead
of liquid air in the fractionation process. At that time liguid
hydrogen had been obtained by Olszewski, but merely traces of
it had resulted from his experiments. It had been produced in
quantity by Dewar, but he had retained the seeret of his process
of manufacturing it, so that his method was not available.
Ramsay and his collaborators were thus thrown upon their
own resources in the matter.

Travers and Holding therefore devised and constructed, in
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the laboratory at University College, London, a new machine
based upon the Hampson principle, and upon its first trial a
few months later this apparatus produced no less than 80 c.e. of
liquid hydrogen. A mixture of impure neon and helium from
the air was now passed into a flask cooled with this ligquid
hydrogen, and it was found that the helinm remained unli-
quefied, while the neon became solid. The helium was pumped
off, and the solidified neon was gradually warmed. An ex-
amination of its density when purified showed that it had an
atomic weight of twenty, agreeing with the previous results.
The left-hand portion of the Periodic Table then appeared

as follows :—

He Ti Be
4 i 9
Ne Na Mg
20 3 24
A 1< Ca
40 a9 40
Kr AT Sr
32 85 87
(—) Cs Ba

123 137
L W

The next set of experiments was carried out upon residues
of liquid air which had been obtained in the course of attempts
to separate neon from argon by the older process. A long
series of fractionations resulted in the separation of krypton
from argon, argon being pumped off from the krypton. When
the krypton was allowed to become warm, after all the argon
had been removed, it was observed that some bubbles of gas,
apparently not krypton, still remained in the flask. These
were collected, and on examination it was found that their
spectrum was new. In this way the element xenon was dis-
covered. This substance has an atomic weight of 128, and
therefore fits into the above table at the point marked (—).

At that time the elements occupying the positions marked
with the double and treble asterisk were not known ; we shall
deal with them in a later chapter.
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2. HELiom

It has already been mentioned that the helium spectrum
had been observed long before the element had been isolated
by Ramsay. In the total solar eclipse of August 18, 1868,
several astronomers noticed that the speetrum of the solar pro-
tuberances contained a brilliant yellow line which lies near the
D line of sodium. Lockyer! attributed this new line to a new
element which he termed helium, In 1882, Palmieri? noticed
the same line in the spectra of some eruption products of
Vesuvius.

Helium is found in nature, though in very small gquantity,
in some minerals such as broggerite, fergusonite, cleveite, and
meteoric iron ; it has been detected also in the waters of certain
mineral springs, some of which contain quite a high percentage
of the gas. It is also present, though in very small quantities,
in the atmosphere.

It is a colourless, tasteless gas, of density 1-98, very slightly
soluble in water, alcohol, or benzene. It is the least refracting
of all gases.

Up to 1908 helium resisted all attempts to liquefy it, but
in that year Onnes* was successful in his atbempt, and liquid
helium was obtained. It is a colowrless liquid with a very
slight capillarity, density 0154, boiling-point 4'5° absolute ;
the relation between its specific gravity and vapour density is
11°1, so that the eritical temperature is not over 5° absolute,
and the critical pressure not much above 23 atmospheres.
Solid helium has not yet been produced.,

No compounds of helinm are known. Cooke?® investigated
the vapour-densities of various elements in helimm and argon
at temperatures ranging from 1200° to 1300° C., with a view to
finding whether normal or abnormal values were thus obtained.
As a comparison, the vapour densities of the same series of
elements were determined in hydrogen and nitrogen. Zine,

! Lockyer, Proc. Roy. Soc., 1868, 16, 91.

2 Palmieri, B. Accad. Napoli, 1882, 20, 233.

* Ramsay and Collie, Proc. Roy. Soc., 1806, 60, 206 ; Ramsay and Travers,
ibid., 1897, 62, 316.

! Onnes, Compt. vend., 1908, 147, 421,

* Uooke, Proc. Roy. Soc., 1006, 77 A., 148,
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cadmium, mercury, sulphur, selenium, and arsenic were thus
examined, and it was found that the density of cadmium in
helium is much higher than in hydrogen, which may point to
the formation of a compound of helinm with cadmium.

Collie? has observed a most peculiar phenomenon in the
spectrum of helinm when it is mixed with mercury vapour. If
we take a tube confaining helinm under two to five millimetres
pressure, and bring info it some mercury vapour, we shall find
that the helium spectrum hecomes greatly simplified, some of
its lines disappearing, while others become fainter. On the
other hand, one of the mercury lines which is usually absent
from the spectrum of mercury in vacuum tubes appears here
very strongly. This line does not make its appearance in
tubes filled with hydrogen, argon, or krypton. If the vacuum
tube containing helinm has a capillary portion with a bore of
four millimetres, it is found that only one of the helium lines
(green, 4922) appears in addition to the mercury ones.

3. NEON

The method of preparing neon has already been mentioned
in the first section of the present chapter, so we need not again
go into details with regard to it. The element is a colourless,
odourless gas, having a density of 996. Its spectrum is of
a peculiar tinge between rose and orange, and this is very
brilliant. Like the other gases of this group, neon forms no
compounds with other elements,

The most useful property of neon is its power of lumine-
scence under the influence of Hertz waves. If we take a highly
exhausted tube of neon and place it across two metallic con-
ductors along which we pass a series of Hertz waves, we shall
be able to detect the positions of nodes and loops in the waves
by simply running the neon tube along the conductors. When
it reaches a loop the tube glows brilliantly, almost as if it
were being exeited by an induction coil; while at the nodes of
the electric vibrations it remains dark. Of course other gases,
such as carbon dioxide, will behave in a similar manner; but
neon is much more sensitive than any other gas.

Collie has recently observed a peculiar phenomenon in

! Collie, Proc. Roy. Sec., 1902, 71, 25.
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tubes containing neon. If we evacuate a glass tube contain-
ing some mercury, and then fill it with neon, either at atmo-
spheric pressure or below it, we shall find, after sealing the
tube, that if we run the mercury up and down the inclined
tube the neon will glow just as if a faint Hertz wave were
being passed across it. If for a glass tube we substitute a
silica one, we can boil the mercury (if the neon’s pressure be
sufficiently low), and in this case we get a beautiful greenish-
white illumination extending through the upper portion of the
tube,

4, ARGOX

The atmosphere contains about one per cent. of argon, whicl
can be extracted from it in the way we have already deseribed
in the first section of this chapter. The gas is also found in
the waters of many mineral springs.

Like the other elements of this group which we have
deseribed, argon is a colourless, odourless, and tasteless gas,
Its density is 19-96 ; its solubility in water lies between those
of oxygen and nitrogen. The argon spectrum is red-orange in
colour, duller than that of neon.

At a temperature of —186'1° C., argon is a liquid which
yields a solid of melting-point —187°9° C. The solid is a clear
mass, which on further cooling becomes opaque.t

Chemically, argon is inert. Troost and Ouvrard ® state that
they have suceeeded in combining it with magnesium vapour ;
but neither its discoverers nor Moissan?® were able to form a
compound of argon with any other element, even fluorine failing
to attack it when the two gases were sparked together. Cooke*
observed that the vapour density of zine is higher in argon
than in nitrogen, which possibly points to the formation of a
compound between the argon and the zinc.

! Ramsay and Travers, Proc. Roy. Soec., 1898, 64, 185; 67, 320; Ols-
zewski, Phil. T'rans., 1895, 186 1., 238.

* Troost and Ouvrard, Compt. rend., 1895, 121, 394,

* Moissan, Compi. rend., 1895, 120, Y66,

' Cooke, Proc. Roy. Scc., 1906, 77 A., 148.
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5. KRYPTON AND XENON

Very little indeed is known beyond the physical properties
of these bodies. Doth are colourless and odourless gases. The
spectrum of krypton is a pale violet, while that of xenon is
sky-blue. DBoth gases have been liquefied, krypton boiling at
121-3° abs., and xenon at 163-9° abs, under 760 mm, No
compounds of these elements have been prepared.

The amounts of these two gases which Ramsay and Travers !
obtained at the time of their discovery were very small : about
12 c.c. of krypton and 3 cc. of xenon were isolated. Later,
Ramsay * from 1911 kilogrammes of air extracted 0-87 c.c. of
xenon. This showed that if any gases of higher atomic weight
than xenon were present in the atmosphere (presumably in
still smaller quantities than the other rarve gases), their detection
would necessitate the examination of very large quantities of
air, Moore? has fractionated the residues of no less than a
hundred and twenty tons of liquid air furnished by the “ Société
Air Liquide,” but he has obtained no trace of any gas other than
those already known. Since, by the methods which he em-
ployed, it would have been possible to detect at least 0-03 c.c.
of any new gas, it follows that in the hundred tons of air
used there cannot have been more than one part in 2,560,000,000
by volume of an unknown gas, should such a body exist at all.

I Ramsay and Travers, Phil. Trans., 1901, 197 A., 47.
¢ Bamsay, Proc. Roy. Soc., 1903, 71, 421.
* Moore, Proc. Roy. Soc., 1908, 81 A., 195.



CHAPTER XII
THE RADIOACTIVE ELEMENTS

1. HIsTORICAL.

Witniy the present generation, we have seen two movements
in chemical science which are almost unparalleled in the previous
history of the subject. The first of these movements culminated
in the decade commencing with 1887. In this year the modern
theory of solutions was founded by Arrhenius and van’t Hoff,
and from this basis the science of physical chemistry began to
rise with almost unexampled rapidity. The Zeifschrift fiir
physilalische Chemde, first published in 1887, very soon found
companions in English and French, and a period of feverish
activity in physico-chemical research was opened. To some
extent, this wave appears to have spent its force. At the
present day, physical chemistry, except in the hands of a few
exceptional researchers, has degenerated into a means of
attacking the problems of pure chemistry instead of opening up
new fields; and consequently there is a certain tendency to
decry the subject as a mere means to an end, and not a living
branch of science. This is, perhaps, an exaggerated view ; but
it cannot be denied that physical chemists of the present day
are not animated by the high hopes which seem to have
inspired Ostwald and others in the earlier days of the subject.
It is, therefore, an extremely fortunate coincidence that as the
first movement declined, a second and perhaps more powerful
one has succeeded if. This second movement rose with even
greater rapidity than pure physical chemistry, and yet at the
present day we appear to have touched only the fringe of the
subject of radioactivity ; so that we may look forward to a long
career of fruitful investigation still before us in this department
of chemistry. We must now trace briefly the history of the

earlier days of this branch.
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In 1895, Rontgen showed that when eathode rays impinged
upon the end of a vacuum tube they gave rise to a green
luminescent patch, from which was projected a series of rays—
the X-rays. From the phosphorescence of the Crookes tube fo
the green phosphorescence of certain minerals is only a short
step, and in 1896 Becquerel began an investigation of the latter
phenomenon. He found that crystals of potassinm uranium
sulphate had the property of affecting a sensitive phofographie
plate (wrapped in black paper) in exactly the same way as it
would have been affected by an X-ray discharge. The experiment
led to the discovery of what are now called the Beequerel rays.

These radiations are invisible to the eye, just as the X-rays
are, They are given off by metallic uranium, and also by
uranium salts. Like the X-rays, they can pass through thin
sheets of glass or metal ; and a further resemblance is to be
found in the fact that neither set of rays can be refracted.
Again, the Rontgen rays have the property of ionizing gases
through which they are passed; and it has been found that in
this instance also, the Becquerel rays resemble the others,
though their action is much more feeble. If we charge
the leaves of a well-insulated electroscope they will remain
separated for a very considerable time, owing to the fact that
ordinary dry air is a poor conductor of electricity ; but if we
bring a piece of uranium near the electroscope, the Beequerel
rays which are given off from the metal at once ionize the
air, making it a better conductor of electricity, and thus the
leaves of the electroscope fall together much more rapidly than
they did before the uranium was brought near them. We have
thus got a method of determining the activity of any particular
sample of uranium; for we need only measure the rapidity
with which an electroscope is discharged when the sample is
placed in its vicinity. If the uranium is sending out many
Becquerel rays, the electroscope leaves will soon fall together;
if the Beequerel rays are few, the instrument will be very
slowly discharged.

It would naturally be concluded, from the above evidence,
that the Becquerel rays and the Rontgen rays were identical.
As a matter of fact, however, they are not so. We need not go
into details here, as the matter will be dealt with in the next
chapter.
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Soon after Beequerel's work on uranium and its salts,
Schmidt discovered that thorium also had radioactive properties ;
and since that time various other elements have been described
which belong to the same class, Of these the most important
is radium. Actinium appears to have been obtained, but the
other radicactive metals have not been conclusively proved to
exist,

We need not continue the history of the subject further
in this section. The present chapter will be devoted to a
diseussion of the various radioactive metals. In the following
chapter, some account will be given of the changes which these
bodies spontaneously undergo. The final chapter of the volume
will contain a deseription of the gases which are evolved during
radioactive change. Of course, in the space at our disposal, no
attempt can be made to treat the subject in great detail. The
properties of radium and its derivatives will be taken as typical
and desecribed at some length, while the allied substances will
be dealt with very briefly.

2. RADIUM

In this and the succeeding sections we shall attempt to
give an outline of the properties of the various radioactive sub-
stances. To enter fully into the physical side of the question
would carry us beyond the limits of the present volume; so, as
far as possible, the subject will be treated from the point of
view of chemistry, and the physical part of the subject will be
dealt with only in so far as it aids the comprehension of the
purely chemical side,

In the introductory section of this chapter, attention was
called to the fact that uranium salts throw off radiations which
affect photographic plates just as the X-rays do. Now, uraninm
compounds are found naturally in the mineral pitchblende, which
oceurs usually (like the rare earths) in igneous rocks such as
granite. Madame Curie,! in the course of an examination of
a great number of naturally occurring substances, discovered
that in some cases the natural ore was much more radioactive
than corresponds to the uranium salt contained in it. For

! Thesis presented to the Faculté des Scionces, Paris; see Chem. News,
1903, 88, 85, 97, 134, 145, 159, 169, 175, 187, 199, 211, 223, 235, 247, 259, 271.
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example, pitchblendes are about four times as active as metallic
uranium ; chaleolite (a double phosphate of uraninm and
copper) is twice as active as uranium. Further, when Madame
Curie prepared artificial chalcolite, she found that instead of
being more active than metallic uranium, it was two and a halt
bimes less active, This proves conclusively that the activity of
the natural chaleolite was not due entirely to the uranium
contained in it, but must be attributed to the presence in
the natural ore of some substance not found in the synthetic
product.

Having thus established the presence of a new body in
pitehblende and other minerals, the question of extraction
then arose. It was easy to earry out an ordinary analysis, and
to determine by measurements with an electroscope whether
the activity was a property of the filtrate or of the precipitate.
We need nobt enter into any details with regard to the
method of analysis employed. The opposite table gives a
rough idea of the series of operations which must be gone
through before we can obtain a mixture consisting of radium
chloride with barium chloride.

Having in this way obtained a mixture of the bromides of
radinm and barium, it is necessary to separate them from each
other. This is done by fractional erysfallization, either from
aqueous solution or from a solution of the salts in water
acidified with hydrobromie acid. The latter is the better
method of the two. It is possible to employ the method of
fractional precipitation instead of crystallization, the mixed
salts being thrown down from an agueous solution by means of
aleohol. In either case, the radinm bromide is less soluble than
the barinm salt.

The radium salts which are obtained in this way resemble
the corresponding barium compounds in many respects.
Radium ehloride is isomorphous with barium chloride, and the
two salts, when they are freshly prepared, are similar to each
other in appearance. It has been found that if we allow the
radium salt to stand for a time it gradually becomes coloured,
the tint ranging from yellow to rose-pink. The coloration
becomes much more marked if a trace of impurity (such as a
barium salt) be present in the erystals.

Another property which is noticeably altered by lapse of time
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Ora
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1s the blue luminescence exhibited by freshly prepared radium
salts or their solutions. The presence of barium salts in this
case also appears to have some influence, for the blue light is
more strongly exhibited by an impure sample of radium salt
than it is by a pure one.

An aqueous solution of a radiwmn salt has been found to

* This residue contains sulphates of radium, lead, and calcium, silica,
aluming and iron oxide, together with traces of many other metals,

P
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evolve a mixture of oxygen and hydrogen, and there appears-
to be no cessation of this process, which offers such a peculiar
parallel to electrolytic action! A still more extraordinary
property of these salts, however, remains to be described.
Curie and Laborde * observed that the temperature of a radium
salt appears to be always a little higher than the temperature
of the air about it ; in other words, the radium salts are con-
tinunally giving out heat. Curie and Laborde made some
investigations of this phenomenon, and showed that the quantity
of heat disengaged in one hour by one gramme of pure radium
would amount to about a hundred gramme calories.

When a radium salt is placed in the flame of a Bunsen
burner it gives rise to an intense carmine-red coloration, which
is very characteristic. The spectrum of the element has been
examined by several workers, and found to be quite different
from any known spectrum ; which lends weight to the
assumption that radium is an element and not a compound, as
some authors have suggested.

The atomic weight of radium has been the cause of con-
siderable controversy. Madame Curie® in the course of her
researches, determined this constant by estimating the chlorine
in a sample of radium chloride. A control experiment with
the same quantity of barium chloride yielded reasonably
accurate results, so there seems no ground for supposing that
the radinm determination was erroneous owing to too small a
quantity of material being used. The wvalue for the atomic
weight of radium obtained in this way was 225. Runge and
Precht,! from considerations of the spectra of radium salts
under the influence of magnetic fields, came to the conclusion
that this value was much too low, and instead of it they pro-
posed the number 258, Watts,® also from measurements of
spectra, concluded that Madame Curie’s value was much more
likely to be accurate than was that of Runge and Precht. This
seems to be justified ; for the Runge and Precht results would
imply that Madame Curie had not less than twenty-five per

! See also Rameay, Monafsh., 1908, 29, 1013.

? Curie and Laborde, Compt. rend., 1908, 138, 673.
3 Madame Curie, Chem. News, 1903, 88, 159,

! Runge and Precht, Physik. Zeifsch., 1903, £, 285,
* Watts, Phil, Mag., (6) 1909, 6, 64,



THE RADIOACTIVE ELEMENTS 211

cent. of barium chloride in her “ pure” radium salt, which is
hardly credible. Madame Curie® has recently repeated her
determination of the atomic weight, using no less than 04
gramme of radium chloride, and her second result agrees
very closely with that which she originally obtained. The
mean of three consecutive concordant results is 2262, where
silver is taken as 1078 and chlorine as 354, It seems pro-
bable that this value is near the mark. Thorpe? in 1908,
obtained three results (226:8, 2257, 227-7), whose mean is
226'7. If we accept this value for the atomic weight of radium,
we find that it places the metal in the column of the Periodic
Table which contains the alkaline earths, radium falling under
barium. This position of the new element is quite in accord-
ance with the general chemical character of its salts, which
resemble these of barium so closely.

There is another set of properties which the radium salts
show, but since these are dependent upon the Becquerel rays
rather than upon the radium salts themselves, we shall postpone
the consideration of them until the following chapter.

Radium itself has not yet been isolated, so nothing is
known with regard to its physical and chemical properties. It
is probable that it will resemble barium very closely in
appearance.

3. PoLoNium

A glance at the table on p. 209 will recall the fact that at
one point in the preparation of radium we get a solution which,
on treatment with sulphuretted hydrogen, yields a precipitate
of poloninm, The precipitate of course contains other metallie
sulphides, such as those of bismuth, copper, and lead. Madame
Curie did not succeed in separating polonium from the bismuth
with which it is mixed ; but Marckwald ? has devised a method
by means of which the polonium may be isolated and concen-
trated very simply. If we add some stannous chloride to
a solution containing polonium, tellurium, ete., the whole
of the active substance is precipitated in the form of a fine

! Madame Curie, Compt, rend., 1907, 145, 422,
* Thorpe, Proc. Roy. Soc., 1908, 80, 298,
3 Marckwald, Ber., 1902, 35, 2285, 4239 ; 1903, 36, 2663,
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precipitate. Now, if to a solution containing tellurinum as an
impurity we add first hydrazine hydrochloride, we shall precipi-
tate all the tellurium, leaving the active substance in solution,
The addition of stannous chloride to this solution will now
precipitate the active substance. Polonium may also be
obtained by immersing in its solution a plate of metallic
bismuth; the polonium is deposited on the bismuth surface,
leaving the solution inactive. This method of separation, how-
ever, does not seem to be of much practical value.

1t appears that polonium is closely allied to tellurium ; and
it has been shown by Rutherford! that it is almost certainly
one of the decomposition products of radium, radium F, with
which we shall deal more fully in the last chapter of this
volume.

Though no definite measurements have been made, there is
evidence which makes it probable that polonium is an element
with an atomic weight of about 210, and that it lies in the
column of the Periodic Table just below tellurium.

4. AcTINIUM

Recurring to the table on p. 209, it will be noticed that the
substance actinium is precipitated along with metals of the
iron group. It was discovered by Debierne # in uranium resi-
dues, but up to the present time has not been obtained in a
pure state. It appears to be identical with Giesel’s emanium.®
In the impure condition, the actinium salts are very much
more radioactive than the thorium salts with which they occur
in nature.

The separation of actinium salts from those of thorium and
the rare earths is a very tedious process, and is usually carried
out by means of a solution containing an actinium compound
along with some other salt which can be cleanly precipitated.
The precipitation of the second substance traps the active
body, which 18 thus brought down in the precipitate. For

! Rutherford, Phil. Mag., (6) 1905, 10, 300.

* Debierne, Compt. rend., 1899, 129, 593; 1900, 130, 206 ; 1903, 136, 446,
T67: 1904, 139, 588 1905, 141, 388,

 Giesel, Ber., 1902, 35, 3608 ; 1903, 36, 342; 1904, 37, 1606, 3963 ; 1905, 38,
T75; 1907, 40, 3011 ; Physikal, Zeitsch,, 1904, 5, 822,
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example, if we take a solution of aetinium and barium salts
and precipitate the barinm in the form of sulphate, we shall
find that the precipitate is radioactive owing to the presence in
it of actinium sulphate. Instead of barium salts, we may use
the precipitation of neutral nitrate solutions by means of
oxygenated water, or the action of sodium thiosulphate upon
slightly acidified salt solutions. In both these cases the active
body is bronght down in the precipitate. If we precipitate the
rave earth elements as hydroxides, suspend these in water, and
add hydrofluorie acid, we ghall find that the major part of the
active substance remains unattacked and does not pass into
solution,

. UraNIUM

In the first section of this chapter we mentioned some of
the properties of uranium salts the investigation of which led
to the discovery of the radioactive phenomena. Uranium in
itself is of very little importance from the present point of
view, and we shall reserve a discussion of its properties for the
following chapter, in which we shall consider its relations to
radium and the other radioactive substances. These relations
are brought out in the course of some changes which the radio-
active substances undergo on standing, and they throw a little
light upon the problem of the origin of radinm. We need only
state in this place that the properties of uranium itself resemble
more or less closely those of radium,

6. THORIUM

The question of the radioactivity of thorium is one of the
most contested of all. Originally it was supposed that the radio-
activity shown by thorium eompounds was due to the activity
of the thorium atom, but various anthors have adduced evidence
to the contrary. Hofmann and Strauss! in the preparation of
thorium from bréggerite, cleveite, and samarskite, obtained
active products. It was observed later by Hofmann and
Zerban? that these thorium preparations did not retain their

! Hofmann and Strauss, Ber., 1900, 33, 3126.
* Hofmann and Zerban, Ber., 1902, 85, 531 ; 1903, 36, 3093.
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activity permanently, but that the radioactive power of the
substances gradually decayed. This pointed to the view that
the activity of the thorium was not similar to that of radium,
but belonged to the class of phenomena termed “induced
activity,” with which we shall deal later in this volume.
Induced activity is produced by bringing a non-active body
into the presence of an active one, from which proximity it
derives a transitory activity. Induced activity persists for a
time even after the inducing body is removed,

Now, Hofmann and Zerban showed that along with the
thorium in the minerals investigated by them there was always
present a certain amount of uranium, and to this they aseribed
the presence of the activity. Further, the more rich in uranium
the ore was, the more radioactive was the thorium extracted
from it. Finally, they procured some Brazilian monazite sand
which econtained no uranium, and found that the thorium
extracted from it was inactive, but if it were heated to 400° C,
with active uranium oxide it acquired aectivity.

Against this we must set the investigations of Barker!
who examined photographically the activity of thorium from
uranium-free monazite sand obtained in Brazil and North
Carolina. In every case activity was detected, in spite of the
absence of uranium from the mineral. \

Zerban?® then carried out a series of analyses of wvarious
monazite sands from various parts of the world, and found that
in every case uranium was present when the thorium was
active,

Baskerville and Zerban,® in 1904, discovered inactive thorium
in a South American mineral, consisting for the most part of
barium earbonate. Neither the barium nor the thorium in the
mineral showed a trace of activity. Zerban ? contradiets this,

In 1905 farther light was thrown upon the problem by the
work of Ramsay and Hahn,® who discovered that when a
mixture of radium and barium bromides obtained from about
five thousand pounds of thorianite was fractionated, the activity

! Barker, 4m, J. Sci., (4) 1903, 16, 161.

2 Zerban, Ber,, 1903, 88, 3911.

* Baskerville and Zerban, J. Amer. Chem. Soc., 1904, 28, 1642,
¢ Zerban, Ber., 1905, 38, 557.

* See Hahn, Zeifsch. physikal Chem , 1905, 51, 717.
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of the soluble part did not diminish regularly as was expected,
but became greater after a series of fractional crystallizations,
When ammonia was added to these solutions, a precipitate was
obtained which had very active properties. Further research
in conjunction with Sackur showed Hahn that he had obtained
a new radioactive body which is wvery closely related to
thorinm.

The chief difficulty encountered in the isolation of radio-
thorium is due to the fact that it is very difficult to separate
it from radium. The method employed is as follows. The
separation of the radium from radiothorium is carried out by
means of a series of precipitations of iron salts in the radinm-
radiothorium solution. In this way the radiothorium is
entangled in the iron precipitate, and separated from the
radium salt. The removal of the iron salt is then accomplished
in either of several ways. We may add ammonium carbonate
in the cold, filter, and then boil ; or we may convert the salts
into sulphates, acidify, and precipitate with a little ammonia,
In this way the radiothorinm is thrown down before the iron.
Again, we may take a solution of the oxalate, make it slightly
acid, and then just neufralize it. In this way we produce a
slight flocky, strongly active precipitate, which is insoluble in
excess of ammonium oxalate,

Elster and Geitel ! have discovered the same substance in
the thermal springs of Baden-Baden. .

It seems probable that radiothorium is the real active
principle to which the activity of thorium must be asecribed.
If this be so, then thorium itself is not to be ranked as a true
active element ; but we must defer a discussion of this question

to the next chapter.

7. LEAD

As in the case of thorium, a considerable controversy has
centred about the question of the radioactivity of lead. In
1899, Elster and Geitel ? discovered that lead sulphate derived
from pitchblende had radioactive properties; buf since they
were able to produce inactive lead sulphate by chemical means,

I Elster and Geitel, Physik. Zeitsch., 1906, T, 445,
? Hilster and Geitel, Annalen der Physik, 1899, 69, 83.
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they conecluded that the activity of the other samples must have
been due to the presence in it of some radium or other active
element, and was not aseribable to the activity of the lead itself.
(Giesel ! in his researches also encountered this radioactive form
of lead, but was not convinced that it was actually radioactive
per se.  Hofmann and his co-workers? believed that they
actually had radioactive lead in their possession, and that if
differed to some extent in chemical properties from ordinary
lead ; but Giesel,® who was supplied with some of their material,
was unable to detect the differences which they described.
Boltwood and Rutherford? have come to the conclusion
that radio-lead is really one of the decomposition products of
radium, radium D, with whose consfants the figures obtained by
Hofmann and his eollaborators are in close agreement.

8. ToNtoM

This body was discovered by Boltwood,” who at first mistook
it for actinium. The uranium ore carnotite is the source from
which the element has been obtained, and the mode of prepara-
tion is as follows. The ore is dissolved in hydrochloric acid,
chlorides of the rare earths are then added to the solution, and
the whole is precipitated in the form of oxalates. Further
purification is carried out by repeated precipitation with thio-
sulphates. Very little is known with regard to the properties
of ionium. It appears to be very closely related to thorium.
As will be seen in the next chapter, there is evidence tending
to prove that ionium is the parent substance whose degradation
produces radium, while ionium itself appears to be a decom-
position product of uranium.

! Giesel, Her., 1900, 33, 3569 ; 1901, 34, 3772 ; 1902, 85, 102.

* Hofmann and Strauss, Ber., 1901, 34, 3033, 3970 ; Hofmann and Wolfl,
Ber., 1902, 35, 692, 1453; 1903, 36,1040; Hofmann, Gonder, and Wilfl,
Annalen dev Physilk, 1904, 15, G15.

5 Giesel, Ber., 1901, 34, 3772.

' Boltwood, Phil. Mag., [6] 1905, 9, 599 ; Rutherford, ibid., 1905, 10, 290,

* Boltwood, Amer. J. Sei., (1) 25, 365.



CHAPTER XIII
RADIOACTIVE CHANGES

1. Tur BECQUEREL Ravs

[N the previous chapter we mentioned that the salts of radium
and other radioactive elements emitted a series of radiations
which have been termed the Becquerel rays, from the name of
their discoverer. Sinece a very considerable part of the peculiar
activity of radioactive bodies is closely connected with these
rays, it is necessary at this point to enter into some considera-
tion of the question. The first problem which we have to solve
is that of the nature of the rays in question. Are they simple,
or are they made up of a series of different types of vibration,
such as a mixture of light and X-rays ?

To settle this point, we have two methods at our disposal.
In the first place, we may inferpose in the path of the rays
some sort of filter which will give us a chance of separating
one component from the rest; or, secondly, we may pass the .
rays through a magnetic field, and determine whether they are
uniformly deflected as a whole or whether they can be resolved
into a series of vibrations having different deflections.

We need not enter into any great detail with regard to the
first of these methods. An experiment mentioned by Strutt!
will make the application clear. Suppose that we charge an
electroscope so that the leaves of it diverge from one another.
If we now bring near the electroscope a small quantity of a
radium salf, we shall find that the leaves fall together, say, in
ten seconds. Let us next wrap the radium salt in a sheet of
tin-foil and again place it in position near the electroscope ; we
shall find that the leaves take longer to fall, say, a hundred

! Strutt, The Becquerel Rays and the Properties of Radiwm, 1904, p. 51.
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seconds. We have thus filtered off some part of the rays.
Now, if all the rays were of the same type, we should expect to
increase the time of discharge to a thousand seconds by doubling
the sheet of tin-foil. This, however, is not found to be the case ;
but, instead, the rate of discharge hardly falls at all with the
superposition of the second thickness of fin-foil. It is thus
made elear that we have filtered off one set of rays by means
of the tin-foil, but that there still remain other rays which the
tin-foil sheets do not arrest. We have in this way established
the presence of two types of vibration, one set stopped by
tin-foil, the second not, We have now to discover whether or
not we can further sift the rays to which tin-foil is transparent.
To do this, we substitute for the tin-foil a thin casing of lead;
and here we find a similar behaviour, The addition of one
sheet of lead causes a perceptible lengthening of the period of
the electroscope’s discharge; but the interposition of a second
slip of lead does not further diminish the velocity of the dis-
charge to any marked extent. Thus again we have reached a
border-line between two sets of rays, one of which will pass
through the lead, while the other cannot do so.

This method, however, is only a very rough one, and does
not lend itself to measurements of such great accuracy as are
obtainable by the second method, in which a magnetic field
is used. The actual details of the experimental methods
employed need not be described in this place,! but we may
aive the results which have been obtained by the application of
the electro-magnet to the problem.

Suppose that we have a magnetic field applied at right
angles to the plane of the paper and directed towards the
paper ; the state of affairs may be represented by Fig. 25.2

Here L is a piece of lead in which a hollow has been drilled.
At the bottom of the hollow is placed some radium salt, R.
Under the influence of the magnetic field, the radiations from
the radium salt are split up into three groups, which have
been termed by Rutherford the a-, 3-, and y-rays. The y-rays
are not deflected by the magnetic field, and are thus comparable
to ordinary X-rays; but their penetrating power is very much
greater than that of the X-rays. The [3-rays resemble the

! See Rutherford, Radioactivity, 1905, chaps. iv. and v.
* Madame Curie, Chem. News, 1903, 88, 169,
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cathode rays of a high vacuum tube ; and like these they are
deflected by the magnefic field in the manner shown in the
figure. They appear to be streams of particles carrying a
negative electric charge. If we place a sensitive photographic
plate, PP, under the leaden cell containing the radium salt, we
shall find that the spots where the [3-rays fall are affected by
them. Finally, we come to the third set of components of the

IP

T'1a, 25,

Becquerel rays. These, the a-rays, are deflected from the
straight path of the discharge by the electric field; but instead
of being bent in the same way as the [(3-rays, they are curved in
the opposite direetion. They are therefore positively charged
particles, and Rutherford supposes them to be helium atoms.
We must now discuss the properties of these different rays in
turn.

The y-rays, as we have mentioned, are not deflected to any
extent by a magnetic field, even when this is very powerful.
Their penetrating power also iz very marked. For instance,
Strutt ! has observed that even eight centimetres of sheet lead

! Strutt, The Becquerel Rays, p. 83,
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will not suffice to arrest these radiations. The nature of the
y-rays seems to be still unsettled. The view® that they are
streams of particles has been controverted® on the ground
of their showing no deflection in the magnetic field, The
other view of their nature supposes them to resemble the
X-rays. Now, the X-rays may be conjectured to be non-
periodic pulses in the ether which are set up when electrons
are suddenly stopped in their paths by some obstacle. This
view explains the production of these vibrations at the point
where the cathode rays of a high vacuum tube strike the
glass of the tube. Applying this idea to the case of radium,
and bearing in mind the fact that the [3-rays of radium and the
cathode rays of a Crookes tube are very closely allied, we
might come to the conclusion that the y-rays of radium salts
were produced by the bombardment of the solid salt by the
particles of the [3-rays produced within itself.

The nature of the [3-rays seems to be now beyond doubt.
They are material particles projected from the surface of the
radium salt, just as particles are driven out from the cathode
of a high vacuum tube. Naturally, they do not all travel with
the same veloeity ; some sets of particles move more slowly
than others, and it has been found possible to analyze the
swarm of particles by deflecting them in magnetic fields. It
has been found that the slowest-moving particles are most
deflected—as can be foreseen—and it has been proved, further,
that the [3-rays as a whole are less deflected than the cathode
rays from Crookes tubes. Hence it is clear that the particles
forming the [3-rays of radium are moving at a much higher
velocity than those which are shot out by the cathodes of
vacuum tubes. It has been estimated that the velocities of
light, the [3-rays, and the ordinary cathode rays are approxi-
mately the following : —

Light. : . . 30 x 100 kilometres per second
A-raya : ; . (Gx10Y to (28 x 10Y) " ,,
Cathode rays . - (2 x 10% to (10 x 10%) = 5 x

It appears, then, that the velocity of the electrons in the [3-rays

! Paschen, Annalen d, Physik, 1904, 14, 114, 889 ; Physikal, Zeifsch., 1904,
5, 5063.
* Rutherford, Radioactivity, 1905, pp. 182 fi,
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is greater than that of any other known natural body. From
the fact that the radioactive bodies are losing negative electricity
at a considerable rate owing to the departure of the electrons of
the [d-rays, it is clear that the remaining portion of the salt
must gradually acquire a positive charge, and that if loss of
this charge be prevented by insulation it will eventually become
quite measurable. In point of fact, one experimenter * noficed
that when a sealed glass tube containing radium was opened
after several months, a bright electric spark was produced,
Turning now to the a-rays, we enter quite a different field.
Here we have to deal with what appears to be a series of heavy
particles, such as helinm atoms, travelling at high velocities
(probably one-tenth that of light). These bodies are positively
charged, and are deflected by magnetic fields in the direction
opposite to that taken by the [5-particles. The extent of the
deflection, however, is by no means so great as that observed in
the case of the electrons of the [3-rays. The a-rays appear to
be very similar in character to the camal-rays which can be
produced in vacuum tubes. It seems certain that the heat
generated by radium is due to the impacts of these particles.
Crookes has devised an instrument, the spinthariscope, by
means of which we can actually observe the effects of the
collision between a-particles and ordinary matter. The spin-
thariscope consists of a zine sulphide sereen, above which a tiny
fragment of a radioactive substance is suspended on the end of
a steel pointer. When the screen is examined through a lens,
it is found to be covered with finy points of light which appear
and vanish almost at once. These light-spots are due to the
phenomenon known as triboluminescence, in which the break-
ing of a crystal causes a flash of light; and it is supposed that
the flashes in the spinthariscope are caused by the fracture of
the zinc sulphide crystals under the impact of helium atoms
discharged from the radioactive substance on the pointer. The
triboluminescence phenomena on a larger scale can be observed
by any one who rubs two pieces of sugar together in the dark.
In the foregoing paragraphs we have discussed the pro-
perties of the a-, [3-, and y-rays seriatim ; but we must bear in
mind that the effects produced by radium in general are not
caused by the separate action of each type or ray, but are really

! Dorn, Physikal. Zeitsch., 1903, 4, 507.
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due to the united action of all three kinds. We shall now give
a few instances of the changes which radium produces upon
various substances when it is placed in their vieinity.

The first effects which are recognizable are those due to
fluorescence or luminescence of one kind or another. Suppose
that we bring an X-ray fluorescent sereen near a radinm com-
pound ; the sereen will become strongly lit up, just as it is when
acted upon by the Rontgen rays. Bary! has found that many
of the alkali metals and alkaline earths are also fluorescent
when brought into the neighbourhood of a radium preparation.
Madame Curie ® showed that paper, cotton, and other substances
could exhibit the same phenomenon. Beequerel ® observed that
while a ruby will fluoresce under the action of light-rays, it
remains inert with regard to radium. Again, a diamond which
shines in presence of the rays from radium does not light up
when X-rays are thrown upon it ; and calcium sulphide appears
to behave similarly, Many other instances of this action of the
Becquerel rays might be quoted.

If we expose a fluorescent substance of the type mentioned
above to the continued action of the radium rays, it is found
that the power of shining which it possesses does not remain
constant, but slowly diminishes, while at the same time the
physical appearance of the fluorescent body changes, Barium
platinoeyanide on long exposure to the rays grows darker in
colour, finally becoming quite brown; its luminescence also
dies away gradually. Both the original colour and the power
of fluorescing can be regenerated by exposing the salt to light
for a time.

When some varieties of glass are exposed to the action of
- the Becquerel rays they become fluoresecent, and at the same
time become tinted brown or violet according to the alkali metal
contained in them. If we warm the glass after the process has
gone on for a time, we shall find that it loses its tint and
becomes again transparent, regaining at the same time its
original power of fluorescence. Nof only so, but when heated
it now possesses the power of sponftaneous fluorescence. The
same is true for such minerals as flnorspar.

! Bary, Compt. rend., 1900, 130, 776.
* Madame Curie, Chem. News, 1903, 88, 212
¥ Becquerel, Compt, rend., 1899, 128, 912,
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Owing to the presence of the y-rays in the Becquerel rays,
the latter have the power of ionizing gases, just as the X-rays
do. We need not enter into details with regard to this property ;
it is obvious that the electroscopic method of determining
activity depends upon it.

In many cases the action of the Becquerel rays upon
ordinary chemieal elements or compounds is well marked. For
instance, the Curies have shown that by their influence we can
convert oxygen into ozone.! Again, if we submit yellow phos-
phorus to the action of the radiations, it becomes changed into
the red allotropic modification.* On the other hand, it has been
shown by Sudborough ? that the presence of radium salts has no
influence upon some geometrically isomeric substances which
are transmuted into the stable form by the action of light.
If we allow the Becquerel rays to act upon a solution of
iodoform in chloroform, we shall find that it becomes purple
owing to the separation of iodine.*

The physiological effects of the radium radiations are very
striking. If a radium salt be allowed toremain in contact with
the skin for even a few minutes, it is apt to produce extremely
painful eruptions ; and these are the more troublesome owing to
the fact that they take a considerable time to make their appear-
ance. Thus even by bringing radium near the skin, without
actual contact, we may produce very deep-seated changes in the
tissues without having any outward sign that we have injured
them. The action of the radiations upon the tissues is ap-
parently due to the breakdown of lecithine, which makes up a
considerable part of the epidermis. This destructive character
of the radium salts, however, is not without its uses, for in cases
of rodent uleer it has been successfully employed to eure the
disease ; and at the present time we seem to be on the verge of
considerable advances in this direction. Hardy ? has found
that the coagulation of globulin may be brought about by the
influence of the Becquerel rays, and in this case the action
appears to be due to the positive charge carried by the
a-particles.

! Compt. rend., 1899, 129, 823,

? Becquerel, Compt. rend., 1901, 133, 709.

1 Sudborough, Prec., 1904, 20, 166.

* Hardy and Willecock, Proe. Roy. Soc., 1903, 72, 200,
5 Hardy, Proc. Physiol. Soc., 1903, XXIX.
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2. Tue DisintecrATION HYrorness !

When we consider that the radium salts form what appears
to be an inexhaustible store of energy, we are naturally driven
to inquire from what source this energy is derived. In reply to
this question, two main hypotheses must be considered. In the
first place, we may imagine that the radium salts are mere
energy-transformers which catch up some external force from
their swrroundings and convert it into the Becquerel rays in
some manner which we do nof as yet understand ; or, secondly,
we may suppose that the source of the energy is fo be sought in
the radium atom itself. The first view pictures radium as a sorf of
dynamo which can convert, say, heat into X-rays; the second
hypothesis regards it rather as a kind of chemical compound
like diazo-benzene, which 1s so unstable that it may spon-
taneously decompose with a great outburst of energy. It will
be seen that the first of these ideas is'a physical one, while the
second is chemical. At the present time the chemical explana-
tion appears to have gained the day, and we must now describe
some of the phenomena upon which it is bazed.

Crookes,® in the course of an investigation of the properties
of uranium, found that if a uranium salt were precipitated by
means of ammonium carbonate and the precipitate treated with
excess of the reagent, the precipitate almost entively redissolved,
leaving behind it only a very slight residue. The redissolved
uraninm was found to be radioactively inert, while all the
original radioactivity appeared to be concentrated in the small
residue. The residue Crookes termed uranium X. So far,
there was nothing out of the common; it appeared that the
activity of uranium was really due to the presence in it of
this trace of uwranium X. A much more important result was
obtained later, however, when it was found that the inactive
uranium, after standing for some months, became once more
radioactive.*

1 See Rutherford, Radioaclivity ; Rutherford and Soddy, Phil. Mag., (6)
1903, &, 576.

! Crookes, Proc. Roy. Soc., 1900, 66, 409,

* The activity determinations were made photographically, and are thus
concerned only with the g-rays; had the a-rays been used as a test, the
uranium would not have appeared to lose much activity.
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About the same time, Becquerel® separated uranium and
uranium X in another way. He mixed solutions of uranium
and barium salts, and then, on precipitating the barium as
sulphate, he found that the barium had acquired radioactive
properties, while the uranium had lost them. After standing
for a year, the two products were re-examined, and it was found
that by that time fhe barium had lost its activity, while the
uranium wag again as radioactive as it was at the beginning of
the experiments.

The only possible conelusion which can be drawn from these
results is that the activity of uranium is due to some substance
which is produced spontaneously by uranium.

Rutherford and Soddy ? found a similar series of phenomena
in the case of thorium, and they proceeded to investigate
quantitatively the rate at which thorium X lost its aectivity.
They found that, starting with inactive thorium and active
thorium X, after four days the thorium had regained half its
original activity, while in the same time the thorium X had
lost half its radioactive powers. The rate of decay and recovery
ean be expressed in both cases by exponential equations :—

For the decay of Th X, I, =T X ™
For recovery of Th activity, [; = Io(1 — e~*)

in which I, represents the initial activity of the thorinm or
the thorium X, I, the activity after a time ¢ has elapsed, and ¢ the
base of the Napierian logarithms. The factor A, it is found, is the
same for both decay and recovery. Similar results were obtained
with uranium and uranium X, except that in this case the
period during which the uraninm X lost half its activity was
about twenty-two days, instead of four as in the case of
thorium.

The most striking peculiarity of this decay and regeneration
is the fact that it is totally unaffected by changes of temperature,
even a white heat appearing to have no accelerating influence.
This differentiates it from the ordinary chemical reactions,
which are all more or less susceptible to changes of
temperature.

There is one other point which we must mention. Tt has

! Becquerel, Compt, rend., 1900, 131, 137 ; 1901, 133, 977.
* Rutherford and Soddy, Trans., 1901, 81, 321, 837.

Q
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been shown that the degree of activity of any salt is directly
proportional to the amount of the radicactive element in the
salt, and has no connection with the aeidic part of the molecule.
The activity of radium bromide is different from that of radinm
carbonate, and depends purely, in each case, upon the percentage
of radium metal in each gramme of the salt.

From the foregoing evidence, we can draw certain conclusions.
In the first place, the fact that the percentage of radioaciive
element present in a salt is the measure of its activity proves
conclusively that radioactivity is a property of the atom, and
not, of the molecule, Secondly, the fact that radioactive change
is independent of temperature proves that we are not dealing
with an ordinary molecular decomposition. We must therefore
have to do with some new atomic property. IFinally, since the
a-particles which are driven out in the Beequerel rays are
material bodies, we are obviously witnessing the breakdown of
some material system; and from what has gone before it is
obvious that this system cannot be a molecular one. It must
therefore be intra-atomic,

We cannot go into further details with regard to the
evidence upon which the disintegration hypothesis is based,
but must now proceed to describe briefly the outlines of the
hypothesis itself.

Rutherford,! taking the case of thorium as an example, sets
forth his views as follows. The thorium atoms are supposed to
be semi-stable systems of which some break down every second.
The number of collapsing systems is relatively small when
compared with the total number of thorium atoms present in
any specimen ; Rutherford estimates that about one atom in
every 10 will suffice. 'When the atom of thorium becomes un-
stable, it disintegrates and expels from the system one or more
a-particles, The remaining particles rearrange themselvesinto a
new semi-stable system. For simplicity’s sake let us suppose
that each thorium atom expels one a-particle. The a-particles of
thorium resemble those of radium very closely ; and since the
radium particles have twice the mass of a hydrogen atom, it is
probable that those of thorium have approximately this mass.
These a-particles constitute what is termed the “non-separable
activity” of thorium, which amounts to about 25 per cent. of

' Rutherford, Badioactivity, pp. 236-T.
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the maximum. Now, the new semi-stable system, thorium X,
formed after the expulsion of the first ae-particle from the
thorium atom, is much less stable than thorium itself. In turn,
it throws off an a-particle. These second a-particles give rise
to the “radiation™ from thorium X. Since the radicactivity of
thorium X falls to half its value in four days, it is clear that
on the average half the atoms of thorium X must disintegrate
in four days, the number decomposing per second being always
proportional to the number of atoms present. Now, as we shall
see in the next chapter, thorium X in turn undergoes a whole
series of changes, giving rise suceessively to thorium emanation
and a set of other active bodies. We may represent these
changes diagramatically thus—

a-Particle a-Particle a-Particle

TaHoriOM —> THORIUM X — THORIUM EMANATION —>

The disintegration of the thorium atom, on this hypothesis,
gives rise to a series of substances, each of which will differ in
chemiecal properties from its predecessors.

The following table! will give a general idea of the disinte-
eration products which are formed in the decomposition of the
radioactive elements. In the second column is given the value
of the constant A of the exponential equation which we have
already quoted. T represents the time taken for each radio-
active substance to lose half its activity, The third column
contains notes on the nature of the radiations emitted by each
active body.

We need not enter into a discussion of the various emana-
tions from the radioactive substances, as these gases and their
decomposition products will form the subject of the next
chapter.

! Rutherford, Radioactivity, p. 449; Ramsay, Trans., 1909, 95, 627, with
modifications.
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3. Tug Origin or Rapiom

I"rom the table given in the previous section, it will be
seen that the radioactive elements are continually being trans-
formed into other forms of matter. This has been established
by purely experimental evidence, and is independent of any
theoretical views as to the mechanism by means of which
the transformation is accomplished. Now, if we imagine
that we have a gramme of radium at the present day, it is
clear that in thirteen centuries half of it will have been
converted into emanation; and, since we have no means
of reconverting the emanation into radium, this half of the
radium has ceased to exist as such, Another thirteen cen-
turies will see our gramme of radium reduced to a quarter of a
gramme, and in the end, after the lapse of a few million years,
the amount of radinm remaining from our original gramme will
be non-existent from a practical point of view. Of course, in
theory the disintegration will go on for an infinitely long
period ; but in practice a comparatively brief interval of time
would be sufficient to reduce any reasonably large quantity of
radium to an amount so small as to be beyond our present
resources for its detection, Rutherford® calculates that in
twenty-six thousand years a kilogramme of radium would be
reduced fo one milligramme of active substance, the rest having
disintegrated. Thus, if the whole earth had been made up of
radium twenty-six thousand years ago, its activity at the
present day would be no greater than that which we observe
in pitchblende.

From considerations such as these, we are driven to conclude
that the radium which we isolate from pitehblende at the
present day cannot have been in existence in the early stages
of the earth’'s history. It must, therefore, have come into
exlstence at a more recent date, and we should be able to
throw some light upon its origin by a careful investigation of
the substances which oceur along with it in the natural state.

Rutherford and Seddy? put forward the idea that radium
itself was a disintegration product whose parent was one of the

! Rutherford, Radicaclivify, p. 459.
* Rutherford and Soddy, Phil. Mag., (6) 1903, 5.
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substances which occur in pitchblende. Now, of these sub-
stances two can be at once singled out from the others.
Uranium and thorium have all the characteristics which would
be required by the hypothetical parent of radium. Both have
higher atomic weights than radium, and both decay more
slowly than radium does. On examination, it is found, how-
ever, that these two bodies do not occur with equal profusion
in the radium ores: pitchblendes containing radium is usually
vich in uranium, but the thorium ores do not generally contain
radium. It therefore appears probable that uranium, rather
than thorium, is the parent of radium,

McCoy ! has shown that the radioactivity of a uranium
ore which does not contain any thorium is proportional to
the amount of wuranimm which it contains. This goes to
prove, of course, that there is a close relation between the
quantity of uranium and the amount of radium or its con-
geners present in the mineral. Similar results have been
obtained by Strutt? and Boltwood,? who have proved that the
ratio of uranium to radium in radium ores is almost constant.
Soddy and Mackenzie! made some experiments with uranium
which had been freed from radium and left to stand for a time.
They concluded that some radinum was produced.

Boltwood 5 has apparently solved the problem, though the
solution is a somewhat unexpected one. Since it had been
shown by himself, as well as by Soddy that the rate of pro-
duction of radium from uranium was slower than it was expected
to be, Boltwood came to the conclusion that radium was not
the direet descendant of uranium, but that instead there was
an intermediate step which must be some hitherto unknown
element. Boltwood at first imagined that this intermediate
element must be actinium, being led to that conclusion by the
following results. From carnotite, a mineral which contains
about twenty per cent. of uranium, he extracted the actinium
it contained by repeatedly precipitating that element as

! McCoy, Ber., 1904, 37, 2641,

¢ Btrutt, Proc. Roy. Soc., 1905, 78 A., 88.

* Boltwood, Phil. Mag., (6) 1905, 9, 539.

 Boddy, Phil. Mag., (6) 1905, 9, 768; Soddy and Mackenzie, ibid., 1907,
14, 272, Compare Whetham, Nafure, 1904, 70, 5; 1905, 71, 319.

* Boltwood, dmer. J. Sci., (1) 1905, 20, 239 ; 1906, 22, 537 ; 24, 370; 1908,
256, 365,
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oxalate. After standing for a couple of months, the actinium
was once more taken in hand, and all the emanation which
it had accumulated was boiled off. After sufficient time
had elapsed to allow the actininm emanation to disintegrate
(its half life-period is only a few seconds), the emanation was
examined and found to correspond in quantity to that which
would be liberated from 57 x 10-? grammes of radium. It
was therefore concluded that the actinium solution contained
this quantity of radinm. On repeating the work a hundred and
ninety-three days later, it was found that the amount of radium
emanation present corresponded to the presence in the solution
of no less than 142 x 10-Y grammes of radium, The only
explanation for the presence of the extra 85 x 10-? grammes
of radium appears to be that it is produced from the actinium
in the solution.

Rutherford ! then showed that what Boltwood imagined to
be actinium could not be that element, for it could be separated
from true actinium by means of ammonium sulphide. (A
mixture of ammonium and sodium thiosulphates appears to be
a better reagent for this separation.) It appears that the solution
of this supposed actinium gives none of the characteristic degra-
dation produets of actinium. Boltwood found that the activity
of the new body—to which he gave the name ionium-—was
about seventy-six per cent. of that of radium. Hahn? inde-
pendently came to somewhat similar conclusions, basing him-
self upon the results which he had obtained in the course of
some extractions of thoriumm salts from monazite sand. He
observed that the amount of radium in the thorium prepara-
tions depended upon the time which had elapsed since fheir
extraction from the sand; and these measurements furnished
means of calculating the rate of the formation of the radium.
The half life-period of radium from Hahn’s experiments is
about thirteen hundred years, which is in good agreement
with Rutherford's theoretical results.

Thus it appears, that, though uranium is an ancestor of
radium, it is not the latter’s direct parent. The line of descent
is apparently from uranium to ionium, and then to radium.

! Rutherford, Nafure, 76, 126.
* Hahn, Ber., 1907, 40, 4415.



CHAPTER XIV
RADIOCACTIVE EMANATIONS

1. Tonr EmMaAnaTIONS FroM THORIUM AND ACTINIUM

Inv 1899 Owens ! was engaged in an examination of the radia-
tion effects of various thorium derivatives, and in the course of
the work he observed that the radiations were by no means
constant when measured electrically. Further investigation
showed that the inconstancy was due to air-currents about the
apparatus ; for when the experiments were carried out in closed
vessels, the ionization of the air reached a maximum and then
remained constant. Now, if radioactive effects can be influenced
simply by passing air across the radioactive substance which
forms the subject of the experiment, it seems probable that
part, at least, of the radioactive influence is due to some
material which can be mechanically blown away by the current
of air. This material might be either a gas or a cloud of tiny
particles of thorium, which had been loosened from the main
body of the radioactive mass. *

Rutherford 2 pursued this line of research, and was able to
prove that thorium did actually liberate something which we
may term an emanation, and that this emanation had radio-
active properties. He showed that the properties of the emana-
tion very closely approximated to those of a gas. For instance,
it can be blown about by gas-currenfs; it can be bubbled
through liquids ; a mica stopper will prevent it escaping ; and,
finally, it causes no deposition of water-globules in the dast-
counter. This last experiment proves that the emanation is
not a eloud of thorium particles, for these would of course form
nuclei for the condensation of water ; while the molecules of &
gas would be too small to produce this effect.

' Owens, Phil. Mag., (6) 1899, 48, 360,
¢ Rutherford, Phil. Muay., (6) 1900, 49, 1.
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The activity of the emanation was found to decay very
rapidly, To measure this decrease in activity, a very ingenious
method was employed, the outline of which is as follows. Pure
air was blown across some thorium salt, and in this way
became mixed with the emanation from the thorium; the
mixed gases were then passed into a long brass cylinder through
whose walls projected three insulated electrodes. The brass
cylinder was insulated and connected with a battery; and the
current through the gas was measured by means of an electro-
meter in the usual way. It was found that the current
diminished progressively along the eylinder; and by passing
the stream of mixed gases at different rates through the tube,
it was possible to determine the rate of decay of the emana-
tion. Le Rossignol and Gimingham® found that the aectivity
of the emanation fell to half value in fifty-one seconds.

In the light of this work, it seemed probable that the other
radioactive elements also might give off analogous emanations.
Debierne 2 showed that this was true in the case of actinium,
which gives off a gas having properties similar to those of
thorium emanation, though its time of decay is very much
shorter—about four seconds. This substance does not call for
detailed treatment, as the general properties of thorium and
actinium emanations resemble those of radium emanation, with
which we shall now deal in some detail in the next section.

2. Rapiom EMANATION

The discovery of thorium emanation speedily led to that
of the emanation from radium, which was detected in 1900 by
Dorn* It resembles the thorium derivative in most respects,
but is much more durable.

When we consider the amount of emanation which is
evolved from a given quantity of radium, the first thing which
forces itself upon our notice is the difficulty which would be
experienced in handling the minute quantity of gas which can
be obtained. It has been found that the amount of emana-
tion from one gramme of radium in radioactive equilibrium

' Le Rossignol and Gimingham, Phil. Mayg., (6) 1904, 8, 107.

* Debierne, Compt. rend., 1903, 136, 146,
* Dorn, Abh. d. Nalurforscher Gesellsch. Halle, 1900,
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has a volume of about one-tenth of a cubic millimetre.!
Now, the usual quantity of a radium salt used by experi-
menters varies from 20 to 60 milligrammes, and it must be
remembered that only a part of this salt is radium. From
these figures it will be seen that the volume of emanation
obtainable at any time will be very minute. Consequently,
it is necessary to devise some method by means of which
we can transfer these tiny bubbles of gas from one vessel to
another. It has been found that this is best accomplished
by mixing the emanation with a large quantity of a neutral
gas, such as air. The mixed gases can then be transferred
from vessel to vessel without any appreciable loss of emana-
tion. Omne of the simplest ways of obtaining this mixture of
emanation and air is to bubble air through a solution of
radium bromide in water.

Radium emanation behaves as an ordinary gas. It obeys
Boyle’s Law,? and diffuses like other gases when placed in a
vessel. Experiments have been made by various workers,®
with a view to determine the emanation’s molecular weight
from its rate of diffusion, but the results are, of course, ex-
tremely inaccurate. It must be borne in mind that in these
diffusion experiments we are dealing with a very minute
quantity of radium emanation mixed with a very large volume
of some indifferent gas, so that the results are affected by
many factors which do not come into view in ordinary diffusion
experiments. All that we can safely conclude from these
investigations is that the molecular weight of the emanation,
to judge from its density, must be very high, probably over
a hundred. As we shall see later, this estimate is under the
mark.

The emanation has been liquefied and its critical constants
have been determined by Ramsay and Gray! The liquid
emanation is colourless and fransparent by transmitted light.
It is phosphorescent and shines with a colour which varies

! Gray and Ramsay, Trans., 1909, 85, 1078.

* Ramsay, Compt. rend., 1904, 138, 1388,

* Rutherford and Brooks, Trans. Rey. Soce. Can., (2) 1902, ¥, 21; Chem.
News, 1902, 85, 196; Curie and Danne, Compi. rend., 1903, 136, 1314; Bum-
stead and Wheeler, Amer. J. Sei., (4) 1904, 17, 97; Makower, Phil. Mag., (6)
1905, 9, 56.

! Gray and Ramsay, Trans., 1900, 85, 1073.
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with the nature of the glass of the tube in which it is enclosed,
the usual tints being green to lilac, When highly compressed,
the tint resembles that of a cyanogen flame, being slightly
bluish-pink. The solid emanation is not transparent. It melts
at —T1° C. Like the liquid, the solid phase of the emanation
is phosphorescent; but the colour of the phosphorescence is
much more brilliant, and its colour varies with the temperature,
On cooling below the melting-point, the tint of the emitted
light is steel-blue; further cooling changes it to yellow, and
1t finally becomes orange-red. On warming the tube con-
taining it, the colours reappear in inverted sequence. The red
phosphorescence disappears at —118° €., while at —59%° C.
or —60°C. the liquid is dull bluish-green. The eritical
temperature is 377"5 abs, and the critical pressure is
47 450 mm.

From these two last measurements we have a means of
determining approximately the atomic weight of the emanation.
If we plot the boiling-points of argon, krypton, and xenon
against the atomie weights of these bodies, and plot the critical
temperatures and pressures similarly, it is found that in each
case the points lie almost exactly on the segment of a circle.
If we now prolong the are of the circle, we shall find that the
boiling-point, the critical point, and the erifical pressure of the
emanation correspond to an atomie weight of 176. The atomie
weight of the emanation, therefore, should be 176. The
average difference between two elements of the same group
is 44 and 45 units, so that the two next higher elements
to xenon should have approximately the atomic weights
128 + 45 =173 and 128 4+ 90 = 218. The latter figure is
very far away from the experimental figure, which agrees
extraordinarily with that required by the theory of the Periodic
Table. It seems practically certain that the atomic weight of
the emanation lies somewhere in the neighbourhood of 180.
It will be observed that we have assumed that the emanation
belongs to the inactive gas series; the evidence for this is
conclusive, as will be seen when we come to consider the
chemical behaviour of the body.

The spectrum of the radium emanation has been examined
by Ramsay and Collie,! who have found that it closely resembles

! Ramsay and Collie, Proc. Roy. Scc., 1904, 73, 470.



RADIOACTIVE EMANATIONS 237

in general characteristics the spectra of the inactive gases.
The spectrum fades very soon, and is replaced by the hydrogen
spectrum. There is one bright line at 5595; Ramsay and
Collie suggest that this may be identical with a line in the
spectrum of lightning! which does not seem to have been
identified with that given by any known gas.

Like radium itself, radium emanation spontaneously gives
out a very considerable quantity of heat. The maximum value
of heat liberated per hour from the emanation generated by
one gramme of radinm is given by Rutherford ® as 75 calories;
this includes the heat emitted by the disintegration products
of the emanation. The emanation gives out only a-rays.?

It has been shown by Curie and Debierne! that the
amount of emanation evolved by radium is independent of the
pressure to which the radium is subjected; and it has been
found that changes of temperature also appear to be without
influence upon the rate of formation,

We must now turn to the chemical nature of the emanation.
It has been shown by Rutherford and Soddy® that the emana-
tions of thorium and of radium both showed an extraordinary
inertness even when submitted to the action of strong chemical
reagents. For example, no change could be detected in the
gas after passing it over red-hot platinum black, or finely
divided palladium, lead chromate, magnesium powder, or zine
dust. Such inertness can be paralleled only by the elements
of the argon groups and it seems evident that radium emana-
tion must be reckoned as belonging to that class of bodies,
Ramsay and Soddy ® have made even more siringent tests, by
sparking the emanation with oxygen in presence of alkali—
a process which brings even nitrogen info combination—as
well as by passing a mixture of air and emanation over a
highly heated mixture of magnesium powder and lime. In
the latter case the mixture of gases was passed for three hours
across the magnesium-lime mixture, which was heated fo a
bright redness; the measurements of the radioactivity of the

' Pickering, Asérophys. J., 1901, 14, 868,

¢ Rutherford, Radioactivily, p. 431,

s Rutherford and Soddy, Phil. Mag., (6) 1903, 5, 445,
¢+ Curie and Debierne, Compt. rend., 1901, 138, 931,

s Rutherford and Seddy, Phil. Mag., (6) 1902, 4, 580 ; 1903, 6, 457.
¢ Ramsay and Soddy, Proc. Boy. Soc,, 1908, 72, 204.
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emanation made before and after the experiment gave exactly
the same result. In the course of these experiments it was
found, further, that the emanation is unattacked even by
phosphorus burning in oxygen.

From the results quoted in the foregoing paragraphs, we
can now assign to the radium emanation a place in the Periodie
Table. From the chemical evidence, it is clear that the
emanation is one of the inactive gases; and the evidence of
its physical constants makes it practically cerfain that it must
lie just above xenon in the Table. Thus its position is that
indicated in the table on p. 200 by the double asterisk.

If the emanation per se is inert, it displays a very great
influence when brought into contact with other substances.
This influence has nothing whatever to do with the chemical
reactivity of the gas, but is due purely to its radioactive powers.
We must now mention one or two experiments which have been
carried out in this field,

Giesel ! noticed that when a solution of radium bromide
was allowed to stand, it evolved some gas which investigation
showed to be chiefly hydrogen. Ramsay and Soddy? found
that the gas mixture contained 29 per cent. of oxygen, the
rest being hydrogen. The slight excess of hydrogen they
aseribed to contact between the gas mixture and the grease
of a tap, which would remove some of the oxygen,

tamsay ? carried out a further series of experiments upon
the action of radium emanation on water, and found that there
was a mean excess of 551 per cent. of hydrogen over and
above the quantity required to form water with the oxygen
liberated. When the gases were stored over mercury, the
percentage of hydrogen was still greater, owing to some of the
oxygen being used up in oxidation of the mercury. When
mercury is not present, various causes of the presence of the
excess of hydrogen might be suggested. It was shown that
the corresponding amount of oxyzen was not lost by oxidation
of the radium bromide to bromate, nor was there any formation
of ozone or hydrogen peroxide; no bromine is liberated from

1 Giiesel, Ber., 1902, 356, 3605.

* Ramsay and Soddy, Proc. Roy. Soe., 1903, 72, 204.

? Ramsay, Trans., 1907, 91, 931 ; Comeron and Ramsay, ibid., 1908, 93,
966, 992, g
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the radinm bromide. In all cases care was taken to prevent
the gases coming in contact with tap-grease. Ramsay showed,
further, that the action of the emanation is a reversible one;
for while, on the one hand, it decomposes water to produce
electrolytic gas, it also has the faculty of recombining oxygen
and hydrogen to form water again. In later experiments it
was found that traces of hydrogen peroxide may be formed by
the action of the emanation upon water.

We shall have to return to this subjeet in a later seetion,
but enough hag been said to show that radium emanation
possesses simultaneously two sets of properties which, before
its discovery, it would have been hard to believe ecapable of
co-existence. On the one hand, it is ifself chemically inert;
but, on the other hand, it can influence the chemiecal properties
of other substances to a very marked extent. There is one
other property which it exhibits, and this is perhaps the most
extraordinary of all. Spontaneously it is transformed into
another element, helinm.

Before dealing with the disintegration of the emanation,
however, it will be well to mention some experiments which
throw some light upon the earlier stages of the decompositions
which it undergoes. Ramsay and Soddy! made an investiga-
tion of the volume of the emanation, with a view to determining
whether or not the substance remained constant. The results
which they obtained are given in the following table :—

Time in days. Volume in c.c.
Start . . : ; : : i . D124
] [HEe ; ; ; ; ; : . 0r02T
3 . : . . : : . . 0011
4 . : : - - : : . 00095
B : ; 2 : : : . 00063
1 - ; : . : 3 . 00050
g i ; - : : : . rD041
11 . : : " ; ; ) . 00020
18 . . ' : . - . . 00011
L - - : . 5 ; . 00004

The first number seems very large in comparison with the
others ; this may possibly be due to an uncondensable gas
being present and forced into the walls of the tube.

I'rom these results it is clear that the emanation is gradually

. Ramsay and Soddy, Zeitsch. physikal. Chem., 1904, 48, 691.



240 RECENT PHYSICAL AND INORGANIC CHEMISTRY

disappearing. Now, we need not suppose that matter is being
destroyed, but rather that something akin to the eondensation
of a gas to the liquid stafe is taking place, which will, of course,
be accompanied by a contraction in volume. The simplest
hypothesis is that the gaseous emanation which was derived
from solid radium is undergoing a further change which is
reconverting it into a solid substance.

Here we touch another line of evidence tending to prove
the same point, and we must turn aside to consider the
phenomena which are classed under the heading excifed activity.

It was shown by M. and Mme. Curie®in the case of radium,
and by Rutherford independently 2 in the case of thorium, that
these substances have the faculty, when placed near other
bodies, of communicating to the latter the power of exhibiting
the phenomena of radio-activity, Debierne® later found that
actinium had a similar property.

We need not describe the experiments which have estab-
lished the laws governing this phenomenon, but we may
summarize the results which have been obtained. It is found
that the strength of the excited activity depends, not upon the
nature of the object upon which it is located, but purely upon
the strength of the activity of the exciting radioactive prepara-
tion, and the length of time that it was left in the neighbourhood
of the excited object. After the radioactive substance has been
removed from the neighbourhood of the excited object, the latter
begins to lose its radioactive properties, and the decay of these
follows an exponential curve. Further research proved that
the excited activity is proportional to the amount of emanation
present.

Now, Rutherford? has shown that if a platinum wire is
exposed to thorium emanation it becomes endued with excited
activity, If we immerse a wire so treated in hot water,
very little change can be detected in the aectivity when it
is withdrawn and dried; but if we immerse the wire in con-
centrated hydrochloric acid, we shall find that the activity is
lost by the wire, but is acquired by the solution ; and, further,

' M. and Mme. Curie, Compt. rend., 1899, 129, 714,
* Rutherford, Radioactivity, p. 295.

* Debierne, Compt. rend., 1904, 138, 411.

! Butherford, Phil, Mag., (6) 1900, 49, 188,
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if we evaporate the solution to dryness, we shall find that the
activity has been transferred to the dish. This active matter
can be removed from the wire or the dish by simple scraping.

All this goes to show that we are dealing now with a solid
substance, and not with a gas. But it we have a solid substance,
it might be supposed to be a compound of the emanation with
the platinum of the wire. This view is quite untenable, when
we consider that red-hot platinum black will not attack the
emanation ; so we are driven to conclude that the emanation
has deposited the solid substance upon the platinum.

Thus the results of measurements of diminution in the
volume of the emanaftion, as well as those phenomena which we
have just described, point alike o the view that the emanations
of radinm and thorium are continually being transformed into
solid substances.

Further investigation of the rate of decay in the case of
excited aectivity showed that this solid active deposit (as
Rutherford terms it) was not a permanent substance, but was
one which rapidly passed through a series of changes. Instead
of the decay being expressible by the usual exponential
equation—

If = I“ ¥ e~¥

it is found that it really follows the exponential law, but that
the total decay series is made up of different factors. The first
decay period has one value for A, the second has another value
for A, and the third yet another. This proves, of course, that
the primary radioactive deposit is first converted into a second
one, having a different radioactive capacity; and that this
second one is in turn changed into a third substance which
has a decay constant different from that of its predecessors.

In this way the existence of the radium derivatives A, B, C,
D, E, and F has been established, and it has been possible to
compare them with other bodies by a comparison of the decay
constants of the two substances. The chief point of interest in
these substances lies in the fact that radium D, E, and F are
found in radio-lead, which appears to owe its activity to their
presence ; while polonium appears to have constants agreeing
with those of radium F.

It
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5. Tae Propverion oF HELIUM

Though the measurements of radioactive decay mentioned
in the last section were sufficient to show that the emanation
from radium was capable of undergoing transformation into
other forms of matter, the results were not quite convincing,
for, to some extent, the proof depended upon certain theoretical
assumptions which were incapable of rigid demonstration. The
quantities of the transformation products were extremely small;
and no chemical or spectroscopic experiments could be made
which threw much light upon the differences between the
various substances. It was not until Ramsay and Soddy!
began their work upon the emanation that a product was
actually observed whose chemical individuality was beyond
doubt.

Rutherford and Soddy,* after finding that radium emanation
was an inert gas, put forward the view that it belonged to the
argon family ; and they further pointed out the fact that helium
is always found in minerals which contain uranium or thorium.
The question as to whether this association of helium with the
radioactive minerals had any connection with their activity was
thus opened.

Ramsay and Soddy took 20 milligrammes of radium
bromide which had been prepared three months previous to
their experiments, dissolved it in water, and collected the gas
whicn was evolved. This gas was for the most part electro-
lytic gas, which had been produced by the action of the radium
and radium emanation upon the water; but it also contained
some emanation. To separate the latter from the other gases,
the mixture was passed over a red-hof, partly oxidized copper
spiral, and the water so formed was removed by means of
phosphorus pentoxide. After this the gas was passed into a
tiny vacuum tube, in which the spectrum was examined and
carbon dioxide detected. This gas was eliminated by means
of liguid air, and a re-examination of the spectrum in the small

! Ramsay and Soddy, Proc. Roy. Soe., 1908, T2, 206; 1904, 73, 346, A
translation of these papers appeared in Zeitsch. physikal, Chem., 1904, 47, 490 ;
48, 682,

* Rutherford and Soddy, Phil. Mag., (6) 1902, 4, 581,
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vacuum tube showed the presence of helium, the ID; line being
visible. Further experiments were made, and practically all
the lines in the helium spectrum were found. This work has
been confirmed by several workers,! and it has been shown that
actinium also gives rise to helium ®

In this way, it was proved conclusively that radium emana-
tion actually gives rise to helinm. The objection might be
made that the helium is present throughout the course of the
experiments; but this is shown to be untenable by the fact
that the helinm spectrum is not visible at first. When an
examination is made at the beginning of the process, it is found
that a new spectrmmn is visible which does not contain the
helium lines; the latter develop slowly and are visible only
some days after the emanation has been brought into the
vacuum tube. For instance, in one experiment the emanation
was led into the vacuum tube on July 17 ; the new spectrum—
probably that of the emanation—was then observed, which
contained no helinm lines. After standing until the 21st, the
helium spectrum was observed, and compared with that of a
helium vacuum tube.

It is thus shown that the helium is not present in the
earlier part of the experiments, nor is it in any way connected
with the presence of the radium salt in the solution; it is
derived from the emanation alone. In this way the disintegra-
tion hypothesis has obtained its strongest support. Previous
to the work of Ramsay and Soddy, the evidence in favour of
this hypothesis depended, to a great extenf, upon postulates
which could not be experimentally tested; but by the pro-
duction of helinm from the emanation, the breakdown of one
radioactive substance into a non-active body was conclusively
demonstrated.

These experiments throw light upon another point. It has
been found that helium exists in many minerals, as well as in
the waters of several mineral springs; and for a considerable
time the presence of this very rare gas under such conditions
was inexplicable. Ramsay and Soddy’s researches have cleared
up this question also; for it has been shown that both minerals

! Dewar and Curie, Compé, rend., 1004, 138, 190; Meyer and Himstedt,
Ann, d. Physik., 1904, 15, 184,

* Debierne, Compt. rend., 1905, 141, 888 ; Giesel, Ber., 1907, 40, 3011.
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and mineral waters which contain helinum have also more or
less well-marked radioactive properties. They are therefore
certain to contain a small proportion of radioactive emanation,
and it is doubtless from this source that helinm is derived.

4., TRANSMUTATION

I't has already been mentioned that either radium or radium
emanation, when brought into contact with water, decomposes
the latter just as an electric current does. Apparently this
action is confined to the liquid state, for steam does not appear
to be affected in the same manner.! Hydrochloric acid is broken
down into hydrogen and chlorine under the same circumstances.
This parallel between the actions of the emanation and the
electric current led Ramsay ? to try the effect of the emanation
upon a solution of copper sulphate, from which, by analogy, he
expected to get copper deposited and little or no hydrogen
evolved. The actual results, however, were much more
striking,

Radium emanation, when allowed to break down spon-
taneously, either alone or in presence of oxygen and hydrogen,
yields helinm. When the decomposition took place in contact
with water, Ramsay observed the presence of neon at the end
of the experiment. When copper sulphate was dissolved in the
water, no helium was produced ; but the presence of argon was
detected. Further, traces of lithium were found in the copper
salt solution after the emanation had acted upon it, though
none were detected in the blank experiments carried out at the
same time and under the same conditions.

These experimenfs ereated a considerable sensation in the
chemical world, and the further detailed account of the work
was eagerly awaited. This was published shortly afterwards.?

The experiments were carried out in the following manner.
In the first place, pure laboratory copper sulphate was dissolved
in pure water and was electrolyzed. The copper was deposited
upon a rotating cathode of smooth platinum. After washing

! Cameron and Ramsay, Trans., 1908, 83, 966.

* Romsay, Nafure, 1907, 76, 260,

* Cameron and Ramsay, Trans., 1907, 91, 1598; 1908, 93, 992; see also
Cameron's account of the experiments in Seience Progress, 1908, 3, 222,
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with pure water, about half a gramme of the copper was dis-
solved in a few c.c. of redistilled nitric acid ; the solution was
evaporated to dryness on the water-bath, and- the solid was
heated for a time to expel nitric acid. The nitrate was then
dissolved in pure water, and filtered into two glass bulbs newly
made from the same piece of tubing. The first was treated with
several accumulations of emanation, after which it was sealed off
and the emanation was allowed to decay; the other tube was
exhausted and sealed off.

In other experiments, the electrolytically deposited copper
was dissolved in “contact ” sulphuric acid. After the experi-
ment had been completed, this copper was recovered in the
form of sulphide, converted into the acetylide, and this in
turn into the nitrafe, which was used for a further series of
experiments.

After the expiration of sufficient time to allow the emanation
to decay, the copper salt solution was transferred to a platinum
erucible and saturated with sulphuretted hydrogen, which was
passed in through a platinum tube. The precipitated sulphide
was separated by centrifuging if in a silica tube. The filtrate
was then evaporated to dryness and ignited, after which the
residue was treated with a few drops of pure wafer. This
solution was then evaporated and examined spectroscopically.
" The whole of the analysis was carried out in platinum or silica
vessels.

In both experiments caleium and sedium were detected in
the residue. Lithinm was found in the case of the bulb which
had been treated with emanation, but not in the untreated
bulb.

We might account for the presence of this lithium in four
different ways. In the first place, it may be due to impurity in
the copper salts employed ; secondly, it might have been
ascribed to the action of water or the emanation upon the glass
of the bulb; thirdly, it might be introduced in the course of
analysis; or, finally, it might be fhe disintegration product of
one of the elements present, just as helinm is formed as a
disintegration product of the emanation.

The fact that lithium is found only in the sample treated
with emanation, but not in the untreated sample, though the
two are originally derived from the same solution, appears to
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negative the idea that the lithium is an impurity of the copper
salts used. With regard to the idea that the lithium may be
derived from the glass of the bulb, it might be mentioned that
some of the experiments were carried out in silica bulbs, and
in these cases the same results were obtained. Further, no
lithium was observed in cases where glass bulbs were used in
blank experiments, either when they contained copper solutions
or emanation in contact with water, There seems no possibility
of accounting for the presence of lithium being due to error in
the analyses ; the precautions which were taken are inconsistent
with this assumption.

We are therefore driven to conclude that the lithium must
be formed in some way from the contents of the bulbs under
the action of the radium emanation which they contain.

We must now turn to the details of the results which were
obtained by an analysis of the gases remaining in the bulbs
after the experiments. The bulb into which no emanation had
been introduced contained, of course, no gas. The bulb which
had contained emanation was now filled with a mixture of
gases, which was analyzed in the usual way. The results are
aiven below, and as a comparison the figures which are obtained
when pure water is treated with emanation in the same manner
are given also,

Copper
nitrate solution. Pure water,
(L C.C,
NO : ; : : ] ] SR . e
1 EAKES ZE e B Se T e S
o0 R R R T
(1) : ; : : . - . . 0030
i IR S B O R 1+ S T
R e = o L I R

It will be noticed that the greatest difference between the two
columns is to be found in the case of the hydrogen evolved in
the two cases. In the copper nitrate solution the liberated
hydrogen may have been used up in reducing the nitric acid,
which would also account for the large amount of nitric oxide
produced.

The nitrogen and nitric oxide were removed by the ordinary
methods, and the residual gases examined spectroscopically.
No helium or neon was observed, but argon was present in
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quantity. This could not have leaked or diffused in from the
outer air, for if this were the case the helium spectrum also
should have been observed.

The gaseous residue from the bulb in which pure water had
been treated with emanation was then examined, and it was
found to show a brilliant neon spectrum, while the helium lines
were not pronounced. This proved that the decomposition of
the emanation had not followed the usual course; for in that
case no less than five eubie millimetres of helium should have
been present, whose spectrum would have far outshone that of
the neon.

Some objections have been raised in conneection with this
work. Soddy and Mackenzie! state that fraces of neon and
helinm can he obtained from electrodes which have been used
in an atmosphere of these gases, or even from fresh aluminium
electrodes. This observation, however, hardly seems sufficient
to account for the comparatively large quantities of neon
detected by Ramsay and Cameron, or for the fact that these
authors, using the same spectrum tubes, did not invariably find
the neon spectrum. Rutherford and Royds? state that they
have not been able to detect more than a trace of neon when
radium emanation is allowed to aet upon water, and they
attribute the presence of this trace to a leakage of air. Mme.
Curie and Mdlle. Gleditsch® have repeated the Ramsay and
Cameron experiments, using platinum vessels instead of silica
or glass ones. Under these circumstances they detected no
lithinm. Against this we must set the fact that in the Ramsay
and Cameron experiments a copper solution divided into two
parts showed the presence of lithium in the half which was
treated with emanation, while the other half, under precisely
similar circumstances except for the presence of the emanation,
showed not a trace of lithinm ; and that this is not an isolated
case, but has been observed on several occasions.

In his Presidential Address to the Chemical Society in 1909,!
Ramsay gave some details of his further experiments, in which
he dealt with the products of some salt solutions. From the

1 Boddy and Mackenzie, Proc, Roy, Soe., 1908, A. 92,
* Rutherford and Royds, Phil. Mag., (6) 1908, 16, 812,
* Curie and Gleditsch, Compt. rend., 1908, 147, 345,

' Ramsay, Trans., 1909, 95, 624,
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fact that both radium and actinium yield helinm as a dis-
integration produet, Ramsay was led to investigate the behaviour
of thorium, with a view to discovering whether it also broke
down to the same gas. Two hundred and seventy grammes of
thorium nitrate were carefully purified and placed in a round-
bottomed flask with a capillary neck, which was then evacuated
at intervals until the last traces of gas were removed from it.
Precautions were taken to prevent leakage either in or out;
and after 168 days the contents were examined. It was found
that a certain amount of gas had been collected. This was
analyzed, and the experiment repeated twice more, being
allowed to stand for 250 days in the one case, and 173 days
in the second. The analyses of the gases obtained in these
three experiments ave given below, the figures representing
cubic centimetres : —

Gag volume, | (Hz 4 04) | Cig | Na
After168days . . | 8528 | 0061 - =
; a - .| owo | o017 | obe8 | &1

R e 002 1-08 1:64
In each case the gas was examined spectroscopically, but though
the Dy line was detected in more than one ecase, the results are
not sufficient to prove the production of helium from thorium,
On August 14, 1907, a control experiment was started, in
which a solution of 300 grammes of mercuric nitrate was used
as a blank, being enclosed in a similar flask and dealt with in
an identical manner. On March 30, 1908, the gas in the two

bulbs gave the following results on analysis :—

Merenry bulb. Thorium bulb.

0015 c.e. CO, 1:209 e.c. CO,

3628 ,, N 1321 ,, N

008¢ , O 0016 , (H,+ 0,

There was a distinet evidence of the helium spectrum ; the D,
line was observed, but the tube “ ran out ” almost at once,

The next analysis was made on February 9, 1909. In this
experiment it had been thought advisable to fill up the capillary
tube with mercury, in order to avoid any possible contact
between the thorium solution and the grease of a stop-cock.
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The presence of this mercury produced a very considerable
change in the conditions of the experiment, for no less than
180 c.c. of gas was collected. This proved to be practically all
pure nitrogen. A separation of the gas info its constituents
was effected by cooling with liquid air under a pressure of two
atmospheres, and then boiling off the nitrogen, In this way a
residue was left behind which yielded on analysis 04622 c.c. of
carbon dioxide.

An examination of these figures makes it clear that carbon
dioxide is present in the thorium bulbs in quantities which
cannot be accounted for on any known basis. It is perhaps
too soon to assume that carbon is a degradation product of
thorium ; but if we reject this solution, we have no other to put
in its place.

Experiments were now begun to test the action of radium
emanation upon thorium nitrate solution. It was first shown
that the emanation, when allowed to act upon tap-grease out of
contact with oxygen, yielded only hydrogen, and not carbon
dioxide. In addition to this, care was faken that the emana-
tion never remained in contact with the grease of the tap in the
apparatus for longer than a fraction of a second. If is fhus
possible to exclude the idea that earbon dioxide arises from the
tap-grease. The first bulb was charged with thorium and
emanation on June 3, 1908, and was opened on November 18
of the same year: 0'551 c.c. of carbon dioxide was found. The
bulb was recharged with emanation and closed on November 20,
When it was reopened on February 2, 1909, it was found that
0-124 c.c. of carbon dioxide was present. (A smaller quantity
of emanation had been used in this experiment.)

Further experiments were now tried with zirconinm nitrate,
this metal being chosen on account of the fact that it belongs
to the same family as thorium and carbon. Two bulbs were
charged on August 19 and 26 respectively, and both were
opened on November 20, 1908, In the one case it was found
that 0-124 c.c. of carbon dioxide was present, while the second
bulb yielded 0116 e.c.

An experiment with hydrofluosilicic acid and radium
emanation yielded 0-106 c.c. of carbon dioxide.

A crucial test was applied in the case of bismuth perchlorate.
This substance was prepared by dissolving bismuth oxyechloride
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in excess of perchloric acid, and evaporating the solution till it
becomes syrupy and white fumes appear. The total amount of
carbon dioxide present after the experiment had been carried
out in the same way as the others was 0°150 c.e. Now, as the
solution of bismuth perchlorate had been evaporated until
perchloric acid fumes were evolved, it is clear that any organic
matter whatever which was present in the bulb must have
been oxidized, and therefore must have been removed with the
chlorie acid fumes. In this experiment no nitrogen was present,
either as nitrite or nitrate in solution or in an elementary state
in the gases evolved during the experiment. This proves that
there was no trace of air leakage.

At the present time Ramsay considers that the matter is
still sub judice, but there can be no doubt that even up to now
the results are striking in the extreme. As he points out, we
are quite in the dark as to the relative stabilities of the
elements, and it may be that we have attacked the more stable
ones up to the present time, instead of devoting our attention to
ones which could be broken down by a smaller expenditure of
energy. If, among the ordinary elements, we can hit upon some
which border upon the radioactive condifion without actually
being active, it is quite possible that with the store of energy
which the radium salts and emanation place at our disposal,
we shall be able to overthrow the stability of their intra-atomic
systems, and thus bring them in turn into the radioactive state.
Much experimenting will be required before we can seleet the
proper elements, if such exist.
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disproof of Werner's ideas on, 126 .
Ammono- Emlds 32
Ammonobasic EHHEI 36
Ammono-bases, 32
Ammonolysis, 36
Ammonolytic reactions, 36
Ammono-galts, 32
Angeli's aldehyde reaction, 4, 7, 8, 12
Anhydrite, 73, 75
Anomalies in Pericdic Table, 192
Antozonides, 170
Aquopentammine salts, 119
Argom, 193, 195, 197, 198, 200, 202
»  and potassium, 192
.» attempts to prepare compounds of, 203
s l1solation of, 196-7
o prcduumi from radinm emanation, 246
s properties of, 203
specific heats of, 197
.ﬂrmstmng s quinonoid hj'pﬁthams 130
Ascherite, 90
Aﬂtra.knnit.e, 64, 65, 66, 67, 90, 91, 92, 98
o solution of, in water, 67
“ Atomare " union, 104
Atomic heat, 180
. weight, influence of, on double salt formation, 58
,, iy of radinm, 210 e
e »  physical and chemical methods of determining, 178
iy y»  standard, 176
»  weights, 176 fi,
Auxiliary valencies, 104, 105, 107, 108, 127
" e confusions arising from conception of, 107
definition of, 104
;‘wugnilm g Law 178, 186

BacTERIA, action on nitrogen in nature, 39, 40
Baker's views of cobaltammines, 110, 126
Baly and Desch’s views on keto-enol tautomerides, 139 fi.
Band, absorption, 133

» head of absorption, 134

»  persistence of absorption, 134
Barium eyanamide, 53

5 platinocyanide, 222
Bases, strength of, estimated spectroscopically, 155
Basicity method of isolating rare earths, 165
Becquerel rays, 206, 217 fi., 221 i., 226
e i chemical effects of, 223
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Becquerel rays, influence of electro-magnet on, 218 ff,
. natureof, 217 f.
physical effects of, 222
physiological effects of, 223
.+  properties of, 206, 221 ff.

Bunmzm Collie’s space formula iar 145, 147
formule proposed for, 145

v sulphohydroximic Il.l}id, hydrolysis of, 8
Benzenoid vibration of quinone, 149-50, 154
Bengoquinone, See QUINORE
Beryllinm acetylacetone, 139
Berzelius' oxygen standard, 176

i researches, 176

i views of cobaltammines, D8
Beta-rays, 218, 219

- influence of magnetic field on, 218-19
nature of, 218-20
photographic effect of, 219

- velocity of particles in, 220
Bischofite, 01
Bismuth perchlorate, 249-250
Blomstrand’s views of cobaltammines, 98 ff.
Eorates, 02
Brauner's views on rare earths, 171 fi.
Bredig's inorganic ferments, 23

< method of colloid preparation, 18

Bremer-Frowein tensimeter, 61
Broggerite, 213
Bromopentammine salts, 100
Brownian movement, 22

13

¥

1

Carcium cyanamide, 58
i salts, van't Hoff's work on, 92
Camphor derivatives, spectra of, 142 f.
halogen derivatives of, 142 ff.
& methyl derivatives of, 142-3
Canal-rays, 221
Carbides used in fization of nitrogen, 52
Carbon, atomic weight of, 179
Carbonatotetramminoe cobalt bromide, 117
= chloride, 120, 121
L.;rnalhte 73, TE—EI 82, SEi' g1, 93
Carnotite, 231
Caro's mngant, 12
Catalysis in fixation of nitrogen, 49
Cataphoresis, 21, 28
Cathode rays, velocity of, 220
Cavendish’s researches, 195-6
Cell of spectroscope, 181
Cerium, 159, 161, 164, 167, 169
i group, 15%, 163
Chaleolite, radioactivity of, 208
Chemical change, spectroscopic determination of, 155
reactions and absorption spectra, 147 fi., 156
Gh;_h nitre beds of, 40
thﬂmbunzﬂqunmnﬂ 152
Chloronitrito-diethylenediammino derivatives, 123
Chloronitrotetrammino cobalt chloride, 117
Chloropentammine salts, 100, 107, 109
Cleveite, 198, 213
Coagulation, 24 fi.

a
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Coagulation of globulin by Becquerel rays, 223

i reversible and irreversible, 24, 25
¥ -temperature, 25
Cobaltammines, 96 fi.
i chemical behaviour of, 118 ff.
5 conductivities of their solutions, 113 f.

" molecular volumes of, 100
o - weights of, 99
o number of ions in their solutions, 113 fi., 117
i theories of, 98 fi,
Cobalt chloride, 96
Cobaltion, 112
Colemanite, 90
Collie and Baly’s researches, 145 fi.
Collie's benzene formula, 145, 147
Colligative properties, 129
Colloids, 15 fi.
“ (& ation of, 24
= conductivities of their solutions, 20
»w  diffusion of, 17, 19
48 ferment-like action of, 23
- molecular weights of, 19
+ poisoning of, 23-4
o preparation of, 16 ff,
e properties of, 19 fi.
o size of particles in, 20
a2 theories of their nature, 26 ff.
Colour, physiological, 180
Complex salt, 56
Compressibilities of gases, 178
Conductivity measurements in cobaltammine series, 113 f.
. . proving presence of double salts, 63
i method of determining ¢, 115 ff.
ik 7 R transition points, 63
Conglomerates, 56, 69, 70
Constant errors, 190
e golution, 7T
Constitution and conductivity, 115
Constitutive properties, 129
Cooke's researches on rare gases, 201, 203
Co-ordination, 106
o confusions involved in econception of, 107, 127
- example of assumptions required for, 107
= its application to ammonium salts, 106, 126
¥ i oxonium salts, 106
s Jorgensen’s criticism of, 107
= numbers of oxalyl radicle, 107
Copper sulphate, 57
s & action of radium emanation on, 244 ff.
Cotarnine, 155
Croceo cobalt nitrate, 117
Croceo-salts, 111, 119, 120
Crookes' conception of non-homogeneous elements, 173-5
5 meta-elements, 174
i tube, 206, 220
o views on rare earths, 168, 173 fi,
Cryoscopic determination of i, 116
7 measurements applied to double salk problem, 69
Crystalline form and constitution, 182
Crystallization, end-point of, 78
" fractional, 165
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Crystalloids, 15
. i diffusion of, 17, 19
Cupric chloride, 68
. lithinm chloride, 68
Curie (Mme.), researches of, 207-8, 210-11
Curves of molecular vibration, 134
»  plotting of, 134
Cyanamide, 53
Cyanides, production of, 51 fi.

Drcay of thorinm X, 225, 237, 228

Desch’s researches on keto-enol tautomerides, 142 fi.

Dialysis, 17

Diammine series, 97

Diamond, action of Becquerel rays on, 222

Dinzo-hydrates, formation of, 10

Dingomethane, 185

Dichlorobenzoquinone, 153, 154

Dichloro-diethylenediammino salts, 125

Dichloro-tetrammino salts, 125

Dichloro-thymoquinone, 153, 154

Dielectric constant, 129, 157

Differential tensimeter, 89

Diffusion velocities of colloids and crystalloids, 19

Dihydroxy-smmonia. See NITROXYL

Dihydroxylamine hydrochloride, 102

Dilatometric determination of transition point, 59

Dinitro-diammin-dinitro-diammin-oxalate, 107

Dinitro-diammin-oxalate, 107

Dinitro-tetrammine salts, 122, 125

Dinitro-triammino cobalt chloride, 116, 117

Distintegration hypothesis, 224 ff.

Dobbie, Lander, and Tinkler's researches, 155

Double salt formation used in rare earth purification, 163
. 5 influence of atomic weight on, 58
- i o5 ol pressure on, 58, 92
A = i of temperature on, 58, 90 ff.

» salts, 56 i,
e »»  conditions of their formation, 57
b ., in solution, 68

Dowson gasg, 48, 52

Drulong and Petit's Law, 180

Diysprosinum, 159, 164, 167

Era-avvviriom (gallium), 195
Eka-boron (seandium), 195
Eka-silicon (germanium), 195
Electrical osmosis, 22
Eleotric arc, 42, 43, 47, 52
Electrolytic action in fixation of nitrogen, 49
Electro-magnet applied to are, 47
5 its effect on the Becquerel rays, 218 ff.

Electronic view of cobaltammines, 111 fi.
Electrons, 111, 141, 220

5 as atoms of electricity, 111
Electroscope, 206, 208, 217
Elements, Crookes’ view of, 173 fI.
HEmanation of thorium, 227
FEmanations, radioactive, 283. See also under respective elements
Emaniom. See Acrivium
Empirical rule of Werner and Miolati, 113
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End-point of crystallization, 78
en-form, 110
quglilihrimn of tantomerie bodies, effect of acids and alkalis on, 140
Erbium, 159, 164, 167
Errors, calculation of, 189 fi.

»  constant or systematic, 190

»  Pprobable, 190
Ethylene diamine cobalt derivatives, 119, 122, 123

w  derivatives, Jurgenscn 8 cxplanatmn of their isomerism, 122

Eum ium, 159, 164
Exuihed Rﬂt-lﬂt-}*, 240
ex-form, 110

Farapay tubes, 142
Fergusonite, 201
Ferric chloride, 57, 62, 130
Ferrous chloride, 96

o sulphate, 57
Five salts in solution, case of, 56 E
Fixation of nitrogen, '39 .
Flavo cobalt nitrate, 117
Flavo-galts, 111, 119, 120
Force, tubes of, 141
Fractional erystallization, 165

3 precipitation, 165

Frequencies, 132
Friend’s explanation of cobaltammines, 108-9, 126

& views on valency, 108
Formula for benzene, Collie's, 145

Gaporixius, 169, 164
Gallium, 195
= atomic weight of, 1582

Gamma-rays, 218, 219

- influence of magnetic field on, 218-9

i nature of, 220

- origin of, '220

penahmtwe power of, 218-19

Garnier’s Law, 181
Gel, definition of, 15
Geolugiml tharmume-tar, 94
Germaniuom, 195
Glagerite (2K,50,,Na,80,), 90, 91, 93
(ilass, action of uerel rays on, 222
Glaubaﬂt.a 90
Glauber's ﬂalt 89, 91, 92
Globulin, cmg‘ula.tlmn of, 223
Gray's determination of mt.rugen abtomic weight, 183 .
Gypsum, 90

HALOGER atoms, properties of, in pentammine salts, 100
derivatives of quinone, 153
Hnrtle-jr s method, 185 fi., 156
vibration eurves, 134
Head of absorption band, 154
Heat, atomic, 180
% evolved by radium, 210
its lack of influence on radioactive changes, 225
,» molecular, 181
Helium, 198, 200, 201-2, 243, 248, 244, 245, 246, 247, 248
o isolation of, 198
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Helium, oceurrence of, 201
; origin of, in mineral iﬁ:ings, 243
i production of, from radium emanation, 242 ff,
i properties of, 201
¥ spectrum, 202
Hertz waves, 202
Hexachlorobenzene, 157
Hexahydroxybenzene, 157
Hexamethylene ring, relation of 1,6-positions in, 144
Hexammine series, 97
Holminm, 159, 164, 167
Hydrazine, its action with nitroxyl, 11
Hydro-acids, 52
Hydro-bases, 32
Hydrofluosilicic acid, action of radium emanation on, 249
Hydrogel, 16
Hydrogen, atomic weight of, 179
Hydro-salts, 32
Hydrosol, 16
Hydroximic acids, formation of, 4 7
»w  hydrolysis nf

}'_[ydmx}*e&rhunil 136-7
Hydroxylamine, its action with nitroxyl, 11, 14

= oxidation of, 12

" preparation of, from nitroxyl, 9
reducing and oxidizing action of, 8
substitution products, 10
sulphonic acid, hydrolysis of, 7
Hydmxj'l derivatives of ammonia compared, 12 fi.
Hyponitrite formation, mechanism of, 11
Hyponitrites from nit-rul]ydmleaminic acid, 4

i, 115
Inactive gases, 195 fi.
Indicators, action of phosphoric acid with, 115
Induced auctlﬂt-}'. 214
Inert gases, See INacTIVE (GASES
Iodine and tellarinm, 193
Ionium, 216, 229, 252
Ionization and chemical constitution, 115
0 in pentammine series, 101
7 media, non-aqueous, 36 fi,
Tons, congulating action of, 24
»» In cobaltammine ﬁulubmns, 113
Iron group, anomaly in, 193
Isolation of radium, scheme of, 209
2o rare earth elements, 164 fi.
Isomeric change, action of solvent on, 142
»  and absorption spuctra 140 fi,
Isosafrol nitrosite, 7

LE

%

Jamrs' methods of rare earth separation, 166-7

Jirgensen’s criticisms of Werner's ideas, 107

explanation of ethylene diamine derivatives’ isomerism, 122
oxonium salts, 103

researches on cobaltammine structures, 99 fi., 119

views of cobaltammines, 98 fi.

Jurgenaen Werner controversy, 118 fi.

Kamrre, 89, 90, 91, 93
Kehrmann's researches, 147 fi,
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Kieserite, 73, 75, 89, 91, 92, 93
Krypton, 199 ECHJ *I'ﬂ 204

- isolation of, 199

o properties nf, 204

Liacrax and lactim forms, 136-7
Langbeinite, 91, 92, 93
Lanthanum, 159, 161, 164, 167, 168, 169
Latent valency, 109
Lead, radio-activity of, 215
Least squares, prmmpla of, 191
Lecithine, breakdown of, 993
Legendre's principle, 191
Leonite, 89, 91, 92, 93
Lmkage chmga and absorption spectra, 141, 145
Lithium, atomic weight of, 177
& chloride, 68, 177
F produced from copper sulphate, 244 fi,
Loewite, 91, 92, 93
Lutecium, 159
Luteo-cobalt chloride, 97

Maagwesium chloride, 79, 80, 81, 82, 83, 84, 80
s sulphate, 57, 64, 65, 66, 67, 81, 83, 84
s - hepmh}fﬂmt-e 81, 82, 91, 92, 93. See also REICHARDTITE
Mngnnt.m rotation, 69, 156
apphcat.mn to double salt pruhlﬁm, 69
Main valaumﬂs 104, 105, 107, 127
2 2 confusions arising from conception of, 107
. definition of, 104
Ma.r:gna.ﬁ 8 raﬂanrﬂhea. 176
Mean valency, 90
Mellitic acid, 157
Melting-points as criteria of nature of equimolecular mixtures of optical
antipodes, 69 i,
Mereury succinimide, 34
Meta-elements of Crockes, 174
Mitscherlich’s Law, 182
Mixed crystal and double salt, relations between, 57
»  crystals, 56, 69, 70, 71
Model, three dimensional, 84 ff.
o 5 i simplification of, 86
Mohr's salt, 57

Molecular heaf, 181
o vibration eurves, 184
» weights of colloids, 19
»  of halides, 177
Monazite sand, 160, 214
Moore's examination of liquid air residues, 204

NegaTIve valency, 108
Neodymium, 159, 161, 164, 171
Neon, 199, 200, 202, 244, 247
. lizolation of, 199
,» luminescence phenomena of, 202-3
»»  produced from radium emanation, 244, 247
»  properties of, 202
Neo-ytterbium, 159, 164
MNernst's researches, 49 ff.
Neumann’s Law, 151
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Nickel chloride, 96
Nitre-beds of Chili, 40
Nitric acid, production of, 41 fi.
, oxide, 43, 183
i Nernst's researches on, 43 fi,

Hltrides, production of, 54
H1I'.r1m-mt-mtrn»-ﬂmt.h}*lenwdmmminﬂ derivatives, 123
Nitrocamphor, isomerie change in, 142
Nitrogen, atomic weight of, 177, 178, 183 fi.

e density of, 196

o fixation of, 39 fi,

.  its circulation in nature, 39

s oxides, production of, 41 fI.

“ gzonie,’” form of, 196

Hlﬁru-grﬂups, isomerism in, 118, 122
Nitrohydroxylaminic acid, 1 2,3

i o o ﬁammpositions of, 8 ff., 6
o P ,»  Dhyponitrites [mm 4
,» Balts of, 2

H1t-rnsnte-5 formation of, 7 i
Hitmsudeﬂmtivas, action of nitroxyl on, 10
Nitrous acid, production of, 41 fi.
Nitroxyl or dihydroxy-ammonia, 1, 6,7, 8, 9, 10, 11, 12, 13, 14
i its action on amines, 10
3 e on hydroxylamine and hydrazine, 11
A = on nitroso-bodies, 10
= oxime formation with, 9
o preparation of, 6
e reactions of, 9 fi,
i reduction of, 9
% structure of, 12
Non-colligative propﬂrtm& 129
Mon-separable activity, 226

OCTAHEDRAL arrangement, Werner’'s, 105, 107, 118
Optical antipodes, eriteria of nature of mixtures, 69 fi.
s rotary power, 156
Osmosis, electrical, 22
Osmotic pressure, 116
Oxalyl radicle, quadrivalent on Werner's hypothesia, 107
Oxime formation in quinones, 148 fi.
Oxime formation with nitroxyl, 9
Ozxonium salts in cobaltammine series, 103
o Werner's ideas on, 106
Dmmd&a 170

Panacexeses, diagrams of, 94-5
table of, 93
I‘araguuﬂala 90 fi,
Particles, size of, in colloids, 20
]?nataur‘s ranmwhea on racemates, 58
Pentammine salts, two sets of halogen atoms in, 100
series, 97
Pﬁrlﬂdm System or Tﬂ.b]e 159, 160, 168, 169, 171, 172, 192 fi., 195, 198, 212
- anomalies i in, 192
] Fﬂmn&ﬁﬁ. types of, 170
Persistence of hund 134
Petersen's criticism of Werner, 117
researches, 115 ff.
I’hanal and water, solutions of, 26
Phenolphthalein, hehaviour of 11:1111:1 ammonia, 33, 34
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Phosphorie acid, 115
Phosphorus trichloride, 115
Physical properties, classification of, 129
Physioclogical eolour, 130
Picramide, 34
Pitehblende, 207, 208, 215
Plate, standard, 181-2
Poisoning of eolloids, 23-4
Polarization of light in colloid solutions, 19
Polonium, 209, 211, 212. See¢ also Rapivm P
i atomic weight of, 212
i isolation of, 209, 211, 212
Polyhalite, 73, 74, 756
Polyoxides, 170
Pogitive valency, 108
Potassamide, 34, 85
Potassium and argon, 192
L bromide, molecular weight of, 177
1 chloride, 57, 62, 76-78, 79, 81, 82, 33, 84, 93
3 chloride, molecular weight of, 177
i iodide, molecular weight of, 177
i sulphate, 57, 81, 82, 83
= uranium sulphate, 206
Praseodymium, 159, 161, 164, 171
Praseopurpureo salts, 120
Praseoroseo salts, 120
Praseo-salts, 119, 120, 121
Precipitation, fractional, 165
Pressure, its influence on double salt formation, 58
Purpureo salts, 120, 121
Pyridine, two molecules monomolecular on Werner's hypothesis, 107

Quixowe, 182, 147, 149, 150, 151, 152, 154

»  its benzenoid and quinonoid phases, 149, 150
Quinonoid and benzenoid vibration, 149, 150, 154

N hypothesis, 130

Racemic compounds, melting-point phenomena of, 71
Radiation of thorium X, 227
Radioactive change, 217 ff.
S »  different from chemical reaction, 225
% e equations for its velocity, 225
s 5 uninfluenced by heat, 225
o elements, 205 0.
Radioactivity an atomic property, 226
Radio-lead or Radium D, 216, 241
Radio-thorium, 215
Radium, 207, 208, 200, 216, 217, 218, 229, 230, 231, 239, 234, 240, 241
- and uranium, co-occurrence in ores, 281
i atomic weight of, 210
= bromide, 209, 226, 242
i carbonate, 226
e’ origin of, 130 fI.
i parent substance of, 216, 231
& scheme of isolation process, 200
5 source of its energy, 224
" A, 229 241
i B, 229, 241
0 C, 229, 241
£ D or radio-lead, 216, 229, 241
= E,, 229, 241
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Radium, E,, 229, 241
o emanation, 2290, 234 ff,
# " active deposit of, 241
L £y chemical inertness of, 237
i 2 damm ition of, EE-EI'
- ; its action on hydroﬂuusihmﬂ acid, 249

5 3 . on tap-grease, 249

T = on water, 238

" T method of ma.ni_pula.ting, 235

B == one of the inactive gas series, 238
i i physical properties of, 235-T

” 5 production of helium from, 242

" " quantity of, evolved, 284-5
i = radioactive propertiﬂﬁ of, 238
e Ramsay and Boddy’s re&e.nrahea on, 239
. emanations, 233 ff, See also under respective elements
e I, 212, 229, 241, See also PoLowium
i saltra, hoat evolved by, 210
i » Pproperties of, 208 ff.
= »» Pproperties of their solutions, 210
»» Spectra of, 810
Ihnlsu.y and Rayleigh, isolation of argon, 196-7
A ,» Cameron’s researches on transmutation, 244 fi.
- vy Soddy’s production of helium from radium emanation, 242 fi,
" » Young on decomposition of ammeonia, 48
Ramsay's view of Brownian movement, 23
o views of cobaltammines, 111
Rare earth elements, carbides of, 162
i i i chemical character of, 161 ff.
. R i hydrides of, 162
2 i = oxides of, 162
i - i physical properties of, 160 fi.
Y i 2 their place in the Periodic Table, 165 fi., 193
++ earths, 159 fi.
5 " importance of, 160
- e ocourrence of, 159, 160
2 purification of 163 fi.
Raylergh and Ramsay, isolation of argon, 196-7
Rayleigh's work on nitrogen density, 196
Rays. See AvpHA-, BETA-, GaMMA-, X, and BRCQUEREL.
Reactions and absorption spectra, 147 ff., 156
i spectroscopic study of, 158
Reaction-velocities, action of solvent on, 157
Reactivity and absorption spectra, 147 fi.
Recovery of thorium X activity, 225
Refractive index, 129, 156
Reichardtite, 91, 92. See also MAGKESIUM SULPHATE HEPTAHYDRATE
Residual valency, 108
Richards’ and Forbes’ determination of nitrogen atomie weight, 187
Rintgen rays, 206. See also X-RAays
Roseo cobalt chloride, 96
Roseo-salts, Werner's explanation of supposed isomerism, 119
Rubidium racemate, 64
- tartrnteﬂ, solubility relations of, G4
Rule, van't Hofi's, 78

Sarnt deposits, problem of, 73 fi.
Samarinm, 159, 161, 164
Samarskite, 213

Santonine, 130

Scandium, 159, 164, 168, 169, 195
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Schinbein's ozonides and antozonides, 170
Schonite, 82, 89, 90, 91, 92, 98
Sea-water, evaporation of, 75
Silent discharge, 43, 48, 49
Silicon nitride, 54
»  nitride-carbide, 54
Silver bromide, molecular weight of, 177
» chloride, molecular weight of, 177
w iodide, molecular weight of, 177
,  nitrate, 177, 188, 189
Silver nitrohydroxylaminate, 4
Size of colloid particles, 20
Sodamide, reaction with acetamide, 84
Sodium acetamide, formation of, 84
i BMmmonium racemate, 53
»  chloride, 57, 72, 76-78, 86, 177
»  nitrohydroxylaminate, 2, 4, 5

% s i constitution of, 5

»  sulphate, 64, 65, 66, 6T
=ol, definition of, 15
Solubility method of determining transition points, 62

" - of separating rare earth elements, 165
» relations of rubidinm tartrates, 64
Solution, constant, 77
Solvent action and absorption spectra, 142, 157
Solvents, their influence on isomeric change, 142
Space formula of benzene, 145
»  models of solutions, 84 ff,
Spark discharge, 42, 48
Spectra, absorption, 129 ff. See also ABSORPTION SPECTRA
Spectrometric method of determining transition points, 62
Spectroseope applied to rare earth isolations, 167
- arrangement of, 180 ff.
Spectrescopic determination of chemical change, 155
Bpectroscopy, its relation to chemistry, 138, 156
Spectrum of helium and mercury, 202
Spinthariscope, 221
Standard plate, 131
Stas’ researches, 176
yw Work, sources of error in, 179

Stassfurt salts, 73 fi.
Steric hindrance, 149, 154
Stewart and Baly's researches, 147 fi,
Substituents, influence of, on benzene vibrations, 157
Substitution, effects of, on spectra, 136, 139-40, 142 fi., 150 fi.
Sulphonyl derivatives of hydroxylamine, 9
Sulphur, atomic weight of, 179
Superoxides, 170
Supersaturation of solutions, 89, 90
Sylvine (potassinm chloride), 90, 91, 93
Symmetry of benzene destroyed by substitution, 154
Systematic errors, 190

TaBLE of basicities found by Dobbie, Lauder and Tinkler, 155
»» of double salt existence-limits, 91
» ©of parageneses, 93
s of radium degradation products, 231
., of supposed numbers of ions in cobaltammine solution, 117
» Of uranium, thorium, actinium, and degradation products, 228
,, rearrangement of Brauner’s Periodie, 172
., showing radium extraction process, 209
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Tautomeric bodies, 135
Tellurinm and iodine, 193
Temperature, influence of, on double salt crystallization, 90 ff.
o3 influence on double salt formation, 58, 69, 90 ff.
Tensimeter, 61, 89
Tensimetric determination of transition point, 61
Terbinm, 159, 164
i group, 159, 163
Tetrammine series, 97, 119
Tetramminopurpureo salts, 120
Tetramminoroseo salts, 120
Tetrazones, formation from nitroxyl, 10
Thenardite, 91, 92, 98
Thermometer, geological, 94
Thermometric determination of transition point, 62
Thorianite, 214  °
Thorium, 207, 218, 214, 215, 225, 2326, 237, 228, 233
" acetylacetone, 139, 141
.+  atom, disintegration of, 226
o non-separable activity of, 226

» A, 228

= B, 228

e emanation, 227, 228, 233 ff., 240

" " conversion into solid substance, 241

2 = half life period of, 234
s nitrate, 248-9

w A 235, 227, 228

- X, radiation of, 227
Thulium, 159, 164
Thymoquinone, 150, 151, 152, 153
Time, influenece of, in salt deposition, 89 fi.
Titanium, specific heat of, 180-1
Toluguinone, 150, 151, 152
Transition interval, definifion of, 68

. intervals, 68 fi.

2 point, determination of, 59 fi,

o temperature, 58 ff., D0 fi.

W o of astrakanite, 66

i 1) of ferric potassium chloride, 62
s : of rubidium racemate, 64
Transmutation, 244 fi.
Triammine series, 97
Triammino cobalt nitrite, 112
Triboluminescence, 221
Trichlorobenzoquinone, 153, 154
Trichlorotoluguinone, 153, 154
Trielectride of cobalt, 112
Trihydroxylamine hydriodide, 102
Tubes of force, 141

UrrrayMicnoscore, 20

Uranium, 206, 208, 209, 214, 216, 224, 235, 228, 231, 232
i and radiom, co-occurrence of, 2351
. X, 224, 225, 228

Usiglio's researches, 75

Varexcy, auxiliary, 104
-, free negative, 105
i »  positive, 108
» latent, 100
" main, 104
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Valency, residual, 108
Vanthoffite, 91, 93
Van't Hofl's equation, 115

i w  [actor s, 115 fi.

B »  researches on oceanic deposits, 75 fi.

s b, Rule, T8, B6

b spm_e,-model 84 fi.

Vibration curves, Hartley's, 184
Violeo- and praseo-salts, confusion between the series, 121
Violeo-purpureo salts, 190
Violeo-roseo salts, 120
Vicleo-salt, Werner's typical, a praseo-compound, 121
Violeo-salts, 119, 120, 121
Viscosity method of determining transition points, 63

Walden's researches, 37
Water of cr ha-lllznttun.
Werner Miolati's empirical rule, 113
Werner's conductivity maasuremants 113, 1i7
»  explanation of uuhulbammines, ﬂxu.mples of exceptions to, 107, 108,
118, 119, 121
»»  hypothesis, 103 fI,
o o bases of, 104-6, 107-8
e, i Jirgensen's eriticism of, 107
© of ammoninm and oxonium salts, 106, 126
= typlcal violeo-salt a praseo-compound, 121
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YTTERBIUM group, 159, 163
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