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GENERAL INTRODUCTION TO THE SERIES.

During the past few years the civilised world has begun to realise the
advantages accruing to scientific research, with the result that an ever-
increasing amount of time and thought is being devoted to various branches
of science.

No study has progressed more rapidly than chemistry. This science
may be divided roughly into several branches: namely, Organic, Physical,
Inorganic, and Analytical Chemistry. It is impossible to write any single
text-book which shall contain within its two covers a thorough treatment of
any one of these branches, owing to the vast amount of information that has
been accumulated. The need is rather for a series of text-books dealing more
or less comprehensively with each branch of chemistry. This has already
been attempted by enterprising firms, so far as physical and analytical
chemistry are concerned; and the present series is designed to meet the
needs of inorganic chemists. One great advantage of this procedure lies in
the fact that our knowledge of the different sections of science does not
progress at the same rate. Consequently, as soon as any particular part
advances out of proportion to others, the volume dealing with that section
may be easily revised or rewritten as occasion requires.

Some method of classifying the elements for treatment in this way is
clearly essential, and we have adopted the Periodic Classification with slight
alterations, devoting a whole volume to the consideration of the elements in
each vertical column, as will be evident from a glance at the scheme in the
Frontispiece.

In the first volume, in addition to a detailed account of the Elements
of Group O, the general principles of Inorganic Chemistry are discussed.
Particular pains have been taken in the selection of material for this volume,
and an attempt has been made to present to the reader a clear account of
the principles upon which our knowledge of modern Inorganic Chemistry
is based.

At the outset it may be well to explain that it was not intended to write
a complete text-book of Physical Chemistry. Numerous excellent works
have already been devoted to this subject, and a volume on such lines would
scarcely serve as a suitable introduction to this series. Whilst Physical
Chemistry deals with the general principles applied to all branches of
theoretical chemistry, our aim has been to emphasise their application to
Inorganic Chemistry, with which branch of the subject this series of text-

. books is exclusively concerned. To this end practically all the illustrations

to the laws and principles discussed in Volume I. deal with inorganic
substances. ¢
Again, there are many subjects, such as the methods employed in the
accurate determination of atomic weights, which are not generally regarded
vii
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as-forming part of Physical Chemistry. Yet these are subjects of supreme
importance to the student of Inorganic Chemistry, and are accordingly
included in the Introduction.

Hydrogen and the ammonium salts are dealt with in Volume II., along
with the Elements of Group I. The position of the rare earth metals in the
Periodic Classification has for many years been a source of difficulty. They
have all been included in Volume IV., along with the Elements of Group IIIL,
as this was found to be the most suitable place for them.

Many alloys and compounds have an equal claim to be considered in two
or more volumes of this series, but this would entail unnecessary duplication.
For example, alloys of copper and tin might be dealt with in Volumes II. and
V. respectively. Similarly, certain double salts—such, for example, as ferrous
ammoninm sulphate—might very logically be included in Volume II. under
ammonium, and in Volume IX. under iron. As a general rule this diffieulty
has been overcome by treating complex substances, containing two or more
metals or bases, in that volume dealing with the metal or base whieh belongs
to the highest group of the Periodic Table. Ior example, the alloys of copper
and tin are detailed in Volume V. along with tin, sinee copper oceurs earlier,
namely in Volume II. Similarly, ferrous ammonium sulphate is discussed in
Volume IX. under iron, and not under ammonium in Volume 1I. The ferro-
eyanides are likewise dealt with in Volume IX.

But even with this arrangement it has not always been found easy to
adopt a perfectly logical line of treatment. For example, in the chromates
and permanganates the ehromium and manganese function as part of the
acid radicles and are analogous to sulphur and chlorine in sulphates and
perchlorates ; so that they should be treated in the volume dealing with the
metal acting as base, namely, in the case of potassium permanganate, under
potassium in Volume II. But the alkali permanganates possess such close
analogies with one another that separate treatment of these salts hardly seems
desirable. They are therefore considered in Volume VIII.

Numerous other little irregularities of a like nature occur, but it is hoped
that, by means of earefully eompiled indexes and frequent eross refereneing
in the texts of the scparate volumes, the student will experience no difficulty
in finding the information he requires.

Partieular care has been taken with the scctions dealing with the atomic
weights of the clements in question. The figures given are not necessarily
those to be found in the original memoirs, but have been recaleulated, except
where otherwise stated, using the following fundamental values :—

Hydrogen = 1-00762. Oxygen = 16-000.
Sodium = 22:996. Sulphur = 32-065.
Potassium = 39°100. Fluorine= 19-015.
Silver = 107-880. Chlorine= 35°457.
Carbon = 12003. Bromine= 79916,
Nitrogen = 14-008. Iodine =126920.

By adopting this method it is easy to compare directly the results of earlier
investigators with those of more recent date, and moreover it renders the
data for the different elements strictly comparable throughout the whole
series.

Our aim has not been to make the volumes absolutely exhaustive, as
this would render them unnecessarily bulky and expensive; rather has it
been to contribute concise and suggestive accounts of the various topics,
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PREFACE TO PART 1.
(FIRST EDITION).

Tug preparation of this Introductory Part has proved to be a task of peculiar
difficulty. At the ontset we would emphasise the fact that our aim has not
been to write a complete text-book of Physical Chemistry. Numerous
excellent works have already been devoted to this subject, and we felt that a
volume on such lines would scarcely serve as a suitable introduction to this
series. Whilst Physical Chemistry deals with the general principles applied
to all branches of theoretical chemistry, we have been desirous of emphasising
their application to Inorganic Chemistry, with which branch of the subject
this series of text-books is exclusively concerned. To this end practically all
the illustrations to the laws and principles discussed deal with inorganic
substances. .

Again, there are many subjects, such as the methods employed in the
accurate determination of atomic weights, which are not generally regarded
as forming part of Physical Chemistry. Yet these are subjects of supreme
importance to the student of Inorganic Chemistry, and are accordingly
included in this Introduction.

We have attempted in the opening chapter to present to the reader a
concise account of the Fundamental Laws upon which the modern study of
Inorganic Chemistry rests, and to show how they have been confirmed by
modern experimental research., In the two succeeding chapters the general
Properties of Elements and Compounds are discussed, whilst Chapter IV. is
devoted to the study of the various methods of determining Molecular Weights
and the discussion of the values sometimes obtained. Chemical Change and
the Properties of Acids, Bases, and Salts form the subject-matter of Chapters
V.and VL

The determination of the Atomic and Equivalent or Combining Weights of
the Elements is dealt with in Chapter VII. Several pages are here devoted to
a discussion of the best means of carrying out the necessary chemical processes
involved, and attention is drawn to the numerous experimental errors that
must be guarded against if results of the highest accuracy are to be obtained.
By way of illustration, a full account is given of the methods employed by
Richards and his collaborators in determining the atomic weight of lithium,
by precipitation of the chloride with silver nitrate. As a sgcond examp]'e
we have chosen Guye’s researches on the atomic weight of nitrogen, as it
involves the determination of the densities of highly purified gases.

These descriptions will, we hope, enable the student to realise to what
a high degree of accuracy it is possible o attain in modern chemical and
physical research.

A short account of Series Lines in Spectra, the Zeeman Efcht, and the con-
nection between Spectra and Atomic Weights is also included in Chapter VII.
Lack of space has prevented us from dealing with the general subject of
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PREFACE TO PART II.
(FIRST EDITION).

Ix the second part the Author has endeavoured to present a full and clear
account of the present state of our knowledge of the inert gases of the atmo-
sphere, and especially of those points which are of interest to chemists.

Hitherto the most complete account in English of these gases has been
given by Ramsay in Z%e Gases of the Atmosphere, and by Travers in Z%e
Study of Gases, and the Author would here like to express his indebtedness
to these works.

The present work differs materially in several ways from its predecessors
(e.9. in dealing in detail with the evidence for and against the common belief
in the inertness of the elements of Group 0), and it has been the aim through-
out to draw a clear line of demarcation between what is definitely known
concerning the inert gases and what is uncertain or speculative.

Particular care has been taken to furnish numerous and accurate
references to the leading literature on the subject, so that readers wishing
to study any of the sections in further detail may be able to do so with the
minimum of trouble.

In conclusion, the Author wishes to thank Dr J. Newton Friend and Mr
H. F. V. Little, B.Sc., for their kindly criticism of his MS., and to acknow-
ledge the assistance of these gentlemen and of Miss R. K. Stevenson, B.Sc.,
and Mr W. Jevons, A.R.C.S., B.Sc., in correcting the proofs.

The plate of spectra has been reproduced from photographs taken in the
Astrophysical Laboratory of the Royal College of Science, and the Author’s
thanks are due to Professor A. Fowler, F.R.S,, for kind assistance in its

preparation,
H. V. A. BRISCOE..

August 1914,

xiil






CONTENTS.

Tree Periopic TABLE (Frontispiece) .

GENERAL INTRODUCTION TO THE SERIES

PreraceE T0 THE SECOND EpITion c . 5 Y 2
Prerace 1o Parr I. (First Edition) . : :

Prerace To Parr IL (First Edition) .

List or CHIEF ABBREVIATIONS EMPLOYED IN THE REFERENCES

e pu g e Ll it LY

PART I.—INTRODUCTION TO MODERN
INORGANIC CHEMISTRY.

Cuarrer I. The Fundamentals of Chemical Science . ’

y‘ Chemical and Physical Changes—The Conservation of Mass and Energy —The
Dissipation of Energy—Mixtures and Homogeneous Sunbstances—-Solutions—
$ Elements and Compounds—Laws of Fixed Ratios, Multiple Proportions,
E. ., Equivalent Ratios, Combining Weights, and Combining Volumes.
The Atomic Theory—Early Atomic Weight Systems—Avogadro’s Hypothesis—
The Modern System of Atomic Weights—The Atom—Chemical Symbols,
Formulaz, and Equations—Table of International Atomic Weights.

CuarrEr II. General Properties of Elements and Compounds

Properties and Laws of Gases—The Gas Laws—The Gas Equation—Validity of
the Gas Laws—Van der Waals’ Equation—The Diffusion of Gases—Vapour
Tension and Boiling - Point of a Liquid—Table of Boiling - Points of the
Elements—Critical Phenomena—Liquefaction of Gases.

Properties of Solids—Melting-Point and its Determination—Table of Melting-
Points of the Elements— Vapour Pressure of Solids — Volatilisation and
Sublimation.

Crystallography—Fundamental Laws—Crystallographic Notation and Systems—
Hemihedrism—Enantiomorphous Forms—The Cubic System—The Hexagonal
and Trigonal Systems—The Tetragonal, Orthorhombic, Monoclinic, and
Triclinic Systems,

Allotropy and Polymorphism—Transition Points and their Determination—
Analogies between Melting-Points and Transition Points,

Chemical Crystallography — Isomorphism —Overgrowth —Isopolymorphisin—Iso-
morphous series—Isomorphism and Atomic Weights—Barlow and Pope’s
Theory of Valency.

The Colloidal State—Preparation of Colloidal Solutions—Size of Colloid Particles
—Cataphoresis— Adsorptive Power of Colloids—Organic and Inorganic Colloids
—Importance of Colloidal Chemistry.

Specific Heats of Elements and Compounds—Specific Heat of Water—Table of
Specific and Atomic Heats of the Elements—Dulong and Petit’s Law—Ex-
ceptions to the Law—Specific Heats at Low Temperatures—The Quantum

4 Theory—Determination of Atomic Weights—Specific Heats of Compounds—
Neumann and Kopp’s Law—Specific Heats of Gases.

Xv

PAGE
v
vii
xi
Xiii
Xix

26






CONTENTS. Xvil

Cuarrer VII. The Determination of Atomic Weights and 5
Equivalent or Combining Weights . . 229

B
. Introductory—Determination of Atomic Weights from Analysis of Gaseous Com-
3 pounds—Determination of Atomic Weights by Approximate Methods—Spectro-
scopic Methods—Series Lines.
Precautions to be observed during the Accurate Determination of Atomic Weights
—The Atomic Weight of Lithinm—Preparation of Materials—Drying and
Weighing of Lithinm Chloride—Precipitating and Weighing Silver Chloride—
The Atomic Weight of Nitrogen—DPreparation and Purification of Nitrogen
Compounds used—Analysis of Nitrous Oxide—Density Measurements—Sum-
mary of Results. :
Cuaprer VIIL Classification of the Elements . : . 265
Classification of the Elements—Doebereiner’s Triads—The Telluric Serew-—The Law
of Octaves—The Periodic Law—Lothar Meyer’s Atomic Yolume Curve—Other
Periodic Properties of the Elements—Imperfections of the Periodic Classifica-
tion—Advantages and Modifications.
The Structure of the Atom and its Bearing on the Periodic Classification—Radio-
Elements and the Table.
Valency—Valency a Variable Property—Valency and the Periodic Classification
—Theory of Valency.
PART II.—THE INERT GASES.
: Cmaprer I. Introduction . : . 3 : . 293
General Properties of the Inert Gases—The Position of the Gases in the Periodic
Table.
Cuaprer II. Helium . . o : : : 5 11298
History—Oceurrence— Isolation and Purification—Properties of Helium —Spectrum
of Helium—Liquefaction—Chemical Inertness—Atomic Weight of Helium—
Detection.
Cuarrer III. Neon . : : . o c . 322
" History—Oceurrence—Isolation of Neon—Properties—Spectrum of Neon—ULique-
faction of Neon—Atomic Weight.
CraprEr IV. Argon . kit ! 1 ; . . 330
History—Qccurrence and Isolation—Physical Properties of Argon—Spectrumn of
Argon — Liquefaction — Chemical Inertness — Detection and Estimation of
Argon—Atomic Weight.
Cmarrer V. Krypton . c . c : 0 . 346
: History, Occurrence, and Isolation—Properties of Krypton—The Atomic Weight.
E Cmaprer VI. Xenon . : : 3 5 . . 351
History, Occurrence, and Isolation of Xenon—Properties and Atomic Weight.
Cuaprer VIL Niton . ’ X ; : . . 355
History—Occurrence—Isolation and Properties of Niton—Radioactive Change
of Niton,
Name Inpex A 5 . ; 5 S i
Susiecr INpEX . . 4 : ] . . . 871

.
"..







ABBREVIATED TITLE,

Amer. Chem. J. .

Amer. J. Sci. . 5
Anal, Fis. Quim. . .
Analyst q . .
Annalen : .

Ann. Chim. .
Ann. Chim. anal.

Ann, Chim. applicata
Ann. Chim. Phys.
Ann. Falsiyf. .
Ann. Min. .

Ann. Phys. . 3
Ann. Physik .
Arch. Pharm,

Arch. Seci. phys. nat.
. Arkiv Kem. Min. Geol.
Ai": Atti R, Accad. Lincei
g Ber,

e s & o & s o

K : Ber. dm;t. ph;'p/silcai. Gss:
e Bull, Acad. roy. Belg. .

Bull. Acad. Sci. Cracow

Bull. Soc, chim. . 3
Bull. Soc. chim. Bclg. .

nationale
Bull. Soc. frang, Min, .
Bull. U.S. Qeol. Survey
Centr. Min, . - . .
Chem. Ind. . . .
Chem., News . - .
Chem. Weekblad .

Chem. Zeit. . . .
Chem. Zentr, 2 3
Compt, rend. 2 .

Dingl. poly. J. . A
Gazzetta 3 . .
Geol. Mag. . 3

 Jakrb. Min. .

Jakresber. o
J. Amer. Chem. Soc.”
J. Chim. phys. .
J. Coll. Sci. T'okyo
"ranklin Inst. .
. Ing. Chem.
Chim., .

jea. C;ham.."

> -

" e e e e s * o

1 Bull. Acad. Sci. Petrograd

Bull. Soc. d’Enc. p. Ind.

Intern. Zeitsch. Metallog;‘apki.e
Jahrb. Radz‘oalctiv: Eloc;tronil;:

L T

LIST OF CHIEF ABBREVIATIONS EMPLOYED
IN

THE REFERENCES.

JOURNAL.

American Chemical Journal.

American Journal of Science and Arts.

Anales de la Sociedad Espafiola Fisica y Quimica.

The Analyst.

Annalen der Chemie.

Annales de Chimie (1719-1815, and 1914 +).

Annales de Chimie analytique appliquée & I'Industrie, &
I’Agriculture, 4 la Pharmacie, et & la Biologie.

Annali di Chimica applicata.

Annales de Chimie et de Physique (1816-1918),

Annales des Falsifications.

Annales des Mines,

Annales de Physique (1914 +).

Annalen der Physik.

Archiv der Pharmazie.

Archives des Sciences physiques et natureiles.

Arkiv for Kemi, Mineralogi och Geologi.

Atti della Reale Accademia Lincei.

Berichte der deutschen chemischen Gesellschaft.

Berichte der deutschen physikalischen Gesellschaft.

Académie royale de Belgique—Bulletin de la Classe des
Sciences.

Bulletin international de I’Académie des Sciences de Cracovie.

Bulletin de I’ Académie Impériale des Sciences de Petrograd.

Bulletin de la Société chimigne de France,

Bulletin de la Société chimique de Belgique.

Bulletin de la Société d’Encouragement pour l'Industrie
nationale,

Bulletin de la Société francaise de Minéralogie.

Bulletin of the United States Geological Survey.

Centralblatt fiir Mineralogie, Geologie, und Paleontologie,

Die chemische Industrie.

Chemical News.

Chemisch Weekblad.

Chemiker Zeitung.

Chemisches Zentralblatt,

Comptes rendus hebdomadaires des Séances de 1’Académie
des Sciences.

Dingler’s polytechnisches Journal.

Gazzetta chimica italiana.

Geological Magazine,

International Zeitschrift fiir Metallographie,

Neues Jahrbuch fiir Mineralogie, Geologie, und Paleontologie.

Jahrbuch der Radioaktivitdt und Electronik.

Jahresbericht iiber die Fortschritte der Chemie,

Journal of the American Chemical Society.

Journal de Chimie physique.

Journal of the College of Science, Tokyo.

Journal of the Franklin Institute.

Journal of Industrial and Engineering Chemistry.

Journal de Pharmacie et de Chimie,

Journal de Physique.

Journal of Physical Chemistry.

xix



XX

ABBREVIATED TITLE.

J. prakt. Chem. . 3 3
J. Roy. Agric. Soc. . o
J. Russ. Phys. Chem. Soc.

J. Soc. Chem. Ind. .

J. Soc. Dyers g o 0
J. Washington Acad. Sci. .
Kolloid- Zeitsch. . . c
K. Svenska Vet.- Akad. Handl.
Mém. Acad. Roy. Belg.

Met. Chem. Eng, . . 3
Min, Meg. . . . .

Monatsh. . . . .

Nova Acta Soc. Upsala.
Pharm, Zentr.-h. . .
Phil. Mag. . o 5

Phil. Trans. o S
Phys. Review 5 . .
Physikal. Zeitsch. 5 c
Pogg. Annalen . R
Proc. Chem. Soc. .

Proc. Amer. Acadl. H

Proc. Camb. Phil. Soc. . .

Proc. K. Akad, Wetensch.
Amsterdam

Proc. Manchester Lit. Phil.
Soc.

Proc. Roy. Soc. . o o

Proc. Roy. Soc. Edin. . c

Rec. trav. chim. . . -

Schweigger’s J.

Sct. Proc. Roy. Dubl. Soe. .
Sttzungsber. K. Akad. Wiss.
Derlin
Sitzungsber. K. Akad. Wiss.
Wien

South African J. Sci. .
Tech. Papers, Bur. Stand.
Tonind, Zeit. ) J
Trans. Amer. Cer. Soc.. g
T'rans. Awer, Electrochem.Soc.
Trans. Chem. Soc. d a
Trans. Eng. Cer. Soc. .
T'rans, Faraday Soc. :
Trans. Inst. Mng. Eng. 5
T'sch. Min. Mitt. . 0 5
Wicd. Annalen . . g
Zeitsch. anal. Chem. . 5
Zeitsch, angew. Chem. . :
Zeitsch. anorg. Chem. . .
Zeitsch. Chem. Ind, Kollotde

Zeitsch. Elektrochem. . .
Zeitsch. Kryst. Min. . ;
Zeitsch. physikal, Chem.

Zeitsch. wiss. Photochem. .

MODERN INORGANIC CHEMISTRY.

JOURNAL.

Journal fiir praktische Chemie.
Journal of the Royal Agricultural Society.
Journal of the Physical and Chemical Society of Russia. :
Journal of the Society of Chemical Industry. =P
Journal of the Society of Dyers and Colourists. {
Journal of the Washington Academy of Sciences.
Kolloid-Zeitschrift.
Kongl. Svenska Vetenskaps-Akademiens Handlingar.
Mémoires de I’Académie Royale de Belgique.
Metallurgical and Chemical Engineering.
Mineréalogical Magazine and Journal of the Mineralogical
ociety.
Monatshefte fiir Chemie und verwandte Thoile anderer
Wissenschaften.
Nova Acta Regie Societatis Scientiarum Upsaliensis.
Pharmaceutische Zentralhalle.
Philosophical Magazine (The London, Edinburgh, and
Dublin).
Philosophical Transactions of the Royal Society of London.
Physical Review.
Physikalische Zeitschrift.
Poggendorfl’s Annalen der Physik und Chemie.
Proceedings of the Chemical Society.
Proceedings of the American Academy of Arts and Sciences.
Proceedings of the Cambridge Philosophical Society.
Koninklijke Akademie van Wetenschappen te Amsterdam,
Proceedings (English Version).
Proceedings of the Manchester Literary and Philosophical
Society.
I’roceeding{;v of the Royal Society of London.
Proceadings of the Royal Society of Edinburgh.
Reeeuil des travaux chimiques des Pays-Bas et de la Belgique.
Schweigger’s Journal fiir Chemie und Physik (continued as
Journal fiir praktische Chemie).
Scientific Proceedings of the Royal Dublin Society.
Sitzungsberichte der Koniglich-Preussischen Akadernie der
Wissenschaften zu Berlin.
Sitzungsberichte der Kaiserlichen Akademie der Wissen-
schaften, Wien.
South African Journal of Scicnce.
Technical Papers, Burean of Standards, Washington.
Tonindustrie Zeitung.
Transactions of the American Ceramic Society.
‘I'ransactions of the American Electrochemical Society.
Transactions of the Chemical Socicty.
Transactions of the English Ceramic Society.
Transactions of the Faraday Society.
Transactions of the Institute of Mining Engineers,
Tschermak’s Mineralogische Mitteilungen.
Wiedemann’s Annalen der Physik und Chemie.
Zcitschrift fiir analytische Chemie.
Zeitschrift fiir angewandte Chemie,
Zeitschrift fiir anorganische Chemie.
Zeitschrift for Chemio und Industrie des Kolloide (con-
tinued as Kolloid-Zeitschrift).
Zeitschrift fiir Elektrochemie.
Zeitschrift fiir Krystallographie und Mineralogie.
Zeitschrift fiir physikalische Chemie, Stiochiometrie und
7 _tsVﬁn;’_m;dtschat’ts]ehre.
eitschrift fiir wissenschaftliche Photographie, Photophysik ‘
und Photochemie. € i :

e e e T









»
i

A TEXT-BOOK OF
INORGANIC CHEMISTRY.

VOL. I.. PART 1.

AN INTRODUCTION TO MODERN INORGANIC
CHEMISTRY.

CHAPTER L ‘
THE FUNDAMENTALS OF CHEMICAL SCIENCE.

Introductory; Chemical and Physical Changes.—The various changes
that bodies undergo may be divided into two classes, termed Physical
Changes and Chemical Changes. Physical changes affect only a few
of the properties of bodies concerned ; their consideration forms the subject
of Physics: Chemical changes are of a more profound nature; the bodies
concerned in them disappear, and their places are taken by other bodies
possessing other properties.

It is not easy to draw a sharp distinction between these two classes of
changes, but the nature of the differences between them may be indicated
by a few oft-quoted examples. Consider, for example, a piece of sulphur.
It is a pale yellow, solid body of low specific gravity. When rubbed with
a cloth, it acquires the property of attracting scraps of paper and other
light objects, z.e. it becomes electrified. It still retains its other properties
unchanged, however, and can be made to lose its new property of electrifica-
tion without bringing about a change in any of its other properties. The
electrification of sulphur is therefore a physical change. When the sulphur
is heated, it easily melts, forming a yellow liquid ; on cooling, it again passes
into the solid state. It is not so easy to understand why this change should
be classed as physical ; but for reasons that will appear later, change of
state is usually regarded as a physical phenomenon. 4

When the piece of sulphur is brought into contact with a flame, a
profound change occurs. The sulphur catches fire, and burns with a pale
blue flame; eventually it disappears completely. At the same time, a
characteristic smell is noticed, indicating that something has been producea
that was not present initially. In fact, a portion of the surrounding air
disappears with the sulphur, and a colourless gas (sulphur dioxide) with
a powerful odour is produccd. When sulphur burns, therefore, a chemical
change occurs.

Mercury or quicksilver is a mobile, silver-white, shining liquid of high
specific gravity and boiling-point. When a little mercury is heated in air
for a considerable time at a temperature slightly below its boiling-point, the

3
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occurrence of a chemical change is made evident by the appearance of a
new red body on the surface of the mercury.. Here again the air takes part
in the change. If the experiment is carried out in a closed vessel, the red
body eventually ecases to be formed, and the gas which remains (mainly
nitro;gen) is found to differ from ordinary air since it extinguishes a lighted
match.

When the new red body (mercuric oxide) is heated in a tube, it darkens
considerably in colour, and ultimately becomes almost black. This is only
a physical change, and, on cooling, the body resumes its former appearance.
A chemical change occurs, however, when the body is more intensely heated.
Mercury is observed on the cool parts of the tube, and a colourless gas (oxygen)
is produced that is easily shown to differ from ordinary air since a splint
of wood that just glows in air bursts into flame when plunged into the gas.
If the heating is prolonged sufliciently, the red body completely disappears.

A chemical change also takes place when a little mercury and sulphur
aro rubbed together vigorously in a mortar. Much of the mercury and
sulphur disappear, and a new black body (mercuric sulphide) makes its
appearance.

Chemical changes are a matter of common observation in daily life; the
burning of coal, oil, and gas, and the decaying of dead vegetable and animal
matter are familiar processes which are readily secen to come under this
heading. The science of Chemistry is concerned with the clucidation of the
laws relating to these phenomena.

The laws of chemical combination will be discussed in this chapter, and
the classifieation of chemical changes, etc., considered later (see Chap. V.).

The Conservation of Mass.—The quantitative study of chemical
changes has led to the formulation of a fundamental law, which applies to all
changes, both physieal and chemical. This is the Law of the Conserva-
tion of Mass; it may be stated in tho form that the mass of a system is
wnaltered by any change that occurs within it, or that in a chemical change
the total mass of the substances that disappear 1s equal to the total mass of the
substances produced. Tor example, referring to one of the changes already
mentioned, the mass of the mercuric sulphide formed is precisely equal to
the sum of the masses of  the mercury and sulphur that disappear. In the
chemical change that takes place when sulphur burns, the law does not, at
first sight, appear to hold ; but this is due to the fact that two of the three
bodies concerned in the change are colourless gases. When the diminution
in the mass of the surrounding air is determined, and also the mass of the
gascous substance produced, it is found that the latter exceeds the former
by exactly the mass of the sulphur that disappears.

The discovery that, in the formation and decomposition of mercurie
oxide, the combined masses of the mercury and oxygen taking part in the
changes are equal to the mass of the mercuric oxide, is due to Lavoisier, and
is of great historical interest to the chemist. In fact, it was by Lavoisier?!
that the Law of the Conservation of Mass was first clearly perceived and
stated. It is uot difficult to realise that such a law should have escaped the
attention of the carly chemists, unacquainted as they were with the existence
of different gases, and unaccustomed to placing any reliance on measurements
of mass (or weight) in interpreting the nature of chemical changes.

Although it is difficult to realise how chemistry could exist as an exact

1 Lavoisier, Fuvres, vol. i. p. 101,
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scienee if the Law of the Conservation of Mass were not true, it must never-
theless be borne in mind that the law rests upon a purely exverimental basis.
Its truth is assumed in all quantitative chemical work, and the assumption
has never led to contradictory eoneclusions. The indirect evidence of the
validity of the law is supplemented by the results of direet experiments,
especially undertaken with the object of putting the law to the test. Fifteen
different reactions were studied by Landolt! with the greatest eare, the
method employed being briefly as follows. The materials used in a reaction
were contained in the limbs of a sealed, inverted U-tube, whieh, after being
weighed against a similar counterpoise, was righted in order to mix the
materials and eause the reaction to take place. The weight was then observed
again. The contents of the counterpoise were then mixed, and a third weigh-
ing made. The conclusion finally reached by Landolt was that in these
reactions there was no difference between the masses of the systems before
and after chemieal change greater than could be attributed to error in
weighing. The latter was only 0°03 mgrm., and the masses of the reacting
systems were of the order of 300 grms.

Additional evidence of the accuraey of the law is eontained in the data
supplied by Stas? in his syntheses of silver bromide and iodide ; by Morley 3
and Noyes?* in their syntheses of water; by Edgar? in his syntheses of
hydrogen chloride, and by Gray® in his analyses of nitric oxide.” Hence, if
any changes in mass do occur in chemical reactions, they must be far too
small to be of any practical importance to the chemist ; and the Law of the
Conservation of Mass may be classed among the exact laws,

The Conservation of Energy.—Corresponding to the principle of the
conservation of mass there is another fundamental physical prineiple con-
cerning energy. The general statement of the principle of the Conservation
of Energy is as follows :—$

T'he total energy of any material system ts a quantity whick can neither be
increased nor diminished by any action between the parts of the system, though
it may be transformed into any of the forms of which energy is susceptible.

The energy content of the products of a chemieal change is, in general,
however, different from that of the starting materials, and this is manifested
as a rule by the evolution or absorption of heat during the reaction. This
phenomenon will be discussed in some detail in a later chapter (Chap. V. p. 161).

Although the total quantity of energy in the universe is constant, it is
not all available to man for the purpose of doing work. During every trans-
formation some energy is converted into heat, which becomes uniformly
diffused and is therefore generally regarded as being unavailable inasmuch
as further change is deemed impossible. If this be granmted, it is clear that
the total available energy is steadily diminishing, while the unavailable
energy is as steadily increasing, and a time must come when all the available

! Landolt, Sitzungsber. K, Akad. Wiss. Berlin, 1893, 301 ; 1906, 266 ; 1908, 354 ; Zeitsch.
physikal. Chem., 1893, 12, 1; 1906, 55, 589 ; Chem. News, 1906, 93, 271 ; review by Guye
in J. Chim. phys., 1908, 6, 625.

2 Stas, Fuvres complites, Brussels, 1894, vol. i. pp. 308, 419.

3 Morley, Smithsonian Contributions, 1895, 29, No. 980.

4 Noyes, J. Amer. Chem. Soc., 1907, 29, 1718.

5 Edgar, Phil. Trans., 1909, A, 209, 1.

$ Gray, Trans. Chem. Soc., 1905, 87, 1601.

7 See also Manley, Prac. Roy. Soc., 1912, A, 87, 202 ; Phil. Trans., 1912, A, 212, 227.

8 Clerk Maxwell, Matter and Motion (Society for Promwoting Christian Knowledge,

1882), p. 60.



6 MODERN INORGANIC CHEMISTRY. -

energy of the universe will become unavailable, the universe itself becoming
a uniformly hot, inert mass. This doctrine is known as the Dissipation of
Energy. The fact, however, that we are not at present acquainted with
any method of rendering uniformly diffused heat available does not necessarily
imply that it is actually ineapable of being rendered so; and it may well be
that, by processes not yet understood, the so-called unavailable energy is being
continuously transformed into available energy, so that the universe may
never reach the state of equilibrium and inertness referred to above.!

Mixtures and Homogeneous Substances. — Simple inspeetion
reveals the fact that eertain substances do not possess identical properties
throughout. Thus, the existence of three different materials in granite is
immediately obvious when a piece of that substance is examined. By
breaking up the granite into small fragments, these three materials become
mechanically separated ; and a further examination discloses differences in
density, erystalline form, cte., between the three materials.

On the other hand, a picce of the mineral known as ZJceland Spar shows
no obvious differences in properties in different places, neither does it do so
when redueed to fragments. On the contrary, a careful study of the specific
physical properties? of the fragments shows that they are all specimens of
the same suhstanee.

A substance, such as Ieeland Spar, which ordinary observation does not
show to eonsist of different parts, is said to be homogeneous ; the minutest
portion that can be mechanically detached possesses the same specific physical
properties as does the substanee in bulk. A homogeneous mass is also referred
to as a phase. Materials, such as granite, which possess different properties
in different parts, are said to be heterogenecus, or are called mixtures.
Chemistry is primarily concerned with the study of homogeneous substanees,
and in the following pages the term ‘“substance” will be used to denote
“homogenecous substance.”

Solutions.—It will be seen subsequently that substances may be
divided into three groups. The substances belonging to one of these groups
are in many respects analogous to mixtures; aecordingly, some chemists
restrict the application of the term “substance” to the other two groups
only,3 excluding this particular group, which comprises solutions.

The significance of the term “solution ” may be best explained by means
of an example. If a small quantity of common salt be added to water, it dis-
appears, and, either as the result of long standing or of stirring, a homogeneous
lignid mass is obtained, termed a solution of salt in water. 1f further
additious of small amounnts of salt be made, they too disappear, until
eventually a limit is reached, after which further quantities of salt cease to

1 This point has been fully diseussed by H. S. Shelton (The Orford and Cambridge
Review, 1912, No. 17, pp. 1568-180), to whose memoir the reader is referred for further
details.

2 It is a fundamental law that when a number of bodies are found to agree exactly in a
few of their properties, further examination shows them to agree exactly in all their
properties ; such bodies are said to be specimens of one and the same substance. The
““substance” is thercfore a conception derived by abstracting the properties common to alt
its specimens. By properties or specific properties is here understood those, such as colour,
havdness, specific gravity, etc., which are the same in all parts of the bodies, excludmg the
altributes of mass, shape, ete., which differentiate the different specimens and the conditions
of pressure, temperature, etc., which may be altered at will. L r

3 (f. Ostwald, The Principles of Inorganic Chemsstry, trans. by Findlay, 3rd edition
(Maemillan & Co., 1908).
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disappear and remain in the solid state. Thus, salt and water may be
brought vogether in any proportions comprised between certain limits, with
the production of a homogeneous liqnid. Moreover, continuous variations in
the relative amounts of salt and water are associated with continuous changes
in the physical properties of the resulting liquid. In this instance, the
inferior limit to the amount of salt is zero; the superior limit is found to
vary both with temperature and pressure.

Although the constituents of the solution, salt and water, cannot be
mechanically detached, as in the case of a heterogeneous mass, the separation
can nevertheless be effected by physical means, namely, by causing one of
them to undergo a change of state. For instance, by supplying heat to the
solution the water may be converted into vapour and thereby separated from
the salt, which remains in the solid state. Or, by cooling the solution, water
may be continuously removed as ice, until, in this instance, after the remaining
solution has reached a certain concentration, further cooling results in the
production of a heterogeneous solid mass of ice and salt.

A solution, then, may be defined as a homogeneous mass, the composition
of which may undergo continuous variation (between the limits of its existence),
and which may be separated into two (or more) homogeneous substances by
processes tnvolving change of state. This definition does not restrict solutions
to any particular state of matter. Accordingly there may be gaseous, liquid,
and solid solutions; and a substance is classed as a solution when, by
processes involving change of state, it can be separated into a number of
other substances A, B, C, . . ., and forms one member of a series of substances
the compositions of which range over all the possible proportions of A, B, C,

. comprised between certain limits.

Solutions are usually classed as mixtures, being referred to as ‘“homo-
geneous mixtures” in order to distinguish them from the class of mixtures
previously mentioned ; occasionally, however, they are described as compounds
of variable composition.!

The subject of solution is dealt with in a later chapter (see Chap. IIL).

Elements.—Various substances have been already mentioned that do
not fall under the heading of solutions, e.g. mercury, sulphur, oxygen,
mercuric oxide, mercuric sulphide, sulphur dioxide, salt, and water. They
are therefore *“substances” in the narrowest sense of the word. From what
has been already said concerning these substances, it will be recognised that
mercury, sulphur, and oxygen are in a way simpler substances than mercuric
sulphide, mercuric oxide, and sulphur dioxide, for each of the last three
substances is built up from two of the preceding. In fact, mercury, oxygen,
and sulphur are representatives of the simplest class of substances—namely,
those which have never yet been separated into dissimilar parts, by any
processes whatsoever. Such substancesare called elements ; an element is a
distinct species of matter that has not yet been shown to be composite. ~All other
substances are composed of two or more elements.

The term “element” was originally used in its modern significance by
Boyle (1627-91), and was clearly defined by Lavoisier in his Traité de
chvmie (1789). Centuries before the time of Boyle the word was in use; but
the ancients and the alchemists regarded the “elements” not as material
substances, but rather as the fundamental qualities of different substances.

About eighty elements are known at the present day; a list of their

1 Cf. Kahlenberg, Outlines of Chemistry (Macmillan & Co., 1909).
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names, symbols, and atomic weights will be found on p. 25. Helium, neon,
argon, krypton, xenon, niton, hydrogen, oxygen, nitrogen, fluorine, and chlorine
are gascous at common temperatures; bromine and mercury are liquids ;
the remaining elements arc solids in ordinary circumstances. Only a few
occur in nature in the free state. Some elements are much more abundant
than others; the following table gives, according to I'. W. Clarke, the average
composition of terrestrial material (including the earth’s erust, the ocean, and
the atmosphere) :—

Element. Per cent. Element. Per cent. Element. Per cent.
Oxygen 49°8 Potassium . 228 Batium . . 0°09
Silicon 261 Hydrogen . 095 Manganese 4 0°07
Aluminium 7:34 | Titaninm . . 037 Strontium . 0 003
Iron . 411 Chlorine . 5 0-21 Nitrogen . . 0-02
Calcium 319 | Carbon . 3 0°19 Fluorine . 3 002
Sodium -, 5 233 Phosphorus 011 Remaiuing ele-
Maguesinm 5 224 Sulpllmr 0-11 ments . o 0°48

A distinction should be drawn between the terms “element” and
“elementary substance,” the elements being the different species of
matter of which elementary substances are made.! Thus, oxygen and
mercury in the free state are elementary substances, while mercuric oxide
(vide supra, p. 4) containg the two elements mercury and oxygen. This
distinction of terms is not always maintained, and very little ambiguity is
thereby occasioned ; but it is often convenient, for an element may exist in
the free state in more than one form. There are, for instance, two elementary
substances corresponding to the one element oxygen. This phenomenon is
termed allotropy; it is exhibited by numerous elements, and Wwill be
discussed later (p. 64).

The clements may be divided into two classes, metals and non-metals.
The division is merely one of convenicnce, and is imperfect, for no hard and
fast line of demarcation between the two elasses can be drawn. The non-
metals include the gaseous elements and bromine, sulphur, seleniun, tellurium,
phosphorus, arsenic, carbon, silicon, boron, and iodine ; the metals comprise
the remaining elements. The names of the metals and non-metals disecovered
during the last hundred years usually end in -tum and -on respectively ; the
names “selenium ” and “tellurium” do not conform to this rule, since these
substances were originally classed among the metals.

Gold, silver, iron, copper, tin, and lead were known to tho ancients ;
mercury was also known in very carly times. The metals as a class are
distinguished by certain physical properties. They are opaque in bulk,
possess a characteristic lustre, and are (more or less) malleable and ductile ;
they are good conductors of heat and electricity. The formation of alloys
should also be mentioned (see pp. 110, 116). Each of the metals, however,
does not exhibit all of these properties in a high degree ; for example, zinc,
bismuth, and antimony are brittle, and hence wero regarded throughout the
Middle Ages as semi-metals. Moreover, some of these properties are possessed
by certain non-metals; iodine and tellurium are lustrous, whilst silicon,
graphite and, at a red heat, boron readily conduet electricity. Formerly, all

1 This distinction was clearly indicated by Mendeléeff (dnnalen Suppl., 1872, 8, 133).
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metals were considered to possess high densitics, an idea that was abandoned
when Davy isolated sodium and potassium and demonstrated their metallic
character. The metallic nature of mercury was admitted in 1759, when it
was first frozen. 4

The non-metals differ widely in their physical properties. A number of
them are gases; the solid non-metals are brittle, possess low densities, and
usually have no lustre and very little power of conducting heat or electricity.

The metals and non-metals are distinguished not only by their physical,
but also by their chemical properties. A discussion of the latter, however,
must be postponed till later (see Chap. VI.).

The difficulty of drawing a dividing line between metals and non-metals is
clearly shown by the existence of an alternative method of classifying the
elements, which divides them into three groups, namely, non-metals, metalloids,
and metals. A metalloid is an element which, although it resembles a metal
in most characteristics, yet lacks some one or more of the features which
typical metals generally present. Usually, the metalloids possess the form
or appearance of metals, but are more closely allied to the nop-metals in their
chemical behaviour. The following elements are included in the metalloids :!
hydrogen, tellurium, germanium, tin, titanium, zirconium, arsenic, antimony,
bismuth, vanadium, columbium, tantalum, molybdenum, tungsten, and
uranium. The name ‘““metalloid” was introduced by Erman and Simon in
1808 2 to describe an element that resembled a true metal. 1n 1811, however,
Berzelius employed the term as synonymous with “non-metal,” and at the
present time it is still used by some chemists in that sense. It is perhaps
best, therefore, to avoid the use of the word ““metalloid ” altogether.

Although to the chemist the elements are the ultimate forms of matter,
from which other substances are built up, it does not follow that they do not
possess a complex strncture. In recent years elements have been discovered
which spontaneously break up into other elements.® These changes, however,
which proceed at definite rates in accordance with a simple law, would
seem to be beyond the power of the chemist to control.

Compounds: Law of Fixed Ratios: Law of Multiple Pro-
portions.—Two of the three groups into which substances may be divided
have now been dealt with—namely, solutions and elementary substances,—and
the third group, exemplified by mercuric oxide, mercuric sulphide, sulphur
dioxide, salt, and water, now calls for attention. Substances of this group do
not possess the properties of solutions, but nevertheless they are composite,
in the sense that each contains at least two elements. They are called
chemical compounds, or simply compounds. FEach of the above-
mentioned compounds contains two elements only.

The elements present in a compound are said to be in a state of chemical
combination ; and the chemical composition of the compound is a statement,
usually expressed in percentages, of the relative proportions in which the
elements occur. It may be stated at once that, as would be expected, bodies
which possess identical physical properties are also found to possess identical
chemical compositions;* the converse, however, is not true.

Turning now to a consideration of the compositions of binary compounds,

1 See Tilden, Introduction to Chemical Philosophy (Longmans & Co.), 10th edition, 1901,

2 Erman and Simon, Gilbert’s 4nnalen, 1808, 28, 347.

3 ¢f. Vol. IIL. (Radium); Vol. V.(Thorium); Vol.VIL (Uranium). )

4 Recent researches indicate that there may be exceptions to this, See p. 279 ; also
Soddy, The Chemistry of the Radio-elements (Longmans & Co.), 2 parts, 1911-14.
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i.e. compounds containing only two elements, the question naturally arises as
to the number of compounds that two elements are capable of forming.
The answer that experiment furnishes is very simple. 7wo elements unite
with one another tn a limited number of definite ratios, separated by finite
tntervals.! This may be called the Law of Fixed Ratios. As a rule, the
number of ratios is quite sinall, varying in different cases from one to five or
six; but the combining ratios of carbon and hydrogen are very numerous.
To take an example, carbon and oxygen unite to form three gaseous compounds,
known as carbon suboxide, monoxide, and dioxide, in which the carbon and
oxygen are in the ratios of 1 to 0:-8889, 1 to 1:333 and 1 to 2:667 respectively.2
Any gaseous body that contains carbon and oxygen only, but not in one of
the three ratios just quoted, proves to be a mixture; and even if its com-
position is represented by either of the last two ratios, the possibility of its
being a mixture (of some or all of the oxides and oxygen) is not excluded.

The Law of Fixed Ratios became definitely established as a result of the
classical controversy between Proust and Berthollet # which lasted from 1802
to 1808 ; and subsequent work has served to demonstrate the exactness of
the law. Although the work of Proust was sufficient to satisfy his con-
temporaries as to the correctness of the law, his analytical results were not
particularly accurate, and partly, perhaps, for this reason, he failed to observe
a remarkable connection that exists between the various ratios in which two
elements are found to unite. The combining ratios already given for carbon
and oxygen will serve to illustrate the nature of this connection. It will be
noticed that

0-8889 : 1-333 : 2:667 :: 2 : 3 : 6,

t.e. the weights of oxygen that separately unite with unit weight of carbon,
are in the ratios of small whole numbera. This is only one illustration of an
experimental generalisation known as the Law of Multiple Proportions,
which may be stated in the following manner:—

When two elements unite tn more than one ratio, the several weights of one
element that combine with a fixed weight of the other element are in the ratios
of simple integers.

The name of Dalton is usually associated with this law. Its history is
very interesting, for it is almost certain that Dalton first of all deduced the
law as a necessary consequence of his Atomic Theory, and afterwards found
in the compositions of olefiant gas and marsh gas on the one hand, and carbon
monoxide and dioxide on the other, experimental confirmation of his views.

The early analyses, the results of which constituted the experimental
basis of the Law of Multiple Proportions, were naturally somewhat crude and
inaccurate ; the perfection of analytical methods, effected since the law was
enunciated, has enabled chemists to submit the law to a more rigorous
examination, and. thereby to demdnstrate its exactness. One example will
suffice. Guye and Bogdan (vide infra, p. 279), in their gravimetric analyses
of nitrous oxide, obtained the result—

nitrogen : oxygen :: 1-75100 : 1;

! Sce Hartog, Nature, 1894, 50, 149.

2 Carbon suboxide cannot be forined directly from its elements. A fonrth oxide of carbon
is known, but is solid at ordinary temperatures (H. Meyer and Steiner, Ber., 1913, 46, 813 ;
Jarrard, Proc. Chem. Soc., 1913, 29, 106). .

3 Miss Freund, T'he Study of Chemical Composition (Cambridge University Press), 1904,
chap. v. ; see also Hartog, Nature, 1894, 50, 149.
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the analyses of nitric oxide effected by Gray ! led to the result—
nitrogen : oxygen :: 0-87563 : 1;

and lastly, Guye and Drouginine (vide ¢nfra, p. 254) obtained the following
result for the composition of nitrogen peroxide—

nitrogen : oxygen :: 0:43782 : 1.
Now, ]
1:75100 : 0-87563 : 043782 :: 3:9994 : 2 : 1-0000,

and the three last numbers are in t}ie ratios
4 :2:1

within the limits of experimental error.

Law of Equivalent Ratios: Combining Weights.—Continuing
the inquiry further, another problem presents itself. Is there any connection
between (i.) the ratios in which two elements occur in compounds which also
contain other elements, and (ii.) the ratios in which the same two elements
combine to form binary compounds? Here, again, a very simple relationship
has been observed. The ratios (i.) and (ii.) are all related to one another in
a simple numerical fashion. One or two instances may be quoted. The

- compound nitrosyl chloride contains nitrogen, oxygen, and chlorine, and the

ratio of the nitrogen to the oxygen has been found by Guye and Fluss
(see p. 254) to be 08754 to 1. This is practically identical with the
ratio already given for nitrogen to oxygen in nitric oxide. The ratios
of lead to sulphur in lead sulphide and lead sulphate were shown? by
Berzelius in 1812 to be equal. Later, Stas showed that the ratios of silver
to iodine in silver iodide and silver iodate were exactly equal, and obtained
similar results for silver bromide—silver bromate and silver chloride—silver
chlorate.

The Law of Multiple Proportions only constitutes, however, part of a far
more comprehensive law, dealing with the compositions of all compounds.
This law may now be considered, binary compounds being the first to receive
notice.

Both chlorine and bromine unite with almost all the other elements,
forming substances the compositions of which have in many cases been very
accurately determined. The following results are typical :—

(i.) One part of silver combines with 0:328668 of chlorine® or with

0-740785 of bromine ;% and 0328668 : 0:740785 :: 1 : 2:2539.

(ii.) One part of potassium combines with 0-906908 of chlorine® or with

2:04408 of bromine ;¢ and 0-:906908 : 2-04408 :: 1 : 2:2539.
(iii.) One part of mercury unites with 0:353491 of chlorine” or with
0796610 of bromine ;& and 0-353491 : 0796610 :: 7 : 2:2536.

! Gray, Trans. Chem. Soc., 1905, 87, 1601.

2 Berzelius, vide infra ; cf. Ostwald’s Klassiker, No. 35. X

3 Richards and Wells, Carnegie Institution Publications, Washington, 1905, No. 28;
J. Amer. Chem. Soc., 1905, 27, 459.

1 Baxter, J. Amer. Chem. Soc., 1906, 28, 1322. P

5 Richards and Stahler, Carnegie Institution Publications, Washington, 1907, No. 69;
J. Amer. Chem. Soc., 1907, 29, 623.

8 Richards and Mueller, Carncgie Institution Publications, Washington, 1907, No. 69;
J. Amer. Chem. Soc., 1907, 29, 639.

7 Easley, J. Amer. Chem. Soc., 1910, 32, 1117.

8 Easley and Brann, J. Amer. Chem. Soc., 1912, 34, 137.
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-An_extraordinary regularity is noticeable in the above figures. The
ratio chlorine : bromine is a constant.! Bearing in mind that some elements
form several chlorides and bromides, the compositions of which conform to
the Law of Multiple Proportions, it may therefore be stated that the
quantities of chlorine and bromine that unite with a fixed quantity of one
element are either in the same ratio as are the quantities of those two
elements that unite with a fixed quantity of any other element, or else the
ratios are simply related.

The preceding generalisation is found to hold not only for chlorine and
bromine, but for any two elements whatsoever. The general statement of
the law, known as the Law of Equivalent Ratios, may be expressed in
the following manner :(—

The ratios of the masses of two elements that combine with one and the
same mass of a third element bear a simple numerical relationship to the ratios
of the masses of the two elements that combine either with one and.the same
mass of any other element or with one another.

For example, in nitrogen peroxide one part of nitrogen is combined with
2-28404 of oxygen,? whilst in nitrogen sulphide one part of nitrogen is com-
bined with 2-28901 of sulphur.® But,

2-28404 : 2-28901 :: 1 : 10022,

and according to the law, there should be a simple numerical relationship
between this ratio and the ratios in which oxygen and sulphur combine
together. Now, in sulphur dioxide the ratio of oxygen to sulphur is 1 to
1:0020,* which is practically equal to the preceding ratio.

The law may be expressed more eoncisely by introducing the notion of
combining weights or chemical equivalents.  7%e combining weight or
chemical equivalent of an element ts the number of parts by weight of the
element that combine with 8 parts by weight of oxygen® In view of the
existence of the Law of Multiple Proportions, it is clear that an element
may have a number of combining weights, which will be in the ratios of
simple integers. The Law of Equivalent Ratios may now be stated in the
following manner, and called the Law of Combining Weights:—

Elements combine with one another in the ratios of simple multiples of ther
combining weights.

In discussing this law, binary compounds alone have been so far considered,
but it will be clear from what has been already stated at the beginning of
this section (p. 11) that this restriction may be removed, and that ¢ke
compositions of all compounds conform to the Law of Combining Weights.

The determination of combining weights is a matter of fundamental
importance, According to the preceding law, the combining weight of an
element may be determined either directly with reference to oxygen, or
indirectly with reference to another element of known combining weight.
The latter method is employed more often than the former, and thus it

1 The data for the chlorides and bromides of sodium, calcium, silicon, titauium, etec.
(Clarke, vide infra, p. 13), lead to the same value for the ratio.

2 Guye and Drouginine, vide infra, p. 13.

3 Burt and Usher, Proc. Roy. Soc., 1911, A, 85, 82, ;

4 Deduced from the ratios oxygen : tellurium dioxide :: 0:200485 : 1 (Gutbier, An-
nalen, 1905, 342, 266), and tellurium dioxide : sulphur dioxide : : 1 : 0°40136 (Baker and
Bennett, Trans. Chem. Soc., 1907, 91, 1849). 1 . T

5 The value 8 is chosen for oxygen as being one-half its atomic weight, which is
arbitrarily fixed as 16 (vide infra, p. 231).
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happens that the combining weights of certain elements are extremely
important, since they are so often utilised in calculating the combining
weights of the others. These ‘fundamental” combining weights include
those of chlorine, bromine, iodine, hydrogen, nitrogen, carbon, sulphur,
sodium, and potassium.

The precautions necessary in the accurate measurement of combining
weights are fully dealt with later, in Chap. VII. For the calculation of
combining weights from all the most reliable data, the student is referred
elsewhere.! A few simple calculations, which will serve to illustrate the
Law of Combining Weights, may not, however, be out of place.

Since 10076 parts of hydrogen combine with 8 of oxygen to form water,?
the combining weight of kydrogen is 1:0076. One part of hydrogen unites
with 351935 of chlorine.? Now, 1:35-1935::1-0076 : 35-461, and hence the
combining weight of chklorine is 35°461. Since, further, 0-328668 parts of
chlorine combine with 1 of silver, and 0-328668:1::35°461:107-893, the
combining weight of silver is 107:893.

According to Baxter,’ one part of iodine combines with 0-849906 of silver,
and as 0:349906:1::107-893:126°947, the combining weight of iodine is
126:947. In an oxide of iodine, however, Baxter and Tilley found that the
oxygen and iodine were in the ratio of 8 to 25:3827 ;¢ hence another combin-
ing weight of Jodine is 25-3827. Now, 25:3827:126-947::7:5-:0013, so that
the two combining weights of iodine are in the ratio of one to five within the
limits of experimental error.

From the ratio, quoted on p. 11, of potassium to chlorine in potas-
sium chloride, the combining weight of potassium is 39-101, if that of
chlorine is 35:461. The sum is therefore 74:562. Now, potassium chlorate
differs from potassium chloride in containing oxygen, and is readily
converted into potassium chloride by loss of oxygen. In this change,
1'64382 parts of potassium chlorate yield 1 of potassium chloride;? but
1:0:64382::74:562:48:004, and the last number is practically equal to
48, or six times the combining weight of oxygen. Hence, in potassium
chlorate, for each combining weight of potassium there is one of chlorine
and six of oxygen. .

Some idea may be given of the concordance that has been’ obtained
between the various values, arrived at by different methods, for the combining
weights of certain elements. The preceding proportion is equivalent to

1:0°64382::74555:48, which indicates that the sum of the combining

weights of chlorine and potassium is 74552. The ratios already given for
potassium to chlorine, silver to chlorine, and silver to iodine then lead to the
values 39:097, 35458, 10788/, and 126936 for the combining weights of
potassium, chlorine, silver, and iodine, which only differ by 0-:004, 0-003,
0-009, and 0011 from the values already deduced in another way.

The Law of Combining Weights is thus seen to be exact: that is tosay, no
deviations are observed greater than those for which experimental error may

! Clarke, A Recalculation of the Atomic Weights, Smithsonian Collections, Washington,
vol. liv., No. 3 (1910).

2 Morley, Smithsonian Contributions, 1895, 29, No, 9£0.

3 Kdgar, Phil, Trans., 1909, A, 209, 1.

4 Vide supra, p. 11.

5 Baxter, J. Amer. Chem. Soc., 1910, 32, 1591. .

6 Baxter and Tilley, J. Amer. Chem. Soc., 1909, 31, 201 ; Baxter, vide supra.

7 Stihler and Meyer, Zeitsch. anorg. Chem., 1911, 71, 378.
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be responsible. Its enormous importance will be at onee obvious ; the study
of chemical composition would bo unmanageable but for this law.

Since a chemical reaction is one in which a number of substances,
elementary or compound, disappear, being replaced by a number of others,
it is not difficult to see that the following law must hold for chemical
reactions : the masses of substances, elementary or compound, that are equiva-
lent in any one reaction, i.c. which unite with or tnteract with the same amount
of a third substance, are identical with or bear a simple numerical relation to
the masses equivalent in any other reaction, including that of combination with
each other.

It was from the results of experiments on the interactions of elements and
compounds that the Law of Equivalent Ratios was dedueed by Richter at the
end of the eighteenth century.! Richter showed, and correctly explained the
fact, that when two neutral salts interact, the resulting salts are still neutral ;
and also deduced, from the fact (previously observed by Bergmann) that when
ono metal is precipitated from a solution of a neutral salt by another metal
the resulting solution is likewise neutral, that the masses of two metals which
neutralise the samo mass of an acid also combine with equal masses of
oxygen. Further, Richter showed that the quantities of various bases (basie
oxides) which neutralise a fixed quantity of ono acid are in the same
ratios as the quantitics of the bases which neutralise a fixed quantity of
another acid.

Richter’s experimental results were only rough approximations to the
truth ; the first experiments having any pretensions to accuracy which served
to demonstrate the truth of the Law of Equivalent Ratios were made by
Berzelius in 1811-12,2 someo years after Dalton had promulgated his Atomic
Theory.® The degree of accuracy of the law was subsequently made the
subject of a special investigation by Stas,* and from the results of his
extremely careful and accurate experiments he concluded that the law
is exact.

The Law of Combining Volumes.—The laws previously discussed
deal with the regularities that are noticed among the masses or weights of
substances concerned in chemical changes. Tho law which expresses the
volume relationships observed in chemical reactions involving gases was
discovered by Gay-Lussac. In 1805 Gay-Lussac and Humboldt3 noticed
that when hydrogen and oxygen unite to form water, the respective vdlumes
of these gases that enter into combination are in the ratio of two to one ¢ when
measured at the same temperature and pressure. The simplicity of this
relationship led Gay-Lussac to the study of other gaseous reactions, and in
1808 he enunciated the Law of Combining Volumes, which may be
stated in the following manner: Whenever gases unite, they do so in proportions
by volume (at the same temperature and pressure) which can be represented by

! Richter, Anfangsgrinde der Stichiometrie, 1792-4; Ucber die neueren Gegenstinde
der Chemie, 1792-1807.

2 Berzelius, Gilbert's Annalen, 1811, 37, 249, 415; 38, 161, 227 ; 1812, 40, 162, 235;
42, 276. See Ostwald’s Klassiker, No. 35.

3 Cf. Miss Ida Freund, opus cit., chap. vii. )

4 Stas, (1) *“ Recherches sur les rapports réciproques des poids atomiques,” Bull. Acad.
roy. Belg., 1860, (ii.], 10, 208 ; (Fuvres complétes, Brussels, 1894, i. 308-418 ; (2) ‘‘ Nou-
velles recherches sur les lois des proportions chimiques sur les poids atomiques et leurs rapports
mutuels,” Mém. Aecad. Roy. Belg., 1865, 35, 8 ; (Buvres complétes, 1894, 1. 419-749.

® Gay-Lussac and Humboldt, Journal de physique, Paris, 1805, 60, 129.

8 This had been previously discovered by Cavendish in 1781, and published in 1784,
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the ratios of small integers ; and this relationship also extends to the volumes
of any gaseous substances produced. )

Among the examples given by Gay-Lussac! were the following :—

One volume of ammonia unites with one volume of muriatic acid (hydrogen
chloride), and with either one volume or half a volume of carbonic acid (carbon
dioxide) and fluoboric acid (boron trifiuoride); nitrous oxide, nitrous gas,
and nitric acid (s.e. nitrous oxide, nitric oxide, and nitrogen peroxide, to give
them their modern names) contain their constituents in the proportions of
one volume of nitrogen to half a volume, one and two volumes of oxygen
respectively ; two volumes of ammonia yield on decomposition three of
hydrogen and one of nitrogen ; two volumes of carbonic acid result when two
of carbonic oxide (carbon monoxide) unite with one of oxygen; and two
volumes of steam are produced by the combination of two of hydrogen with
one of oxygen.

Unlike the preceding laws, the Law of Combining Volumes is not exact,
but only approximately correct. For example, accurate experiments? have
shown that, at normal temperature and pressure, the ratio of the combining
volumes of hydrogen and oxygen is 2-00269 :1. Further, one volume of
nitrous oxide yields 1-00717 volumes of nitrogen (sce p. 254). These results
are readily understood when the approximate character of the gas laws (see
Chap. IL) is taken into consideration. It is probable that under exceedingly
small pressures the Law of Combining Volumes is an exact expression of the
nature of gaseous reactions (see Chap. IV.).

THE ATOMIC THEORY.

Introduction.—The laws of quantitative composition previously outlined
find a ready explanation in the Atomic Theory.

The idea that all matter is composed of minute, indivisible particles or
atoms is’ very ancient. The Greek philosophers held this view. Thus,
Democritus (born 460 B.c.) referred the differences between substances to
variations in the size, shape, position, and motion of the atoms constituting
them ; while Lucretius, at the end -of the first century of the Christian era,
expressed views which sound very familiar to those current to-day. A solid
he regarded as atoms squeezed closely together; a liquid as similar atoms
less closely packed ; and a gas consisted of but few atoms with much freedom
of motion. These atoms were imperishable, and always in motion; and on
the manner in which they combined depended the properties of the substance
formed.

Coming down to later times, an atomic theory of matter was very much
in vogue in the seventeenth century, and for various phenomena explana-
tions based on the theory were largely sought by Bacon,® Boyle,* Hooke, and
others. Newton went so far as to show, on the assumption of the atomic
composition of matter, that Boyle’s law for gases must necessarily follow.

The development of quantitative ideas concerning the combination of

L Gay Lussac, Mém. de la Svcieté d’Arcueil, 1809, 2, 207 ; Alembic Club Reprints
(Clay, 1893), No. 4. .
3 2 Morley, Smithsonian Contributions, 1895, 29, No. 980; ¢f. Scott, Phil. Trans., 1893,
184, 543.
4 Bacon, Novum Organum, 1620. o5
4 Boyle, The Sceptical Chemist (1661), The Usefulness of Natural Philosophy (1663),
The Usefulnes‘s of Experimental Knowledye (1671).
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atoms did not really begin until the close of the eighteenth century, when
two Irish chemists, Bryan Higgins (1737-1820), and particularly his pupil
and nephew William Higgins (1769-1825), endeavoured to arrive at a know-
ledge of the number of atoms or ultimate particles which united chemically
to form a single ultimate particle of some new compound. Influenced by
the principle which Newton had laid down that the particles of any one
gas are mutually -repellent, both these workers arrived at the view that
chemical combination would most readily oceur between a single ultimate
particle of one substance and a single ultimate particle of a second substance.
Thus a single particle of an acid united in all cases with one alkaline particle,
and was unable to take up a second, because the first alkaline particle
repelled the second and prevented combination. William Higgins, however,
recognised combination in multiple proportions, though he held that the
union of a single particle of each resulted in the formation of the compound
of greatest stability,

These views are almost precisely similar to those at which John Dalton
arrived some years later. The exact origin of Dalton’s Atomic Theory has
been contested throughont the nineteenth century, but a survey of the
evidence renders it almost certain that Dalton had already formulated an
atomic theory from the experiments made by him, prior to 1803, on the
physical properties of gases, and that the application of this atomic theory
to chemical combination was first made when he found, in 1803, that oxygen
could be taken up in two different proportions by nitric oxide. Thus the
atomic theory preceded the discovery of the Law of Multiple Proportions, and
received considerable support from the facts npon which that law was based.!

According to the Daltonian theory, an elementary body is regarded as
being made up of an enormous number of extremely minute particles, called
atoms, alike in kind, and particularly in mass, but differing in each of theso
respects from the atoms of any other element. In the connected account
which Dalton gave in 18082 of his atomic theory, he pointed ont how
important an object it was to be able to arrive at a knowledge of the relative
weights of these ultimate particles capable of chemical union, for, having
obtained a list of such relative weights, it acted as a guide in investigating
the composition of new substances discovered. This application of the theory
had, in fact, already enabled him to draw up a table of atomic weights as
early as 1803.3

Dalton’s Atomic Weight System.*—The method by which Dalton
proceeded to determine atomic weights may now be stated.

The atom was the smallest ultimate particle obtainable of any clementary
substance. The atomic weights were the relative weights of these ultimate
particles or atoms of the elements.

Since the atomic weights are but relative weights, some one substance
must be selected as the standard of comparison. Dalton chose hydrogen,
and called its atomic weight unity. The atomic weight of any other element

1 For a detailed account of the development of Dalton’s Atomic Theory, see Henry,
Memoirs of John Dalton, 1854 ; Roscoe and Harden, 4 New View of the Origin of Dalton’s
Atomic Theory (Macmillan & Co.), 1896 ; the papers by A. N. Meldrum on “The Develop-
ment of the Atomic Theory” (Mem. Manchester Lit. Phil. Soc., 1910, 54, No. 7 ; 1911, 55,
Nos. 3, 4, 5, 6, 19, 22; reprinted in Chem, Naws, 1910 and 1911); also Avogadro and
Dalton, by A. N. Meldrum (Clay), 1904 ; John Dalton, by J. P. Millington (Dent), 1906,

2 Dalton, A New System of Chemical Philosophy, 2 vols., 1807--10.

3 Dalton, Mem, Manchester Lit. Phil, Soc., 1805, 1, 271, appendix to paper,

¢ From ‘A New System of Chemical Philosophy,” loc. ¢it.
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was therefore the ratio of the weight of its atom to the weight of an atom of
hydrogen. Its value was arrived at by the analysis of a compound containing
the element and either hydrogen itself or some element whose atomic weight
had already been fixed by comparison with hydrogen.

One most important point had first to be settled. Dalton knew, as
expressed in the Law of Multiple Proportions, that two elements might
combine in more than one proportion. According to Dalton, the following
scheme of chemical combination was possible :—

1 atom of A+ 1 atom of B=1 atom of C, binary,

1 5, 5, +2atoms ,, =1 » D, ternary,

2 atoms,, +1latom , =1 5 e

1 atom ,, +3atoms , =1 » F, quaternary,
ete.

On the basis of the view that like particles repel one another (¢f. p. 16),
Dalton assumed the binary to be the most stable compound. Accordingly,
if only one compound of two bodies was known, it was presumed to be binary.
If, however, two compounds were known, one was deemed binary and the
other ternary. (it will be seen that two ternary combinations are possible,
with.no guiding principle available to select the correct one), etc.

It will be observed that Dalton referred alike to the ultimate particles of
elements and of compounds as atoms, distinguishing them as “simple atoms”
and “compound atoms” respectively. The preceding rules he applied
equally to the combination of elements and of compounds. )

Having thus assumed the manner in which substauces united, chemical
analysis furnished the desired atomic weights. For example, water—at that
time the only known compound of hydrogen and oxygen—was assumed to
be a binary compound.

Dalton found for the combining ratio hydrogen : oxygen the value 1 :7;
henceythese numbers represented the atomic weights of hydrogen and oxygen
respectively. Similarly, ammonia was represented by NH, since it was
the only compound of nitrogen and hydrogen known, and the atomic weight
of nitrogen found to be 5. The atomic weights of compounds were obtained
from their combinations by a similar process, or else by adding up the
atomic weights of their constituent elements. . a0

Early Atomic Weight Systems.—The need of some guiding principle
of general application in the determination of atomic weights, such as we
now possess in Avogadro’s Hypothesis, is most clearly emphasised in the
failure of all attempts, prior to 1860, to establish a system of atomic weights
generally acceptable to chemists, and before outlining moder’n ;nethods, a
brief account of the three systems in use, in addition to Dalton’s, in the first
half of the nineteenth century will be given. These are the systems of
Berzelius, of Gmelin, and of Gerhardt and Laurent.! ’

Atomic Weight Systems of Berzelius.—Berzelius developed two atomic
weight tables ; the first, published in 1818,2 was the outcome of wgrk beglél-
ning in 1810 ; the second, which was far more successful, appeared in 1826.

In developing the first table, Berzelius obtained his. res‘ults largely from
the analyses of oxides, sulphides, and salts. ~Combination between two

1 Regnault also had a scheme based on Dulong and Petit’s Law. - s
2 Berzelius, Lekrbuch der Chemie, 3 vols., 1808-18. First German edition, 1825-31;
5th edition, 1843-5. 3 See Berzelius, Jahresbericht, 1828, 8, 73.

9
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substances A and B occurred in such a manner, he considered, that 1 atom of
A may eombine with 1, 2, 3, or 4 atoms of B. Henee the compositions of the
oxides of iron were assumed to be represented by FeO, and FeOg; those of
potassium by KO, and KO;. These formule were assumed on the ground of
simplicity ; such formule as Fe,0, were rejeeted.

Berzelius’ views on salt formation were very similar to those of
Lavoisier. An acid contained oxygen and consisted simply of a non-metal
united to that element, no hydrogen being present save in the hydracids
HCl, HCN, ete. A salt was formed by the direct union of an acid with a
base. Thus, barium sulphate was obtained by direct union of sulphuric
acid, SO,, with baryta, BaO.

Another prineiple was also used by Berzelius in deriving the atomic
weight of oxygen, namely, Gay-Lussae’s Law of Volumes. Gay-Lussac came
to the conclusion that the weights of equal volumes of gaseous substances
were proportional to their eombining weights, or as Dalton called them,
atomic weights. By comparing the densities of hydrogen and oxygen, there-
fore, the atomie weight of oxygen could be obtained. Berzelius applied this
method, and found the atomic weight to be 16. He also eoneluded that
an atom of water contained 2 atoms of hydrogen and 1 atom of oxygen,
beecause 2 volumes or 2 units by weight of hydrogen combined with 1
volume or 16 units by weight of oxygen.

The assumptions regarding the eomposition of other substances were less
sueeessful, in the light of our present atomic weights; as witness the follow-
ing numbers he obtained, caleulated to the hydrogen standard: C=1212;
0=16; S=32-3; Fe=109'1; Hg =406; Na=935.

The second system, published by Berzelius in 1826, closely approaches
our modern system in the results obtained. It was based on four methods :—

(i.) The eomposition of oxides. If there exist two oxides of a metal, and
the quantities of oxygen, eombined with unit weight of metal, are
in the ratio 1 : 2, the oxides were MO and MO,, MO, and MO,, or
M,O; and MOy; if 2: 3, the formulsee were MO and M,0;; if 3 : 4,
M,04 and MO, ; if 3 : 5, M,0, and M,0,.

(ii.) In salt formation, the amount of oxygen in the electro-negative oxide
(the aeid) is a multiple of that in the basic oxide. This multiple
is also the number of atoms of oxygen present in the acid.

(iii.) Gay-Lussac’s Law of Volumes, now applied more extensively than
before.

(iv.) Mitscherlich’s Law of Isomorphism, according to which the similarity
in erystalline form exhibited by two eompounds is a consequence
of the similar mechanical arrangement in their ultimate partieles
of equal numbers of “simple atoms” (see Chap. IL.).

Berzelius also recognised that Dulong and Petit’s Law (see Chap. I1.)
afforded a method of checking atomie weights, though he himself did not
apply it.

ppl\yletbods (iii.) and (iv.), to which Berzelius owed mueh of the suecess of
his system, are physical in character. The Law of Volumes was now applied
to ehlorine and nitrogen, and the knowledge so obtained of the atomic weights
of these elements served as a guide in dealing with others.

The application of methods (i.), (ii.), and (iv.) may be illustrated by the
following examples, with which Berzelius actually dealt.! He found that in

* Berzelius, Pogg. Annalen, 1826, 7, 397 ; 1826, 8, 177.
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normal chromates the amount of oxygen in the acid was three times that in
the basic oxide.! This showed the chromates to be similar in composition
to the normal sulphates. Therefore, if SO, represented sulphuric acid, as
Berzelius believed, CrO, should be the formula for chromic acid.

Next, it was found that the basic oxide of chromium contained only half
the amount of oxygen present in the acid oxide, referred to the same amount
of metal. Hence (method (i.)), if CrO, is the acid oxide, Cr,0, must be the
formula for chromic oxide. It will be noticed also that, although Berzelius
represented potassium chromate as KO.CrO,, the formula conforms to the
principle laid down in method (ii.).

Now, chromic oxide was known to be isomorphous with aluminium and
ferric oxides. Hence (method (iv.)), their formule must be ALO, and Fe,04
respectively.

By these methods Berzelius was able to arrive at correct formule for a
large number of oxides, and hence, also, at approximately correct values,
judged by our present-day standards, for atomic weights. His measure of
success can be gauged by the following numbers, reduced to the modern
standard O =16, from the values given by Berzelius in his 1826 table and
based on 0 =100:—

As =7533 Fe = 5436 S = 3224
Ca=41'03 Hg = 20286 Si = 4447
C =1225 N = 1418 Na= 4662
Cl =3547 P = 3143 Ag =216-61
2
. Only in the cases of the last three elements do the numbers differ funda-

mentally from modern values.

Gmelin’s System of Atomic Weights.—The Berzelian system of atomic
weights, however brilliant in conception, came to grief through a principle
in which its author placed considerable reliance, namely the applica-
tion of Gay-Lussac’s Law of Volumes. In 1826 Dumas? began a series of
vapour density determinations, deducing from them atomic weights in the
same manner as Berzelius himself. For iodine he found the value 125°5,
substantially the same as that of Berzelius; but for mercury he found
Hg =99'45, only about one-half of that obtained, as a result of chemical
“analysis, by the same investigator. Here, then, by the more extensive use
of a method in which Berzelius trusted, was a result obtained at variance
with that deduced from chemical analysis. This anomaly was followed by
others ; a few years later Dumas 3 showed by his physical method that P = 62-2
and S=9374, whilst Mitscherlich in 18344 added arsenic to the list, with
As=152'6. Avogadro’s Hypothesis (vide infra, p. 21), which had been put
forward as early as 1811, affords a ready explanation of these discrepancies ;
but that hypothesis was neglected, and these results accordingly discredited
in a large measure the system of Berzelius, and paved the way to a readier
acceptance of Gmelin’s system.

As early as 1820 Gmelin ® had published a scheme of numbers which he

1 This fact is clear from the modern representation of potassium chromate as K;Cr0,
(i.e. K;0.CrO0;). 3

2 Dumas, Ann. Chim. Phys., 1826, 33, 337.

3 Dumas, ¢bid., 1832, 49, 210, 50, 170.
4 Mitscherlich, 4Annalen, 1834, 12, 137. s i
’| 5 Gmelin, Handbuch der Chemie, 1817 ; 2ud edition, 1821 ; 4th edition, 1843 ; English
tion of latter, 1848-1872.
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recognised as equivalents or combining weights rather than as atomic
weights, but the table of 1843 was an atomic weight table. The principles
on which it was founded were similar in character to those of Berzelius.
Thus, he recognised the Law of Isomorphism, and, like Berzelius, regarded
the strong basic oxides as having formule of the type MO. But he re-
fused to recognise the application of the Law of Volumes, relying wholly on
combination by weight, as Dalton had done before him, and this in the
simplest possible manner. “Let it be granted,” he said, ‘“that substances
combine in the simplest possible proportions,” and ‘““let no atomic weights
be admitted smaller than those which actually occur in combination.” There-
fore he came back to the formula HO for water, and the atomic weights
H=1, 0=8, C=6, S=16, etec., as in Dalton’s table of 1808.

Atomic Weight System of Gerhardt and Lauwrent. — While Gmelin’s
system was gradually coming into use, the foundations of another
important scheme were being laid by Gerhardt! in a series of papers in
1842-3; his views were adopted and extended by Laurent,2 who hence-
forward became his co-worker in the new scheme. Mueh of the advance
which these chemists made came from a study of reactions in organic
chemistry. Gerhardt noticed that in equations expressing chemical reactions
in which carbon dioxide or water were liberated, two molecules of each of
these substances, or multiples of two, always occurred, whereas with
ammonia only one was liberated ; the system of atomic weights used being
that of Gmelin. As the formule for carbon dioxide and water on this system
were CO, and HO respectively, Gerhardt suggested that the equations would
be simplified by altering them to C,0, and H,0,. Or, as an alternative,
simplification could be brought about by doubling the atomic weights of
oxygen and earbon, so that the formule became CO, and H,0. Similarly,
carbonic oxide became CO, and by doubling the atomic weight of sulphur
the dioxide became SO,.

Gerhardt and Laurent now revived Avogadro’s hypothesis, or rather,

~ Ampére’s version of it (see p. 22), and employed it extensively, although
they did not go so far as to regard it as of universal application. The reason
for their adoption of this hypothesis was that they found the formule,
CO,, H,0, SO, and CO, suggested by the abové reasoning, were also those
which were arrived at on the basis of this hypothesis. They accordingly
proposed that the formule of all vaporisable substances should be altered
where necessary, so that molecules of these substances occupied the same
volume in the gaseous state.

The effects of the changes made by Gerhardt and Laurent were far-
reaching. The first effect was to require the halving of many of the
formule in use, necessitating also the halving of various atomic weights, as,
for example, that of silver. The formula of silver oxide in turn became
Ag,0; simultaneously Gerhardt and Laurent adopted M,0 and MOH as the
formule of basic oxides and hydroxides respectively (which led, however, to
the employment of atomic weights for various metals only one-half as great
as those in use to-day); and Laurent clearly indicated for the first time
that a hydroxide was to be considered as a substance intermediate between
an oxide and water, thus: M,0, MOH, H,0.

1 Gerhardt, J. prakt. Chem., 1842, 27, 439; 1843, 30, 1; Ann. Chim. Phys., 1843,
(iii), 7, 129 ; 1843, 8, 238, g

2 Laurent, Ann. Chim. Phys., 1846, (iii.), 18, 266 ; and his text-book, Méthode de chimie,
translated by Odling (Harrison, 1855).
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THE MoLECULAR HYPOTHESIS AND THE MODERN SYSTEM OF
Aromic WEriGHTS.

Avogadro’s Hypothesis.—This hypothesis, already referred to in
connection with the work of Gerhardt and Laurent, will now be considered
in some detail.

The question of the number of ultimate particles or “atoms” in a given
volume of gas had exercised the mind of Dalton, who came to the conclusion
that in equal volumes of different gases at the same temperature and pres-
sure the numbers of ultimate particles were not the same. Gay-Lussac’s
discovery of the Law of Volumes led him to state that the combining
weights of different substances were proportional to their densities. In 1811
Avogadro! accepted the accuracy of Gay-Lussac’s Law, and pointed out
that it was a most natural assumption to conclude that the numbers of
“integral molecules ” in equal volumes of all gases are the same at the same
temperature and pressure. Dalton had also realised this, and, partly for this
reason, refused to recognise the accuracy of Gay-Lussac’s Law. To Dalton
and his contemporaries the smallest particle of a substance that existed in
the free state was the atom of the substance, and hence they could not accept
Avogadro’s hypothesis, which could only be brought into line with facts by
assuming that these “atoms” of various elements are capable of subdivision.

Avogadro clearly pointed out the two important consequences which
follow from the acceptance of his hypothesis, viz. :—

(i.) The relative masses of the “integral molecules” of gases are in the
ratios of the densities of the gases.

By ‘integral molecules” Avogadro understood ‘“molecules” as that
term is now understood; a precise definition of the term ‘“molecule” is
given later (p. 22). In illustration of this deduction, he quoted the
densities of oxygen and hydrogen as 1:10359 and 007321 respectively
(air=1). The ratio of these numbers, namely, 15074 : 1, was therefore
the ratio of the molecular weights of oxygen and hydrogen.

(ii.) The “wntegral molecules” of wvarious gaseous elements are themselves
compostte.
Two volumes of hydrogen, it was known, combine with one volume of
oxygen, producing two of steam. Since equal volumes of different gases
contain equal numbers of “‘integral molecules,” two ‘“integral molecules” of
hydrogen must combine with one of oxygen and produce two of steam.
Hence this one “integral molecule” of oxygen must undergo subdivision in
the process, being halved ; or, the “integral molecule ” yields two “element-
ary molecules.” The term “elementary molecule” was used by Avogadro

with the meaning now attached to the word “atom.” :

Avogadro thus postulated the existence of two orders of small particles :
(i) molecules, which are physical units, being the smallest masses of a
substance capable of existence in the free state, and (ii.) atoms, the ultimate
particles of which elementary bodies are aggregates, which enter into the-
composition of molecules, and which may or may not be identical with
molecules in the cases of the elements. The latter question requires to be
determined by experiment ; Avogadro’s Hypothesis, which serves the primary)
purpose pf determining relative molecular weights, can be utilised for this
purpose by applying it to the experimental results such as those summarised
in Gay-Lussac’s Law of Combining Volumes.

1 Avogadro, Journal de physique, 1811, 73, 58 ; Alembic Club Reprints, No. 4 (Clay, 1893).
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. Avogadro’s views, unfortunately, received but little notice, and Ampére,
who brought forward similar ideas in 1814, met with no better success.

The Modern System of Atomic Weights.—About the middle of
last eentury there eame a change in the basis on which the atomic weight
system was laid. Dalton’s methods were based on weight relationships and
chemical analysis ; those of Berzelius, partly on chemiecal analysis, partly on
a physieal principle (the Law of Isomorphism), and partly ‘on the Law of
Volumes, whieh was insuflicient, however, to show him the difference between
atom and molecule. Gmelin returned to weight methods, These methods,
however, are incapable of solving the problem of the determination of atomic
weights. The Law of Combining Weights (vide supra, p. 12) becomes, in
the language of the Atomic Theory, the statement that elements unite in the
ratios of finite multiples of their atomic weights; whence it follows that a
simple numerieal relationship exists between the atomie weight of an element
and each of its eombining weights, Farther than this, however, it is not
possible to proceed from the Atomiec Theory alone.

Gerhardt and Laurent first realised the value of being able, by Avogadro’s
Hypothesis, to compare matter in its simplest (the gaseous) condition, and
8o to arrive at correct molecular weights. Cannizzaro’s system, in 1858,
carried this method to complete suecess and established our modern system
of atomie weights.

In order to realise the full value of Cannizzaro’s scheme, it should be
borne in mind that four systems of atomic weights were in use by different
chemists at the middle of last century—namely, the Berzelian system, a
modified form of it, Gmelin’s system, and that due to Gerhardt and Laurent.
A conference of chemists, ealled in 1860 at Karlsruhe to discuss the con-
fusion of systems, was made acquainted, at its elose, with Cannizzaro’s
system, which soon beeame the accepted. one.

In brief, Cannizzaro’s system! made Avogadro’s Hypothesis its basis.
The molecular weights of substances were first to be found, afterwards the
atomic weights of the elements. Applying the hypothesis to the results of
the chemical union of gases, Cannizzaro found that the molecule of an
element was generally polyatomic; as a rule, diatomic. The anomalies
found by Dumas (p. 19) were explained by supposing the molecules of
phosphorus, sulphur, and mercury to be tetratomic, hexatomie, and monatomie
respectively. Cannizzaro found that his results also accorded with those
obtainable on the basis of Dulong and Petit’s Law_ (vide p. 89), and he used
this law when other methods were not available. T st

The modern atomic weight system is practically identical with that of
Cannizzaro, and rests npon Avogadro’s Hypothesis, that equal volumes of
all gases, under the same conditions of temperature and pressure, contain equal
numbers of molecules. This is rightly regarded as the basis of the atomic
weight system, since it was only by its adoption that the term ‘“atom”
acquired its present meaning. A gaseous molecule is the smallest ultimate
particle which can exist in the intertor of a mass of pure gas, and in general
a molecule may be defined as that minute portion of a substance which moves
about as a whole so that its parts, if it has any, do not part company during
the excursions which the molecule makes ;2 its molecular weight is the weight

1 Cannizzaro, Sunto di un corso di filisofia chimica fatto nella Reale Universild di<
Genova, 1858 ; Nuove Cimento, 1858, vol. vii. ; Alembic Club Reprints, No. 18 (Clay, 1911).
2 See Maxwell, Theory of Heat (Longmans & Co.), 1899, chup. xxii,
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of this ultimate particle, referred to the weight of the molecule of a standard
substance.!

The fact that oxygen contains (at least) two atoms in its molecule has
already been shown, and similar reasoning applies to chlorine, nitrogen, and
hydrogen. Thus,

1 volume of hydrogen + 1 volume of chlorine give 2 volumes
of hydrogen chloride ;

hence, by Avogadro’s Hypothesis, if n is the number of molecules in each
volume of gas,

n molecules of hydrogeﬁ +n molecules of chlorine give
2n molecules of hydrogen chloride,

or 1 molecule of hydrogen + 1 molecule of chlorine give
2 molecules of hydrogen chloride.

Since each molecule of hydrogen chloride contains, of necessity, hydrogen and
chlorine, the molecule of each of these elements must have been halved.
The deduction that the molecule of nitrogen is divisible into two parts
follows from the fact that two volumes of ammonia when decomposed yield
three volumes of hydrogen and one of nitrogen. No chemical or other
evidence leads to the conclusion that in these elements therc are more than
two atoms per molecule (see Chap. VIL.).

The atom is defined as the smallest part of an element that vs found in
any molecule. Its atomic weight, in turn, is defined as the smallest of the
werghts of the element contained in the molecular weights of the substances into
the composition of which the element enters.

The determination of atomic weights, in the light of this definition, is
dealt with in Chap. VII.

>

CHEMICAL SYMBOLS AND ForMuLzZE. EQUATIONS.

A symbolic chemical notation was used by the alchemists; unlike the
modern notation, however, it had only a qualitative meaning. Quantitative
chemical notation was originated by Dalton ;2 the system in use at the
present time is, in all essentials, that devised by Berzelius.

Each element is denoted by a symbol, which is the initial letter of its
Latin name. Sometimes a second letter is added when several elements
have the same initial letter: e.g. carbon, copper (cuprum), chlorine, and
cesium are denoted by C, Cu, Cl, and Cs respectively. A full list of symbols
is given on p. 25. In order to attach a quantitative significance to these
symbols, it might at first sight appear the simplest plan to regard the
gymbol for an element as standing for one combining weight of the element.
The formula of a compound could then be represented by writing down
the symbols of its constituent elements side by side, and its quantitative
chemical composition indicated by attaching numerical suffixes to the
symbols, in order to denote the relative numbers of combining weights of
each element present. A difficulty arises, however, in the compilation of
a table of combining weights, since many elements possess more than one
combining weight. Accordingly, instead of letting the symbol for an element

1 See Chap. 1V. for the determination of molecular weights.
2 Dalton, 4 New System of Chemical Philosophy, 2 vols., 1807-10.
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denote a combining weight, it is chosen to represent one atom or one atomic
wetght of the element: e.g. the symbols previously given stand for one
atom or 12 parts by weight of carbon, one atom or 6357 parts of copper, one
atom or 3546 parts of chlorine, and one atom or 132'8 parts of ceesium.
Further, the formula C,Cl,, for example, denotes a compound of carbon
and chlorine (carbon tetrachloride), in which for every atom, or 12 parts by
weight, of carbon there are four atoms or 4 x 35-46 parts of chlorine. The
affix unity is always omitted, so that the formula is written CCl,.

Still retaining this example, it is clear that the formula C,Cl,, would do
equally well to denote the composition of the substance, n being any integer.
However, it is usual, whenever possible, to write the formula of a compound
so that it represents a molecule, 1.e. so that on adding up the weightsof all the
atoms represented in the formula, the molecular weight of the compound is
obtained. Such molecular formule can only be written for substances of
known molecular weight. The molecular weight of carbon tetrachloride
having been found to be 153'8, it is clear that the simple formula CCl, is also
the molccular formula, and denotes that one molecule of the substance
contains one atom of carbon and four atoms of chlorine. When the
molecular formula of a compound is unknown, it is usual to employ the
simplest formula that expresses its composition, this being termed the
empirical formula, e.g. the empirical formula of cupric chloride is CuCl,, but
its molecular weight has not been determined.

When the atomic and molecular weights of an element are both known,
a molecular formula can be given: eg. the molecular formule of oxygen,
hydrogen, mercury, and phosphorus, in the gascous state, are 0,, H,, Hg, and
P, respectively.

By means of formul®, it is possible to express in a very concise manner
the results of a chemical change. The formula@ of the reacting substances
are written down on the left, and connected together with plus signs to
indicate that they have reacted together; on the right, the formulee of the
substances produced are written down, and connected with plus signs to
indicate that they are all produced together. A sign of equality between the
two groups of formule denotes that the substances on the left have been
transformed into those on the right, and the necessary numerical coefficients
aro placed before the various formule to make the number of atoms of each
clement the same on both sides. Such a symbolic representation is termed a
chemical equation, and was first employed by Lavoisicr as a means of express-
ing chemical reaction. As a simple illustration, the equation

2H, + 0,=2H,0

summarises the following statements: (i.) 2x2 or 4 parts by weight of
hydrogen combine with 2 x 16 or 32 parts of oxygen to produce 2 x (2 + 16)
or 36 parts of water; and, since the formule are molecular, (ii.) two molecules
of hydrogen unite with one molecule of oxygen to produce two molecules of
water (steam). In such an equation it is easy to read tho relative volumes
in which the substances react, by recalling Avogadro’s Hypothesis (p. 22)
to mind ; and the preceding equation is readily seen to express the fact (iii.)
that two volumes of hydrogen combine with one volume of oxygen to produce
two volumes of steam (all measured at the same temperature and pressure).

As a second example, the equation

2KC10,=2KCl + 30,

expresses the fact that 2(39:10+ 3546 +48) or 245-12 parts of potassium
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chlorate, when decomposed into potassium chloride and oxygen, yield
2{39:10 4 35'46} or 14912 parts of the former and 6 x 16 or 96 parts of the
latter. It is not possible, however, from this equation to make statements
corresponding to (ii.) and (iii.) of the previous example, since the formula for
potassium chlorate is only empirical.

But whilst a single equation may give a complete quantitative representa-
tion of the initial and final condition of reacting substances, it seldom happens
that the actual way in which a reaction procceds can be indicated by it.
Thus when potassium chlorate is heated, potassium perchlorate is first formed
according to the equation

4KCl10, = 3KClO, + KCl,

and it is not until a temperature of 395° has been exceeded that oxygen is
evolved.! We thus see that the reactions may be considerably more compli-
cated than the single equation would lead us to believe.

INTERNATIONAL ATOMIC WEIGHTS, 1917.

0=16. 0=16.
Aluminjum -. . . . Al 27°1 Molybdenum . . . . Mo 960
Antimony . . . . Sb 1202 Neodymium . . . . Nd 1448
Bifong oo SOl .- A 3988 Neenm . . . . . Ne 202
Arseniec. . #8% -, ' , . _As 7496 Nickel . . . . . Ni 5868
Bariamts. 58 ¢, 4. < e BaY 137°87 Niton (radium emanation) . Nt 2224
Bismuth o, & =5, " : Bii 2080 Nitrogen. . . . . N 14-01
Boron , . & ¢ f B 110 Osmiuvm . . . . . Os 1909
Bromine’. * 58 .. - . . Br, 79'92 Oxygen . . . . . O 16-00
Cadmium ERRRaE S S 0d 112740 Palladinm . . . . Pd 1067
Omsiugy . Sk . e, .. Cs  132'81 Phosphorus . . . . P 3104
Galeium 3008 "o, . Ca 40°07 Platinum. . . . . Pt 1952
Gusbon. g% - o' . . C 12005 | Potassium . . . . K 3910
Goyums = £ 2 . - | Ce 140725 Praseodyniium . . . Pr 1409
@hlgpner-' o~ S~ ., . 3546 Radium . . . . . Ra 2260
Shromgm: .« 15 . ., Cr 520 Rhodium . .« . . Rh 1029
Cobalt . s e . . Co 58+97 Rubidium 5 o o . Rb 8545
Columbium.v'. .., . Cb 93°1 Rutheniom . . . . Ru 101+7
Hppen o= . = . . Cu 6357 Samarium . . . . Sa 1504
Dysprosiam . . . . Dy 1625 Scandium 6 © o o BE 44°1
Bim s o o Er 1677 Selenium. . . . . Se 79-2
Buropivm . . ., ., Eu 1520 Siliecon . . . . . Si 28°3
Bidewthe .. V. =iy, . F 190 Silver . . . . . Ag 10788
Gadolinium . . ., . Gd 1573 Sedium . . . . . Na 2300
ERllitm .=, ." . . Ga 69°9 Strontium . . . . Sr 8763
Germanjum . . . . Ge 72% Sulphur . . . . . S 3206
Glucinum SO sl A 1 G 91 Tantalum . . . . Ta 1815
PR W . . e An' 1972 Tellurium O SR Te R 127E5
Bl . . ¢ . . He 4-00 Terbium . ST Bt-ame Thy §156952
Holminm.,. .+ ¢ . 1. . Ho 1635 Thallium. . . . . T1 2040
ol O | 1008 | Thorium . . . . . Th 2324
diaee S S 0 o In 11418 {ThulinmP s BES S TTmEs 18355
Iodine . . E h L)l 12692 Tt 4 J . . . Sn 1187
I s L Ir 19391 Titaninm., . | . -+SSSET; 481
PEONDRRS .. ., o Fe 5584 | Tungsten. . . . . W 1840
BRSNS S K 82792 | Urapium., . . . o 2382
Lanthapum . . . . La 1390 Vanadiuny, g0 . e ! S 51°0
Lead SRR . (Pb | 207:20 BNERORIN * ot 115 00 e ke ¥ 1302
Lithium . . S, o 6°94 Ytterbium (Neoytterbium) . Yb 1785
Lutecium e L, 1750 T TE ey st S S 88-7
B S 2482 | Zine.. o . .0 .. . Zn | 65:37
Manganese ., . . . Man 5493 Zirconitm "1 5 e 0 . A 90°6
Mercury . Hg 200-6

1 Scobai, Zeitsch. physikal. Chem., 1903, 44, 319.
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gas equation, which connects together all three laws. It may be deduced
in the following way :—

Starting with the mathematical expression of the law connecting volume
and temperature at constant pressure, namely—

1
(L g),
where v, and v, are the volumes at temperatures 0° and ¢° respectively, by simple
transformation we have—

3 'v,=§%(273 +1),
or v = 118 5
273
where T is the temperature on the absolute scale, and finally—
v, T
5~ 95

In brief, this expression states that at constant pressure the volume is
proportional to the absolute temperature, or v oc T.

According to Boyle’s law, however, v oc%.

If, therefore, the temperature and pressure vary simultaneously,
Al

v o€ = or pv=constant x T=RT.
b

If v represents the volume of unit mass, namely, 1 gram, then its value will
vary for different gases, and R will likewise vary. By a proper choice of
units, however, it is possible to make R the same for every gas to which the
equation applies. The chemist usually employs the molecular weight and
molecular volume as his units, and the most general form of the gas equation
becomes

PV =RT,

where P denotes the pressure and V represents the gram-molecular volume,
which, according to Avogadro’s Hypothesis, is a constant quantity for all gases
at the same temperature and pressure. Hence, provided the gram-molecule
of a gas is always dealt with, the value of R is independent of the nature of
the gas, and its numerical value depends only upon the units in terms of
which P, V, and T are expressed.

When a substance changes its volume under pressure, work is either done
by the substance (if it expands) or on the substance (if contraction occurs),
and so, in accordance with the method employed in measuring work, the
product PV represents the work done when one gram-molecular volume of
gas is generated under a pressure P. The value of R, measured in work
units, 7.e. ergs, can be obtained as follows :—

At 0° C, or 273° (abs.), and 76 cm. pressure, V=22,400 c.c. in round
numbers.  Accordingly P=176 x 13-59 x 980'6 dynes per square em., since

1359 is the density of mercury at this temperature. Hence —
S PV 76 x 13-59 x 9806 x 22,400
T 273

=84 x 107 ergs.
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~ The equation is sometimes expressed in another way ; since mechanical
energy and heat energy are quantitatively transformable, 4:2x 107 ergs
being equivalent to 1 gram-calorie of heat (the mechanical equivalent of heat),
R can also be expressed in heat units, being obviously approximately equiva-
lent to 2 (more exactly 1:985) calories. Inserting this numerical value of R,

PV =2T.

In this form the equation is of particular use in thermo-chemistry, in
cases where it is desired to determine heats of reaction between gases. If a
reaction be accompanied by expansion or contraction, part of the heat effect
observed is due to the work done during the alteration of volume, and this
must be allowed for in deducing the actual heat of reaction. At ¢* C.
the production of each gram-molecular volume of gas corresponds to an
absorption of 2(273 4+ t) or 546 + 2¢ gram-calories owing to the performance
of external work. .

The Validity of the Gas Laws.—In the foregoing section no question
has been raised as to the extent to which the gas laws given are valid. The
coefficients of expansion for heat were supposed by Gay-Lussac to be the same
for all gases. That this is not so was first definitely proved by Regnault,
whose results are given in the following table ; a is the coefficient of expansion
between 0° and 100°, measured at a constant pressure of one atmosphere.

Gas, a. Gas. a.
Hydrogen . . . | 0°003661 | Carbon dioxide . . | 0°003710
Airr . 5 0 . | 0°003671 | Nitrous oxide . . | 0003719
Carbon monoxide . . | 0°003669 | Sulphur dioxide . . | 0003903

Evidently the value of a departs more and more from that of the true
gas (conveniently represented at atmospheric pressure by hydrogen) accord-
ing to the ease with which the gas can be liquefied. The coefficients of
increase of pressure with rise of temperature show the same tendency.

In regard to Boyle’s Law, the discoverer’s investigations were limited to a
range of préssure extending between 4% and 4 atmospheres, and were only
able to prove the substantial truth of the relationship. Early in the nine-
teenth century, Oersted, Despretz, Arago, Dulong, and others turned their
attention to the question whether or not Boyle’s Law would be valid if pressures
considerably greater than atmospheric were applied to a given volume of gas,
No trustworthy data were obtainable, however, until the experiments of
Regnault, published in 1847,! were carried out.

As the result of his experiments, Regnault found that not one of the four
gases he employed, namely, hydrogen, nitrogen, air, and carbon dioxide,
obeyed Boyle's Law be‘ween pressures of 1 and 27 atmospheres, the range
used; and further, that whereas hydrogen was less compressible than
the law would lead us to expect, the three others were more compressible.

The small range of pressures adopted by Regnault led to inquiries by
other investigators, the most important experiments being those of Amagat.?

Two series of determinations were carried out. In the first, the pressures

1 Ragznault, ‘‘ Relation des expériences,” 1847 ; Mém. de P Acad., 1847, 21, 329.
2 Amagat, Ann. Chim. Phys., 1880, [v.), 19, 345 ; 1881, [v.), 22, 353 ; 1883, (v.], 28,
456, 464 ; 1893, [vi.], 29, 68.
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employed reached 400 atmospheres and were measured directly, the manometer
tube for the purpose being built in the shaft of a coal-mine. In this way
the behaviour of nitrogen, hydrogen, oxygen, and air was tested, and, when
known, enabled one of these gases, nitrogen, to be used in a manometer
instead of a column of mercury. The pressures employed in the second
series rose as high as 3000 atmospheres, being measured by a mechanical
device in an apparatus based on the principle of the hydraulic press.

In addition to the four gases already mentioned, CO,, C,H,, and CH, were
also tested. The results both confirmed and very considerably extended
Regnault’s observations, hydrogen standing alone as a gas less compressible,
all the others being more compressible than according to Boyle’s Law, when
only a comparatively limited range of pressure was employed. When still

Values of PV.

(4 - 330
Pressure in Atmospheres
F16. 1.—Deviations from Boyle’s Law.

higher pressures were applied, the value of the product pv reached a minimum
and thereafter steadily increased, just as with hydrogen. ] )

The most convenient method of representing the facts graphically is to
plot, not simply the pressure against volume, but the product pv against
the pressure p, and in the curves (figs. 1 and 2) this method is adopted
Fig. 1 indicates the general types of curves obtained by Amagatjtogether
with that which should be obtained if Boyle’s Law were qxact—na{nely, a
horizontal straight line. Oxygen and air are sixpi}ar in lfeha\(lour to
nitrogen ; while the curve for ethylene has a deep minimum point, l.xke that
for carbon dioxide. Modern work has shown that the curves for helium and
neon resemble that for hydrogen. A

Amagat also carried out experiments with carbon dlo?fle and ethylene at a
series of different temperatures, extending from 0° to 258" in the case of carbgn
dioxide. Fig. 2 represents the results graphically. It will be seen‘thaf the
minimum point tends to disappear and the gas to behave more as an ideal one
the higher the temperature is raised. At ordinary temperatures the hydrogen,
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At low pressures, then, just as at high pressures, the gases most readily
capable of liquefaction are those which depart to the greatest extent from
Boyle’s Law, the so-called permanent gases showing little deviation. . Over
the second range, 150mm.-75mm., the easily liquefiable gases still deviate
slightly from the law, whereas the values of pv for nitrogen, air, and hydrogen
remain practically constant ; but at low pressures, 1-5mm.~0-01mm., all obey
Boyle’s Law, so far as experiment can deterinine.

The question of the absolute validity of Boyle’s Law under extremely
small pressures, however, cannot be decided from the experiments that have
been made up to the present time. The error incurred by assuming the
validity of Boyle’s Law between the two pressures p, and p, is best expressed

by a coefficient AP? Gefined by the equation—
P

1 _Pa%_ pP2 -y
. oo, pl(P2 1

If Boyle’s Law is accurate under extremely small pressures, then when
P, and p, are very close to one another and each is almost nil, the coefticient

AP2 should equal zero.! Although experiment so far is unable to decide whether

V4!
this is so or not, it is considered by D. Berthelot, Leduc, and others that

such is mot the case. This conclusion is readily deduced from Van der
Waals’ equation (vide infra), and secems to be in accordance with the experi-
mental evidence; for example, in the case of oxygen the deviation from
Boyle’s Law is as pronounced at 156 mm. as at 800 mm. pressure.?

There is then, in general, at any fixed temperature only one pressure in
the immediate neighbourhood of which Boyle’s Law is strictly true. This is
the pressure at which pv is 2 minimum.? L

Van der Waals’ Equation.—As it became clear, from the experiments
of Regnault and others, that not one of the gas laws held rigidly, a number
of investigators sought to obtain an equation which should correctly represent
over a wide range the effect of pressure on the volume of a gas. Of these
attempts perhaps the most important was that of van der Waals,* who intro-
duced two correcting factors into the gas equation.

In order to understand the nature of these corrections, reference must
be made to the kinetic theory of gases, on the basis of which the factors
were deduced.

The volume of a given mass of gas may be considered as the sum of two
quantities, the space occupied by the molecules themselves and that which
separates them from one another, the former being small in comparison with
the latter when the gas is not strongly compressed. Obviously, the volume

1 I.e. the tangent to the pv-p curve should be horizontal when p=0.

2 Gray and Burt, Zrans. Chem. Soc., 1909, 95, 1633. !

* Compressibility measurements at pressures below atmospheric are of great utility. As
already stated, Avogadro’s hypothesis provides a means of finding the molecular weights of
substances in the gaseous state. But as the hypothesis requires gases to be compared under
the same conditions of temperature and pressure, and since no two gases behave alike
towards changes of temperature and pressure, it is obvious that under ordinary conditions
the hypothesis cannot be strictly accurate. It is possible, however, by measuring the

- extent to which different gases deviate from Boyle’s Law to introduce corrections for these

deviations, The method is explained in Chap. IV. p. 132. o
4 Van der Waals, Kontinuitdt der gasformigen w. flissigen Zustandes, Leipzig, 1881,
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available for compression is that of the spaces between the molecules only.
Further, according to the kinetic theory, the molecules are considered as
being continnously in motion, perfectly elastic, and by their impacts with the
sides of the containing vessel, or with any surface exposed to their action,
setting up the pressure which is recognised as gas pressure.

The first correction which must be introduced is due to the size of the
molecules, the effect of which will be made clear by the following con-
sideration. If a sphere of 1 em. diameter start to roll by the shortest possible
path from one side of a box to the other, 100 cms. away, it will strike the
farther side after moving over 99 cms., whilst a sphere of 2 cms. diameter
would need to cover only 98 ems. If, further, the two spheres move
backwards and forwards with the same velocity, it is clear that the larger
sphere will make the greater number of impacts per second. Hence, the fact
that a molecule is of finite size means that the number of impacts made, and
therefore the pressure set up, is greater than if it were indefinitely small;
and most marked is this difference when the space through which the
molecule is required to move before impact is much reduced, as when a gas
is subjected to a high pressure. Evidently, then, the actual pressure measured
is greater than if the molecules were indefinitely small.  Van der Waals found
that this increase in pressure was equivalent to a reduction of the volume

available for compression in the ratio VV_I;’ where b is dependent on, although

not equal to, the space occupied by the molecules.!

The second correcting factor was introduced to allow for the fact that gas
molecules are not entirely withont influence on one another; for althongh it
is true that at ordinary pressure the attraction may be neglected, at high
pressures it is quite appreeiable. Jonlo and Thomson (vide infra, p. 42)
proved in 1854 that when a highly compressed gas was allowed to expand
into a region of low pressure in such a manner that no work was done against
external pressure, it nevertheless became slightly colder than before.? This
phenomenon, which was true for all gases examined except hydrogen (and
helium and neon must now be included),? is explained by the assumption that
at high pressures considerable attraction exists between the miolecules of a
gas; expenditure of energy is necessary to overcome this attraction when
expansion occurs, and consequently a cooling effect is the result. At the
centre of a mass of gas, the molecules will be attracted equally in all directions, so
that in effect the attractive forces neutralise one another. But near the sides of
the containing vessel, the molecules must be on the whole attracted backwards
towards the centre of the mass, and for this reason, the velocity with which
they strike the sides will be somewhat diminished. The observed pressure is
therefore less than would be measured if the molecules were without attrac-
tive influence on one another. It was assumed by Van der Waals that the
attractive force between two molecules was proportional to the product of
their masses—that is, to the square of the density of the gas—or, in turn, to
\—}7, where V is the volume. This factor may accordingly be written in the
form a/V2, where a is a constant depending on the nature of the gas. If P

1 As a matter of fact, he calculated that b is equal to four times the actual volume
occupied by the molecules. Others give the value 44/2,

2 This cooling effect is the basis of the modern method of liquefyinf air, oxygen, ete.

3 With hydrogen, helium and neon at ordinary temperatures a slight heating effect is
produced.
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represents the observed pressure of a gas whose volume is V, the true pressure—
that is to say, the pressure if no attraction occurred—would be P +a/V2.

By the introduction of these two factors into the gas equation, the
modified form known as van der Waals’ Equation is obtained—

(P + ‘%)(V _%)=RT.

This equation expresses the behaviour of a gas over a wide range of
temperature and pressure with much greater accuracy than does the ordinary
gas equation.

The Diffusion of Gases.—It is a common experience that heavy
vapours, such as bromine, can travel upwards and make their presence known,
if not by their colour, by their pungent or unpleasant odour. Early ex-
perimenters on gases found that a mixture of two gases of different densities
do not separate out into layers with the heavy one underneath, and Priestley !
found that when two gases are carefully brought together with the heavier one
underneath, they slowly pass into a homogeneous mixture. Dalton, in 1803,2
also found that any two of the gases air, nitrogen, hydrogen, oxygen, and
carbon dioxide always mix when put into communication by means of tubes.

In 1823 Débereiner observed that hydrogen collected in a flask with a
very fine crack escaped into the air, and water rose into the flask, although
no hydrogen escaped when the flask was surrounded by a cylinder of the
same gas.

The explanation of this phenomenon was furnished in 1832, when, on
repeating Dibereiner’s experiments, Graham found that as hydrogen escaped
air entered the vessel. The actual law according to which this diffusion
occurred was discovered by Graham in a series of experiments 2 in which tubes,
from six to fourteen inches in length, were closed at one end by a thin porous
plug of plaster of Paris, filled with gas over water, and diffusion then allowed
to proceed. After a given time, the residual gas was analysed in order to
determine the amount of the original gas remaining and the amount of air
which had entered by diffusion.

Graham found that tke rate of diffusion of a gas is tnversely proportional
to the square root of its density, This deduction was based on the following
results :—

. Velocity of
Gas. Density. 1\/3. Diffusion.
(Air=1.) (Air=1.)

Hydrogen 3 3 o e 006949 37935 383
Methane . o 5 % d 0559 1-3375 1-344
Carbon monoxide . s e 09678 1-0165 1-1149
Nitrogen . . : s : 09713 1-0147 1-0143
Ethylene . £ 3 g o 0978 1-0112 10191
Oxygen . 3 o : . 11056 0-9510 09487
Hydrogen sulphide . 0 3 1-1912 0°9162 095
Nitrous oxide . 4 g 4 1627 08092 0-82
Carbon dioxide . 8 5 4 1-629 0°8087 0°812
Sulphur dioxide 5 s p 2247 0-6671 0-68

1 Priestley, Observations on Air, 2, 441. ]
2 Dalton, Mem. Manchester Phil. Soc., 1805, p. 259.
3 Graham, Phil. Mayg., 1833, 2, 175,

VOL. L. $
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The plaster of Paris plug can be replaced by other porous materials, such
43 stueco, but Graham found! the best material was a plate of artificial
graphite, 05 mm. thick. To demonstrate the difference in the diffusive
powers of different gases, use may also be made of thin-walled eells of un-
glazed porcelain.

Investigations were also carried out by Graham in which a metal plate,
pierced by a very fine hole, closed the tube containing the gas. In these
experiments the gas was forced through the aperture by a slight exeess of
pressure in the tube, and its passage outwards under these conditions was
termed effusion. For any one gas the rate of effusion was proportional to the
difference of pressure on the two sides of the plate, and for different gases
under the same pressure conditions the rates were, like the rates of diftusion,
inversely proportional to the square roots of the densities.

It may be added that the law of diffusion or effusion of gases, experiment-
ally demonstrated by Graham, ean be deduced on the basis of the kinetic
theory of gases.

If a thick porous plug is used, the rate of diffusion is no longer propor-
tional to the square root of the gaseous density, for the friction of a gas
with the sides of the pores reduces its velocity. The action is, indeed,
similar to the passage of a gas through a narrow tube, a process which is
called transpiration, and which concerns the passage of the gas bodily rather
than with diffusion by molecular movement.

The facts concerning the rate of diffusion of a gas have reccived praetical
application in the process ealled atmolysis, whereby the constituents of a
gaseous mixture can be partially separated. Thus, if electrolytic gas be
passed slowly through a porous clay tube, so much of the hydrogen will
escape by diffusion through the walls that the gas collected from the end of
the tube will no longer explode. If, instead of electrolytic gas, stcam be
passed through the tube and heated to a white heat, it is possible to demon-
strate that a partial dissociation oceurs by the fact that the steam issuing is
mixed with an excess of oxygen. Similarly, the products of the dissociation
of ammonium ehloride may be partially separated, or ngain, argon ean be
coneentrated in its mixture with nitrogen. As a praetical means of purifying
gases, however, the process of atmolysis is of little use.

Varour TexsioN AND BoiLixg-PoiNT oF A Liguin.

Every liguid exhibits a tendency to evaporate or pass into a state of
vapour. If a liquid is sealed in a tube from which air has been removed,
evaporation will oceur until, for apy one temperature, a state of equilibrium
is reached between the vapour escaping and that re-entering the liquid.
In this condition the pressure which the vapour exerts, ealled its vapour
pressure, counterbalances and is therefore equal to the wapour temsion, or
tendeney of the liquid to evaporate. The vapour tension and vapour pressure
increase with rise of temperature, and in order that the actual value of the
vapour tension may be measured liquid must be present as such. Since
under these conditions the vapour pressure is a measure of vapour tension,
the two terms are often employed indiscriminately.

Two methods are available for the determination of vapour tensions :—

1 Graham, Phil. T'rans., 1863, 153, 385,
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(1) The so-called statical method in which the depression of the barometer
column caused by evaporating liquid above the mercury is measured.

(2) The dynamical method, which consists in causing the liquid to boil
under a definite pressure and measuring the boiling-point by immersing a
thermometer in the vapour.!

On plotting the vapour tension against the temperature, a curve of the
general form indicated in fig. 3 is obtained. Its lower limit is normally the
melting-point of the solid (or rather the triple-point), but sinee a liquid can
be supercooled, the vapour tension curve can be extended below the melting-
point ; the upper limit is the eritical temperature (vide infra, p. 38).

Vapour Tension.—x»

Temperature ——>

F1c. 3. —General form of vapour tension curve.

The following figures? represent the vapour tension (in millimetres of
mercury) of water at various temperatures.

°C. mm. °C. mm. °C. mm. °C. mm.
~20 0-960 15 12+728 90 52600 250 29,951
-10 2°159 20 ©  17°406 100 760°00 300 67,620

0 4579 25 23:546 120 1,503°00 350 126,924
5 6528 50 92°17 150 3,578°00 360 141,865
10 9179 75  289°32 200 11,625°00 364-3 147,904

The above curve is not only the vapour tension curve, but also, as will
be evident from the dynamical method of measuring vapour tensions, the
curve indicating the relationship between boiling-point and pressure. For
the boiling-point of a liquid is defined as the highest temperature attainable
by a liquid under a given pressure of its own vapour, when heat is applied
externally and evaporation occurs freely from the surface. Thus, from the
above table, the boiling-point of water at ‘760 mm. pressure is 100° C,, at
1503 mm, 120°, and at 92-17 mm., 50°.

Except in special cases, such as in molecular weight determinations, the
temperature of the vapour issuing from a boiling liquid and not that of the
liquid itself is measured. When the latter is required, two methods, namely
those of Beckmann and Buchanan (the latter as used in the Landsberger-
Sakurai apparatus), are available. In the former process, the source of heat
is external (usually a gas flame), and superheating and boiling with bumping

! For the practieal details of these methods see, for example, Ostwald and Luther,
Physiko-chemische Messungen (3rd edition, Leipzig, 1910). The two methods are found to
give identical results (see Menzies, J. 4mer. Chem. Soc., 1910, 32, 1615).

2 Landolt-Bornstein, Physikalisch-chemische T'abellen, Berlin, 1912,
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are liable to occur. To eliminate superheating, pieces of granite, porous
porcelain or, best of all, platinum tetrahedra are added. Whatever the
method of heating, however, a bubble of vapour formed at the bottom of a
mass of liquid is under a pressure not only of the vapour, but of the liguid
column also, so that when boiling occurs, the temperature at ths bottom will
be slightly greater than that of the surface layer.!

The boiling-point of a liquid is therefore generally registered by immers-
ing the thermometer, with its bulb surrounded by some material, such as
cotton-wool, which has a large surface, in the vapour arising from the freely
boiling liquid. A constant temperature is registered when the rate of con-
densation of vapour on the cotton equals that of evaporation.?

Neither air nor any other vapour must be present, for the pressure exerted
would then be due in part only to the vapour from the liguid under examina-
tion, and too low a boiling-point would be registered.

At high temperatures, boiling-point determinations are effected by
measuring, either by platinum resistance thermometers, or by optical
pyrometers,® the temperatures at which vigorous ebullition of the liquids
occurs. In Greenwood’s measurements of the boiling-points of metals, the
latter were heated, cither in a carbon tube crucible or in one of graphite
lined with magnesia, by an electrical resistance furnace, and when vigorous
ebullition occurred the temperature was noted by an optical pyrometer
directed against the bottom of the crucible.

Besides being dependent on the pressure, the boiling-point of a liquid is
altered by the presence of a second substance, and hence affords a valuable
ndication of the purity of the liquid. The nature of this change of boiling-
point can be deduced from the discussion of the vapour pressure of mixtures
given in Chap. III.

THE BOILING-POINTS OF THE ELEMENTS.

Element. Boiling-Point. | Pressure, Authority and Reference.
0 mm.
Heliom . .| -2687 760 Onnes, Proc. K. Akad. Welensch,
‘ Amst., 1908, 11, 168; 1911, 13,1093,
Hydrogen . 5 - 25278 760 Travers, Senter, and Jaquerod, Phil.
Trans., 1908, A, 200, 105.
Nitrogen . s -19567 760 K. T. Fischer and Alt, Ann. Physik,
1903, (4), 9, 1149.
Krypton . 5 ‘ -151-7 760 Ramsay and Travers, Phil. Trans,
| 1901, A, 197, 47.
Neon . 5 . | =240 approx. 760 Travers, Senter, and Jaguerod, loc. cit.
Fluorine . : -187 760 Moissan and Dewar, Compt. rend., 1897,
124, 1202 ; 1903, 136, 785.

1 Sce the Earl of Berkeley and Appleby, Proc. Roy. Soc., 1911, A, 8s, 477.

2 For details of boiling-point meusurements sce Ramsay and Young, Phil. Trans., 1884,
175, 37; Ostwald and Luther, Physiko-chemische Messungen (Leipzig, 3rd edition, 1910) ;
also Travers, Senter, and Jaquerod, Phil. Trans., 1903, A, 200, 105 ; Eumorfopoulus, Proc,
Roy. Soc., 1908, A, 81, 339. )

3 See D. Berthelot, Compt. rend., 1895, 120, 831 ; 1898, 126, 410 ; 1902, 134, 705 (for
Cd and Se); Féry, Ann. Chim. Phys., 1903, [vii.), 28, 428 (for Zn and Cu); Greenwuud,
Proc. Roy. Soc., 1909, A, 82, 396 ; ibid., 1910, A, 83, 483.
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THE BOILING-POINTS OF THE ELEMENTS—continued.

Elements. Boiling-Point. | Pressure, Authority and Reference.
°C. mm,. .

Argon . 3 s -186°1 760 Ramsay and Travers, loc. cit.

Oxygen 9 - —-182°9 760 Travers, Senter, and Jaquerod, loc. cit.

Xenon . . 5 -109 760 Ramsay and Travers, loc. cit.

Chlorine - - 337 760 Johnson and M ‘Intosh, J. Amer. Chem.
Soc., 1909, 31, 1138

Bromine . o) 58°7 760 Ramsay and Young, Trans. Chem. Soc.,
1886, 49, 453.

Todine . o . 184°35 760 ’y ' o

Phosphorus . 3 279-3 760 Jolibois, Thése, Paris, 1910; Compt.
rend., 1910, 151, 383.

Mercury . . 3567 760 Heycock and Lamplough, Proc. Chem.
Soe., 1912, 28, 3.

Sulphur . . 444°7 760 Chappuis and Harker, Phil. Trans.,

1900, A, 194, 37; Chappuis, Phil,
Mag., 1902, (vi.), 3, 243 ; Eumorfo-
- poulus, Proc. Roy. Soc., 1908, A, 81,
: 339 ; Callendar and Moss, thid., 1909,
A, 83, 106; Waidner and Burgess,
Bureaw Stand, Washington, 1907, 3,

3, 345.

Arsenic 2 o Sublimes.

Ceesium 3 e 670 760 Ruffand Johannsen, Der., 1905, 38, 3601.

Selenium . q 690 760 D.7Berthclot, Comp. rend., 1902, 134,

05.

Rubidium . g 696 . 1760 Ruff and Johannsen, loe. cit.

Potassium . 3 7622 760 Heycock and Lamplough, loc. cit.

Cadmium . o 7659 760 o6 29 o o0

Sodium 4 2 8829 760 v » ’s .

Zime. . . . & 9057 760 - - ' -

Magnesium . . 1120 760 Greenwood, Proc. Roy. Soc., 1909, A,

4 82, 396 ; 1910, A, 83, 483.

Thallium . S 1515 Isaac and Tammann, Zeitsch. anorg.
Chem., 1907, 55, 58,

Tellurium . . | less than 1390 Deville and Troost, Compt. rend., 1863,
56, 891.

Lithiom . 5 above 1400 Ruff and Johannsen, Zoc. ctt.

Bismuth . o 1420 1 atmos. | Greenwood, loc. cit.

Antimony . 2 1440 . . yy

Lead . 5 5 1525 ’s ’s 90

Aluminium . . 1800 - - 50

Manganese . 3 1900 o i 0

Silver . 3 g 1955 5 o0 o0

Chromium . y 2200 5 0 5

in . : . 2270 ¥ o0 o

Copper e o 2310 2 o0 o0

Nickel 3 3 2340 30 mm. , Ruft and Keilig, Zeitsch. anorg. Chem.,
1914, 88, 410,

Cobalt s 4 2415 T Ruff and Borman, bid., 1914, 88, 386.

Iron . 3 c 2450 1 atmos. Greenwood, Zoc. cit.; Ruff and Borman,
opus cit., p. 259. .

The following bolling-points are very uucertain: glucinum _(beryllium), >1900; platinum, 2450;
rhodium, 2500; ruthenium, 2520 ; goid, 2530; palladium, 2540; iridium, 2550 ; molybdenum, 3200; silicon,
3500 ; boron, 3500 ; tungsten, 3700,

CRITICAL PHENOMENA.
- All gases, when submitted to pressure and cooled sufficiently, are reduced
~ to the liquid state. Of the two factors involved, namely, temperature and
Ppressure, the former is by far the more important, since it is possible to
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liquefy a gas at ordinary atmospheric pressuro by lowering its temperature
sufficiently. Thus, at the temperature of boiling hydrogen, all gases except
helium pass into either the liquid or the solid state. On the other hand, it
is seldom that a pressure as great as 100 atmospheres is required to effect
liquefaction. The uselessness of very high pressures is due to tho fact that
for each gas there is a temperature above which it cannot be liquefied. This
temperature is called the critical temperature (T,) of the gas. The pressure
necessary to effect liquefaction at this temperature is termed the critical
pressure (P) ; it is the highest pressure ever required to effect the liguefaction.
Few critical pressures exceed 100 atmospheres (sce table on p. 131). Before
the existence of the critical temperature was known, however, pressures
enormously in excess of this were tried, Natterer ! applying pressures as great
as 3600 atmospheres, but without suec-
ceeding in liquefying hydrogen, nitrogen,
oxygen, and carbon monoxide, even at tho
temperature of the solid carbon dioxide-
ether mixture (p. 39).

The existence of the critical tempera-
ture was first noticed for cther and a
number of other volatile liquids by
Cagniard de la Tour in 1822.2 The signi-
ficance of his results was not appreciated
at the time. Later, Faraday seems to
have recognised in the “Cagniard de la
Tour Temperature” of a substance the
superior Jimit to its existence in the liquid
state; but it was the classic work of
Andrews,® commenced in 1861, which
really led to the discovery of the eritical
temperature and of the connection be-
tween tho liquid and gaseous states.

Andrews described his experimental
results in the following words: “On

Pressure in Atmos.—>

Volume — partially liquefying carbeonic acid (car-
F16. 4.—Andrews’ curves for carbon bon dioxidc? by pressure alm}c, and
dioxide. gradually raising at the same time the

tomperature to 88° F., or 31:1° C,, the
surface of demarcation between the liquid and gas became fainter, lost its curva-
ture, and at last disappeared. The space was then occupied by a homogeneous
fluid, which exhibited, when the pressure was suddenly diminished or the
temperature slightly lowered, a peculiar appearance of moving or flickering
strize throughout its entire mass. At temperatures above 88° I. no apparent
liquefaction of earbonie acid, or separation into two distinet forms of matter,
could be effected, even when a pressure of 300 or 400 atmospheres was applied.
Nitrous oxide gave analogous results.” 4
The isothermal curves for carbon dioxide, as determined by Andrews, are
shown in fig. 4. Each curve at temperatures below 31-1° C. is made up of ’

1 Natterer, J. prakt. Chem., 1844, 31, 375; 1845, 35, 169; 1852, 56, 127 ; Pogg.
Annalen, 1844, 62, 132 ; 1855, 04, 436.

2 Cagniard de la Tour, Ann. Chim. Phys.. 1822, 21, 127 ; '1.823, 22, 410,

3 Andrews, Phil, Trans., 1869, 159 (ii.), 575 ; 1876, 166 (ii.), 421.

¢ Miller, Chemical Physics (Longmans & Co. ), 3rd edition (1863), p. 328.
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three parts, the middle portion being horizontal, and an abrupt change of
gradient, occurs on passing from the horizontal part to the other portions of
the isothermal.! Their significance may be explained with reference to the
isothermal for 21°5° C. The portion AB represents the compression of vapour.
(A gaseous substance is called a vapour when its temperature is below its
critical temperature.) At B liquefaction commences ; the volume diminishes
as liquefaction progresses, but the pressure remains constant and equal to the
vapour pressure of liquid carbon dioxide at 21-5° C. At C liquefaction is
g?mPéete’ and the portion CD represents the compression of liquid carbon
ioxide.

The horizontal portion diminishes with rise of temperature, and at 31-1° C,,
the critical temperature, it dwindles to nothing, liquid and saturated vapour
at the critical pressure having the same specific volume. The isothermals at
temperatures above 31°1° C. exhibit no abrupt change of gradient, and no
portion of them corresponds with an equilibrium between liquid and vapour ;
at these temperatures all visible distinction between the liquid and gaseous
states has disappeared.

The critical phenomena, so carefully observed by Andrews in the cases of
carbon dioxide and nitrous oxide, may be observed with all substances which
can be obtained as gases and liquids. ’

A number of critical constants are given in the table, p. 131.2

L1QUEFACTION OF (GASES.3

The first gas to be reduced to the liquid state was sulphur dioxide, which
was liquefied by Monge and Clouet.* In 1805-6 Northmore liquefied chlorine,
hydrogen chloride, and sulphur dioxide by compression.> The first systematic
investigation on the liquefaction of gases is due to Faraday,® who sealed up
the materials necessary to prepare the gas in one limb of a bent tube, cooled
the other limb in a freezing mixture of ice and salt, and generated the gas
within the closed tube by mixing and warming the materials. Under the
combined influence of cold and pressure a number of gases were liquefied,
including sulphur dioxide, hydrogen sulphide, euchlorine, cyanogen, ammonia,
carbon dioxide, and nitrous oxide. The method was rather dangerous,
frequent explosions occurring in the experiments on the last two gases.

Thilorier, in 1834, prepared liquid carbon dioxide on a large scale, using a
wrought-iron apparatus and employing Faraday’s method of obtaining high
pressures.” He also solidified carbon dioxide, and discovered that when this
solid was mixed with ether, an extremely convenient cooling medium
(Thilorier’s Mixture) was obtained.

1 Andrews did 1ot obtain accurately horizontal parts to his isothermals; the pressure
increased slightly as the volume was diminished, and the almost vertical portions of the
curves did not start abruptly. This he correctly attributed to the presence of a trace of air
in the carbon dioxide.

2 For methods of determination see Young, Stoichiometry (Longmans & Co.), 1908.

3 See also Hardin. Rise and Development of the Liguefaction of Gases (Macmillan & Co.),
1899 ; Ewing, The Mechanical Production of Cold (Camb, Univ. Press), 1908 ; and Claude,
Liguid Air, Orygen, and Nitrogen, translated by Cottrell (Churclill & Co ), 1913.

4 Fourcroy, Systémes des connaissances chimiques, 1800, vol. ii. p. 74. p

5 Northmore, Nicholson's Journal, 1805, 12, 368 ; 1806, 13, 233 ; Alembic Club Reprints,
No. 12, p. 69 (Clay, 1896).

8 Faraday, Phil. Trans., 1823, 113, 189 ; Alembic Club Reprints, No. 12, p. 10.

7 Thilorier, dnn. Chim. Phys., 1835, 60, 427, 482 ; Annalen, 1839, 30, 122,
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Faraday resumed his work on the liquefaction of gases in 1845.! He
applied pressure by means of two air-pumps, and availed hirgself of
“Thilorier’s Mixture” in order to obtain low temperatures. By evaporating
this liquid under reduced pressurc? Faraday reached a temperature of
—110° C., measured by an alcohol thermometer, and succeeded in liquefying
ethylene, silicon fluoride, phosphine and boron trifluoride, and solidifying
hydrogen bromide, hydrogen iodide, euchlorine, eyanogen, ammonia, sulphur
dioxide, hydrogen sulphide, and nitrous oxide. He was unable to liquefy
hydrogen, nitrogen, oxygen, nitric oxide, or carbon monoxide, and these gases
came to be known as the * permanent gases.”

Natterer’s unsuccessful attempts to liquefy the *permanent gases” have
already been mentioned. Suecess in this direction was first achieved in 1877,
almost simultancously, by Cailletet in France and Pictet in Switzerland.

Pictet ® reached a temperature below tho critieal point for oxygen by
judiciously applying the methods that had been previously employed.
Liquid sulphur dioxide, boiling under reduced pressure at — 65° C., was used
to liquefy earbon dioxide at a pressure of 4 to 6 atmospheres. This liquid
in its turn was boiled under reduced pressure, and temperatures varying
from —120° to —140° C. were thereby obtained. The liquid earbon dioxide
cooled the highly compressed oxygen, which condensed to the liquid state.
To this *cascade ” method of attaining low temperatures, Pictet added the
method of continuous eooling ; for each of the auxiliary gases, sulphur
dioxide and carbon dioxide, underwent a continuous eycle of changes, being
liquefied, evaporated under reduced pressure, reliquefied, and so on. The
cryogenic laboratories at the Royal Institution, London, and at Leyden, are
equipped with low-temperature plant in which the ecascade principle
is adopted.

Cailletet* introduced the method of adiabatic expansion with the
performance of external work. The sudden, adiabatic, expansion of a gas
against an external pressure causes external work to be performed by the
gas, which aceordingly suffers a diminution in its internal energy, and falls
in temperature. The lowering of temperature obtained in this way may
be very great. Cailletet compressed the gas in a capillary glass tube
confined over mercury to several hundred atmospheres pressures, cooled the
gas to about 0° to - 20° C., and then suddenly released the pressure. In
this way he succeeded in liquefying acetylene, nitrie oxide, methane, oxygen,
carbon monoxide, air, and nitrogen (the first two gases yielded to cold and
pressure alone, without any necessity for expansion), and obtained indications
of the liquefaction of hydrogen.®

The process, as carried out by Cailletet, was of no nse commercially,
and it was not until 1905 that the method of cooling by adiabatic expansion
was successfully worked on a large scale. The method employed con-
sists in dividing a supply of gas, compressed to about 50 atmospheres,
into two parts and expanding one suddenly in a cylinder fitted with a piston,
thereby performing external work and lowering the temperature of the gas

! Faraday, PLil. Trans,, 1845, 135, 155 ; Alembic Club Reprints, No. 12, p. 33.

2 This method of obtaining low temperatures was first used by Bussy (4dnn. Chim. Phys.,
1824, 26, 63).

3 Pictet, Compt. rend., 1877, 85, 1214 ; Ann. Chim. Phys., 1878, (v.), 13, 145.

4 Cailletet, Compt. rend., 1877, 85, 851, 1016, 1213, 1270; Ann. Chim. Phys., 1878,
(v.), 15, 132.

5 Cailletet, Compt. rend., 1877, 85, 1270.
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below its critical point. The cold expanded gas is then utilised in cooling
the other portion of gas, which liquefies at the pressure employed, and the
process is carried on in a continuous manner.! The difficulty of lubrication
was largely responsible for the failure of previous attempts to carry out this
process commercially. The lubricant employed by Claude is petroleum
ether, which does not solidify, but only becomes viscous at such low
temperatures as —140° to —160° C. This procedure for obtaining low
temperatures is conveniently combined with the Linde process for liquefying
gases, to be described later. .

Cailletet prepared large quantities of liquid ethylene, which he recom-
mended as a valuable refrigerant, and, employing this liquid, boiling under
reduced pressure, as a cooling bath, he succeeded in obtaining liquid
methane and oxygen as static liquids.2 The employment of the same cooling
medium by Wroblewski and Olszewski led to the production of liquid oxygen,
carbon monoxide, and nitrogen in the static form,?® and subsequently to the
production of considerable quantities of these liquids, and the solidification
of nitrogen and carbon monoxide, temperatures as low as —200° C. being
reached. The rapid evaporation of liquid ethylene ¢n wvacuo leads to a
temperature of —152° C.# The utility of liquid ethylene as a refrigerant was
also recognised by Dewar,® who prepared liquid air and oxygen in large
quantities by its aid.

The modern process, by which lignid air, oxygen, etc., may be obtained
in large quantities, requires the use of no auxiliary refrigerant; it may be
called the method of “self-intensive refrigeration,” and was brought forward
almost simultaneously by Linde ¢ and Hampson”in 1895. In this method,
the gas to be liquefied is continuously supplied at a high, constant pressure
to a long, closely wound, vertical, copper spiral tube, and allowed to expand
through a valve attached to the base of the coil. The gas escapes, and
passes up at a low, uniform pressure, through the space between the exterior
of the coil and its metallic casing. Each portion of gas that expands
through the valve undergoes a diminution in temperature, and the cold
gas is utilised in lowering the initial temperature of the portion of gas
next to be expanded, <.e. the cooling effect is intensified, until at length the
gas liquefies.

In the ordinary Hampson air-liquefier (fig. 5) the air at A, carefully freed
from carbon dioxide and moisture, is delivered into the coil at 150 to 200
atmospheres pressure, and allowed to expand at the nozzle D down to a

1 Claude, Compt. rend., 1900, 131, 500 ; 1902, 134, 1568 ; 1905, 141, 762, 823 ; see also
Mathias, Revue générale des Sciences, 15th Sept. 1907,

2 Cailletet, Compt, rend., 1882, 94, 1224 ; 1883, 97, 1115 ; 1884, 98, 1565 ; 1885, 100,
1033 ; Ann. Chim. Phys., 1883, (v.), 29, 153.

3 Wroblewski and Olszewski, Monatsh., 1883, 4, 415 ; Compt. rend., 1883, 96, 1140,
1225 ; Wied. Annalen, 1883, 20, 243.

¢ Wroblewski, Compt. rend., 1883, 97, 166, 309, 1553 ; 1884, 08, 149, 304, 982 : 99,
136 ; 1885, 100, 979 ; 1886, 102, 1010; Wied. Annalen, 1883, 20, 860 ; 18§5, 25, 371 ;
26, 134 ; 1886, 29, 428 ; Olszewski, Monatsh., 1884, 5, 124, 127 ; 1886, 7, 371; 1887, 8,
69 ; Phil. Mag., 1895, (v.), 39, 188; 40, 202; and Compt. rend., 1884, 98, 365, 913 ; 99,
133, 184, 706 ; 1885, 100, 350, 940 ; 101, 238, »

. 5 Dewar, Proc. Roy. Inst., 1886, p. 550 ; cf. ibid., 1884, p. 148; Phil. Mag., 1884, (v.),

18, 210.

¢ Linde, The Engineer, 4th Oct. 1895 ; Soc. of Aris J., 1897, p. 1091 ; Eng. Pat., 1895,
No. 12,528 ; Linde, Wied. Annalen, 1895, (ii.), 57, 328 ; Ber., 1899, 32, 925.

7 Hampson, J. Soc. Chem. Ind., 1898, 17, 411 Eng. Pat., 1895, No. 10,165,
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pressure only a trifle in excess of that of the atmosphere; about 5 per cent.
of the air passing through the apparatus is liquefied, and about a litre and a
half of liquid air may be obtained in an hour. The liquid collects in E, and
is withdrawn by unscrewing the hollow spindle FG. Owing to the difference
in the boiling-points of oxygen and nitrogen, the liquid air is considerably
richer in the former element than ordinary atmospheric air.

The cooling effect produced in the machines of Linde and Hampson is not
duo to a diminution in the internal energy of the gas caused by its perform-
ing external work against the atmospheric pressure, and must therefore be
clearly distinguished from that utilised by Cailletet. The fall in temperature
is the result of internal work performed in scparating the gas molecules
farther from one another, thereby overcoming the forces of attraction that
operate between them (vide supra, p. 32). This
thermal effect was first studied by Joule and Thomson.!
It is quite small, amounting, in the case of air at the
ordinary temperature, to only 0-255° C. for a fall in
pressure of one atmosphere. It increases, however, as
the pressure drop is increased and also as the initial
temperature is lowered, and this circumstanee was put
to practical advantage by Linde and Hampson. .

The application of this method to the liquefactio
clle of hydrogen at first sight seems out of the question,
sinee a slight rise in temperature occurs with this gas
(vide supra, p. 29). If, however, the initial tempera-
4 ture of the gas be sufficiently reduced, hydrogen
IR behaves like the other gases, and in 1898 Dewar,? by
= I applying the method to hydrogen previonsly cooled
with liquid air, suceeeded in obtaining liquid hydrogen.
Hydrogen liquefiers have been subsequently described
by Travers3 and Olszewski ;¢ the “inversion tempera-
= ture” of hydrogen, helow which it is cooled by free 3
e expansion, is — 805" C.5 g
Helium proved even more difficult to liquefy than
hydrogen, but its liquefaction was at length accom-
> plished by Kamerlingh Onnes by the self-intensifying

process, after initially cooling the gas to the temperature
F16. 5, —Hampson  of liquid hydrogen.®

liquefier. Liquid air and similar volatile liquids are usually
collected and preserved in the vacuum flasks introduced

by Dewar. Thesc are donble-walled glass vessels, the space between the
walls being completely evacuated, and the contained liquid thereby vacuum-
jacketed. The heat conveyed by radiation across the vacuous space to the
liquid is only abont one-sixth of that which weuld reaech the liquid by con-
duction and convection in the absence of the vacuum jacket ; and this can be

1 Joule and Thomson, Pkil. Trans., 1853, 143, 357 ; 1854, 144, 321 ; 1862, 152, 579.
2 Dewar, Chem. News, 1900, 81, 136. ;
3 Travers, Phil. Mag., 1901, (vi.), 1, 411 ; The Study of Gases (Macmillan & Co., 1901).
4 Olszewski, Bull. Acad. Sci. Cracow, 1902, p. 619 ; 1903, p. 241.
5 Olszewski, Phil. Mag., 1902, (vi.), 3, 535; cf. Bull. Acad. Sci. Cracow, 1906,
b, 792
P4 Kamerlingh Onnes, Compt. rend., 1908, 147, 421; Proc. K. Akad. Wetensch,
Amsterdam, 1908, 11, 168 ; see also Nature, 1808, 78, 370,
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diminished to about one-thirtieth part if the interior of the jacket is silvered.
The latter procedure, however, is impracticable if for any purpose it is
necessary to observe the contents of the flask.

PROPERTIES OF Sonips.!

Melting-Point and its Determination.—The familiar phenomenon
of the passage of a crystalline substance from the solid into the liquid state
oceurs at a definite temperature known as the melting-point. More accurately
defined, the melting-point is the temperature at which the solid and liquid
phases can exist in equilibrium under a given pressure. The effect of pressure
in altering the melting-point is very small, as will be seen by the following
examples, and further, increase of pressure may bring about either a rise or
a fallin the melting-point, according as the substance expands on liquefaction
or contracts.

Water (Ice).2 Carbon Dioxide.? Phosphorus.*
£0 7 . 1.
L{fgitl]]lég Pressure. l\i)e})g;r;g Pressure. "llfclﬁ:;g Pressure,
r Atmos. °C. Atmos. °C. Atmos,
0 1 -56°7 51 44-10 |, 1
- 2% 336 —47°4 500 45°50 50
-5 615 - 380 1000 | 47-00 100
-10 1155 -20°5 2000 | 48°45 150
-15 1625 - 40 3000 | 49-85 200
-20 2042 +10°5 4000 | 5280 300

The majority of substances have their melting-points raised by an increase
of pressure.

Melting-points as usually tabulated indicate the transition temperatures
from the solid to the liquid state at atmospheric pressure. The accompany-
ing table records the melting-points of the elements. For salts, the tem-
peratures recorded by various investigators often vary considerably, and no
examples are included in the table.?

Various processes are available for the determination of melting-points.
The first which may be mentioned depends on finding the freczing-point of
the liquid, for when certain precautions are taken the freezing-point and
melting-point are identical. The precautions are due to the fact that when a
liquid is slowly cooled without agitation, or even, in some cases, when'slowly
and regularly stirred, the temperature falls below the melting-point, or
normal freezing-point, and the liquid becomes supercooled. This b:upercooled
condition can be removed by the addition of a trace of the solid phase (a

1 For distinction between ‘amorphous” and “ erystalline ” solids, see p. 47.

2 Tammann, Ann. Physik, 1900, [iv.], 2, 6. .

3 Villard and Jarry, Compt. rend., 1895, 120, 1413 ; Tammann, Ann. Physik, 1899,
iii. ], 68, 533. .

b Hulett, Zeitsch. physikal. Chem., 1899, 28, 666. i

5 See Hiittner and Tammann, Zeitsch. anorg. Chem., 1905, 43, 215 ; White, Amer. J.
Sci., 1909, [iv.), 28, 453 and 474,
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THE MELTING-POINTS OF THE ELEMENTS—continued.

Substance.

Melting-Point. !

Authority and Reference.

Cesium . 5
Gallium . ;
Rubidium
Phosphorus
Potassium ;

Sodinm . 3
Todine . 3

Indium .
Lithium .
Selenium 3
dan,, % 5

Bismuth . 5
Thallium ¢

Cadmium g
Lead 5 5

Zine & 4
Tellurium 3
Cerium .
Antimony
Magnesium
Aluminium
Calcium .

Strontium
Lanthanum
Arsenic (grey) .

Neodymium .
Barium . o
Germanium

Praseodymium
Silver . .
gold 3 5
opper . .
Maggganese .

Glucinum
Zirconium
Samarium
Silicon

Nickel . .
Cobalt . 5

Iron & .

Sulphur (rhombie) .

,»  (monoclinic)

s e e o o v »

e e o

2825
30°15
385
44-1
625

975
114

1128

119-925
155
186
217
231-91

268
301

321-01
3269

419°4!
450
635
629-21
649
6580
800

approx. 800
810
817°-850°
(under pressure)
840
850
approx. 900
940
9600}
1062-41
1082°61
1260

1280
approx. 1300
approx. 1350

1434

1452:31
1478 +1°1

1505

Rengade, Bull. Soc. chim., 1909, (iv.), 5, 994,

Lecoq de Boisbaudran, Compt. rend., 1876, 83, 611.

Erdmann and Kothner, dnnulen, 1897, 294, 55.

Hulett, Zeitsch. physikal. Chem., 1899, 28, 666.

Kurnakow and Puschin, Zeitsch. anorg. Chem.,
1902, 30, 109.

Kurnakow and Puschin, loc. cit.

Lean and Whatmough, Trans. Chem. Soc., 1898,
73, 156.

Smith and Carson, Zeitsch. physikal. Chem., 1911,
77, 661.

Smith and Holmes, Ber., 1902, 35, 2992,

A. Thiel, Ber., 1904, 37, 175.

Kahlbaum, Zeitsch. anorg. Chem., 1900, 23, 220,

Saunders, J. Physical Chem., 1900, 4, 423,

Waidner and Burgess, Bureaw Stand., Washington,
1910, 6, 149 ; 1910, 7, No. 1.

Heycock and Neville, Zrans. Chem. Soc., 1894,
65, 65. .
Kurnakow and Puschin, Zeitsch. anorg. Chem.,

1902, 30, 86.
Waidner and Burgess, loc. cit.
Holborn and Day, dna. Physik, 1900, (iv.), 2,
505.
Waidner and Burgess, loc. cit.
Matthey, Proc. Roy. Soc., 1901, 68, 161.
Hirsch, J. Ind. Eng. Chem., 1911, 3, 880.
Day and Sosman, dmer. J., Sei., 1910, [iv.], 29, 93.
Vogel, Zeitsch. anorg. Chem., 1909, 63, 169,
Day and Sosman, loc. ctt.
Moissan and Chavanne, Compt. rend., 1905, 140,
122.
Guntz and Roederer, Compt. rend., 1906, 142, 400.
Muthmann and Weiss, dnnalen, 1904, 331, 1.
Jolibois, Compt. rend., 1911, 152, 1767 ; 1914,
158, 184 ; Goubau, zbid., 1914, 158, 121.
Muthmann and Weiss, dnnalen, 1904, 331, 1.
Guntz, Ann. Chim. Phys., 1905, [viii.], 4, 16.
Winkler, J. prakt. Chem., 1886, [ii.], 34, 177.
Muthmann and Weiss, loc. eit.
Day and Sosman, loc. cit.

1 1"

Burgess and Waltenberg, J. Washington dcad.
Sct., 1918, 3, 871 ; Zeitsch. anorg. Chem., 1913,
88, 361.

Fichter and Jablezynski, Ber., 1913, 46, 1604.

Mendenhall and Ingersoll, Phys, Review, 1907,
25, 1.

Ds.y5 and Sosman, loe. cit.

Kalmus and Harper, Canadian Depariment of
Mines, Report 309, 1914.

H. C. H. Carpenter, J. Tron Steel Inst., 1908, iii.
290. Burgess and Waltenberg, loc. cit.

1 Temperature on the constant volume nitrogen thermometer scale,
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point, will increase the range of temperature between the fusion and boiling-
points and bring about liquefaction.

The vapour tensions of many solids may be determined from the loss of
weight which the substances sustain when a known volume of air or other
gas is passed over their surfaces.! If the vapour tensions are appreciable, as
in the case of ice, it may be measured by the static method used for liquid
substances (see p. 35).

The vapour tension curve of a solid substance is of the type shown in
fig. 6, the upper limit being the melting-point (or rather, the triple-point).
It does not coincide with the curve for the supercooled liquid, but cuts
it at a small angle, as was demonstrated on theoretical grounds by J. Thomson 2
and Kirchhoff,® and experimentally
by Ramsay and Young.* A super-
cooled liquid has a greater vapour
tension than the solid at the same
temperature.

CRYSTALLOGRAPHY, 5

Introduction. — Substances
which are ordinarily classed as solids
may be divided into two groups:
those in which the physical pro-
perties are the same in all directions;
and those in which certain properties,
such, for example, as expansion, ther-
mal conduction, and various optical Temperature.
properties, have different values in F16. 6.—Vapour tension curves of solid
different directions. Substances be- and liquid.
longing to the first group are said
to be amorphous, those belonging to the second group crystalline. There
is considerable evidence for the view that amorphous substances are really
supercooled liquids,® in which case every true solid is ecrystalline. A
crystalline substance may be defined as one in which certain physical properties
differ in different directions radiating from any point within it. This defini-
tion includes the various liquid crystals that have been studied by Lehmann
and others,” but the vast majority of crystalline substances are solids, and
these alone will be considered here.

When a body passes from the liquid or gaseous state or frem solution to
the solid state, in favourable circumstances itassumes a definite geometrical
shape, and is said to crystallise. A body formed in this way, bounded by
plane surfaces or faces which intersect in rectilinear edges and form solid

Vapour Tension

1 See, ¢.g., Baxter, Hickey, and Holmes, J, 4 mer, Chem. Soc., 1907, 29, 127, on the vapour
tension of iodine. Baxter and Grose, ibid., 1915, 37, 1061.

2 J. Thomson, Phil. Mag., 1874, [iv.]. 47, 447.

3 Kirchhoff, Pogg. Annalen, 1858, 103, 206.

4 Ramsay and Young, Phil. Trans., 1884, 175, 37 and 461,

5 In the preparation of this section we have been assisted by Mr J. E. Wynfield Rhodes,
B.Se., whom we t:ke this opportunity of thanking. ; >
% See, for example, Tamwmann, Schmelzen und Kristallisieren (Ambrosius-Barth, Leipzig,
1903). -

7 Lehmann, Flissige Kristalle (Leipzig, 1904).
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angles or coigns where three or more faces intersect at a point, is called a
crystal.

It is found that various directions in a crystalline substance are equivalent,
i.e. in those directions the physical properties are the same; and equivalent
directions are found to be arranged in space in a symmetrical manner. The
symmetry of these arrangements is closely connected with the symmetry
of the geometrical shapes of crystals, and accordingly the latter are only the
outward expression of the internal structures of crystalline substances. The
discussion of the physical properties of crystals lies beyond the scope of this
work, but a brief account will be given of the morphkology or form relationships
of crystals, and of the connection between the crystalline forms and chemical
compositions of substances,!

Historical.—The scientific study of crystals dates back merely to the
close of the eighteenth century. Among the earlier workers on the subject
were Cacsalpinus (1600), who observed that the vitriols, sugar, saltpetre, and
alum crystallised from solution in characteristic forms, and Hooke,?2 who
showed in 1665 how the habits of octahedral crystals of alum could be imitated
by building piles of spheres. The laws of the constancy of the angles and
cleavage directions were discovered by Steno® and Guglielmini,* but were
unfortunately not heeded until the invention of the contact goniometer by
Jarangeot in 1780 enabled them to be verified experimentally by Romé de
Ilsle.> The way was thus prepared for the Abbé Réné Just Haiiy ¢ to show
how all the faces of natural crystals are derived from a few simple forms, to
state the laws of crystal symmetry, and to apply them to five of the seven
now recognised.

Geometrical Crystallography: Fundamental Laws.—The funda-
mental experimental laws of crystallography are the Law of the Constancy of
Angles, the Law of Rational Intercepts, and the Laws of Symmetry. The first
of these may be stated in the following manner : under the same physical condi-
tions the angles between corresponding faces on various crystals of the same sub-
stance are constant, no matter how much the shapes and appearances of the
crystals may vary as a result of unequal development (fig. 7). In other words,
the sizes of the faces on a crystal are not important, but only their inclinations
to each other, Accordingly, whenever necessary, it is permissible to suppose
the faces of a erystal to move parallel to their original positions, in order
that similar faces (see p. 50) may be equal in size.

The Law of Rational Intercepts may be explained in the following manner :
Suppose any three edges of a crystal that meet at a point are taken as axes

! For further information the reader is referred to the following works: Groth,
Physikalische Krystallographie (4th edition, Leipzig, 1905); Tutton, Crystallography and
Practical Crystal Measurement (Macmillan & Co., 1911); Williams, Elements of Crystallo-
graphy (Macmillan & Co., 1892) ; Lewis, T'reatise on Crystallography (Cambridge University
Press, 1899) ; Miers, Mineralogy (Macmillan & Co., 1902) ; Baumhauer, Die neuere Ent-
wickelung der Krystallographie (Brunswick, 1905) ; Lubisch, Physikalische Krystallographie
(Leipzig, 1891); Arzruni, Physikalische Chemie der Krystalle (Brunswick, 1898); Fock,
Introduction to Chemical Crystallography, translated by Pope (Clarendon Press), 1895 ;
Groth, Introduction to Chemical Crystalloyraphy, translated by Marshall (Gurney &
Jackson, 1908) ; Tutton, Crystalline Structure and Chemical Composition (Macmillan & Co.,
1910): and Groth, Chemische Krystallographie, (Leipzig, 3 vols., 1906-10).

2 Hooke, Micrographia, 1665.

3 Steno, De solido inira solidum naturaliter contento (Florence, 1669).

4 Guglielmini, Riflessioni filosifiche dedotte dalle figure de’ sali (Padova, 1708).

5 Romé de I'Isle, Crystallographie(Paris, 1783).

¢ Haiiy, Essai d’une théorie sur la structure des crystaux, 1784.
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of co-ordinates. Any face of the crystal will intersect one or more of the
axes.! Choose one of them which intersects the three axes as the standard,
and suppose the intercepts that this plane cuts off from the axes are a, 5,
and ¢ respectively, measured from the origin. It is only their ratio that
matters. Now suppose that any other face of the crystal cuts off intercepts
in the ratios of x :y : z respectively. They may be expressed in terms of
a, b, and ¢ as follows :—
Bt O

| yiziizigin
1t is found that k, k, and I are in the ratios of simple integers, rarely as large
as six. This law was first observed by Haiiy.

Symmetry.—It is found that crystals may be symmetrical with respect
to a point, a line, or a plane.

When to each face on a crystal there corresponds a similar parallel face,
the erystal is said to possess a centre of symmetry, or to exhibit centrosymmetry,?
e.g., octahedron (fig. 10), cube (fig. 11).

If on rotation about an axis, a crystal presents
exactly the same appearance3n times in one revolu-
tion, the ax’s is said to be one of n-fold symmetry.
Owing to the operation of the law of rational inter-
cepts (p. 48), the only values of m are two, three, four,
and siz, giving rise to di-, #re-, tetra-, and hexa-gonal
axes of symmetry,* and the only angles between pairs
of axes of symmetry are 30° 45°, 60°, and 90°. An
axis of symmetry vs always perpendicular to a possible
erystal face and parallel to a possible interfacial crystal
edge. As an example, the diagonals of a cube have Fic. 7.—Octahedron un-
threefold symmetry. equally developed.

A plame of symmetry is a plane which divides a
erystal into two symmetrical halves, such that if the plane were a mirror,
one-half of the crystal would coincide with the reflected image of the other
half. It may be necessary to move some of the faces parallel to themselves
in order to observe this coincidence, but such a procedure is admissible
(p- 48). A plane of symmetry s always parallel to a possible crystal face and
perpendicular to a possible interfacial crystal edge. As an example, the
diagonals of a regular octahedron, taken two at a time, lie in three planes of
symmetry which are mutually at right angles. )

The preceding elements of symmetry may be associated in 31 different
ways; accordingly, counting as one class the crystals which possess no
symmetry whatever, crystals may be classified according to the types of
symmetry they exhibit into 32 classes.” Examples are known, corresponding
to 31 of these types (see pp. 52-54).6

1 The face is supposed to be extended, if necessary. .

2 A centre of symmetry is not a true element of symmetry, and centrosymnietry arises
from a combination of reflection and rotation (p. 52). :

3 Bearingin mind that only the inclinations, and not the sizes, of the faces are of any
consequence. 4

4 ¥or simple proofs of this and other important propositions, see H. Marshall, Proc. Eoy.
Soc. Edin., 1898, 22, 62. X

5 Hessel, 1850 ; Gadolin, Acta Soc. Scient. Fennicee, Hel:{mg_fors, 1867, 9, 1.

& The properties of crystalline substances are such as to justify the coenclusion that the
crystalline strncture is a homogeneous one, 7.e. one the parts of which are unitormly

VOL. 1, 4
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Forms.—Corresponding to any particular face on a crystal, there are
certain other faces the presence of which is required by symmetry; the
number depends upen the nature of the face and on the grade of symmetry
exhibited by the crystal. A collection of faces, the presence of all of which
s required by symmetry, provided one of them be present, is called a form. A
closed form is such that its faces, produced, if necessary, completely enclose a
space ; all other forms are open forms. For example, in a crystal which
possesses merely a plane of symmetry, the presence of one face necessitates
the presence of one other, and the twe faces constitute an epen form.
Clearly such a crystal must be made up of a combination of forms, each of
twe faces. Although the symmetry of a erystal may permit the eccurrence
of closed forms, it is the exception to find a erystal beunded by faces belonging
to only ene form ; usually a combination of twe er more forms is encountered.
Only forms corresponding to the same grade of symmetry are found tegether
in eombination.-

The faees which constitute a form are said te be similar faces, and in the
succeeding pages it will, for convenience, be assumed that similar faces are
equally developed, so that the crystals assume their perfect geometrical
forms, free from all distortion.

repeated throughout. The problem of determining the number of ways in which a homo-
geneous structure can be built up from its structural wnits is eqnivalent to finding the
number of ways of arranging homogeneous point systems in space. This can be done in
230 different ways, in each of which the planes of points within the system are related to
each other according to the law of rationu{ intercepts ; and the symmetry ef each of these
systems corresponds to that of one or other of the 32 classes of crystals (Bravais,
j U Eeole polytechnigque, Paris, 1850, 19, 127 ; 1851, 20, 102, 197 ; Sohncke, Zeitsch. Kryst.
Min., 1892, 20, 445 ; Fedorow, 7rans. Russ. Mineral, Soc., 1885, 1888, and 1890 ; Zeitsch.
Kryst. Min., 1893, 21, 679 ; Schonflies, Krystalsysteme und Krystalstructur, Leipzig, 1891 ;
Barlow, Zeitsch. Kryst. Min., 1894, 23, 1 ; 1895, 25, 86 ; Sci. Proe. Roy. Dublin Soc., 1897,
8, 527 ; Brit. Assoc. Report, 1901, 297 ; Pope, Chem. Soc. Ann. Eeport, 1908, 5, 268 ;
Hilton, Mathematical Crystallogyraphy (Clarendon Press, 1903).

The abstract geometrical study of homogeneous assemblages, as perfected by Fedorow,
Schonflies, and Barlow, undoubted%y leads to the discovery of all the possible arrangements
of the structural units of crystals; but it does net afford any indication of the nature of
these units, .e., whether they are atoms, molecules, or molecular complexes. The remark-
able discovery, due to Lane, that a thin slice of a crystal acts as a diffraction grating
towards the X-rays. and the discovery, by W. L. Bragg, that the X-rays are strongly
reflected at crystal faces, have, however, opened up an entirely new field of experimental
rescarch which will, in the future, very probably lead to full knowledge both of the nature
and disposition of the atructural units of a crystal.

An account of the discoveries of Laue and Bragg, and of the researches te which they
have led, is beyond the scope of this book. ‘The fellowing references, however, may be of
service to the reader: W. Friedrich, P. Knipping, and M. Laue, Sitzungsber. K. Akad.
Wiss. Miinchen, 1912, p. 303 ; Ann. Physik, 1913, (iv.), 41, 971 ; Laue and Tank, ibid.,
1913, (iv.}, 41, 1003 ; Friedrich, Physikal. Zeitsch., 1913, 14, 1079 ; Wagner, ibid., 1913,
14, 1232 ; Stark, ibid,, 1913, 13, 973; G. Wulll, 7bid., 1913, 14, 217 ; Mandelstam and
Rohman, tbid., 1913, 14, 220 ; Laue, bid., 1913, 14, 1075; Ewald, ibid., 1913, 14, 465;
Wullf and Uspenski, idid., 1913, 14, 783 ; Herweg, wbid., 1913, 14, 417 ; Debye, Ber. deut.
physikal, Ges., 1913, 15, 857 ; Hupka, tbid., 1913, 15, 369; W, L. Bragg, Nature, 1912,
90, 410; Proc. Camb. Phil. Soc., 1913, 17, 43; W. H. Bragg, Nature, 1912, 90, 572;
Barkla and Martyn, ibid., 1912, 9o, 435, 647 ; Moseley and Darwin, bid., 1912, 9o, 594 ;
W. H. and W. L. Bragg, Proc. Roy. Soc., 1913, A, 88, 428; W. H. Bragg, tbid., 1913, A,
89, 246, 248; W, H. and W. L. Bragg, tbid., 1913, A, 89, 277 ; Moseley and Darwin,
Phil. Mag., 1918, [vi.], 26, 210; Barkla and Martyn, Z’roc. London I'hys. Soc., 1913, 25,
206 ; Terada, Proc. Tokyo Math. Phys. Soc., 1913, 7, 60; M. de Broglie, Compt. rend.,
1918, 156, 1158 ; M. de Broglie and Lindemann, 7bid., 1213, 156, 1461 ; also the following
reviews : Bragg, Science Progress, 1913, 7, 372 ; Barker, Ann. Report Chem. Soc., 1913, 10,
233 ; Kaye, X-Rays (Longmans & Co., 1914),
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Crystallographic Notation.—In order to express briefly the various
crystal forms, a symbolic method is employed, based upon the principles of
co-ordinate geometry. A point within the crystal is taken as the origin of
co-ordinates, and three crystallographic axes of co-ordinates chosen, parallel
to three crystal edges not lying in the same plane or parallel to one another.
Taken two by two, these axes lie in three azial planes, dividing space into
cight octants. Whenever possible, axes of symmetry are for simplicity
chosen as co-ordinate axes, since they are always parallel to possible crystal
edges ; preferably, the axes of more than twofold symmetry are selected.

A face that lies in the octant XOYZ (fig. 8), and cuts each of the axes, is
chosen as the fundamental face or parametral plane, and the ratios of its
intercepts on the axes are taken as the ratios of
the units of length, in terms of which measure- 1z
ments jalong the three axes are expressed. i
Hence, in general, measurements are made in i
three different scales, one for each axis. The ] X!
axes are conventionally drawn, as shown in fig. 8, i
and the intercepts or parameters a, b, and ¢ of 7 —. _ @oc
the fundamental face are always referred to in a

-

standard order: firstly, @ on the front to back Y "“?
axis ; secondly, & on the left to right axis; and ‘,"' i

thirdly, ¢ on the vertical axis. The ratios of X -

the parameters or axial ratios a : b : ¢, together :

with the angles YOZ=a, ZOX =g, XOY =y, ;L,

constitute the crystallographic constants of a .
crystal. The value of & is generally put equal Fi6. 8. —Crystallographic axes.
to unity.

From what has been already stated (p. 49), it is seen that the intercepts
2, , and z of any other face of a crystal are related to the axial ratios
a:b:cas follows :—

. . z .. a . b . c

Tryzilog gl

where %, £, and ! are in the ratios of simple integers. The face is therefore
given the symbol (hkl), and &, k, I (expressed in their lowest terms) are called
the undices of the face.! It will be noticed that they are inversely propor-
tional to the intercepts of the face. As an example, the symbol (112) means
that the crystal face cuts off intercepts on the axes the lemngyths of which
are in the ratios of 1 : 1 : 1 4e 2 :2 :1, the scales of measurement
along the axes being in the ratios of @ : & : ¢; hence the absolute lengths
of the intercepts are in the ratios of 2a:25:c. Whenever zero occurs as
an index, it means that the corresponding intercept is infinitely great, <.e. that
the plane is parallel to the axis. :

To indicate that intercepts are measured along OX', OY’, OZ' (fig. 8) the
corresponding indices are written with minus signs above them. When the
symbol of a face is. enclosed in brackets, e.g. {hkl}, it stands for all the
Jaces belonging to the form of which (kkl) is ome face. Usually the symbols
for the various faces of a form only differ in the order of taking the same
indices and in the signs attached to them, e.g., the eight faces of the

! This index system of notation, now almost universally employed, is due to Miller
(Miller, Z'reatise on Crystallography (Cambridge University Press, 1839)).
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13. Ditetragonal bipyramidal.—One fourfold axis in which intersect 4
planes of symmetry, separated from one another by 45°; e.g. iodosuccinimide.

14. Scalenokedral.—One fourfold axis and a plane of compound symmetry
perpendicular to it; 2 mutually rectangular twofold axes in the latter plane
and 2 symmetry planes intersccting in the fourfold axis and bisecting the
angles between the twofold axes; e.g. potassium dihydrogen phosphate,
KH,PO,.

15. Holokedral.—The 5 axes of (11), the 4 symmetry planes of (13), and
the 1 plane of (12); e.g. zircon, ZrSiO,.

TRIGONAL SYSTEM.

16. Pyramidal. — One threefold axis only; eg. sodium periodate,
NalO,.3H,0.

17. Rhombohedral.—One threefold axis and a “centre of symmetry”;
e.g. dioptase, CuH,SiO,.

18. T'rapezohedral.—One threefold axis and 3 twofold axes perpendicular
to it and separated from one another by 60°; e.g. quartz, SiO,.

19. Bipyramidal.—One threefold axis and a plane of symmetry perpen-
dicular to it ; no example known.

20. Ditrigonal pyramidal.—One threefold axis in which intersect 3
symmetry planes separated from one another by 60°; e.g. tourmaline.

21. Ditrigonal scalenokedral.—As in 20, but, in addition, 3 twofold axes in
a plane perpendicular to the threefold axes, these axes bisecting the angles
between the symmetry planes ; e.g. calcite, CaCO,.

22. Holohedral.—As in 21, but, in addition, a plane of symmetry perpen-
dicular to the threefold axis ; e.g. benitoite, BaTiSi;0,.

HEXAGONAL SYSTEM.

23. Pyramidal. — One sixfold axis only; eg. strontium antimonyl
tartrate.

24. Trapezokedral.-—One sixfold axis and 6 twofold axes in a plane at
right angles to the first, the latter axes being separated from one another
by 30°; eg. the double salt formed by barium antimonyl tartrate and
potassium nitrate.

25. Bipyramidal.—One sixfold axis and a plane of symmetry perpen-
dicular to it; e.g. apatite, Ca,F(PO,),.

26. Dihexagonal pyramidal. — One sixfold axis in which intersect 6
symmetry planes separated from one another by 30°; eg. cadmium
sulphide, CdS.

27. Holohedral.—One sixfold axis; 6 symmetry planes as in (26); 1
symmetry plane as in (25); and 6 twofold axes as in (24), the latter being
the intersections of the six symmetry planes with the seventh symmetry
plane (i.e. the one perpendicular to the sixfold axis) ; e.g. beryl.

CUBIC SYSTEM.

28. Tetrakedral pentagonal dodecahedral.—Three mutually rectangular
twofold axes parallel to the edges of, and 4 threefold axes parallel to the
diagonals of a cube ; e.g. barium nitrate, Ba(NO,),.

29. Pentagonal-icositetrahedral, — Three mutually rectangular fourfold
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axes, parallel to the edges of, and 4 threefold axes parallel to the diagonals
of, a eube. Also 6 twofold axes perpendicular to the faces of the rhombic
dodecahedron (sec p. 57) ; e.g. euprite, Cu,0.

30. Dyakis-dodecahedral.—Axes as in (28); and 3 planes of symmetry,
each perpendicular to a twofold axis; e.g. iron pyrites, FeS,.

31. Hexakis-tetrakedral.—Axes as in (28), and 6 planes of symmetry
which may be regarded as bisecting the angles between the planes mentioned
in (30); e.g. tetrahedrite, CuySbS,.

32. Holohedral.—Axes as in (29), 3 symmetry planes as in (30), and
6 more as in (31); e.g. fluorspar, Calk,.

In addition to those given in the preceding tabular outline, numerous
other class-names are in use, the meanings of which will be apparent from
the following definitions :—

A di-n-gonal axis is one that is the interseetion of » planes of symmetry.

Holoaxial symmetry is present when an n-gonal axis is associated with
digonal axes perpendieular to it but with no planes of symmetry.

Equatorial symmetry is produced when an n-gonal axis is perpendicular
to a plane of symmetry (equatorial plane).

Polar symmetry is produced when an n-gonal axis is perpendicular to no
plane and no axis of even symmetry.!

Alternating symmetry is that which arises by reflection aeross an equa-
torial ¢ plane of compound symmetry” (p. 52), followed by rotation about
the axis perpendicular to that plane.

Crystallographic Systems and Axes.—The preceding 32 classes
are for convenience grouped into 7 systems, as indicated above, according
to the nature of the erystallographic axes to which they are referred and
the parameters of the fundamental pyramidal faces. It has been stated
(p. 51) that the erystallographic axes must be chosen parallel to erystal
edges, and that they are usually echosen parallel to axes of symmetry. The
manner in which this is done will now be explained.

1. Triclinic system.—There being no axes of symmetry, the crystallo-
graphic axes are chosen parallel to three crystal edges. From the symmetry
of the system, no axial angle can equal 90°, and no two intercepts of any
face can be equal. Hence a triclinic crystal is said to be referred to three
oblique and unequal axes, and in describing such a erystal the angles a, f3,
and y must be stated and also values of a and ¢ of the axial ratiosa : 1 : c.
One axis is arbitrarily chosen as vertical axis. It usually corresponds to a
direction in which the crystal is well developed. Of the other two axes, the
longer or macro-axis is placed from left to right, and the shorter or brachy-
axis from front to back.

2. Monoclinic system.—In the holohedral class (class 5) the axis of
symynetry is taken as the left to right crystallographie axis or ortko-axis;
for the vertieal axis and front to baek or c/ino-axis two directions in the plane
of symmetry are selected that are parallel to erystal edges. A similar
arrangement of axes is clearly possible for class 3 (p. 52), since the plane
of symmetry is perpendicular to a possible crystal edge, and also for
class 4 (p. 52), since the digonal axis is perpendicular to a possible
crystal face.
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1 The arrangement of faces around one end of a polar axis is independent of the
arrangement about the other end, and a crystal with a polar axis is said to be Aemimorphous.
Such crystals exhibit the phenomenon of pyroelectricity ; e.g. tourmaline,
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From the symmetry of each class in this system it follows that no crystal
face can have two equal intercepts on the axes. Hence, in describing a
monoclinic crystal the values of a and c in the axial ratios a : 1 : ¢ must be
stated and also the magnitude of the angle 8. Obviously both a and y are
equal to 90°. Monoclinic crystals are therefore said to be referred to three
unequal azes, two of which are perpendicular to the third but not at right angles
to each other.

3. Orthorhombic system.—In the holohedral class (class 8) the three
digonal axes are chosen as crystallographic axes. The same choice is
made in class 6 (p. 52). In class 7 the digonal axis forms one crystallo-
graphic axis, and the intersections of the symmetry planes with a plane
perpendicular to the digonal axis form the other two, since they are parallel
to possible crystal edges (p. 49). Thus in each case the three axes of
reference are mutually perpendicular; but in no case is it possible for any
crystal face to have two equal intercepts. Hence in specifying an orthorhombic
crystal it is necessary to state the values of a and 4 in the axial ratios a : 1 : ¢;
and such a crystal is said to be referred to three mutually perpendicular but
unequal axes. The vertical, macro-, and brachy-axes are chosen as described
for monoclinic crystals.

4. Tetragonal system.—Each class in this system is characterised by a
fourfold axis of symmetry, which is chosen for the vertical crystallographic
axis. The other two axes of reference are chosen perpendicular to the
vertical axis and to one another.!

In classes 11, 14, and 15 (pp. 52 and 53) these lateral axes are chosen
parallel to diad axes of symmetry. In each class of this system a crystal face
cutting off equal intercepts on the lateral axes is possible, but a lateral
intercept can never equal a vertical intercept. Hence, the axial ratiosa : 1 : ¢
become 1:1: ¢ and it is only necessary to state the value of ¢ when
describing a tetragonal crystal. A tetragonal crystal is therefore referred
to three mutually perpendicular axes, two of which are equal to one another
but not to the third. '

5. Trigonal system.—Each class in this system is characterised by a tri-
gonal axis of symmetry. The best method of choosing the crystallographic
axes (Miller’s method) is one in which axes of symmetry are not employed,
but, instead, three axes are chosen, symmetrically arranged about the trigonal
axis, parallel to three possible crystal edges and not lying in one plane. It
is possible, however, to choose the axes of reference as in the case of the
hexagonal system, and since this method (the Bravais-Miller system) is
perhaps the simpler to follow, the former will not be discussed here.

6. Hexagonal system.—Each of the five classes included in this system
is characterised by an axis of sixfold symmetry, which is chosen as the vertical
crystallographic axis. Instead, however, of choosing two more axes of re-
ference, three more are selected, arranged symmetrically about the vertical
axis in a plane perpendicular to it. Their positive directions are regarded
as being separated by 120°, as shown in fig. 9.2 The symbol of a face,
therefore, contains four indices, which cannot, however, be all independent

1 These represent directions parallel to possible crystal edges (see p. 49). i

2 A little consideration of the propositions on p. 49 and the nature of a hexagonal axis
will suffice to show that such axes may be selected in conformity with the requirement that
they shall be parallel to possible crystal edges,
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of one another. In fact, any lateral index can be calculated from the other
two lateral indices, since the sum of the lateral indices is zero. The four
indices are always cited in the order , ¥, z, w of fig. 9.

The simplest pyramidal face in any class belonging to this system inter-
cepts a on the z axis, is parallel to the y axis, intercepts @ on the z axis
and ¢ on the w axis. Hence its symbol is (10T1). Each of the other faces
of this form likewise cutas off intercepts numerically equal to a on the lateral
axes and ¢ on the vertical axis, ¢ never being equal to a. Hexagonal erystals
are therefore said to be referred to three equal lateral axes inclined to one
another at 120°, and a vertical axis, perpendicular but not equal to the lateral
ares. 'The ratio c/a is called the axial ratio, and must be given when describ-
ing a hexagonal crystal.

7. Cubic system.—FEach of the five classes belonging to this system is
characterised by four trigonal axes of symmetry parallel to the diagonals
of a cube, the three mutually rectangular edges of which are taken as the

A directions of the crystallographic axes. In

W classes 28, 30, 31 (pp. 53-54) the crystallo-

i graphic axes are axes of twofold sym-

{ metry ; in classes 29 and 32 they are axes

i of fourfold symmetry. In each class, the

i ¢+ * plane, which cuts off equal intercepts on

S e all three axes of reference is a possible

Z.=2TS T~ =y  crystal face. Hence cubic crystals are said

). to be referred to three equal and mutually

i rectangular axes. The axial ratiosa : 1 : ¢,

i then, are always equal to 1:1 :1, and so
need not be mentioned.!

W' Hemihedrism. Enantiomorphous

F16. 9.—Hexagonal crystallo- Forms.—In order to describe a crystal

graphic axes, completely it is necessary to state not
only its class, the system to which it
belongs and the axial ratios when necessary, but also to state the various
forms (p. 50) present. An account should therefore be given of the
forms belonging to each crystal class; it is, however, beyond the scope
of this book. I will be noticed that in each system the class exhibiting
the highest grade of symmetry has been called the kolokedral class. In the
following seven sections the holohedral forms will be described, and in
addition a few forms belonging to classes of lower symmetry will be included.
A few general remarks upon the classes of lower symmetry may, however,
be made at this point.

In the first place, certain forms belonging to classes of lower symmetry

are geomectrically indistinguishable from the holohedral forms, although

1 It will be noticed that with substances that crystallise in the systems of lower symmetry
the choice of crystallographic axes is to a certain extent arbitrary. The ‘‘setting” of a
crystal is said to have been effected in different ways when two observers have chosen
different sets of axes in describing it. It has, however, been pointed out by Fedorow that,
from the points of view of crystal structure and chemical crystallography, there can only
be one correct setting for any crystal—namely, that in which the parametral ratios are
measures of the dimensions of the *‘space-lattice” framework upon which it is built.
Further, Fedorow has shown how the correct setting may be deduced (Fedorow, Zeitsch.
Kryst. Min., 1904, 38, 321 ; 1909, 46, 245 ; 1911, 48, 400 ; Sokolow and Artemiew, ibid.,
1911, 48, 377 ; Barker, Ann. Report Chem. Soc., 1913, 10, 233).

3
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crystallographically they must be regarded as different.! Others may be
conveniently regarded as derived from holohedral forms by the symmetrical
disappearance of one-half of the faces, and, in accordance with this old-
fashioned method of deriving them, are called kemihedral forms. A holohedral
form gives rise in this way to two hemihedral forms, termed positive and
negative respectively ; and they must be regarded as two distinct forms,
2 although when their method of derivation is lost sight of the two forms may
be geometrically indistinguishable.? In certain cases, however, the + and —
forms are not geometrically identical, but are enantiomorphous, e. one is
the mirror-image of-the other. Such forms are known as erantiomorphous
JSforms, and the crystals which exhibit them are often optically active.?

In addition to hemihedral forms, there are also tetartokedral and ogdo-
hedral forms, derived by the suppression of three-fourths and seven-eighths
of the faces of holohedral forms respectively.

Cubic System (Regular, Isometric or Tesseral).— Holohedral class (32 on
. p- 54). There are 7 simple forms, all closed (figs. 10 to 17 respectively);
, forms i., ii., and iii. are fixed forms, iv. to vii. are variable forms :—

(i.) The octahedron, {111}, composed of 8 pyramid faces; e.g. spinel,
Mg0.Al1,0,, arsenious oxide, As,O,.
(ii.) The cube, {001}, composed of 6 pinacoid faces; e.g. sodium chloride,
NaCl, fluorspar, CaF,.
(iii.) The rhombic dodecakedron, {110}, composed of 12 prism faces ; e.g.
garnet, R™ R, (Si0,),.
(iv.) The tetrakis-hexahedron, {khkO}, or four-faced cube, with 24 prism
faces ; e.g. copper {210}, and fluorspar as {310} in combination with {001}.
(v.) The triakis-octakedron, {khk}, where % is greater than k; 24 pyramid
faces.
(vi.) The scositetrakedron or trapezohedron, {hkk}, where % is greater than
g % ; 24 pyramid faces; e.g. leucite, KAISi, 0, as {211}, and garnet as {211}
alone or in combination with {110} as shown in fig. 16.

(vii.) The hewakis-octakedron, {hkl}, with 48 pyramid faces. Usually
noticed in combination with other forms; e.g. garnet often exhibits {321}
and fluorspar {421}. ’

.
E
: .
:

_——— P

1 E.g. the cube is one form in each of the classes belonging to the cubic system ; but,
crystallographically, 5 cubes, differing in symmetry, must be recognised. Thus a cube of
pyrites is of a lower degree of symmetry than a cube of rock salt. Such differences of
symmetry may at times be readily detected by examining the action of solvents upon the
crystal faces. Elched figures are produced in this manner as definitely shaped depressions,
their configuration being in accordance with the class symmetry of the crystal. Crystals of
naturally occurring minerals sometimes exhibit on their faces similar natural markings,
which indicate that the internal symmetry is not as high as the outward geometrical
symmetry would at first sight suggest ; e.g. pyrites. " .

2 I.g. the + and - tetrahedra (p. 59). They may be distinguished when combined
with other forms. When combined together, they are geometrically indistinguishable from
an octahedron. Such a crystal, however, usually has one set of tet.rahedra.l faces developed
more than the other, and the fact that the two sets of faces differ in physical properties is
often suggested by their appearance ; ¢.g. zinc blende. ) g -

3 It is commonly supposed that this optical activity, when limited to the crystalline
state (e.g. quartz), arises from an enantiomorphous sglral‘grou[_nng of the n‘lolecule's in the
crystal edifice ; but that in the case of a substance which is optically active in the liquid or
gaseous state (or in solution) the enantiomorphism is that of the atoms within the chemical
molecule.
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{1010}, {1120}, and {%:k0} respectively, with 6, 6, and 12 faces. They are
shown in figs. 29, 30, and 31, terminated by basal planes {0001}.

Example : beryl, Be;Al(SiO,),. TFig. 32 shows a combination of {1010},
{1011}, and {0001}, frequently observed with beryl crystals.

Trigonal System (rkombohedral).—As has been previously mentioned,
this system will be referred to hexagonal axes of reference, the vertical axis
being always one of threefold symmetry.

Holohedral class (22 on p. 53).—The various forms are as follows (in
addition to the hexagonal prism of the second order and the hexagonal
bipyramid of the second order): (i.). the positive and negative ditrigonal
bipyramids, {kikl} and {hikl} respectively, each having 12 faces; (ii.) the
positive and megative trigonal bipyramids, {hOhl} and {£OAl} respectively,
each with 6 faces; (iii.) the positive and megative ditrigonal prisms, {hikO}
and {kik0}, each with 6 faces; (iv.) the positive and negative trigonal prisms,

i_,0001
01
1010

o B L -
-~
' i
Fie. 33.—Positive Fic. 34.—Negative
rhombohedron. rhombohedron.

)
Fic. 32.—Beryl.

{1010} and {T010} respectively, each with 3 faces; and (v.) the lasal
pinacotds {0001}, It is very easy to deduce the nature of each of these
forms.
This crystal class is not of much importance. ) ]
Class 21 (p. 53) or the calcite class.—The geometrically new forms of this
important class are as follows: (i.) the positive and negative rhombokedra,
{RO%2} and {ORhAl} respectively, derived by hemihedrism from the hexagonal
bipyramid and shown in figs. 33 and 34; and (ii.) the positive and negative
scalenohedra, {hikl} and {ihkl} respectively, similarly derived from the
dihexagonal bipyramid. The positive form of the scalenohedron is shown in
fig. 35. o
" Combinations of rhombohedra frequently occur. When one is positive
and the other negative, the appearance of a bipyramid is .presented. Two
positive rhombohedra, differing in axial ratio, are often combined on the same
crystal ; e.g. caleite, CaCO;. This mineral is also frequently found as
rhombohedra, and as scalenohedra {2131}. s :
Class 18 (p. 53) or the quartz class.—This class exhibits forms geometri-
cally different from the preceding in the trigonal trapezohedra, of which there
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forms. Later, sulphur was observed to exist in different forms.! Other
examples were speedily discovered.

When an elementary substance can exist in more forms than one, it is
said to exhibit allotropy (Gk. allos another, tropos direction), the different
varieties being termed the allotropes or allotropic modifications.
Examples are furnished by sulphur, carbon, phosphorus, iron, tin, etc.
In the case of compounds, however, the term polymorphism is used. A
substance that can occur in two crystalline forms is said to be dimorphous,
e.g. calcium carbonate; in three, trimorphous, eg. tin?; in four,
tetramorphous, eg. ammonium nitrate?; and- so on.

The term ¢ polymorphism” is frequently used in connection with both
elements and compounds in the crystalline state, but it does not include
the allotropy of amorphous substances, such, for example, as that of ozone
or of liquid sulphur.

Types of Polymorphism or Allotropy.—When the different poly-
morphous forms of any one substance are examined, it is found that each exists
under a definite set of conditions of temperature and pressure. The physical
properties of metals, for example, are susceptible to alteration according to
the treatment to which they have been subjected. Thus Beilby * found that
a metal can exist in two phases—namely, (1) the hardened or amorphous,
(2) the annealed or crystalline. The former is convertible into the latter by
heat, and the reverse change may be caused by pressure producing mechanical
flow. Kahlbaum ® and Kahlbaum and Sturm® found that the density of a
specimen of metallic wire depends on the treatment to which it has becen
subjected, decreasing in many cases as the result of compression.” Subsequent
annealing of the specimens causes a renewed increase of density. It is also
known that the heat of solution of a metal and its behaviour in a voltaic
cell depend on the treatment which it has previously undergone.?

But whilst these may be regarded as examples of polymorphism, another
explanation is possible, for it is very probable that any deformation-of a
metal is a manifestation of melting produced by unequal strain, and that with
the removal of the strain the liquid portions do not immediately return to
the crystalline, solid form.?

In other more definite instances of polymorphism the different varieties
are found to have distinct and different physical properties. Each possesses
its own crystalline form, melting-point, rate of expansion, conductivity for
heat and electricity, colour, ete.; but although the chemical behaviour and
reactivity are often dependent on the physical state of the substance, yet the
ultimate products of chemical change are the same, as for example, in the
combustion of the various forms of carbon with oxygen.

Three classes of allotropic or polymorphic substances exist.

1. Enantiotropic Substances and Enantiotropy.—The different forms of
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1 Mitscherlich, Ann. Chim. Phys., 1823, 24, 264.
2 Cohen and Goldschmidt, Zestsch. physikal. Chem., 1904, 50, 225.
3 Lehmann, Zeitsch. Kryst. Min., 1877, 1, 106, ]
4 Beilby, Proc. Roy. Soc., 1902, 72, 218; J. Soc. Chem. Ind., 1903, 22, 1166 ; Phil.
Mag., 1904, [vi.], 8, 258 ; Electro-Chem. Metall,, 1904, 3, 806.
5 Kahlbaum, J. Chim. phys., 1904, 2, 537. F
6 Kahlbaum and Sturm, Zestsch. anorg. Chem., 1905, 46, 217 ; ¢f. Spring, Rec. trav.
chim., 1904, 23, 1. 7 Sce also Spring, Rec. trav. chim., 1904, 23, 1.
- 8 See, for example, Berthelot, Compt. rend., 1901, 132, 234. =
9 Johnston and Adams, J. Amer. Chem. Soc., 1912, 34, 563 ; Johnston, ibid., 1912,

34, 788.
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sulphur are known which are not reversibly transformable one into another,
in addition to the two well-known enantiotropic forms. The polymorphism
in these cases is said to be monotropic, or irreversible.

It is possible that in the majority of cases monotropy arises from the fact
that the transition-point is higher than the melting-point of either of the
polymorphous forms at atmospheric pressure; and it is conceivable that by
raising the pressure enantiotropy might be induced. In that case the same
pair of polymorphs would exhibit monotropy or enantiotropy according to the
pressure obtaining at the time.l

II1. Dynamic Allotropy.—In the two preceding cases of solid polymorphic
forms, the various varieties cannot exist in contact (except at a transition-
point), one form always being stable, and the other, the metastable, tending
to change into it. Quite different, however, is the behaviour of the two
liquid forms of sulphur, known respectively as S and S,, which exist together
in equilibrium in definite proportions depending on the temperature.2 The
phenomenon is known as dynamic allotropy.

These two forms of liquid sulphur, of which S, is yellow and mobile, and
S, brown and viscous, are present in molten sulphur, the amount of S, being
small near the melting-point, but rising steadily with the temperature to a
maximum of about 34 per cent. at the boiling-point. The percentage of S,
when equilibrium has been attained is as follows :—

¢ 114°5° 130° 140° 154° 167°
Su 37 43 56 75 16-7

The freezing-point of sulphur accordingly varies with both the nature of the
solid phase that separates and the percentage of S, in the liquid. Unless the
liquid has been kept near the freezing-point for a sufficient length of time to
enable equilibrium to be established, the percentage of the S. contained by
it will vary according to circumstances. This type of allotropy is due to the
existence of molecules of different complexity. Thus, in the case of sulphur,
Sa probably corresponds to the molecule S, and S, to S;.3

Determination of Transition-Points.—All methods proposed for
the determination of transition-points depend on the study of some parti-
cular physical property of the substance, which undergoes a marked change
when the transition-point is reached.

1. The Cooling Curve Method.—If water be continuously cooled and the
temperature be plotted against the time, the cooling curve so obtained
(fig. 45) will show a horizontal portion where freezing oceurs, corresponding
to the fact that the temperature remains constant during a change of state.

Since at the transition-point a change of state also occurs, fz:om one solid
to another, a cooling curve of similar form may be expected, in which the
horizontal portion will mark the transition-temperature. Such a curve

! Lehmann, Molekulorphysik (Leipzig, 1888), vol. i. p. 194 ; Ostwald, Zeitsch. physikal.
Chem., 1897, 22, 312 ; Schaum, Die Arten der Isomerie (Marburg, 1897). )

2 Smith, Proc. Roy. Soc. Edin., 1902, 24, 342; Smith and Holmes, Zeitsch. physikal.
Chem., 1903, 42, 469 ; Smith, Proc. Roy. Soc. Edin., 1905, 25, 588 and 590 ; Smith,
Holmes, and Hall, Zeitsch. physikal. Chem., 1905, 52, 602; J. Amer. Chem. Soc., 1905,
27, 797; Smith and Holmes, Zeitsch. physikal. Chem., 1906, 54, 2.57 ; Hofmann anc%
Rothe, 2bid., 1906, 55, 113 ; Smith and Carson, Proc. Roy. San;. .Edm., 1906, 26, 352;
Carson, J. Amer. Chem. Soc., 1907, 29, 499 ; Smith and Carson, ‘Jaztsch. physikal. Chem.,
1907, 61, 200 ; Kruyt, ¢bid., 1908, 64, 513 ; Smith and Carson, <bid., 1911, 77, GGdI.Li ;

3 Preuner and Schupp, Zeitsch. physikal. Chem., 1909, 68, 129 ; Beckmann an le;,lcs e,
Zeitsch., anorg. Chem., 1913, 85, 31, See Turner, Molecular Association (Longmans, )l
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however, where the two forms are in equilibrium, the difference of potential
between each metal and the solution is the same, and, since the potentials
act in opposite directions, neutralise each other, the E.M.F. of the cell
becoming zero.

Cohen and van Eyk! determined in this manner the transition-point of
grey tin into the white or tetragonal variety. They employed a cell contain-
ing a strip of white tin and one of white
tin whose surface had been transformed into
grey tin, the electrolyte in the cell being
ammonium stannic chloride. The cell was
immersed in a bath the temperature of
which was altered until the E.M.F. was
zero.

Other methods depend on a determina-
tion of the solubility (see p. 105); noting
a change of colour, as in the case of
mercuric iodide ; watching, under the micro-
scope, a change in crystalline form (the
so-called optical methods); measuring the Temperature
vapour pressure, as with salt hydrates; pq 47, Dilatometric determina-
3 or determining the conductivity for heat tion of transition-point.

! or electricity.
, Analogies between the Melting-Point and the Transition-
A Point.—The analogies between the melting-point and the transition-point
: may be stated as follows :—
' 1. The transformation occurs at a perfectly definite temperature in both
- cases, and marks a change of state in either case.

2. Both melting-point and transition-point depend on the pressure.
: An illustration of this has already been given in connection with the
e melting-point. The following table provides a similar illustration of the
effect of pressure on the transition-point of rhombic and monoclinic sulphur.?

L
.

t Ml sl A
V

Rate of Volume Increase

X Transition-Point. Pressure. Transition-point. Pressure.

-

: 95255 1 atmosphere 120-01° 638 kilos. per sq. em.
100-11° 123 kilos. per sq. em. 140-1° 1108 .

F 110-11° 391 ) 150°-1° 1350 .

2

The transition-point is like the melting-point, either raised or lowered,
according to circumstances. In the case of sulphur, iron,® mercuric and
silver iodides, the transition-point is raised by increasing the pressure. On
the other hand, that of B-rhombic ammoniumn nitrate into the rhombohedral
form is, like the melting-point of ice, lowered by pressure.

3. Heat is absorbed or evolved at the transition-point according to the
direction of the change. The form stable at the higher temperature always

! Cohen and van Eyk, Proc. K. Akad. Wetensch. Amsterdam, 1899, 2, 77,

2 Tammann, Wied. Annalen, 1899, 68, 633. ey o

3 For iron, see Tammann, Zeitsch. anorg. Chem., 1903, 37, 448 ; for mercuric iodide,
Lussana, Nuovo Cimento, 1895, [iv.]), I, 405 ; for silver iodide, Tammaun, }ied. Annalen,
1899, 68, 633.
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passes into that stable at lower temperature with evolution of heat (see Le
Chatelier’s Theorem, p. 178), and the reverse occurs during the heating
process. Evidence of these facts is afforded by the horizontal portion always
observed in the eooling eurve. When (-Fe passes into a-Fe, a considerable
amount of heat is disengaged, and the transition-point is widely known as the
recalescence-point. There is therefore a latent heat of transformation just as
thore is a latent heat of fusion.!

4. Both melting-point and transition-point are affected by the presence of
foreign substances, being as a rule lowered thereby. The presence of carbon
in iron thus lowers the transition temperatures of (carbon) steels.

Moreover, the extent of the depression depends on the number of foreign
molecules present, and not on tho kind.?

Difference between Melting-Point and Transition-Point.—Any
difference between melting-point and transition-point lies in the fact that the
rearrangoment of molecules of a solid consequent on a ehange of crystalline
form must necessarily be slow compared with the rate at which a solid passes
into the liquid form. It is well known that a liquid ean be cooled consider-
ably below its normal freezing-point. In like manner, monoeclinic sulphur
may be preserved for some time at temperatures far below its transition-point,
and the same holds good for other substances, especially if cooled rapidly.

Any substance cooled below its transition-point remains for a time in
what is known as the metastablo state. Before the stable variety can be
produced, the substance must pass through the unstable state, which can be
best brought about by the addition of a trace of the form which is stable.
The previously suspended transformation now immediately begins, for the
metastable condition cannot be maintained in the presenee of the stable phase
of the substance. Transition from monoelinic to rhombie suiphur, on cooling,
can therefore be assisted by the addition of a small amount of the rhombic
form; as also the transformation of white into grey tin, which otherwise
occurs only very slowly, at ordinary temperatures by adding a trace of grey
tin. Not only may monoclinie sulphur be kept for a prolonged period below
its transition-point without change oceurring, but rhombic sulphur may just
as readily be maintained above the transition-point without the transformation
into monoclinic sulphur commencing ; and this superheating is not peculiar to
rhombic sulphur alone, but is exhibited by other substanees. The superheat-
ing of a solid above its melting-point, however, is of very rare occurrence.®

CHEMICAL CRYSTALLOGRAPHY.

Isomorphism. Introductory. — That different chemical entities
frequently yield very similar kinds of crystals has been known for many
years. Thus in 1772 Romé de I'Isle was aware that mixed solutions of copper
and ferrous sulphates will crystallise after the same form as those of pure
ferrous sulphate, whereas a pure copper sulphate solution yields crystals of
quite a different shape. In 1784 Leblanc drew attention to the fact that

} See Hiittner and Tammann, Zeitsch. anorg. Chem., 1905, 43, 215.

2 Lowenherz, Zeitsch, physikal. Chem., 1895, 18, 70 ; Dawson and Jackson, Trans. Chem.
Soc., 1908, 93, 344.

3 For a discussion of polymorphism from the point of view of the Phase Rule, see
Findlay, The Phase Rule (Longmans & Co.), 3rd edition, 1911. The reader may also
consult Julius Meyer, Die Allotropie der chemischen Elemente, Stuttgart, 1910.
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crystals of potassium aluminium sulphate may contain considerable quantities
of iron and yet retain the same crystalline form; and in 1816 Gay-Lussac
made the remarkable observation that a crystal of potassium alum will grow
readily in a solution of ammonium alum, from which he concluded that the
molecules must have a similar form. In 1819 Eilhardt Mitscherlich,! after a
careful study of the arsenates and phosphates of certain metals, cnunci-
ated his famous Law of Isomorphism, according to which substances
possessing ““an equal number of atoms united in the same manner,” exhibit
complete identity of crystalline form. This law was at variance with the
current view, originated by Haiiy in 1784, that every substance of definite
chemical composition is distinguished by its own particular crystalline form,?
and it was soon found that Mitscherlich’s law was only approximately true.
Thus Mitscherlich himself had observed that the characteristic angles of di-
ammonium hydrogen orthophosphate, (NH,),HPO,, and the corresponding
arsenate, (NH,),HAsO,, differed by more than one degree, and numerous
other examples of a similar nature were rapidly discovered. It has now been
completely established, mainly through the extensive researches of Tutton,
that Haiiy’s hypothesis is perfectly correct and that all the so-called iso-
morphous substances exhibit definite differences, although in many cases
these differences are relatively small, It has further been shown that these
differences are functions of the atomic weights of the clements concerned.
At the same time Mitscherlich’s principle of isomorphism, with a not too
rigid interpretation, has proved, as will be seen presently, of great value to
chemistry.

Recognition of Isomorphism.—Had the early belief of Mitscherlich
that isomorphous bodies possess identical crystalline form proved to be
correct, the recognition of isomorphism would have been an easy task ; but
from what has been said it will be evident that a mere study of crystalline
form cannot of itself determine isomorphism. Thus, the ammonium phosphate
and arsenate referred to above are regarded as isomorphous although their
characteristic angles exhibit a difference of more than one degree. On the
other hand, sodium nitrate and calcite have nearly the same crystallographic
constants, but are not usually regarded as isomorphons.  Similarly, substances
crystallising in the regular system have the same crystallographic constants,
but are not to be regarded as isomorphous unless, like the alums, they possess
a similar chemical constitution. Again, it does not follow that substances
must contain the same number of atoms in their molecules in order to be
isomorphous, as was originally postulated by Mitscherlich. The ammonium
salts, which have been made the subject of careful study by Tutton,® are
cases in point, for *“the replacement of the two atoms of potassium by the
ten atoms of the ammonium groups is accompanied by an effect but slightly
greater than that produced when two atoms of rubidium are substituted for
those of potassium.”* )

The question naturally arises, therefore, as to what criterion is to be

1 Mitscherlich, Ann. Chim. Phys., 1820, 14, 172 ; 1821, 19, 350; 1823, 24, 264,
2 Tutton, Crystallography and Practical Crystal Measurement (Macmillan & Co.), 1911,

p. 5. - .

3 Tutton, Trans. Chem. Soc., 1894, 65, 628 ; 1903, 83, 1049 ; 2!905, 87, 1123 ; 1906, 89,
1059. See ;Iso Murmann and Rotter: Si!zml.g.;bcr. K’. Akad. Wiss. Waen, 1858, 34, 135
Topste and Christiansen, Ann. Chim. Phys., 1874, [v.], 1, §; Perrot, Arch. Sci. phys.
nat., 1891, 25, 26. 4 Tutton, Trans. Chem. Soc., 1908, 83, 1073.

™
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adopted in order to recognise isomorphism. Aceording to Kopp ! and Retgers,?
two or more substances are to be regarded as isomorphous when they are
capable of yielding mixed crystals—that is to say, crystals in whieh the
ecomponents may be made to occur in varying proportions. It is not usually
possible to obtain a complete series of mixed erystals of any two isomorphous
substances, but it is often possible to obtain a limited series. This is the
case with the ehlorides of potassium and ammonium, mixed crystals being
obtainable only when one of the components is in considerable excess of the
other. The sulphates of potassium and ammonium, on the other hand, yield
a very complete series of mixed orystals, which is all the more remarkable
inasmuch as in ammonium sulphate the ten atoms of the two ammonium
groups are equivalent to the two potassium atoms in potassium sulphate.

It is not to be supposed that mixed crystals arc mere mechanical mixtures,
for the recent work of Gossner 2 apparently proves the homogeneity of their
structure, a conelusion that had already been indicated by the researches of
Wulff;* but Gossner draws attention to the close connection existing between
the power to form mixed erystals and the molecular volumes of the sub-
stances, and it appears that in an isomorphous series of substances only
those members yield mixed erystals the molecular volumes of which are
closely similar. Evidently, therefore, it is possible to have, on the one hand,
isomorphous substances incapable of yielding mixed erystals and, on the other
hand, mixed crystals from substaneces that are not truly isomorphous. Con-
sequently Kopp and Retgers’ criterion is inadequate, and, aceording to Tutton,
“the term ‘isomorphism’ has remained to indicate the general similarity of
the forms of the erystals of similarly constituted chemical substances, the
similarity of chemical constitution being,indeed,the only criterion of isomorphism
which has remained valid.”® This opinion, however, is not endorsed by all
crystallographers, some of whom are prepared to regard substances as being
isomorphous without making any reference to their chemical constitutions.®

But exceptions to Kopp and Retgers’ rule are relatively uncommon, and
in the absence of any direct chemical evidence, the power of forming mixed
crystals or of exhibiting isomorphous overgrowth (vide nfra) may be taken
as indicating isomorphism, As recognised in this way, isomorphism has in
the past proved very helpful in determining atomic weights (vide infra).
It is usually ‘“onsidered necessary that two substanees should belong to
the same crystal system before they can be regarded as jsomorphous, but
they need not of necessity belong to the same class. In exceptional cases,

_however, it is possible to make ont a good case for the isomorphism of sub-
stances belonging to different systems.”

! Kopp, Ber., 1879, 12, 868,

2 Retgers, Zeitsch. physikal. Chem., 1889, 3, 497. See also his numerous later papers in
the same journal during the years 1889-96.

3 Gossner, Zeitsch. Kryst. Min., 1907, 43, 130.

4 Wulff, Zeitsch. Kryst. Min., 1906, 42, 558.

5 Tutton, Crystalline Structure and Chemical Constitution (Macmillan & Co.), 1910,
p- 5. The italics are ours,

8 See, e.g., T. V. Barker (Trans. Chem. Soc., 1912, 101, 2484). It is then found that
while in the majority of cases isomorphous substances have equal numbers of similar atoms
in their molecules, ¢.9. K,SO, and Rb,SO;, in a number of cascs the molecules contain equal
numbers of dissimilar atoms, e.g., KIO, and CaWO,, NaNO; and CaCO,, CuTiFg.4H;0 and
CuCbOF;4H,0; and in other cases the molecules do not contain uaj numbers of atoms,
e.g (NH,),SO, and K,SO,, (NH,),Se0, and Cs,ligl,, MuCl,.41;0 and Na,GIF,.

7 Fedorow, Zeitsch. Kryst. Min., 1918, §2, 11, 97, _
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Isomorphous Overgrowth.!—Mention has already been made of
Gay-Lussac’s observation that a crystal of potassium alum will readily grow
in a saturated solution of ammonium alum and retain its same characteristic
shape. This is known as isomorphous overgrowth, and was regarded by Kopp 2
as a reliable test for the isomorphism of any two or more substances. Like
the power of yielding mixed crystals, however, that of exhibiting isomorphous
overgrowth is possessed by bodies which are not necessarily isomorphous, but
which have almost identical molecular volumes. Consequently this test is
insufficient by itself, although in certain cases it may prove very useful.
When the molecular volumes of two isomorphous substances are approxi-
mately equal it is possible to obtain regular or “parallel” growths of one
substance upon the other. For example, when a drop of a saturated solution
of potassium permanganate is placed on a perfectly clean face of a crystal of
potassium perchlorate and allowed to evaporate, numerous minute crystals
of potassium permanganate are observed to form, having their corre-
sponding edges arranged as nearly parallel to one another and to the
corresponding edges of the perchlorate crystal as it is possible to expect
when the slight angular differences between the permanganate and per-
chlorate are recalled.
The formation of isomorphous overgrowths or regular growths, then, are
valuable indications of the existence of isomorphism.
Isopolymorphism.—It has been already observed (p. 65) that many
substances are capable of existing in a variety of crystalline forms. Now, it
frequently happens that two or more polymorphs of one substance are iso-
morphous with those of another. This phenomenon is known as isopoly-
morphism. When the number of isomeric polymorphs is two, the term
tsodimorphism is usually employed ; if three, tsofrimorphism. As might be
expected, isodimorphism is the most usual type of isopolymorphism, and a
good example of this is afforded by arsenious and antimonious oxides. For
a long time these were only known in one form, each, and were not iso-
morphous, the arsenious oxide occurring in octahedra as the mineral arsenolite,
and the antimonious oxide in rhombic crystals as the mineral valentinite. In
view of the close chemical similarity between the two oxides this appeared
remarkable, and it was to be presumed that other varieties of the two oxides
existed isomorphous with those then known. In 1832 Wghler observed that
arsenious oxide in the sublimate from a cobalt roasting furnace sometimes
occurred as rhombic prisms, isomorphous with the usual rhombic antimonious
oxide. Claudet likewise found the same modification in a Portuguese mineral,
now known as claudetite. Finally, the mineral senarmontite was discovered,
in which antimonious oxide occurs as octahedra, isomorphous with arsenolite.
The two oxides are therefore isodimorphous. ) .
A good example of isotrimorphism is afforded by the dioxides of tin
(Sn0,) and titanium (Ti0,). .
Isomorphous Series.—Elements that replace one another isomor-
phously in their compounds are termed ¢‘isomorphous elemen?s,” although
it often happens that the free elements themselves are not lSOI]’l(?l‘phOllS.
Adopting this convention, it is possible to arrange the elements into ten

1 Interesting contributions to this subject have been made by T. V. Barker (7rans.
Chem. Soc., 1906, 89, 1120 ; Min. Mag., 1907, 14, 285; 1908, 15, 42), and for further
information the reader is referred to his papers,

2 Kopp, Ber., 1979, 12, 863,
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of vanadium (see Vol. VI.) and Lecoq de Boisbaudran’s determination of the
atomic weight of gallium (see Vol. IV.).

Barrow anp Porr’s THEORY oF VALENCY.

The rescarches of Sollas! have considerably widened our knowledge of the
intimate structure of crystals, and paved the way for the enunciation by
Barlow and Pope of a crystallographic theory of valency, which may be
conveniently discussed at this point. According to Sollas, the space occu-
pied by an atom of an element has the form of a solid of revolution,
being in most cases spherical. On the outside of this atomic space a force
of attraction exists, which tends to draw all other atoms towards the space ;
but such atoms are assumed to be incapable of penetrating or invading the
atomic space by virtue of a repulsive force or pressure within. Equilibrium
between the atoms of different elements implies the formation of a definite
chemical molecule, and such molecules are largely dependent for their shape
upon the number of their constituent atoms. Molecules containing similar
numbers of atoms may thus be expected to possess similar configurations and
hence exhibit certain crystallographic connections. Such, for example, is the
case with the diatomie chlorides of sodium and potassium, which crystallise
according to the cubic system and are characterised by cubical ecleavage.
Triatomic molecules, such as calcium fluoride, CaF,, belonging to the cubic
system exhibit octahedral cleavage, thereby indicating a different molecular
structure.

Barlow and Pope? have developed these ideas more fully. By a crystal
they understand “the homogeneous structure derived by the symmetrical
arrangement in space of an indefinitely large number of spheres of atomic
influence.” The attractive forces acting between the atoms will cause the
atomic spaces to lie in contact with one another at the maximum number of
points, and the atoms composing a chemical molecule will, in consequence, be
as closely packed together as possible, while the molecules themselves will
also pack closely together into the minimum compass. When a number of
similar bodies are packed with maximum closeness, they are usually found to
have assumed a homogeneous arrangement. It is reasonable to suppose that.
crystals represent homogeneous structures of this kind, the units com-
posing them consisting of atoms and molecules, and hence that these molecular
structures coincide in symmetry and relative dimensions with the observed
crystalline structures of the crystals. This is a most important assumption,
inasmuch as theories regarding the arrangements of the atoms and molecules
thereby admit of being checked quantitatively by reference to erystallo-
graphic constants.

The particular constants utilised by Barlow and Pope are termed
equivalence parameters. They are denoted by x, , z, and defined by the

equations

3 2

x=,\/ ) a.W —, y=zfa, and z=cy,
csin a. sin 8.siny

1 Sollas, Proc. Roy. Soc., 1898, 63, 270 ; 1902, 69, 294 ; 1908, 8o, A, 267.

2 Barlow and Pope, Zrans. Chem. Soc., 1906, 89,-1675 ; 1907, 91, 1150 ; 1908, 93, 1528
1910, 97, 2308 ; see also Jacger, ibid., 1908, 93, 517 ; Jerusalem, ibid., 1909, 95, 1275;
Armstrong, dbid., 1910, 97, 1578. ;
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whero a, b, ¢, a, B, y are the crystallographic constants defined in the usual
manner so that & is equal to unity (p. 49), and W is the valency volume of
the molecule.?

The factor W, or valency volume, requires further definition. It is here
that Barlow and Pope introduce a geometrical conception of valency. The
sphero of influence of each atom in a molecnle is assumed to be proportional
to its valeney, and is spoken of as its valency volume. Thus, the sphere of
influence of each univalent element, such as sodium, potassium, chlorine, ete.,
is represented by a sphere of unit volume, although, as Barlow and Pope
show, the spheres of influence of equi-valent elements are only approximately
equal. Oxygen, of valeney two, is represented by a sphere of twice, and
carbon by a sphere of four times, the unit volume ; and so on. The valency
volume of a molecule is the sum of the valency volumes of the constituent
atoms. In double salts a definite relationship obviously holds between the
valency volumes of the several component parts and between that of each
component and the total valeney volume. These relationships in general are
very simple. The alums provide one such example :—

w. W (total).
K,80,. Al(S0,),. 24H,0. 12436 +96 = 144.
(NH,),50,. Al(S0,),. 24H,0. 244+36+96 = 156.

It should be emphasised that it is the relntive volumes of the spheres of
atomic influence of the atoms in a molecule that are supposed to be approxi-
mately proportional to the valencies of the atoms, the absolute magnitude of
tho sphero of influence of an atom changing counsiderably according to the
molecule in which it finds itself.

The comparison of the crystalline structures of chemically allied substances
is termed morphotropy. The comparison is usually carried out by reference
to the topic axial ratios? of allied, isomorphous substances. Barlow and Pope,
however, compare the equivalence parameters, even when the allied substances
are not isomorphous, provided that the corresponding axial angles do not
differ greatly. They find that when allied substances are thus compared, the
corresponding equivalence parameters are frequently very nearly equal. In
the absence of an equally good example amongst inorganic substances, the
data for camphor and a number of its derivatives, as given by Barlow and
Pope, may be quoted :— 2

z y 2
Camphor . 3 . 5 3 2 9943 84577 56021
a-dibromocamphor . g o 29959 84949 55395
B-dibromocamphor . 5 5 3-0107 34832 56308
a-wr-dibromocamphor 3 : 29498 34400 5-7156
B-monobromocamphor . . 29084 85382 56363

1 If distanees z, v, z be measured along the crystallographic axes and regarded as the
coterminous edges of a parallelopiped, the volume of this solid is equal to W. If, in the
above equations, W be replaced by V, the gram-molecular volume, then the new values of
z, y, 2, usually denoted by x, ¥, « respeetively, are called the topic azial ratios or the
molecular distance ratios of the crystal (Becke, Anzeiger K. Akad. Wiss. Wien, 1893, 30,
"2504; Muthmann, Zeitsch. Kryst. Min., 1894, 22, 497 ; Tutton, Trans. Chem. Soc., 1894,

5, 628). _

2 Barlow and Pope, Trans. Chem. Soc., 1906, 89, 1685. It may be remarked that owing

to the arbitrary manner in which the pyramid face (111) is often selected, and, in the case
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The possibility of assigning almost the same sets of equivalence parameters
to each member of a series of allied substances is held to be good evidence
in favour of Barlow and Pope’s original assumption concerning valency
volumes

The phenomenon of isomorphism is explained by the equality of valency
volume shown to exist between the replaceable constituents in a crystal. For,
regarding a crystal as a homogeneous, closely packed assemblage of spheres
of atomic influence, if similarly environed spheres or groups of spheres be
removed, cavities are left which can be occupied by a different set of identical
groups, provided their total volume is the same as that of the spheres
removed, or so nearly the same as to require no alteration of the original
arrangement of the spheres. That is to say, the valency volumes of the
replaced and replacing groups must be nearly the same if the original form
of the crystalline structure is to be preserved. An example is provided by
the isomorphous compounds K,S0,, Rb,S0,, and Cs,S0,, and K,SeO,, Rb,Se0,,
and Cs,Se0,, the equivalence parameters being practically the same for each
series. Again, the isomorphism of the two substances albite, NaAlSi, O, and
anorthite, CaAl,Si,Oq, so different in compesition, receives ready explanation.
In each case the total valency volume is 32, and NaSi in albite can be
replaced by the group CaAl to produce anerthite without alteration of
structure, because the valency volume of NaSi (namely 5) is equal to that
of CaAl.

The explanation of the valency as a function of the volume in which the
atom or group of atems exerts an influence, proceeds from the results which
Barlow and Pope obtained on examining the geometrical properties of
assemblages of spheres. The first and simplest application, described®in
the preceding paragraph, explains equivalency and isomorphism. A second
property discovered is that if a sphere of volume m is replaced by one of
volume m +n, then any expansion of the assemblage brought about by the
insertion of the sphere of larger volume does not require-an alteration in
the distribution of the spheres as a whole, provided that, in addition te the
larger sphere, one or more spheres of total velume n are inserted at the same
time. Close packing is, by such a process, restored without alteration of
the original arrangement. Applied to chemical substitution, if for hydrogen,
carbon of volume 4 is inserted, then 3 hydrogen atoms, or 1 nitrogen atom,
or 1 hydregen and 1 oxygen atom, must accompany the carbon atom, if
alteration of structure is to be avoided. The valency relations between
groups of elements is thus revealed, H being seen to be the equivalent of
CHg, of ON, or of OH. The close similarity of crystalline form between the
chemically very different substances NaNOy and CaCOj is to be explained,
according to Barlow and Pope, by this relationship. For if, in the rhom-
bohedral structure of crystalline NaNO,, Na of unit volume is replaced 'by
Ca of volume 2, a gap is produced which can only be closed without alteration
of the structure by the introeduction of an additional valency volume. This
is accounted for by the suggestion that N of volume 3 is replaced by C of
volume 4, giving rise to calcite. A

The multivalency which certain elements exhibit is explained somewhat

of crystals of low grades of symmetry, to the arbitrary manner in which the directions of
some or all of the crystallographic axes may be chosen, a certain amount of mathematical
manipulation of published data is often necessary to bring out the resemblances. In t'he
examples quoted above the derivatives of camphor are orthorhombic; camphor is hexa-
gonal, but has, nevertheless, been referred to three mutually perpendicular axes.



78 MODERN INORGANIC CHEMISTRY.

similarly. For the replacement of an atom ef valency m by one of valeney
m + 1 necessitates another atom of valency 1 being inserted with it. Instead
of the atom of valency m + 1, the original atom of valeney m together with
an atom of valency 1 may be inserted. Thus, an atom of valency m may
act as if it had a valency m+1+1 or m+2, while its sphere of influence
retains the volume appropriate to an atem of valency m.

Similarly, if two atoms of valency 1 are forced into the cavity with the
original atom of valency m, one or more atoms of tetal valency 2 must be
inserted to preserve close packing without rearrangement. In this case,
the original atomn of valency m functions as of valency m+4. Thus an
explanation is afforded of the fact that the several valencies of multivalent
elements generally differ by two or multiples of two (p. 285), as in the poly-
iodides, e.g. Csl, Csl,, Csl;, Csl;, and Csl,.

A further discussion of Barlow and Pope’s thecory cannot be attempted
here, but it should be pointed out that numerous objections to this as to
every other theory of valency may be brought forward.!

Tae CoLLOIDAL STATE.2

Introductory.—If a dilute solution of sodium silicate is poured into an
excess of hydrochlorie acid, no precipitate is formed. When, on the other
hand, concentrated hydrochloric acid is mixed with a concentrated solution
of sodium silicate a white gelatinous mass of silicic acid is produced. An
obvious explanation is that the silicic acid is but sparingly soluble in water
and, whilst not readily precipitated from dilute solution, it separates out if
comcentrated. After studying the problem, Graham 8 came to the conclusion
that such an explanation was untenable ; for, on pouring the dilute solution
of silicic acid into a small dish made of parchment and floating it in water,
he discovered that while the sodium chloride diffused through into the
water below, the silicic acid remained behind in the dish, thus preving that
it was not an ordinary aqucous solution. In view of this, Graham termed
silicic acid a colloid.* Sodium chloride, and all other similar bodies that
were capable of diffusion through parchment were called crystalloids, and
the method of separating crystalloids from colloids by diffusion was termed
dialysis. $

A colloidal solution is usually termed a sol. If water is the liquid medium,
the solution is known as a Aydrosol: if alcohol, an alcosol; if glycerine,
glycerosol ; or the more general term organosol is employed when the medium
consists of some organic liquid. All liquid media in colloidal solutions are
known as dispersion media, whilst the colloidal substance itself is termed the

1 T, V. Barker, Trans. Chem. Soc., 1912, 101, 2484 ; 1915, 107, 744 ; T. W. Richards,
J. Amer. Chem. Soc., 1918, 35, 381; 1914, 36, 1686. Compare Barlow and Pope, ibid.,
1914, 36, 1675, 1694,

2 The literature on this subject is very voluminous, and the reader wishing to pursue
the study further is recommended to consult the following works :—

Poschl, The Chemistry of Colloids, trans. by H. Hodgson (Griffin & Co., 1910) ; Wo.
Ostwald, Grundriss der Kolloidehemie (Dresden, 1909) ; A. Miiller, 4llgemeine Chemie der
Kolloide (Leipzig, 1907) ; Zsigmondy, Uber Kolloidchemie (Leipzig, 1907) ; Proctor, Colloidal
Chemistry (Brit. Assoc. Rep., 1908, or Chem. News, 1908, 98, 152); and Zeitschrift fir
Chemie und Industrie der Kolloide, edited by Wo. Ostwald, Leipzig. Hatschek, Introduc-
tion to the Chemistry and Physics of Colloids (Churchill & Co., 1918) ; Burton, The Physical
Properties of Colloidal Solutions (Longmans & Co., 1916) ; Ostwald, Colloid Chemistry,
translated by Fischer (Churchill & Co., 1916), ~

3 Graham, Phil. Trans., 1861, 51, 204 ; Annalen, 1862, 121, 1; Ostwald’s Klassiker,
No. 179 (1911), ¢ From GK. xoAAa, glue.
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disperse phase. It is not necessary that the medium shall be a liquid; for
colloidal solutions in solid media are known, such as of gold in glass.!

General Occurrence of the Colloidal State.—So many colloidal
substances have now been prepared, among them many substances which
exist ordinarily as erystalloids, that the colloidal state may be regarded as
a general state of matter into which all solid substances, under suitable
conditions, may be brought. The earliest studied colloids were largely of
organic character, such as white of egg, gum arabic, dextrin, caramel, etc.

Substances yielding Colloidal Solutions. — Besides nuinerous
organic bodies the following inorganic substances yield colloidal solutions :—2

1. The elements: phosphorus, sulphur, selenium, silicon, and boron, to-
gether with almost all the metals.

2. Sulphides of selenium, tellurium, tungsten, arsenic, antimony, bismuth,
zine, cadmium, tin, lead, iron, cobalt, nickel, copper, iridium, mercury, silver,
gold, palladium,.

3. Oxides and hydroxides: phosphoric acid, silicic acid, arsenic acid;
magnesium, lanthanum, and yttrium hydroxides. Hydroxides of glucinum,
aluminium, zirconium, thorium, titanium, tungsten, molybdenum, chromium,
manganese, cerium, didymium, erbium, bismuth, tin, lead, copper, iron, gold,
cobalt, nickel, silver, mercury. Oxide of barium and vanadium pentoxide.

4. Salts, ete.: Chlorides of sodium and lead, mercurous chloride, sodium
carbonate, Sulphate, phosphate, chromate and carbonate of barium. Molyb-
denum blue, tungsten blue, gold purple, Berlin blue, copper ferrocyanide.

Since 1907 many other inorganic substances have been prepared in the
colloidal state, among them graphite,® sodium bromide and iodide, and
potassium chloride, bromide, and iodide.*

Preparation of Colloidal Solutions,—Colloidal solutions of inorganic
substances may be prepared in a variety of ways, of which the following
are typical :—

1. Elements.—(a) By the action of many reducing agents, such as tannic
acid, pyrogallol, a solution of phosphorus in ether, formaldehyde, hydrazine
hydrate, hydroxylamine, etc., on very dilute solutions of metallic salts (e-g.
of gold and silver).

(8) By the addition to the disperse medium of a small quantity of a
solution of the substance in another solvent. Thus, colloidal sulphur or
phosphorus may be prepared very simply by adding a solution of the element
in aleohol to a large bulk of water.?

(¢) By an electrical discharge under pure water between poles of the
metal or other element.S In this way colloidal Ag, Pt, Au, Cd, Se, and S
have been prepared.

(d) By the disintegrating action of ultra-viclet light on the element,
which is covered by the disperse medium (e.g. Ag, Cu, Sn, Pb).7

1 According to Tammann’s view of the amorphous state (p. 47), glass is a supercooled
liquid. 2 See P. Rohland, Kolloid Zeitsch., 1907, 2, 53.

3 Acheson, J. Franklin Inst., 1907, 164, 375. by

d‘ Paal and Kiihn, Ber., 1908, 41, 51 and 58 ; Paal and Zahn, dbid., 1909, 42, 277

and 291. ]

5 von Weimarn and Maljisheff, J. RBuss. Phys. Chem. Soc., 1910, 42, 484 ; von ‘Weimarn
and Kagan, 1bid., 1910, 42, 480. _ ~

6 Bredig, Zeitsch. angew. Chem., 1898, p. 951; Bredig and Miiller von Berneck,
Zeitsch. physikal. Chem., 1899, 31, 268 ; Bredig, ¢bid., 1900, 32, 127 ; Miiller and Nowa-
kowski, Ber., 1905, 38, 3779. :

7 Svedberg, Ber:, 1909, 42, 4875 ; Zeiisch. Chem. Ind. Kolloide, 1910, 6, 129.
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(¢) By stirring the finely divided element with an aqueous solution of
an organic colleid (e.g. graphite with tannie acid).!

II. Hydroxides.—(k.g. Fe(OH);and Al(OH)y.) By hydrolysis. A colloidal
solution of ferric hydroxide, for example, is readily prepared by adding 5 c.c.
of 33 per cent. ferric chloride solution to a litre of boiling water, and removing
the chloride remaining, as well as the hydrochloric acid, by dialysis.

HI. Sulphides.—(E.g. As,S, and Sh,S,.) By the passage of sulphuretted
hydrogen through certain solutions; for example, a solution of arsenious
oxide in water,?

IV. Salts.—By chemical interaction in organic solvents. Thus, colloidal
sodium chloride has been prepared by the interaction of cthyl-chloro-acetate
and sodio-ethylmalonate in benzene or ether.?

The solutions so prepared are in most cases very dilute. It is possible
to separate the colloidal substance by centrifuging the solution and filter-
ing, or by special filtration processes (see p. 81), and the solid substance
so obtained may be again converted into a colloidal solution by shaking with
the dispersion medium.

In appearance, sols may appear clear, turbid, opalescent, or fluorescent
according to their nature and the mode of preparation. The metallic
hydrosols often exhibit beautiful colours, as, for example, the famous “ Purple
of Cassius,” 4 and the various forms of colloidal silver.®

Nature of Colloidal Solutions. Solution or Suspension ?—The
question whether any supposed solution is a true solution or only a suspension
may be tested in various ways, such as by allowing the liquid to stand for
some time, by filtration, by microscopieal examination, and by Tyndall’s
method. The last-named test consists in passing a powerful beam of light
through the solution, and its efficacy depends on the fact that if a space,
whether liquid or gaseous, is devoid of suspended particles, the beam is not
seen during its actual transmission through the medium. When particles
are present, the beamn is rendered visible, a glow being apparent in the liquid,
and, on emergence, the light is found to bo polarised. Picton and Linder®
found that ecolloidal solutions could be preserved as such for a long time, that
they eould be passed unchanged through filter paper, and in most cases were
quite void when examined under the microscope. The Tyndall test, however,
clearly showed the preparations to be only suspensions. An ingenious appli-
cation of Tyndall’s method was made by Siedentopf and Zsigmondy7 in the
eonstruction of the ultra-microscope, in which a very powerful beam of light,
cither from an arc lamp or from the sun, is concentrated on and made to pass
through a little of the sol contained in a small quartz cell. Through a micro-
scope the line of vision of which is at right angles to the beam of light, the
particles present are seen by means of the light they reflect, and their size
and number can be estimated. By means of the ultra-microscope colloidal
solutions, of inorganic substances, at any rate, have been proved to consist
of suspensions of particles in very fine, but varying states of division.

1 Acheson, loc. cit.

2 Picton and Linder, Trans. Chem. Soc., 1892, 61, 137 and 148.

3 Paal and Kiihn, Zoc. cit. See Vol. IL. of this series.

: See Carey Lea, 'Kolloides Silber und die Photohahde (Dresden, 1908).

Loc. cit.

7 Siedentopf and Zsigmondy, Ann. Physik, 1903, (iv.], 10, 1 ; Siedentopf, J. Ruy. Micros.
Soc., 1903, p. 578 ; Zsigmondy, Versammlung dcutscher Natuzfmscher Rep. 85 (Wien) ;
S:edentopf Kolloid-. Zeusch 1913, 12, 68.
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The Size of Colloid Particles.—Various methods have been devised
for the determination of the approximate size of the particles in colloidal
solutions. Two of these are described here.! 4

(@) Ultra-Filtration.—Bechhold 2 has constructed a series of filters of
different degrees of efficiency and measured the sizes of the pores they
contain. The filters were made by soaking filter papers either in a solution
of collodion in acetic acid, afterwards washing with water, or in gelatine
(of various concentrations) which was subsequently hardened by formalin.
Such filter papers possessed pores of diameter varying between 930 and
21 x 107®* mm., and by their use, Bechhold was able to classify the various
colloids according to the sizes of their particles. In the following table the
colloids are arranged in order according to the sizes of their particles, the
largest being placed first :—3

CLASSIFICATION OF COLLOIDS BY SIZE.
(Ultra-Filtration Process).

Colloidal Platinum.
- Ferric Hydroxide.
»  Arsenious Sulphide.
,,  Gold.
1 per cent. Gelatine.
Colloidal Silicic Acid.
Litmus.
Dextrin.
Crystalloids.

(b) By the Ultra-Microscope.—The way in which this may be done can
be best illustrated by an example studied by Burton.t A solution of
colloidal silver containing 6'8 mgms. silver per 100 c.c. was diluted one
hundred times. Of this solution, 0°01 c.c. was examined in an instrument
working on the same principle as the ultra-microscope, and the number of
particles counted, this number being 300. Assuming the particles to be
spherical and the specific gravity of silver to be 10'5, the average radius of
the particles was found to be 1'7x107% cm. The average size of the
particles in colloidal solutions of platinum, gold, and silver, was found to be
2 x107% to 6 x 1075 cm, _

The smallest particle capable of being detected under the most favour-
able conditions (bright sunlight) in the ultra-microscope has a diameter of
4 x10~*mm. In comparison with this, the following molecular diameters cal-
culated on the basis of the kinetic theory furnish an interesting comparison :—

Chloroform 3 : . 08 x107° mm.
Ethyl alcohol . ! o MOZ B2l U0
Carbon dioxide . . o 1 OPEERE (0 =
Hydrogen . : : SR OIRSAT 0= 5

1 For other methods see V. Henri, Trans. Faraday Soc., 1918, 9, 47.
2 Bechhold, Zeitsch. physikal. Chem., 1907, 60, 257. . J P
3 An earlier process used for a similar purpose by Picton and Linder consisted in

filtering the liquid through porous clay cells. E
4 Burton, Phil. Mag., 1906, [vi.], 11, 425,
VOL. L. 6
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The range of vision of the ordinary microscope is_limited to particles
of sizes ranging from 400 x 10~¢ to 800 x 10~¢ mm.

It is possible to obtain some idea of the size of colloidal partieles
by a study of the freezing-points and of the osmotic pressures exerted by
colloidal solutions. From freezing-point determinations it has been caleu-
lated that the molecular weight of ferrie hydroxide ranges from 4900 to
5400 in solutions containing from 26 to 1:16 per cent, of colloid; whilst
silicic aeid yields an even higher result for its molecular weight. The
practical difficulty in earrying out these experiments, however, lies in
the extreme smallness of the observed osmotic pressure and freezing-
point depression, in consequence of which small errors due to the presence
of traces of impurity exert an unduly large effect upon the aeccuracy of
the results.!

The Motion of Colloid Particles. The Brownian Movement.
—In 1827 Robert Brown, a botanist, observed that minute particles
exhibit a peculiar vibratory motion when suspended in a liquid. This
Brownian movement, as it is called, is characteristic of colloidal solutions
and ean be readily observed by means of the ultra-microscope. The move-
ment is slow, persistent, and irregular, as is well seen by photographing the
movements on a cinematograph film ;2 it is independent of such conditions
as vibration, intensity of illumination and convection currents; and seems
to depend only on the size of the particles and upon the temperature and
viseosity of the fluid in whieh they are suspended.?

It was suggested by Wiener and others that the Brownian movements
are to be attributed to the molecular motion of the fluids, of which the
particles thus act as indicators. This suggestion was developed by Einstein 4
into a mathematical theory, capable of experimental verification without refer-
ence to the actual velocities of the particles. The correctness of the theory
has been strikingly demonstrated by the experiments of Perrin upon suspen-
sions of gamboge and mastic in water, glyeerol, and aqueous solutions of
suerose, urea, and glycerol ; and by the subsequent work of Millikan, Sved-
berg, Seelis, Nordlund, and others.5

The study of Brownian movement is therefore of great theoretical import-
ance. Not only does it afford most striking evidence of the reality of
molecules, blit it enables the value of Avogadro’'s Constant, ie. the
number of molecules (N) present in a gram-molecule of gas, to be deter-
mined. The evaluation of this constant has been effected by Perrin in four

! See Gladstone and Hibbert, Phil. Mag., 1889, [v.), 28, 38 ; Lillie, 4mer. J. Physiol.,
1907, 20, 127 ; Moore and Roaf, Biochem. J., 1906, 2, 84 ; Linebarger, dmer, J. Sci.,
1892, (iii. ], 43, 218.

2 V. Henri, Compt. rend., 1908, 146, 1024 ; 147, 62.

3 Wiener, Pogg. Annalen, 1863, 118, 79; Jevons, Proc. Manchester Lit, "Phil. Soc.,
1869, 9, 78 ; Chem. News, 1871, 21, 66 ; Gouy, J. de physique, 1888, 7, 561.

4 Einstein, Ann, Physik, 1905, [iv.}, 17, 549; 1906, [iv.], 19, 287, 871; 1907,
[iv6]’322' 569 ; Smoluchowski, ibid., 1906, [iv.}, 21, 756 ; Langevin, Compt. rend., 1908,
146, 350.

® Perrin, Compt. rend., 1908, 146, 967 ; 1908, 147, 475; 1909, 149, 475, 530 ; 1911,
152, 1380, 15669 ; Ann. Chim. Phys., 1909, [viii.], 18, 5. (A translation, by Soddy, of the
memoir in the Annales has been published by Taylor & Francis, 1910) ; Shaxby and Emrys-
Roberts, Proc. Roy. Soc., 1914, A, 89, 544 ; Millikan, Physikal. Zeitsch., 1913, 14, 796 ;
Svedberg and Inouye, Arkiv Kem. Min, Geol., 1911, 1, No. 19 ; Seelis, Zeitsch. physikal.
Chem., 1914, 86, 682 ; Nordlund, ¢bid., 1914, 87, 40 ; 1ljin, ibid., 1914, 87, 366 ; Svedberg,
Die Existenz der Molekiile (Leipzig, 1912).
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distinct ways, each based upon the theory of the Brownian movement. The
results, which were closely concordant, and in good agreement with the
values derived from totally different theoretical considerations, lead to the
conclusion that N =705 x 10®.  Other observers have obtained the following
results for N: Millikan, 606 x 10%2; Svedberg and Inouye, 62:0 x 1022;
Seelis, 72 x 1022; Nordlund, 59-1 x 1022,

The Electrical Properties of Colloidal Solutions. Cataphoresis.
Precipitation or Coagulation of Colloids.—If a glass tube about
30 cm. in length be bent into the shape of a V, filled with a colloidal
solution of arsenious sulphide and a current at 60 volts be passed from
platinum electrodes through the solution, in the course of an hour the
liquid round the negative pole will be found quite clear and the clear space
will gradually extend down the tube as time elapses. The arsenious sul-
phide is found deposited on the positive pole. Evidently the colloidal
arsenions sulphide particles must be negatively electrified. This phenomenon,
which is called either ¢ electrical osmose” or ¢ cataphoresis,” was found by
Picton and Linder?! to be of general occurrence, some colloids being nega-
tively, others positively electrified. The following table gives the electrical
character of a number of colloids suspended in water :—

Lilectro-Positive. Electro-Negative.
Ferric Hydroxide, Arsenious Sulphide.
Chromium Hydroxide. Antimony Sulphide.
Bismuth. Platinum.

Lead. Gold.
Zinc.

The polarity depends not only on the disperse phase, but also on the dis-
perse medium. Thus, the metallic hydroxides and silicic acid are charged
positively when in water, but negatively in turpentine.

The fact that the colloidal particles carry definite charges is strikingly
brought out in the study of their precipitation or coagulation, which can be
brought about by the addition of very small quantities of electrolytes. In
the following table, prepared by Freundlich,? the minimum concentrations
of various salt solutions required to produce complete coagulation of As,S,
after two hours are recorded, the concentrations being expressed in gram-
molecules per litre of solution, except for K,80,, H,S0,, and Ce,(S0,),.

Electrolyte. Concentration. Electrolyte. Concentration.
GRS, L 040815 CaCl, . . .| 0000905
NaCI" ', . : 0+0712 Ca(NOy), . . 000095
KC1 3 5 A 00691 BaCl, . o . 000096
3K,S0, . 3 0 0-0915 ZnCl, . c . 000096
NH,CI . . g 0:0591 AlCl; . o o 0+00013
RO 0-0429 AYNOy), . .| 000014
TLRTEY, o 070420 3Cey(SU); . .| 000013
. - . 00010 Th(NOg); . .| 0:00013

1 Picton and Liuder, Trans. Chem. Soc., 1892, 61, 148 ; 1897, 71, 568.
2 Freundlich, Zedtsch. physikal. Chem., 1903, 44, 129.
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adsorption is connected with the concentration of the precipitating electrolyte
by the following formula :—-

1
Ca “3f 18 Cb;’

where C, and C, denote the concentrations of the electrolyte in the precipitated
colloid and the solution respectively ; 3 and p are constants, to be determined
by experiment, for any given temperature.

Differences between Organic and Inorganic Colloids.—The
properties of colloids which have been described above are mainly those of
inorganic colloids. Organic colloids differ in several respects and are closer
in character to true solutions than are inorganic sols. They usually show
the Tyndall effect, and visible particles may generally be seen through the
ultra-microscope. They do not, as a rule, show any electrical character and
are only precipitated by the addition of large quantities of electrolytes ; but
many of them acquire a charge in the presence of a small quantity of an
acid or an alkali. They will then move in an electric field, and undergo
precipitation by electrolytes like the colloidal suspensions (¢.e. inorganic
colloids).! .Again, an organic colloid with water gives a mixture which is
viscous and can become gelatinous (converted to a jelly, as with gelatine),
whilst inorganic colloids (suspensions) are not viscous and do not gelatinise.
Since also these organic colloids give colloidal solutions by mere contact
with water, they are called reversible colloids, whereas the inorganic colloids
are vrreversible, since they cannot, after precipitation, be directly converted
again into colloidal solutions by the same means.

Those colloidal solutions which are characterised by the definite electrical
charge the disperse phase assumes, by their easy coagulation by electrolytes,
their comparative rarity in Nature, and by the general necessity of first
producing a certain degree of artificial subdivision before they can be formed,
are sometimes termed solutions of Ilyophobic colloids. In general, the
inorganic colloids are lyophobic. The other colloidal solutions, characterised
by lack of definite electrical charge on the disperse phase, by a wide range
of stability in the presence of electrolytes, by the frequency of their
occurrence in Nature, and by the facility with which the disperse phase goes
spontaneously into colloidal solution, are called solutions of Jyopkyllic colloids.
In general, the organic colloids belong to this class.

Importance of Colloidal Chemistry.—A study of the colloidal state
is of importance both from the theoretical and practical standpoint in
chemistry. It has afforded convincing evidence of the reality of molecules
and provided evidence of the correctness of the assumptions made in the
Kinetic Theory. It is not very casy to differentiate sharply betwcen
solutions of crystalloids or true solutions, or colloidal solutions or sus-
pensions, any difference being one of degree only. Thus, ordinary colloidal
particles can be removed from solution by the Bechhold filters; colloids,
both organic and inorganic, can be retained by parchment dialysers ;
whilst, finally, one may regard the molecules of a crystalloid such as
sodium chloride or sucrose as filtered or retained by a membrane of
copper ferrocyanide.

From the practical standpoint, the properties of colloids are of importance
in connection with medicinal preparations, glass and earthenware manu-

1 Hardy, loc. cit.
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SPECIFIC HEAT OF WATER.

Uit Q. A Q. 036 Q. T
0 10094 16 1:0009 40 0-9982
1 1:0085 17 10007 45 09984
2 1°0076 - 18 1-0004 50 09987
3 10068 19 1-0002 55 0°9993
4 10060 20 1°'0000 60 10000
5 1-0054 21 09999 65 1-0008
6 10048 22 © 09997 70 1'0016
7 1-0042 23 0-9995 75 10024
8 1°0037 24 0°9994 80 1-0033
9 1-0032 25 0°9992 85 10043

10 10027 26 09991 90 10053

11 10023 27 09990 95 1:0063

12 1°0020 28 0-9989 100 10074

13 10017 29 0°9988

14 1:0014 30 0-9987

15 1:0011 35 0-9983

Thus the gram-calorie at 15° is equal to 1:0011 gram-calories at 20°, and
the mean gram-calorie between 0° and 100° is equal to 1-0016 gram-calories
at 20°.
The heat imparted to a substance may be utilised in three ways :—
1. In increasing the kinetic energy of translation of the molecules, 7.e.
in raising the temperature (Q).

2. In performing work against external pressure consequent upon
expansion (Q,).

3. In overcoming the mutual attraction of the molecules (Q,).

Hence
Q = Qt + Qp + Qa'

The quantity Q, depends upon several factors—such as dissociation, the
breaking down of associated molecules, the overcoming of cohesive forces
during change of state, etc.—the thermal effects of which, being closely
connected, are conveniently grouped together.

Tt is clear that Q will only remain constant with rise of temperature when
Q, and Q, are very small. In such an event

Q = Q; (approximately),
and Q, may be termed the ¢rue specific heat. )
For solids and liquids Q, is negligible owing to their comparatively small
coefficients of expansion, and
Q = Qt p Qa-

According to Sohncke! Q, is negligible for elements the molecules of
which are monatomic, as, for example, most metals. For complex molecules,
however, Q, may be a very varying quantity, and the gradual fall f)f tl}o
specific heat of water until 40° C. is reached, and the subsequent rise in
the same as that temperature is excceded, may probably be explained in

this way.

1 Sohncke, Wicd. Annalen, 1898, 66, 111.
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TABLE OF SPECIFIC AND ATOMIC HEATS OF THE
ELEMENTS—continued.

) Mean . Mean
Temperature : Atomic 3
Element. P Specific ”
{ Interval. I%eat. Weight. ‘gg:é}c
(0

Todine (solid) . 9to 98 | 00541 1269 686
4 Iridium 5 . . . 5 0to 100 00323 193°1 624
' Iron . J 1 5 . . 20 to 100 0°1190 558 664
Lanthanum . . ) ) 0 0to 100 0°0449 139°0 624
Lead! . - 0 o 0 o 18 to 100 0-0310 2071 6-41
Lithium 5 5 C o . 0Oto 100 09102 6°9 6 23
Magnesium . . 3 o . 18 to 99 0°2460 243 5-98
Manganese . o ° 3 o 14to 97 0-1217 54°9 6°68
Mercury (solid) . g . : —-78to —-40 0-0319 2006 6°40
5 (liquid) . 0 . . 20 to 50 0-0331 2006 6°64
Molybdenum s . N . 15 to 91 00723 96°0 6°94
Nickel . o . . o 0 18 to 100 0°1090 58°7 6-40
Nitrogen (liquid). . . .| —208to —196 04300 14°0 602
Osmium 3 5 o 5 c 18 to 98 00311 1909 594
Oxygen (liquid) . S . | —200to —182 03470 160 555
Palladium . > a0 . 18to 100 00590 106-7 630
Phosphorus (yellow) . o o 13to 36 02020 31-0 626
o (red). ... 15t 98 | 0-1698 3110 526
Platinum . o 3 0 0 0to 100 0°0323 . 1952 6°31
S Potassium 2 . 1 A 5 5 0 01728 391 6°75
Rhodium . . 3 0 . 10 to 97 0+0580 102°9 597
Rubidium? . y o . . 0 0°0802 85°45 6°85
Ruthenium . 3 . . . 0to 100 00611 1017 621
Selenium (eryst.). . 0 5 22to 62 0°0840 792 665
¥ (a.mm;ph.) ° g 3 18to 28 00953 792 755
Silicon (cryst.)¢ . . . 129 0°1964 283 556
Silver? P 5 . " . 17 to 507 0:0590 1079 6°46
Sodium 3 o g 5 el o 0 0-2829 230 651
Sulphur (rhombic) 3 5 5 17to 45 0-1630 32°1 5°23
Tantalum 0 E & .| —185 to 20 00326 181°5 592
Tellurium (cryst.) : . 0 15to 100 0-0483 1275 616
Thallium . . | . 5 20 to 100 0°0326 2040 6-65
Thorium . X . . . 0to 100 00276 2324 641
Tin(cast) . . . . . 0to 100 | 00559 1190 665
Titanium . A 5 . b 0to 100 0°1125 48°1 541
Tungsten . g 3 b o 15 to 93 0-0340 184-0 6°26
Uranium . o . . : Oto 98 00280 2385 668
Vanadivm . 4 ! . . 0to 100 0°1153 510 588
Zine . 5 5 P 0 o 20 to 100 0:0931 654 6-08
Zirconium . : F J . 0to 100 0°0660 906 5-98

-
J

Dulong and Petit's Law.—In 1819 Dulong and Petit > drew attention
to the fact that the product of the atomic weight and specific heat for the
majority of the solid elements then known was constant—in other words,
that the atoms have the same capacity for heat. From the data in the

1 A, Magnus, 4dnn. Physik, 1910, (iv.), 31, 597.

2 Rengade, Compt. rend., 1913, 156, 1897.

3 K. Griffiths, Proc. Roy. Soc., 1914, A, 89, 1914.

4 See p. 90. :

5.Dulong and Petit, 4nn. Ohim. Phys., 1819, [ii.], 10, 395.
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It accordingly appears that if the temperature at which the specific heats
of these elements are taken is sufficiently high, carbon, silicon, boron, and
glucinum may fall into line with the other elements and conform to the Law of
Dulong and Petit, although as yet the value 6-4 has not been attained for
the atomic heats of any of them.

It may well be urged, however, that it is not fair to take the specific
heats of these four elements at the highest attainable temperatures and com-
pare them with those of the other elements at lower temperatures in order
to make them fall into line with an empirieal law such as the one now under
discussion ; especially since the results of the numerous researches show that
the atomic heats of eertain metals rise considerably above the mean value of
64 when the temperature is raised. This is well illustrated by the following
table:—1

THE SPECIFIC AND ATOMIC HEATS OF DIFFERENT METALS
AT VARYING TEMPERATURES.

Absolute Aluminium, Nickel. Platinum.
Tempera- |-
ture, Specific Atomic Specific Atomic Specific Atomic
Heat. Heat. Heat. Heat. Heat. Heat.
300 02053 552 0°1054 614 00311 601
500 - 02384 641 01238 7:19 00344 6°64
700 02531 681 01301 758 00372 719
900 01338 780 00397 767
1500 . 00461 891

It would appear, therefore, that the wisest course is to adopt Tilden’s
suggestion, and compare the specific heats of the elements between 0° and
100° and treat as irreconcilable exceptions all elements that do not conform
to the law under these conditions.

It is worthy of note that the atomie heats of the solid elements at constant
volume (A,) show more regularity than do the atomic heats at constant
pressure (A,). The former may be caleulated by utilising the relationship—

2 .
A-A=TBY Q)

a

in which T, V, a, and 8 denote the absolute temperature, atomic volume, and
coefficients of compressibility and expansion respectively. For fifteen elements,
the eompressibilities of which have been measured by Richards,? the mean
value for the atomic heat at constant volume is 59 at 20° C., and the average
deviation only 0:09.3 From the researches of Griineisen it appears that
the preceding equation may be simplified to

A=A, -ET.Q2 . 5 : : 0 (Eh)
where £ is the constant for the particular element.

1 This table is condensed from Tilden’s lists, Trans. Chem. Soc., 1905, 87, 555.
2 Richards, Carnegie Institution Publication, 1907, No, 76.

3 Lewis, J. Amer. Chem. Soc., 1907, 29, 1165.

4 Griineisen, dan., Physik, 1908, 26, 393 ; 1910, 33, 33, 65, 1239.
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Specific Heats at Low Temperatures.—In general the differences
noticed between the atomic heats become accentuated at temperatures below
0° C. Numerous experiments at low temperatures have been made by Behn,!
Tilden,? Dewar,® Schimpff,* Richards and Jackson,® Dewar,® and particularly
by Nernst and his collaborators,” who have measured specific heats at tem-
peratures down to the boiling-point of hydrogen. As the temperature is
lowered, the specific heats of the elements fall, rapidly at first, but afterwards
more slowly, tending towards the limit zero at the absolute zero of temperature.
The accompanying table contains some of the results that have been obtained : —

Silver. Lead. Copper. Zinc, Aluminium. | Diamond.
T | Atomic| T |Atomic| T | Atomic| T |Atomic| T | Atomic| T | Atomic
abs. | Heat. | abs, | Heat. | abs.| Heat. | abs. | Heat. | abs. | Heat. | abs, | Heat.
173 5:46 202 623 (173 498 (178 5-32 175 4°54 262 114
123 497 ‘198 6:27 |123 4-29 |123 4:84 (123 371 232 0°86
| 86 4:40 (193 6:02 | 88 338 94 4'66 | 88'3| 262 | 222 | 0°76
| 77 407 |123 5°89 | 33'4| 0°538 | 85 424 860 2-52 | 220 | 072
66 3:66 |101 575 | 27'7| 0324 | 75 395 | 830 241 209 | 0°66
538 290 63 5-65 23:6| 0-223 | 64 3-51 351 033 205 062
454| 247 368 4-40 43°7| 2°17 324 0-25 92 0-03
39:1] 190 | 283 3-92 863| 171 - 88 | 0+03
360| 1°58 23:0| 2°96 331 125 : 30| 000

If the preceding values are represented graphically, it will be seen
(fig. 48) that not only do they indicate that the specific heat Q of an element
vanishes when the absolute zero is reached, but also that its rate of variation
with the temperature, viz. dQ/dT, vanishes also.

According to the recent researches of Dewar, it appears that at 50° abs.
the atomic heat of an element is a periodic function of its atomie weight.

Specific Heats and the Quantum Theory.—Specific heat measure-
ments at low temperatures are of great intercst in connection with Einstein’s
theory of specific heats. From kinetic considerations it was calculated by
Richarz® that the atomic heat at constant volume of a monatomic solid
element should be equal to 3R or 5:95 calories. But the kinetic theory does
not account for the deviations from the Law of Dulong and Petit or for the
great variation of specific heats with the temperature. Planck and Einstein®
assume that a vibrating atom cannot take the energy continuously, but only
discontinuously, in definite units (the so-called emergy quamta), which are for
each atom or vibrating system proportional to the frequency of vibration;
i.e. the vibrating atom of matter takes up “atoms” of energy, so to speak.

! Behn, Ann. Physik, 1898, 66, 237.

3 Tilden, Phil. Trans., 1900, A, 194, 233 ; 1903, A, 201, 37.

3 Newar, Proc. Roy. Soc., 1905, A, 76, 325.

4 Schimpff, Zeitsch. physikal. Chem., 1910, 71, 257.

5 Richards and Jackson, ibid., 1910, 70, 414.

¢ Dewar, Proc. Roy. Soc., 1913, A, 89, 158.

7 Nernst, Koref, and Lindemann, Sitzungsber. K. Akad. Wiss. Berlin, 1910, 247 ; Nernst,
ibid., 1910, p. 262 ; 1911, p. 306 ; Ann. Physik, 1911, (iv.), 36, 395; Nernst and Linde-
mann, Sitzungsber. K. Akad. Wiss. Berlin, 1911, p. 494 ; Koref, Ann. Physik, 1911, (iv.),

49, 8 Richarz, Ann. Phystk, 1899, 67, 702.

9 Einstein, Ann. Physik, 1907, (iv.), 22, 180 ; 1911, 35, 659.




GENERAL PROPERTIES OF ELEMENTS AND COMPOUNDS. 93

It may then be calculated that the atomic heat of a monatomic element, the
atoms of which can only vibrate about mean positions, should be equal to

SR (BT, (eﬁ"’T & 1)" i

where R denotes the ordinary gas constant (1:985 cals.), T the absolute
temperature, v the frequency of vibration of the atom, and B denotes a
universal constant (4-865x 10711),  According to this formula, the atomic
heat of an element is nil at the absolute zero, when dA/dT likewise vanishes.
With rise of temperature, the atomic heat increases slowly, then more rapidly,
and finally it again slowly increases towards the limit 3R. It is possible
to reproduce the results of specific heat measurements at low temperatures

6

Wl

. Akomic Heat
P

U
50" 100° 730°/zoo°

Temperature (abs)

FI16. 48.—Variation of atomic heat with temperature.

with considerable accuracy by means of this formula; at extremely low
temperatures, however, it gives results that are too small.

Einstein’s formula refers to the atomic heat of a solid at constant volume.
At very low temperaturcs this value differs inappreciably from the atomic
heat at constant pressure, but at ordinary temperatures the difference 1s
quite appreciable, and may be calculated by means of the above equation.
Introducing Einstein’s formnla for A, into the equation (ii.) of p. 91, and
using the values of % obtained from Griineisen’s experimental data, it is
found possible to reproduce the observed values of A, with considerable
accuracy for a number of metals by choosing suitable values of Bv. The
agreement at low temperatures is better if the modified equation

A,=15R { &7 (By/T). (eﬁ”’T . 1)‘2 e (,3,,/2'1*)2(6’3"’2T S 1) 3 }

is adopted ; this expreSSidn enables the specific heats of silver, lead, copper,
and aluminium to be calculated with remarkable accuracy from the tempera-
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ture of liquid hydrogen to 550° abs., and with diamond the agreement holds
up to 1100° abs.!

‘On the assumption that an element melts when the amplitude of vibra-
tion of the atoms is equal to the distance between them, it can be caleulated 2
that the frequency v is proportional to ,/T /mV?% where T, is the melting-
point, m the atomic weight, and V the atomic volume at the melting-point.
From this result and the preceding formula for the specific heat, it follows
that an element may be expected to deviate from the Law of Dulong and
Petit at ordinary temperatures if it has a low atomic weight and a high
melting-point ; on the other hand, an element of low melting-point and high
atomic weight may be expected to follow the law, even at fairly low tempera-
tures. The abnormal behaviour of boron, carbon, and silicon thus. receives an
explanation, and also the fact that the specifie heat of lead only falls off
slowly with the temperature.3

Determination of Atomic Weights.—For practical purposes it is
best to assume, with Tilden, that Dulong and Petit’s Law represents a rough,
empirical rule, valid when the mean specific heats are determined between
0° and 100°, with three or four well-marked exceptions. In several cascs the
law has proved very useful as a means of fixing the atomic weights of several
elements when their equivalent or combining weights have been known.

Uranium is a case in point. This clement has a combining weight of
39-75; consequently its atomic weight is given by the expression

A=39T5xV,

where A is the atomic weight and V the valency. On account of the supposed
resemblance of uranium to iron, the valency of uranium was taken as 3, and
hence its atomic weight as 39°75 x 3=119'25, Mendeléeff,* however, placed
the element in the sixth group of the periodical table along with chromium
and sulphur. Hence an oxide of the formula UQ, was to be expected, and
therefore a valency of six. This meant doubling the atomic weight, which
thereby became 238'5. The question was settled in 1882 by Zimmermann,®
who found the specific heat of the element to be 0:027, from which, according
to Dulong and Petit’s Law, the approximate value of the atomic weight is
given by the expression—

VAtor})ic heat 64 _ 240. >

Specific heat 0-027
Mendeléeff’s views thus received confirmation,

! Nernst and Lindemaun, Zeitsch. Elcktrochem., 1911, 17, 817,

? Lindemann, Physikal. Zeitsch., 1910, 11, 609.

3 For further discussion of Kinstein’s formula and its application to eompounds, sce
Nernst, Zeitsch. Electrochem., 1911, 17, 265 ; Koenigsberger, tbid., 1911, 17, 289 ; Magnus
and Lindemann, tbid., 1910, 16, 269 ; aud the references previously cited to Nernst and
his collaborators. A new quantum theory, in’which the quantum principle applies, not to
the separate atoms of a body, but to the elastic waves which can be propaga.teg through it,
has been developed by Debye and by Born and von Kdrmdn. It appears to be superior to
Einstein's theory. "According to the new theory, at temperatures not far removed from the
absolute zero, the specifie heat of an element is proportional to the cube of the absolute tem-
perature. (See Debye, Ann. Physik, 1912, [iv.], 39, 789 ; Born and von Kdrman, Physikal.
Zeitsch., 1912, 13, 297 ; 1913, 14, 15 ; Thirring, tbid., 1913, 14, 867 ; Eucken, Ber. deut.
physikal. Ges., 1912, 15, 571; Eueken and Sehwers, ibid., 1913, 15, 578 ; Nernst and
Lindemann, *Sitzungsber. K. Akad. Wiss. Berlin, 1912, p. 1160 ; Nernst, 2bid., 1912,
p. 1172.) 4 Mendeléeff, Annalen Supplement, 1872, 8, 178,

5 Zimmermann, Ber., 1882, 15, 847,
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In a similar manner the atomic weights of indium, cerium, and lan-
thanum, have been determined.?

Specific Heats of Compounds.—In 1831 Neumann 2 extended Dulong
and Petit’'s Law te certain groups ef clesely related cempounds, as, fer ex-
ample, the carbonates of the alkaline earths, by drawing attention to the fact
that these bedies exhibit: the same melecular heats. This is well illustrated
by the follewing table, in which the modern values for the specific heats and
molecular weights of a number of sulphates are given :—

Temperature.| Specific | Molecular | Molecular
Substance. Formula. | ~°™F C. Heat. Weight, i
Calcium sulphate . 5 CaSO, 13-98 0197 136°1 26°8
Barium sulphate 5 o BaSO, 10-98 0113 2334 264
Strontium sulphate . . SrSO, 21-99 0°143 184-7 263
Lead sulphate . 5 p PbSO, 20-99 0°087 303°2 26°4

Regnault 3 extended Neumann’s ebservatiens, and confirmed the law by
more accurate determinations of the specific heats of metallic oxides, halides,
sulphides, carbonates, sulphates, and nitrates.

Neumann’s law, however, is only of limited applicatien, inasmuch as
it only applies to chemically related substances. Joule* and Woestyn®
a few years later pointed out that the melecular heats of cempounds are
the sum of the atomic heats of the constituent atoms—a generalisatien
that enables us te cennect all types of compounds tegether and is
thus as universally applicable as Duleng and Petit’s Law for the various
elements. Since Kopp?® did much to establish its truth, this gencralisation
is usually termed Kopp’s Law, although it cannot be claimed that he was
its eriginater.

It will be clear that Kopp’s Law is tantamount to pestulating that the
atomic heats of the elements rcmain approximately the same whether the
latter are free or combined ; and that such is actually true in many cases is
evident from the following table :—

Substance. Formula. Specific Heat. | Molccular Heat.
Silver chloride . . . . AgCl 0°091 183'1=2x66
Cuprous chloride . 3 g CuCl 0138 136=2x%x68
Potassium chloride . . . KCl 0°173 129=2x6°
Bariuimn chloride ! 3 ‘ BaCl, 0090 18:8=3x6'3
Mercuric iodide : : . Hgl, 6-042 19-1=3x6°4
Lead iodide . 3 s . Pbl, 0-043 197=3x66
1 See Vol. IV, 2 Neumann, Pogg. Annalen, 1831, 23, 1

3 Regnault, Ann. Chim. Phys., 1841, [iil.), 1, 129 ; Pogg. Annalen, 1841, 53, 60 and 243.

4 Joule, Phil. Mag., 1844, [iil.], 25, 334.

5 Woestyn, Ann. Chim. Phys., 1848, [iii. ], 23, 295. .

8 Kopp, Annalen Supplement, 1864, 3, 1, 289 ; Proc. Roy. Soc., 1864, 13, 229 ; Phil.
Trans., 1865, 155, 71. See also Thorpe, Kopp Memorial Lecture, Qellvered_ before the
Chemical Society (London), February 20, 1893.  Tilden, loc. cit. ; Schiibel, Zeitsch. anorg.
Chem., 1914, 87, 81.
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The following observations afford further arguments in favour of the
truth of Kopp’s Law :—

1. Bodies containing equal proportions of those elements which do not
conform to Dulong and Detit’s Law have approximately equal- molecular
heats. This is evident from a consideration of the different eompounds of
oxygen and sulphur shown in the table below, both oxygen and sulphur possess-
ing abnormal atomic heats. The regularity here noticed is, of course, merely
a special case of Neumann’s Law.

Molecular .
Substance. Formula, Weight Speothe Molecular
N Heat. Heat.
(0 =16).
Copper oxide . . . : Cu0 796 0142 11-4
Mercuric oxide . o . o HgO 2163 0-052 152
Nickel oxide . o . . N0 747 0159 119
Iron sulphide . o 0 o FeS 87-9 0°136 11-¢
Lead sulphide . o . o PbS 239°1 0051 12°2
Mercuric sulphide . 0 o HgS 232°7 0°051 119

2. The values obtained for the atomic heats of abnormal elements are the
same (approximately) whether deduced from the molecular heats of their
compounds or calculated directly from the observed specific sheats of the
clements. Thus, in the table above, copper oxide (CuQ) has a molecular heat
of 11-4. Now, the specific heat of copper is 0094 at temperatures ranging
from 20° to 100° C., so that the atomic heat is 0°094 x 63:6 =60, and the
atomic heat of oxygen is in consequence 114 -6‘0=54. The observed

specific heat of liqnid oxygen at —190° C. is 0-347, whence its atomic heat is

0-347 x 16 =5'55. This is a rather favourable example of the nature of the
agreement observed.

Kopp’s Law may be used to determine the atomic weight of an element
the equivalent of which is known, irrespective of whether or not the pure
element itself has been isolated. Thus, for example, suppose the atomie
weight of mercury is required, analysis of mercuric chloride shows the
equivalent of the metal to be 1003, and, by applying one of the methods
detailed in Chap. IV,, it is found that the molecular weight of mercuric
chloride is approximately 271'5. Evidently- therefore the formula of the
salt is Hg,Cl,, and the problem is to find the value of #. A determination
of the specific heat of mercuric chloride yields the value 0:069, and the
molecular heat is therefore 0-069 x 271'5=182. From Kopp’s Law, then,
the number of atoms present in the molecule is 18 2/6 4=3 (approx1mately) 0
whence #n=1, the formula for mercuric chloride is HgCl,, and the atomic
weight of tho metal 100°3 x 2 = 2006,

Specific Heats of Gases,—Hitherto attention has been confined to
the study of the specific heats of solids and liquids. With gaseous bodies
new factors have to be considered, for in the equation

Q=Q1+Qp+Qa

(¢f. p. 87), Q, may or may not be negligible according as the specific heat of
the gas at constant volume or at constant pressure is determined. Of the
two specific heats of a gas usually considered, the one measured at constant
pressure exceeds that measured at constant volume by the thermal equivalent
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of the work required to overcome the resistance offered to the expansion of
the gas. When a gram-molecule of a gas has its temperature raised through
onc degree centigrade at constant pressure it can be readily proved that
the amount of work done during external expansion is represented by R, the
constant in the gas equation—

. PV=RT
(see p. 27). Furthermore, it can be shown that the work done in increasing

the translational motion of the molecules of a gram-molecule of gas when
heated through one degree centigrade is 2R.

Molecular heat at constant pressure  Q,+Q,+Q, 2R+R+Q,
Molecular heat at constant volume  Q,+Q, ~ 32R+Q,
Now, in the case of monatomic gases it may be assumed that the value for

Q. must be negligibly small, so that the following ratio for the specific heats
is obtained :—

Hence

Molecular heat at constant pressure  JR+R ;.00
Molecular heat at constant volume = 3R~ v

If, on the other hand, the gascous molecules are diatomic or polyatomic,
the value for Q, may be expected to increase with the complexity of the
molecule, and the value for y to decrease in proportion. Hence, by deter-
mining y for a given gas or vapour, it should be possible to obtain a clear
indication as to whether its molecule is monatomic or complex. In order to
do this, it is not necessary to actually make a determination of the two
specific heats, for it was shown by Laplace that this may be deduced from a
knowledge of the velocity of sound in the gas, by making use of the equation—

v= Ayp/d or y=12%d[p,

where v is the velocity of sound, p the pressure, and d the density of the gas.

Kundt and Warburg ! determined the velocity of sound in mercury vapour
by means of the apparatus generally known as *Kundt’s dust-tube,” 2 and
deduced therefrom the value of 1-67 for y, thus proving that mercury vapour
consists of monatomic molecules. This result is in perfect harmony with the
conclusions from the vapour density of mercury and its atomic weight as
determined in other ways.

In the case of the inert gases of Group O in the periodic table it is
impossible to make determinations of their atomic weights from a study of
their compounds, as none are known to exist. Their molecular weights may
be determined by the usual method for gases (see Chap. IV.), and the relation-
ship between these magnitudes and the atomic weights may be derived from
determinations of y. The values obtained for y always approximate closely
to 1-67,% whence it is concluded that the molecules of the inert gases are
monatomic.

In the case of diatomic gaseous molecules the value of y is found by
experiment to range from about 1-41 for the “permanent gases” to about
1-30 for those readily liquefiable. For triatomic molecules, e.g. H,0, CO,, etc.,
the values of y are less than 1-3.

1 Kundt and \Varbﬁrg, Pogg. Annalen, 1876, 157, 353.
2 See this volume, Part 11, 3 See Part II. of this volume for references.
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in solids, and of solids in solids, as well as of solutions of gases, liquids, and
solids in liquid solvents. These different cases will now be discussed.

Solubility of Gases in Gases.—From what has been said in connection
with the diffusion of gases, it should be evident that there is no question of
investigating the limits to which gases mix, for they are soluble in all
proportions in one another.

When two or more gases are contained in the same vessel the pressure of
the mixture may be determined by a simple rule known as Dalton’s Law,
according to which the pressure exerted by a gaseous mixzture i3 equal to the
sum of the pressures which the constituents would exert if each occupied separ-
ately the volume of the mixéure.! The pressures which the constituents would
exert separately are termed their partial pressures in the mixture. Denoting
them by p,, p,, ps, etc., and the total pressure of the gaseous mixture by P,
then Dalton’s Law may be simply stated thus :—

P=p;+p,+p;+ete.

In common with the other gas laws, Dalton’s Law is only approximate,
and at high pressures it breaks down. At moderate pressures, however, it
holds with reasonable accuracy for vapours as well as gases, provided that the
corresponding liquids are not miscible, as was shown by Regnault.2 The law
is commonly employed in deducing the volume, at any required temperature
and pressure, of a dry gas from observations of its pressure, volume, and tem-
perature when saturated with water or other vapour.

Leduc has shown that the following statement is more correct than
Dalton’s Law : “The volume occupied by a mixture of gases is equal to the
sum of the volumes occupied by its constituents under the same conditions of
temperature and pressure.” For example, calculating from the densities of
oxygen and “atmospheric nitrogen ” at the same temperature and pressure, it
is found that air contains 23-21 per cent. of oxygen, the experimental value
being somewhere between 23°18 and 23:23 per cent. By using Dalton’s Law
as the basis of the calculation the value 23:33 is obtained.®

Solutions of Gases in Liquids.—The solubility of a gas in a liquid
never takes place to an unlimited extent like that of one gas in another. The
apparatus employed in the determination of gaseous solubility usually consists
of the absorption vessel, a cylindrical glass funnel with taps at each end, and a
gas-measuring apparatus from which a known volume of gas is transferred to
the absorption vessel and in which, finally, the residual gas is measured.*

The results of solubility determinations can be expressed in one of two
ways, either by the absorption coefficient, a term introduced by Bunsen, or by
the solubility, or coefficient of solubility, a term due to Ostwald.

1 Dalton, Mem. Menchester Phil. Soc., 1802, 5, 543.

2 Regnault, Mém. de ' Acad., 1862, 26, 722.

3 Leduc, Compt. rend., 1896, 123, 805 ; 1898, 126, 218, 413 ; Ann. Chim. Phys., 1898,
[vii.], 15, 106 ; see also D. Berthelot and Sacerdote, Compt. rend., 1899, 128, 820;
D. Berthelot, ibid., 1899, 328, 1159.

4 For details of methods and apparatus see Bunsen, Gasom. Methode (Brunswick,
1877), 2nd edition ; Timoféeff, Zeitsch. physikal. Chem., 1890, 6, 141 ; Winkler, Ber., 1891,
24, 89, 3602; Zeitsch. physikal. Chem., 1892, 9, 171 ; Bohr and Bock, Ann. Physik, 1891,
44, 318 ; Steiner, tbid., 1894, 52, 275 ; Estreicher, Zeitsch. physikal. Chem., 1899, 31, 176 ;
Braun, 4bid., 1900, 33, 721; Just, sbid., 1901, 37, 342; Knopp, ibid., 1904, 48, 97 ;
Geffcken, ibid., 1904, 49, 257 ; Christoff, sbid., 1906, 85, 622 ; Drucker and Moles, ibid.,

1911, 75, 405; Fox, Trans. Faraday Soc., 1909, 5, 68 ; Usher, Trans. Chem. Soc., 1910,
97, 66.
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(iii.) With the temperature.

In nearly all cases the solubility deereases as the temperature rises. This
alteration of solubility is illustrated by the following table of absorption
coefficients of oxygen and nitrogen in water:—1

Temperature. Oxygen. Nitrogen.

0° 0°04890 0°02348

10° 0-03802 0-01857

20° 003102 001542

30° 0°02608 0-01340

50° 002090 001087

70° 0-01833 0°00976

90° 001723 0:00952

100° 001700 000947

Xenon, krypton, argon, neon, and helium differ from other gases in
showing minima of solubility in water.2

When a solution of a gas in a liquid is heated in a vessel open to the
atmosphere, the gas is gradually expelled, and, if its solubility is accurately
expressed by Henry’s Law, is completely expelled when the boiling-point of
the solvent is reached. Aqueous solutions of hydrogen chloride, bromide, and
iodide in water do not behave in this manner. When a ecold, saturated
aqueous solution of one of these substances is heated, gas is evolved (with a
little water); but even when the solution boils it still eontains much dis-
solved gas, and eventually distils at a constant temperature unchanged in
composition (see Vol. VIIL.).

(iv.) With the pressure: Henry’s Law.

The law connecting the effect of pressure with the solubility of a gas
was discovered by Henry in 1803,% and states that the coneentration of the
solution is proportional to the pressure of the gas. If the pressure of a gas
above a liquid solvent be doubled, the mass of gas absorbed will be doubled ;
but by Boyle’s Law the density of the gas is also doubled ; hence the volume
entering the solution remains constant. From this fact, as already stated,
the volume of gas dissolved by a liquid is independent of the pressure. The
very soluble gases, e.g. hydrogen chloride and ammonia, show deviations
from Henry’s Law.

If a mixture of gases be shaken with a solvent, the amount of each
absorbed depends on two factors, namely, the solubility and the partial
pressure (see p. 99) which each exerts in the gaseous mixture. The partial
préssures of oxygen and nitrogen in air are in the ratio of their proportions
by volume, but since the solubility of oxygen is greater than that of nitrogen,
the gas expelled from water which has been saturated with air will be pro-
portionately richer in oxygen. Winkler¢ found the following were the
amounts of gas expelled from 1000 c.c. of water saturated with air at
temperatures recorded below. In the normal atmosphere the mean percent-

1 L. W. Winkler, Ber., 1891, 24, 3602,

2 See Part II. of this volume ; also Estreicher, Zeitsch. physikal. Chem., 1899, 31, 176 ;
Antropoff, Proc. Roy. Soc., 1910, A, 83, 474.

3 Henry, Phil. Trans., 1803, 93, 29, “74.

4 See Landolt-Bérnstein, Physikalisch-chemische Tabellen, 1905, p. 605,
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age of oxygen is merely 20'9 to 210 by volume, save in tropical countries,
where it may fall to 204 per cent. :—

N, and Inert O, per Cent.
Temperature, 0,. Y Gasedt Total. b;'% olum:.
°C c.e. c:C: c.C.
0 1019 1899 29-18 34°81
5 891 16°17 25-68 34469
10 7°87 14°97 22°84 3447
20 636 12:32 18+68 3408
25 578 11°30 17-08 33842
30 526 10°38 1564 33°60
L

Solutions of Liquids in Liquids.-—Great variations are possible in
the limits of solubility of liquid substances. Some liquids, sueh as sulphurie
acid and water, are capable of mixing in all proportions over a considerable
range of temperature. Zinc and cadmium, zine and tin, lead and tin provide
examples of the same nature among fused metals.!

When two liquids do not mix in all proportions, they form two laycrs after
shaking together (provided the one in smaller amount is more than sufficient
to saturate the other), each being a solution. Thus, ether and water form
two layers, the upper one a solution of water in ether, the lower a solution of
ether in water. The two layers are spoken of as conjugate solutions, for the
reason that on sufficiently raising the temperature, if the solubility of each in
the other increases as the temperature rises, or lowering it if the mutual
solubility decreases with rise of temperature, a point is ultimately reached at
which the composition of each layer is the same, and the two constituents
then mix in all proportions. The temperature at which complete miscibility
is reached is called the eritical solution temperature. Zine and bismuth in
the liquid state mix in all proportions at and above a temperature of 650°,
this being the critical solution temperature, and below this point separation
into two layers oceurs.?

The mutual solubilities of liquids have been very fully investigated with
organie substances.®

Solutions of Solids in Liquids.—In no case will a solid dissolve to an
unlimited extent in a liquid. The influence of various factors, such as the
rise of temperature on the solubility, has therefore to be determined. The
results are then expressed numerically, as grams or as gram-molecules of
solid taken up by a fixed amount of solvent, and solubility curves, in which
the solubilities are plotted against the temperature, may be drawn.

One or both of two methods may be followed in determining the solubility
of easily or moderately soluble substances, namely, to agitate the solid and
liquid in a vessel maintained at the temperature desired, or to heat the two
substances to a higher temperature than required, and then to cool to the
temperature of investigation. In either case excess of the solid must be
present, not only to ensure saturation, but also to prevent supersaturation,

1 Heycock and Neville, Trans. Chem. Soc., 1897, 71, 383. See also this volume, p. 117,
2 Heycock and Neville, Zoc. cit. ; Wriﬁiht, Proc. Roy. Soc., 1892, 50, 372.
% See Findlay, The Phase Lule, 3rd edition (Longmans & Co., 1911).
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and the same value of the solubility ought to ensue whichever method is
adopted.? v

For salts, such as silver chloride and barium sulphate, whick are but
glightly soluble in water, special methods have been adopted depending on
the measurement of the specific conductivity of a saturated solution, or on a
determination of the electro-motive force of a concentration cell containing
the salt in solution.?

The former method, which has had considerable application, is basged on
the assumption that the particular solution, although saturated, is so dilute
that the salt may be considered as completely split up into its ions. Now,
according to Kohlrausch’s Law, the equivalent conductivity (see p. 206) of a
salt increases with dilution up to a point, and then remains constant. This
limiting value (g, ) is made up of contributions by each ion, called the Zonic
conductivities, the latter having the same value in whatever compounds the
ions occur, provided the conductivity considered is the limiting value.
Expressed in symbols, g, =u+ v, for any binary electrolyte, where » and v are
the ionic conductivities. Since wand v are constants derivable from any salts
containing the ions separately, it is obviously possible to calculate p,, for any
salt containing ions for which » and v are known. Thus, for silver chloride,
AgCl, the ionic conductivity of the Ag ion is the same, whether derived from
measurements with silver nitrate, AgNO,, or silver chlorate, AgClO, ; and the
same is true for the Cl ion, whether obtained from hydrochloric acid itself or
from any soluble chloride. By addition of the two values so obtained, the
limiting equivalent conductivity of silver chloride is derived. The calculation
of the solubility can now be made in the following way : Let C be the specific
conductivity of a saturated solution of the substance in highly purified water
and V (unknown) the volume of solution containing 1 gram equivalent of the
salt. The equivalent conductivity =Cx V.

But if the salt is fully ionised, the equivalent conductivity measured is
the limiting value, p, -

Hence, p1,, =14, + v = CV, and since » and v are known, and C is measured
in the experiment, V can be calculated.

The following table contains values obtained by this process at a tempera-
ture of 18°3 the solubility being expressed in terms of milligrams of salt
per litre of solution :—

Substance. Solubility. Substance. Solubility. Substance. Solubility.
BaF, 1630 AgBr 0107 | CaSO, 2040
SrF, 117 Agl 00035 PbSO, 41
CaF, 16 BaSO, 23 PbCrO, 02
AgCl 16 SrS0, 114 CaC,0,.H,0 6°4

See also Bottger, Zeitsch. physikal. Chem., 1903, 46, 521 ; 1906, 56, 83 ; Weigel, ¢bid.,
1907, 58, 293 ; Melcher, J. Amer. Chem. Soc., 1910, 32, 50.

1 For details of methods see, for example, Ostwald and Luther, Physiko-chemische
Messungen, 3rd edition, Leipzig, 1910 ; Eyre, B.A4. Reports, 1910.

2 For an account of the latter method, see Findlay, Practical Physical Chemistry, p. 215
(Longmans, 1906).

3 Kohlrausch, Zeitsch. physikal. Chem., 1904, 50, 355.
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(@) The solubility decreases to a minimum and then rises, as exemplified
by calcium propionate! and by anhydrous sodium sulphate, the
minimum in the latter case occurring at about 120° C.2
B. The curve exhibits sharp breaks. Two possible causes, namely, a change
of polymorphic form or a change of hydration,® will give rise to a sudden
break in the curve. The former case is illustrated by ammonium nitrate,
which is capable of existing in no fewer than four crystalline forms. Of these
the B-rhombic passes into the arhombic variety at about 32° C.¢ At this
temperature a break occurs in the solubility curve.®
The effect of change of degree of hydration in the case of those substances
that can combine with water is shown in the solubility curve of sodium
sulphate (fig. 51).6 Below 32:8° C. the stable form of this salt crystallises
with ten molecules of water, but above this temperature the anhydrous salt
is stable. This transition-point is sharply marked by a break in the curve.
So also the points of intersection in the solubility curve of ferric chloride
(fig. 52) in water correspond with the appcarances of new hydrated varieties

er/000F Water

3
L2

Concentration.

Crams of Antijdrous Saltp.

As)

33°
Temperature.
F1c. 51.—Solubility of sodium sulphate.

until at the last point of discontinuity there is transformation into the
anhydrous substance.

From what has been said it will be evident that the determination of a
transition-point (pp. 67-69) can be made by means of solubility measurements.

The solubility of a substance in water is closely connected with the heat
evolved or absorbed when solution occurs. Many substances absorb heat on
passing into solution, and in such cases the solubility increases with tempera-
ture. Salts capable of crystallising with water evolve heat when added in
the anhydrous form, and it is found that the solubility of the anhydrous form
usually decreases with rise of temperature. '

Van’t Hoff 7 gives the following rules, which, although applying in theory

1 Lumsden, Trans. Chem. Soc., 1902, 81, 350.

2 Tilden and Shenstone, loc. cit.

8 ILe. an alteration in the solid phase in equilibrium with the solution.

4 See p. 66, also see Vol. II.

5 Miiller and Kaufmann, Zeitsch. physikal Chem., 1903, 42, 497.

8 For a careful study of the changes in the solubility of sodium sulphate see de Coppet,
Ann. Chim. Phys., 1907, [viii.], 10, 457 ; H. Hartley, B. M. Jones, and G. A. Hutchinson,

- Trans. Chem. Soc., 1908, 93, 825,

7 Van't Hoff, Lectures on Theorctical and Physical Chemistry, translated by Lehfeldt
(Arnold), part i. pp. 37-9.
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is by no means exact even in the case of solutes that are electrolytes, and
breaks down completely when the solutes are non-electrolytes.

3. The Influence of Pressure.—Sorby! concluded that a rise of pressure
increases the solubility of those substances which dissolve in a liquid with
contraction of volume, but that it decreases the solubility of such substances
as dissolve in water with an increase in volume. This is in harmony with
the Theorem of Le Chatelier (see p. 178) and has received further confirmation
from the experiments of . von Stackelberg,? the results of which are given
in the following table :—

THElEFFECT OF PRESSURE ON SOLUBILITY.

Grams of Salt in one Gram of Solution
Change of at 18°C., at :
Salt. Volume on ’
Solution in
Water. 1 Atmos. 400 Atmos. | 500 Atmos.
Pressure, Pressure. Pressure.
Sodium chloride . . | contraction 0-264 0270
Ammonium chloride . . | expansion 0°272 0-258
Alum e L s . | contraction 0-115 0°142

It was first indicated by Braun 3 that if the change of volume on solution
and the thermal effect are known, the quantitative effect of alteration in
pressure on the solubility may be readily calculated (see p. 181).

Solutions of Gases in Solids. Adsorption and Occlusion.—
Gases have the power both of diffusing through, and of being retained by,
solid substances ; and some of the phenomena observed are to be interpreted
as due to the formation of a true solution analogous to that obtained when
a gas dissolves in a liquid.

Hydrogen readily diffuses through metals, notably iron, platinum, and
palladium. Deville and Troost ¢ appear to have been the first to observe this
in the case of red-hot iron and platinum, and in 1868 Cailletet ® drew attention
_to the fact that hydrogen could pass through cold iron—an observation that
was independently confirmed by Osborne Reynolds some six years later.
Winkelmann 7 found that the passage of hydrogen into an iron tube, forming
the cathode in a cell, appeared to be independent of the pressure within the
tube, and argued, thérefore, that the hydrogen must diffuse in the form
either of atoms or ions.

Palladium not only allows the diffusion of hydrogen, but absorbs and

1 Sorby, Proc. Roy. Soc., 1868, 12, 538.

2 E. von Stackelberg, Zeitsch. phystkal. Chem., 1896, 20, 337,

3 Braun, Zeitsch. physikal, Chem., 1887, 1, 259,

* Deville and Troost, Compt. rend., 1863, 57, 894.

5 Cailletet, Compt. rend., 1868, 66, 847.

S Reynolds, paper read before the Manchester Literary and Philosophical Society,
24th February 1874. . g
7 Winkelmann, 4nn. Physik., 1905, [iv.], 17, 589. Compare M‘Bain, Phil. Mag., 1909,

[vi.], 18, 916 ; Hagenacker, Zeitsch. physikal. Chem., 1909, 68, 124 ; Sieverts and

Langmuir, J. dmer. Chem. Soc., 1912, 34, 1310 ; 1915, 37, 417 ; Langmuir and Mackay,
ibid., 1914, 36, 1708.
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MBain! has been able to prove that the process occurring, as exemplified
by the absorption of hydrogen.by charcoal, is actually a combination of two
processes—namely, a surface condensation termed adsorption which takes
place rapidly, followed by a slow diffusion into the interior of the solid with
the formation of a true solid solution. In view of the fact that the absorption
of a gas by a solid is a combination of two processes, M‘Bain has proposed to
employ the non-committal term sorption when referring to the absorption as
a whole, to call the diffusion of gas into the interior absorption, and to restrict
the word adsorption to the first stage of sorption, namecly, the surface
condensation.?

Solutions of Solids in Solids.—The term ““solid solution ” was applied
by Van’t Hoff to certain substances which separate in the crystalline state
from liquid solutions on cooling, the crystals not being the pure solvent but
a homogeneous mixture of solvent and solute—in short, solid solutions. A
striking example of this came to light in the investigation by Beckmann and
Stock 3 of the molecular weight of iodine in benzene solution. It was found
that iodine always separated with the benzene in the solid state. Moreover,
the ratio of the average concentration in the liquid to that in the solid was
roughly constant; that is to say, Henry’s Law held for the solid solution. If
C, is the mean value—before and after freezing—of the concentration of
iodine in the liquid, and C, the concentration in the crystals, each concentra-
tion being expressed in terms of iodine per 100 grams of benzene, then, for
three differcnt strengths of solution, the following figures were found :—

Cy G C,./Cy
339 1:279 0377
92587 0925 0-358
09447 0-317 0-336

Apart from the cases arising from freezing-point measurements, however,
miscibility in the solid state has been known for a considerable time. Until
recently, it was believed that only isomorphous substances possess the
power of crystallising out together, and, in turn, isomorphism was recognised
by the power of mutual overgrowth and of forming mixed erystals (i.e.
solid solutions), as, for example, in the case of the alums. It is now known,
however, that overgrowths may occur with substances that are not
isomorphous (see p. 72),

Miscibility in the solid state varies with the nature of the substances and
the temperature. Retgers? defines six types of mixed erystals, according
to the degree of solubility, this being dependent, according to him, on the
degree of isomorphism or identity of crystalline form. The first type is that
in which the two substances can mix in all proportions, as exemplified by zinc
sulphate, ZnS0O,.7H,0 and magnesium sulphate, MgS0,.TH,0, and is followed

L LééBain, Phil. Mag., 1909, [vi.], 18, 916 ; see also Firth, Zeitsch. physikal. Chem.,
1914, 86, 294. .

2 Cases of ‘“sorption ” analogous to those described in the text are observed when certain
porous solids, e.g., charcoal, are shaken up with solutions, a portion of the §olute being

: ““sorbed” by the solid. In the case of charcoal and solutions of iodine in various organic

media it had previously been concluded by Davis that the process is one of ‘adsorption”
followed by ** absorption,” just as in the ‘“sorption” of gases (Davis, Trans. Chem. Soc.,
1907, or, 1666 ; see also Adsorptive Power of Colloids, p. 84); contrast Schmidt-Walter,
Kolloid Zeitsch., 1914, 14, 242.

3 Beckmann and Stock, Zeitsch., physikal Chem., 1895, 17, 123,

4 Retgers, Zeitsch. physikal. Chem., 1890, 5, 461.
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by other types in which the miscibility diminishes. In cases of limited
solubility, two series of solid solutions are fermed, each a solution of the one
in the other, corresponding te conjugate liquid sclutions. Thus, glucinum
sulphate, G1SO.4H,0, can take up glucinum selenate, G1Se0,.4H,0, until
the composite crystals reach a concentration at ordinary temperatures
of 7-33GISO,4H,0, GISeO.4H,0, whilst the selenate can take up sul-
phate more extensively—until, in fact, a composition corresponding to
4G1S0,.4H,0, G1Se0,.4H,0 is reached. ’

Medern research on the constitution of alloys has also brought to light
many pairs of metals which are capable of forming solid solutions. Thus,
Ag and Au,! Co and Nij,? Sb and Bi? are examples of metals which can mix
in all proportions in the solid state; whilst Cu and Ni,* Al and Zn%, Au and
Ni® are miscible only to a limited extent.”

The formation of solid solutions, or the occlusion of the reagent or other
salt by the precipitate, has also been noticed when precipitation oceurs.
Thus, when Fe(HO); is precipitated in the presence of certain proportions
of manganese salts, manganese hydroxide is co-precipitated and the two
hydroxides appear to be in solid solution.® Possibly these phenomena occur-
ring during precipitation may be shewn by later investigation to be due partly
to adsorption, analogous to the adsorption of hydrogen, iodine, and other
substances by charcoal. .

Although the power of forming solid solutions has until recently been
connected with the isomorphous relaticns between the solids mixed, other
explanations have lately been advanced. Abegg? belicves that the postula-
tion of speeial crystallographie forees to explain the formation of double salts
(a case of mixed crystal formation) is unnecessary and that the action of
residual valencies can account for the phenomena observed. Tammann !0 and
Guertler," in diseussing the formation of solid solutions of the elements, both
deny that isomorphism is the deciding factor. Tammann finds that the
capability of forming solid solution depends more on the tempecrature of
crystallisation than on the chemical analegies between the two substances ;
whilst Guertler believes that the factors governing the formation of solid
solutions are similar to-those deciding the miseibility or ctherwise of liquids.
Many pairs of clements are known to form extensive series of mixed erystals
although the different members of a pair belong to different crystallegraphic
systems.

< Supersaturated Solutions.—When a solution of a solid in a liquid,
already saturated at a given temperature, is heated up with more of the solid
until all the solid passes into selution, on cooling to the original temperature
the excess of the substance in sclution is not always deposited, crystallisation
or precipitation being suspended. The sclution obviously holds a greater

1 Roberts-Austen and Rose, Proc. Roy. Soc., 1903, 71, 161.

2 Guertler and Tammann, Zeitsch. anorg. Chem., 1904, 42, 353,

3 Gautier, Bull. Soc. d’Ene. p. I'Ind. nationale, 1896.

4 Gautier, Contribution a U'élude des alliages, Paris, 1901,

® Shepherd, J. Physical Chem., 1905, 9, 504.

¢ Levin, Zeitsch. anorg, Chem., 1905, 45, 238.

7 See, for a full discussion of these, E. F. Law, Alloys (Griffin & Co., 1909).

8 See Korte, Trans. Chem. Soc., 1905, 88, 1503 ; Creighton, Zeitsch. anorg. Chem.,
1909, 63, 53 ; Johuston and Adams, J. Amer. Chem. Soc., 1911, 23, 829,

® Abegg, Zeitsch. anorg. Chem., 1904, 39, 330.

1 Tammann, Zeitsch. Elektrochem., 1908, 14, 789,

1 Guertler, Zeitsch. physikal. Chem., 1910, 68, 177.
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quantity of substance than corresponds to the ordinary solubility and is said
to be supersaturated. Such solutions can readily be prepared by heating up
sodium thiosulphate, sodium acetate, or sodium sulphate with water, and
allowing to cool without agitation.

Supersaturated solutions, however, are always liable to ecrystallise
spontaneously, particularly on exposure to air. Lowell! was apparently the
first to show, however, in the case of sodium sulphate, that crystallisation
was not induced by contact with air that had been previously passed through
water, sulphuric acid, caustic alkalies, glass wool, or even through a series of
empty flasks, Fifteen years later Violette® and Gernez ® independently threw
a considerable light upon the subject by showing that the spontaneous crystal-
lisation of supersaturated solutions of sodium sulphate in contact with air is
due to the presence of minute crystals of the salt in suspension in the latter*
which serve as nuclei stimulating crystallisation. Hence by washing or filter-
ing the air Lowell had removed these suspended nuclei, and in consequence
retarded crystallisation. Lecoq de Boisbaudran® showed, in the following
year, that not only could minute crystals of the same substance serve as
nuclei, but that crystals of isomorphous bodies yield precisely the same
result ; and it is now known that this property is shared by many substances
that are not strictly isomorphous with the dissolved salt, provided their mole-
cular volumes are closely similar.5 Ostwald showed that nuclei weighing only
10720 to 1078 gram were usually quite sufficient to induce crystallisation of
supersaturated solutions. Furthermore, it appears from numerous researches?
that mere mechanical friction is sufficient to induce crystallisation, such crystal-
lisation taking place in the complete absence of crystalline nuclei.

Supersaturated solutions of liquids in liquids have only been realised in
a few cases,® but supersaturated solutions of gases in liquids are not
uncommon. The addition of any powdered substance to such a solution,
however, will break down the supersaturation since the gases in the pores
of the powder act as nuclei. Supersaturation of this kind differs from
that considered above, inasmuch as the nuclei immediately escape from the
liquid, whereby their influence is severely limited.

It will be clear that a supersaturated solution of a solid in a liquid cannot
persist in the presence of the solid phase.

TrE VAPOUR PRESSURE OF SOLUTIONS.

The Vapour Pressure of Liquid Mixtures at Constant Tem-
perature,—As a general rule it may be said that when one liquid dissolves
in a second, the pressure exerted by the mixture of vapours is less than the

! Lowel, Ann. Chim. Phys., 1850, [iii.], 29, 62.

2 Violette, Compt. rend., 1865, 60, 831.

3 Gernez, Compt. rend., 1865, 60, 833. See also <bid., 1865, 60, 1027 ; 1866, 63, 843.

4 Traces of sodium salts are always present in our island atmosphere, and these yield
sodium sulphite and sulphate by union with the oxides of sulphur produced during the
combustion of coal, ete.

® Boisbaudran, 4nn. Chim. Phys., 1866, [iv.], 9, 173 ; see also J. M. Thomson, Zeitsch.
Kryst. Min., 1881, 6, 94 ; Ostwald, Lehrbuch, vol. ii., part 2, p. 780.

8 See Isomorphism, pp. 70-74.

7 A. H. Miers and his pupils, Trans. Chem. Soc., 1906, 89, 413, 1018 ; Proc. Roy. Soc.,
1907, A, 79, 322; B. M. Jones, Trans. Chem. Soc., 1909, 95, 1672; Young, J. dmer.
Chem. Soc., 1911, 33, 148 ; Young and Cross, #bid., 1911, 33, 1375,

8 H. S. Davis, J. Amer. Chem. Soc., 1916, 38, 1166.
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sum of the independent vapour pressures. This is true whether the liquids

. are only partially miscible or are capable of being mixed in all proportions.!
On the other hand, if two liquids are insoluble one in the other, each
exerts its own vapour tension independently of the other, and the total vapour

pressure is the sum of the pressures exerted separately by the two vapours.
Dealing with liquids whieh can mix in all proportions, it has been found
that the curve representing the relation of the vapour tension of the solution
at constant temperature to the molecular concentration, follows one of the
three general types shown in fig. 53.2 The simplest is type I., lying evenly
between the values for the separate constituents, and in the limit is a perfectly
straight line, so that the vapour pressure could be caleulated if the composi-
tion wero known.? The more closely alike in chemical and physical behaviour
the two liquids are, the more closely does the vapour tension curve of their
mixtures conform to type I. Thus, ethyl chloride and ethyl bromide give a
eurve which is praetically straight ; methyl
aleohol and water give a curve with slight
convexity upwards—the curvature is more
pronounced with ethyl alecohol and water;
whilst propyl and the higher alcohols with
water yield a eurve with pronounced maxi-
mum values, corresponding to type II.
There is thus a gradual passage from type
I. to type . as the difference in properties
between the two liquids becomes greater.
Liquid oxygen and nitrogen give a vapour
tension curve which is nearly straight and
K Eamposréjor. g that for oxygen and argon conforms also to
100% 1007 type L+ Type IlL has a minimum value,
Fio. 53. on the other hand, and represents the faet
that the vapour tension of the mixture may

be less than that of either constituent ; e.g. formic acid and water.

Distillation of Liquid Mixtures at Constant Pressure.—A
solution boils when its total vapour pressure equals the external pressure.
The composition of the vapour which passes over depends on the character
of the liquids mixed. Thus, with liquids giving the curve of type II., the
vapour pressure of any mixture is always greater than that of the component
in excess of what is required to form the mixture of maximum vapour pressure.
Therefore, when such a solution is distilled, there is no scparation into the
two components; the lignid which comes over first as distillate is a mixture
of the two components; and the residue continually approximates in com-
position to the component in excess. Thus, the boiling-points of water and
of propy! alcohol respectively aro 100° and 97-2° at 760 mm., but mixtures
may distil at temperatures below 97-2°. For instanee, the mixture contain-
ing T1'7 per eent. by weight of propyl alcohol eorresponds with the maximum
point on the vapour-pressure curve for 87'7°, and at that temperature its
vapour pressure i8 760 mm. Hence the mixture distils as a whole at 87-7°
without change of temperature or composition. Any two substances giving

Vapour Tension

1 See Regnault, Compt. rend., 1854, 39, 345, 397.

2 Konovalow, Wied. Annalen, 1881, 14, 34.

3 See Zawidski, Zeitsch. physikal. Chem., 1900, 35, 129.
¢ Inglis, Phil. Mag., 1906, [vi.], 11, 640,

S+ SO .
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a curve of type IIL., similarly give what is known as a constant boiling
mixture or mixture of minimum boiling-point. Such mixtures were
once thought to be compounds; but with alteration of the pressure the
compositions of the distillate and residue were found to vary, thereby
characterising the liquids as mere solutions.

Liquid mixtures giving a vapour-pressure curve of type III. distil in such
a way that the distillate first coming over is mainly the component in excess.
The residue, therefore, continually approximates in composition to the mixture
of lowest vapour pressure, and eventually there distils a second type of
constant boiling mixture—namely, a mixture of maximum boiling-point.

Only with lignids giving a curve of the first type is a separation into the
two components theoretically possible. The distillate always contains more
of the higher vapour-pressure component and obviously the residue more of
the lower.

Moissan and O’Farrelley! have shown that the binary alloys containing
two of the metals Cu, Zn, Cd, Pb, and Sn, follow one or other of the three types
of curves. Thus, Su—Pb follow type I.; Cu-Pb, type II. ; and Cu-Sn, type
III. The last-named alloy upon distillation yields a constant boiling mixture
containing 60 per cent. Sn.? il

Fractional Distillation.—Even when the liquids have a vapour-pressure
curve of type I., perfect separation is in practice impossible. If the distillate
first obtained be redistilled or separated again into distillate and residue, the
second distillate will be richer than the first in the more volatile component ;
and further treatment of the first residue in similar manner will leave a
residue of the second component in.a still purer state. By continuous
repetition of these processes, separation may be made almost complete. Or,
instead, the distillate may be collected in a number of separate receivers, in
which case the first runnings will be very rich in one, and the residue rich in
the second component. Such a process is known as fractional distillation.®
If the mixed vapours be passed up a column, or through a still-head consisting
of a series of bulbs, and thereby cooled, the higher boiling component is con-
densed more than the other, so that the vapour passing out of the head of
the column consists mainly of the lower boiling liquid.*

In inorganic chemistry fractional distillation is employed to separate the
various constituents of the atmosphere from liquid air.> It is also used as a
method of purification. (See Chap. VII.)

The Vapour Tension of Dilute Solutions.—The preceding sections
have been concerned with the vapour tensions of solutions of any strength, and
it has been seen that whenever solution occurs the pressure of the mixed
vapours is always less than the sum of the separate pressures. When the
solute is non-volatile the vapour tension of the solution is always less than
that of the pure solvent. The earliest investigations of the vapour tensions
of solutions dealt with non-volatile solutes. Thus, von Babo6 in 1848

1 Moissan and O’Farrelley, Compt. rend., 1904, 138, 1659.

2 See also Groves and T. Turncr, Trans. Chem. Soc., 1912, 101, 585,

$ The method by which the separation of two liquids from a mixture is effected bears a
considerable resemblance to the method, explained in Vol. IV., by which solidsare separated
by fractional erystallisation. ) .

4 For a discussion of methods and apparatus for the separation of liquids by distillation,
see Young. Fractional Distillation (Macmillan & Co., 1903).

5 See this vol., Part II. ; Vols. VI. and VII. for nitrogen and oxygen.

8 von Babo, see Ostwald, Lehrbuch, i. 706.
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tion of the salt present.
greater detail. :

Raoult’s experiments on freezing-points were not confined to solutions of
salts in water, but included investigations of other classes of substances
dissolved in a variety of solvents. From his results the general conclusion
may be drawn that within certain limits, to be considered below, the addition
of any substance to a solvent brings about a lowering of the freezing-point
of that solvent, the extent of the depression increasing with the amount of
substance added. This statement, it may be noted, is only true so long as
the substance which separates out on freezing is the pure solvent.

These facts may be studied by returning in the first place to a considera-
tion of what occurs when a dilute solution of a salt—sodium chloride, for
example—is cooled from 0° downwards. Freezing first occurs at a temperature
below 0°, depending on the amount of salt added, and the solid which separates
is pure ice. Hence, by this process, the salt solution left is more concentrated
than the original one, and will have a still lower freezing-point. By continued
cooling, then, the water continuously separates as ice, and the remaining
solution becomes more and more concentrated until saturation is reached.

Later workers! have studied this phenomenon in

E.E: Obviously, at this point, separation of ice must also be accompanied by a
L deposition of salt, and solvent and solute separate out side by side. Moreover,
v since the concentration of the solution is maintained at a constant value, the
y freezing-point must also remain constant during the separation of ice and
3 salt together. Guthrie,2 who investigated the continued action of cooling on
3 a, solution of sodium chloride, believed that the ice and salt separated together
I as a compound, to which he gave the name cryohydrate, since complete solidifi-
g cation occurred alwaysat — 22° and the amount of salt present was 23+6 per cent.
v The separation of the components at constant temperature and in constant pro-
5 portion, not as a compound but as a mixture, is to be expected, however, from
.-E what has been said above, and the phenomenon is in accordance with the
::'g, requirements of the Phase Rule (see p. 174). Apart from this, the ice can
= be removed by washing with alcohol, the physical properties, such as specific
r't‘ volume,? are those of a mixture, and, finally, microscopic examination reveals

the separate existence of the two components.

The cryohydric temperature, or temperature at which complete solidifica-
tion occurs, is obviously the lowest temperature to which a solution of sodium
chloride can be cooled. All salts dissolved in water behave similarly, the
actual cryohydric point depending on the nature of the salt. The following
substances may be quoted by way of illustration :—* .

N Cryohydric | Molecules of Water per
SBgtance, Point. Molecule of Salt.
NaCl -22 °C.. 106
K,SO, - 12 1142
NH,Cl -15 124
NH,I -275 64

! Riidorf, Pogg. Annalen, 1861, 114, 63 ; 1862, 116, 55 ; 1871, 145, 599. Coppet, dnn.
Chim. Phys., 1871, [iv.]), 23, 366 ; 1872, 25, 502 ; and 26, 98. Raoult, ¢bid., 1883, [v.], 28,
133 ; 1884, (vi.], 2, 66, 115 ; 1886, [vi.], 8, 289, 317.

2 Guthrie, Phil. Mag., 1875, [iv.], 49, 1 ; 1884, [v.], 17, 462.

3 Offer, Sitzungsber. K. Akad. Wiss. Wien, 1880, 81, ii. 1058.

4 Bancroft, The Phase Rule, New York, 1897.
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Fig. 56 represents the diagram for lead and silver mixtures. The eutectic
temperature is 303°, and the eutectic alloy contains 4 per cent, Ag.!

It is obviously impossible to concentrate a solution of silver in lead beyond
the 4 per cent. strength by removing lead as in Pattinson’s process.2

The foregoing type of freezing-point curve is obtained only when the
two components do not enter into chemical union and when they are incapable
of forming solid solutions.?

When compounds are formed, for every compound produced, an additional
branch is obtained containing a maximum point, if the compound has a
definite melting-point under the prevailing pressure. Thus, with lead and
magnesium  (fig. 57), magnesium separates out.between A and B as cooling
occurs; but at B tho eutectic alloy deposited is found to consist, not of
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Fig. 56.-—Freezing-point curve, Ag-Pb.

Mg and Pb, but of Mg and crystals of a new substance. If the eutectic
alloy be remelted and more lead added, the freezing-point rises and the crystals
separating on freezing are of neither Pb nor Mg, but the new substance. At
the maximum point C,  the compositions of the liquid and the crystals
separating are the same, so that at this point also, solidification occurs
as a whole and at constant temperature. Since we are dealing at C with
only one crystalline form, the point C must represent the melting-point of
the compound produced (PbMg,). Further addition of lead lowers this melt-
ing-point, crystals of the compound continuing to separate as we pass from
C to D, until a second eutectic is reached, consisting of the new compound

1 Heycock aud Neville, Phil. Trans., 1897, A, 189, 383.

2 Of. the Pattinson process for desilverising lead, Vols. IL and V. )

3 Two components which form solid solutions to a limited extent only also give a double
branched freezing-point curve, but in this case the crystals separating out are not the
pure solvent.

4 Grube, Zeitsch. anorg. Chem., 1905, 44, 117,
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means of testing whether or not two substances, when mixed together in the
liquid state, unite chemically.

The third class of freezing-point curve represents the behaviour of liquid
mixtures of substances which are soluble in one another both in the liquid
and in the solid state, so that when freezing occurs, the crystals deposited
contain both constituents, and are thus mixed crystals or solid solutions. If
the two substances are soluble in one another in the solid state in all pro-
portions, the freezing-point cnrve takes one of the three forms drawn in
fig. 59. Most pairs of inorganic substances follow type I., Bi-Sh,! Pt-Au,?
Ag-Au,® and Co-Ni* providing examples.

Mixtures of mercuric bromide and mercuric iodide have a freczing-point
curve of type IIL.,5 which exhibits a minimum point. But little is known of

ol

Temperature

Hg ’zo
255-4.,

Concentration
Fie. 59.

examples of type IL., although mixtures of manganese and its carbide, Mn,C,
appear to follow this type.® It will be noticed that the three types of curve
correspond with those which represent the vapour tensions of liquid mixtures.

In order to understand thoroughly the behaviour of mixtures of iso-
morphous substances, or those which form solid solutions, the melting-point
curves of the solid substances separating must also be represented, for the
composition of the solid phase depends on that of the liquid from which it
separates (see p. 109). These melting-point curves are shown as broken lines
in the figure. They coincide with the freezing-point curves at the maximum
and minimum points.

If the solubility of the two substances in the solid state is limited, the
freezing-point curve is not a continuous line, and the break is more pro-
nounced the more limited the series of mixed crystals. Figs. 60 and 61
indicate the two types obtainable. There is an appreciable break in the

1 Gautier, Bull. Soc. Enc. Ind. Nutionale, 1896,

2 Erhard and Schertel, Jahrbuch Berg- und Hiitten-wesen, Sachsen, p. 17,
3 Roberts-Austen and Rose, Proe. Roy. Soe., 1903, 71, 161.

4 Guertler and Tammann, Zeitsch. anorg. Chem., 1904, 42, 353.

5 Reinders, Zeitsch. physikal. Chem., 1900, 32, 494.

§ Rulf, Ber., 1912, 45, 3139,
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Purification by Fractional Crystallisation or Liquation. —
Crystallisation as a means of separating two substances in a state of purity
from a mixture is comparatively simple when each component, acting as the
solvent, freezes out in the pure state; but when the substances form mixed
crystals, separation can only be effected by a lengthy repetition of the process,

; as with fractional distillation, and there are certain cases in which no separation
v can be brought about. The process necessary will be understood by reference
B to fig. 62, which shows a portion of the freezing- and melting-point curves of
[ mercuric bromide and iodide. Since the curves are temperature-concentration
8 curves, it is obvious that the solid separating contains more of the bromide than
- the remaining liquid. At the temperatures ¢, #,, and ¢, the concentrations
' of mercuric iodide in the crystals are represented by A, C, and E respectively ;
in the liquid, by B, D, and F. As the temperature falls from ¢, to ¢, both
liquid and the deposited solid vary in composition. If, on the other hand,
the solid separating at ¢, be isolated and heated, the temperature must be
continuously raised before complete melt-
ing is obtained. Starting with crystals
of composition E, and applying heat,
there will be present at temperature ¢,a g8,
liquid of composition D and unmelted 2.\
solid of composition C. If this still un- &A%
melted portion be isolated and heated to  §¢, .
1, the solid now remaining is still richer T, N
in mercuric bromide. By a methodical ¥ JERES ;\
repetition of these processes many times, § T~
on each fraction obtained, uniting por- &
tions that are similar in composition, it
is possible to obtain finally a specimen -
of crystals which contains practically no Concentration.
3 iodide. A mixture of mercuric bromide Fig. 62.—Fractional crystallisation of
L and iodide can thus be separated into isomorphous mixtures.
w two portions, either bromide and the
k. mixture of bromide and iodide of minimum freezing-point ; or iodide, and the
pid minimum freezing-point mixture, according as one starts with a mixture
i’ : rich in bromide or iodide respectively. Only with a curve of type I (e.g.
et Bi-Sb) can a separation into the two constituents be made. Thus, the
E" process is strictly analogous to the distillation of liquid mixtures. If the

composition of the mixture be that of the maximum or minimum point,
where the freezing- and melting-point curves coincide, no separation can be
made (unless the pressure be varied), the mixture behaving as a chemical
compound of definite melting-point.

The Freezing-Points of Dilute Solutions.—As indicated on p. 114,
Blagden and subsequent workers found that the lowering of the freezing-
point of a solution was proportional to the concentration of the solute.
Raoult made a thorough test of this relationship,! using a variety of solvents
and including many organic solutes, as well as, in aqueous solution, the salts
which previous investigators had studied. Blagden’s Law, that the lowering
of freezing-point is proportional to the concentration, was found to be true,
provided the solutions used were dilute ; and it was further shown by Raoult

1 Raoult, Compt. rend., 1882, 94, 1517 ; 95, 187 and 1030 ; Aan. Chim. Phys., 1883,
[v.], 28, 133 ; 1884, [vi.], 2, 66.
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that when the same solvent is used, equimolecular quantities of different solutes
-produce equal lowerings of freezing-point. If the gram-molecular weight, M,
of the solute is dissolved in a fixed quantity of a solvent—for example, in
100 grams,—then the depression of freezing-point C° (termed the molecular
depression) is constant whatever the solute. The actual value is obtained
by the use of Blagden’s Law. For, if m grams of solute dissolved in 100
grams of the solvent lower the freezing-point A°,

C:A=M :m,

or, =

Conversely, having once fixed the value of C, the previously unknown
molecular weight of a solute can be found.

It is now usual in defining C to make the fixed amount of solvent either
1 gram or 1000 grams, when C is either one hundred times greater or ten
times smaller than in the above case.

Electrolytes depart from the laws of dilute solution enuneciated in this
section, just as they do in the case of the vapour-tension laws.

OsMoTic PRESSURE.

When a substance passes into solution, it becomes uniformly distributed
throughout the solvent, and in various ways its behaviour in this condition
resembles that of a gas.

That a close analogy exists between the gaseous and the dissolved states
is evident from a consideration of the process of diffusion in the two cases.
A given quantity of a gas will expand to fill any space into which it is
introduced, whether the space had previously been evacuated or contains
some other gas. If a gas is present, the rate at which the added gas
distributes itself is considerably retarded. The diffusion or expansion may
occur even against gravitation, as when a heavy gas, or vapour (e.g. bromine),
is introduced at the bottom of a eylindrical vessel. Like a gas, a substance
in solution distributes itself throughout the whole volume of solvent. If
a beaker of concentrated copper sulphate solution is placed in a large trough
and the latter carefully filled with water, the salt gradually diffuses in all
directions until the solution is of uniform concentration throughout. The
rate of diffusion is very much slower than that of a gas, owing to the
great resistance to movement encountered, but in other respects the two
processes are essentially alike. Since the particles possess mass and
velocity, there must in each case be some driving force or pressure, which,
in the one case gives rise to gas pressure, and in the other (i.e. in solution)
to osmotic pressure. ’

Gas pressure is readily measured at the surface or envelope which
isolates the gas, and is due to the bombardment of the surface by the
molecules. Although it is easy to measure total gas pressure, it is not easy
to determine the pressure set up by a single gas present in a mixture. The
measurement is possible if the pressure due to one gas ean be eliminated
by bringing it to some fixed value, for example, atmospheric pressure. To
this end it is necessary for the containing vessel to be constructed of some
material which exerts a selective action, allowing one gas to pass through
it but not the other. The possibility of determining the pressure of nitrogen
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in a mixture of this gas with hydrogen has been demonstrated by Ramsay.!
A palladium tube containing the mixture was closed by a manometer and
surrounded by an atmosphere of hydrogen at 280°, at which temperature
hydrogen diffuses rapidly through the metal, whereas nitrogen is quite unable
to do so. Hydrogen thercfore passed in until its partial pressure within was
equal to the pressure without—namely, atmospheric. The total pressure now
registered exceeded one atmosphere, the excess being due to the nitrogen.

In a similar manner, the osmotic pressure of a substance in liquid solution
can be measured if the action of the solvent molecules can be eliminated.
For this purpose, some semi-permeable partition—that is, one permeable to
the solvent but impermeable to the solute—is required. The selective action
of such partitions as are available appears to be due to the power of the
partition to dissolve one of the constituents, which, in this way, finds a
passage through from one side to the other.?

The surfaces of separation originally used in the study of osmosis were of
animal membrane. Traube ° first suggested the use of membranes composed
of substances, such as copper ferrocyanide, which are precipitated in the
gelatinous form.# Of the various precipitation membranes tested, this one
has proved most useful. Pfeffer,® who made the first accurate measurements
of osmotic pressure, deposited the precipitate within the pores of a cylindrical,
unglazed, earthenware cell, thus providing a framework whereby the deposited
membrane was greatly strengthened. The cells were thoroughly saturated
with water to remove air, then filled with a 3 per cent. solution of
potassium ferrocyanide and allowed to stand in a solution of copper sulphate
of the same strength for some days. The methods of precipitation have been
improved by later workers, and include an electrolytic process in which
copper sulphate and a platinum electrode are placed within the cell and
potassium ferrocyanide solution and a copper electrode surrounding the cell,
the solutions both being fifth or tenth normal. On the passage of a current,

" a membrane is formed halfway between the inner and outer walls, which can
be made strong enough to withstand a pressure of over thirty atmospheres.®

If a cell such as has been described is filled with a salt solution, closed
by a stopper through which a straight tube passes and then immersed in
water, the latter enters the cell and the solution rises up the tube, at first
at a rate appreciable within a few minutes, later more slowly, until a maximum
height is attained. The entrance of water is due to the tendency of the
solute to diffuse under the action of osmotic pressure; and since the salt
cannot pass through the membrane, water passes into the cell from without
until equilibrium is attained, the Leight of solution in the tube above the
water outside measuring the osmotic pressure. Owing to dilution, through

1 Ramsay, Phil. Mag., 1894, [v.], 38, 206.

2 See Nernst, Zeitsch. physikal. hem., 1890, 6, 38; Raoult, ibid., 1895, 17, 787
Tammann, bid., 1897, 22, 490 ; Flusin, Compt. rend., 1896, 126, 1497 ; 1900, 131, 1308
Crum Brown, Proc. Roy. Soc. Edin., 1899, 22, 439, for an account of other theories
which attempt to account for osmosis.

3 Traube, drchiv Anatomie wnd Physiologie, 1867, p. 87.

4 For other precipitation membranes, see Morse, Amer. Chem. J., 1903, 29, 173.

b Pfeffer, Osmiotische Untersuchungen, Leipzig, 1877,

6 For various methods of preparing osmotic pressure cells, see Adie, Trans. Chem. Soc.,
1891, 50, 344 ; Morse and Horn, Amer. Chem. J., 1901, 26, 80 ; Morse and Frazer, ibid.,
1902, 28, 1 ; Morse and others, sbid., 1911, 48, 91, 383, 517 ; Berkeley and Hartley, Phdl.
Trans., 1906, A, 206, 481; J. H. Poynting and J. J. Thomson, Properties of Matter

- (Griflin & Co., 5th edition, 1909).
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This value is in such excellent agreement with that of R in the gas equation
(p- 27) as to quite justify Van’t Hof’s statement that the osmotic pressure
of a substance vn: dilute solution s equal to the pressure that vt would exert if
it were converted tnto a gas at the same temperature as, and made to occupy
the same wvolume as, that of the solution. In the main, this statement has
been fully confirmed by later workers.!

Since Pfeffer carried out his measurements, the osmotic pressures of aqucous
solutions of sucrose have been the subject of numerous series of experiments
by Morse and others, pressures of 28 atmospheres having been measured
with accuracy.? As a result it has been found that even when solutions of
only moderate concentration are examined, the osmotic pressures observed
differ considerably from the values that would be expected if Van't Hoff’s
Law held good. Morse and Frazer 3 have proposed the following modification
of Van’t Hoff’s Law, as being more accurate than the original statement:
The osmotic pressure is that which the substance would exert if converted
into a (perfect) gas and the volume reduced to that of the solvent in the pure
state. Accordingly, Morse and his co-workers always prepared their solutions
80 a8 to be 0°1, 02, 0-3 . . . times weight-normal in concentration, a weight-
normal solution containing one gram-equivalent of reagent per 1000 grams
of solvent. The following data for sucrose at 20° will serve to illustate the
superiority of Morse and Frazer’s statement to that of Van’t Hoff when other
than dilute solutions are considered (pressures are given in atmospheres) :—

Weight- Osmotic Weight- Osmotic

Norlx;nal g:;ggﬂ% Calqulated Pressure, N ongnal g:;ggﬂ,ce Cal(iulated Pressure,

Cm;xi:;‘r]l'tm- aBaerved. Van't Hoff, MF“)::zeezzl-f]d Cor;,cizglr]l.tm- ebservedt Van’t Hoff. Mg::ezzearx‘]d
01 2:59 2-34 289 0°6 15-39 12°72 1434
0-2 506 4569 4-78 07 1813 14°58 1673
’ 0-3 7°61 674 07 08 20°91 1636 1912
04 10°14 8-82 © 956 0°9 2372 1808 2151
05 12:75 10-81 11°95 10 2664 1973 2390

Morse and Frazer’s rule, however, is only approximately true, and breaks
down completely when applied to the high osmotic pressures measured by

Berkeley and Hartley.*
- The effect of temperature upon the osmotic pressure has been shown by
“ Morse and his co-workers to resemble that observed in the case of gaseous
pressure, if allowance is made for the combination occurring between water

and sucrose.

The osmotic pressure of a dilute solution of a salt is not proportional to
the concentration, and on comparison with a non-electrolyte a molecular

1 For a short account of Van’t Hoff’s theory and its limitations, see Chap. VI.

2 Morse and others, Amer. Chem. J., 1905, 34, 1 ; 1906, 36, 1, 39 ; 1907, 37, 324, 425,
558 ; 38, 175; 1908, 39, 667 ; 40, 1, 194, 266, 325; 1909, 41, 1, 92, 257 ; 1911, 45, 91,
237, 383, 517, 554 ; 1912, 48, 29. Pressures as high as 134 atmos. have been mfzasured by
the Earl of Berkeley and E. G. J. Hartley; see Berkeley and Hartley, Fhil. Trams.,
X)OG, A, 206, 481 ; 1908, A, 209, 177 ; Berkeley, Hartley, and Stephenson, ibid., 1909,

, 209, 319,
3 Morse and Frazer, Amer. Chem. J., 1905, 34, 1.
4 See Lewis, J. Amer. Chem. Soc., 1908, 30, 668.
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quantity of a salt always exerts much the higher osmotic pressure. As an
example, the data for aqueouns potassium ferrocyanide may be quoted :—1

Grams K Fe(CN), Observed Osmotic Calcnlated Osmotic
per 100gms. water. | Pressure (Atmospheres). | Pressure (Atmospheres).

13580 1925 7°95
8897 13+52 529
5631 9°19 3+39
3035 5°41 1-84
1518 293 093

For binary salts, such as sodium chloride, dilute solutions have an osmotic
pressure of approximately twico the ealculated value.? Theso ¢ abnormal”
values were first explained by Arrhenius on the assumption of ionisation
(see p. 212).

Indirect Methods of Measuring Osmotic Pressure.—The osmotie
pressures of different solutions may also be determined by comparison methods.
The contents of plant eells are enclosed in semi-permeable membranes, and if
the eells are placed in strong salt solutions the protoplasmic contents shrink
away from the cell walls, which latter do not alter their shape. If the cells
are now placed in pure water, the protoplasm swells out again and eompletely
fills the cells. From this it is clear that if the osmotic pressure of the solu-
tion is greater than that of the cell sap, the protoplasm contraets—that is,
plasmolysis occurs. If, on the other hand, the osmotic pressure of the
solution is less than that of the cell sap, the protoplasm does not separate
from the cell wall. Two solutions are therefore prepared, one of which just
causes plasmolysis whereas the other just does not. The mean of these con-
centrations gives a solution of osmotic pressure equal to that of the cell sap—
in other words, the solution is ¢sofonic with the eell sap. Solutions of other

- salts may be prepared jn a similar manner, and these are then not merely
isotonic with the cell sap but also isotonic with one another.® By noting
the dilutions required, the relative osmotic pressures of the original solutions
can readily be calculated.

In a somewhat analogous manner isotonic solutions may be prepared by
the aid of blood eorpuscles, but for an account of the methods of procedure
the reader is referred to the subjoined references.*

Osmotic Pressure and Raoult’s Laws.—Indirect measurements of

1 Berkeley, Hartley, and Stephenson, loc. cit.

2 For the results of osmotic pressure measurements with various salts, sce de Vries,
Zeitsch. physikal. Chem., 1888, 2, 415; 1889, 3, 103; Adie, loc. cit ; Berkeley, Hartley,
and Stephenson, loc. cit.

3 See Rysselberghe, Réaction osmotigue des cellules végétales, Bruxelles, 1899 ; Prings-
heim’s Jahrbiicher wissenschajtliche Botanik, 1884, 14, 27 ; also de Vries, loc. cit.

4 Hamburger, Dubois-Reymond’s A4rchiv, physiologische Abt., 1886, p. 476 ; 1887,
p. 81; Zeitsch. physikal. Chem., 1890, 6, 319; Zeitsch. Biologie, 1889, 26, 414. Lab,
Zeitsch. physikal. Chem., 1894, 14, 424. Grijus, Verslagen Kon. Akad. Wetensch. Amst.,
Feb. 1894 ; Plliiger’s Archiv, 1896, 63, 86. Hedin, Zeitsch. physikal. Chem., 1895, 17,
164 ; Plliiger’s Archiv, 1895, 60, 360. Koppe, Zeitsch. physikal. Chem., 1895, 16, 261,
Massart, drchives de Biologie, Belges, 1889, 9, 15, Wladimiroff, Archiv Hygiene, 1891,
10, 81; Zeitsch. physikal. Chem., 1891, 7, 521. A very good account of several of these
methods is given by E. Cohen, Physical Chemistry, translated by M. H. Fischer (Bell &
Sons, 1908); J. C. Philip, Physical Chemistry (Arnold, 2nd edition, 1913).
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the osmotic pressures of dilute solutions may also be made by determinations
of the lowering of vapour pressure, elevation of boiling-point, or depression of
freezing-point, since each of these magnitudes may be thermodynamically
correlated with the osmotic pressure.! It is possible in this manner to
obtain results of a high degree of accuracy when the requisite physical con-
stants involved in the calculations are accurately known. For instance, the
osmotic pressure in atmospheres of an aqueous solution at its freezing-point
may be calculated from the equation

P =12-06A - 0-021A2,

where A denotes the depression of the freezing-point.?
It may be shown 3 that for dilute solutions the osmotic pressure, P, is
connected with the lowering of vapour tension by the equation—

-p" RTs
palzl 2o
P M’
or more exactly by the equation—
Rl
P=log,? . 228
: %p' N

where p and p’ are the vapour tensions of solvent and solution respectively
at the absolute temperature T, s is the specific gravity of the solvent, R is
the gas constant, and M is the molecular weight of the solvent in the gaseous
state.

The osmotic pressure of a dilute solution is connected with the lowering
of freezing-point, A, by the formula

p_ 1000sL.A
26TIT

where L is the latent heat of fusion of the solvent in calories and T the
(absolute) freezing-point of the solvent.

The same formula is applicable if A denotes the elevation of boiling-point,
L the latent heat of vaporisation, and T the (absolute) boiling-point of the
solvent (the solute being supposed non-volatile).*

1 See, for instance, Van’t Hoff, loc. cit. ; Whetham, Soluttons (Cambridge University
Press, 1902) ; Nerust, Theoretical Chemistry, translated by Tizard (Macmillan & Co., 3rd
edition, 1911) ; Lewis, J. Amer. Chem. Soc., 1908, 30, 668; and the references cited on p. 209.

2 Lewis, loc. cit.

3 Van’t Hoff, Zoc. cit. ; Arvhenius, Zeitsch. plysikal. Chem., 1889, 3, 115 ; Nernst, opus
cit. ; Whetham, opus cit.

4 For a further account of osmotic pressure, see Findlay, Osmotic Pressure (Longmans
& Co., 1913). An account of the experimental methods used by I'feffer, Morse, and Berkeley
and Hartley is given by Lowry in Science Progress, 1918, 7, 544.
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correspond with the simplest formule that can be assigned to the sub-
stances concerned. Thus, knowing the atomic weights of mercury and
chlorine, respectively, an analysis of mercurous chloride would lead us to
assign the formula HgCl to the substance. The molecular weight determined
by the vapour density,! however, indicates the formula to be Hg,Cl,. Like-
wise, cuprous chloride is Cu,Cl,, not CuCl ; and nitrogen peroxide at ordinary
temperature N,0,, rather than NO,. In the majority of cases, especially when
the molecular weights are derived from vapour densities, the molecular weights
and molecular formula correspond to the simplest chemical values. On this
account, values which are not identical with the simplest possible are often
spoken of as abnormal. According to this usage, mercurous, cuprous, and
aluminium chlorides and nitrogen peroxide provide examples of substances
exhibiting abnormal molecular weights. But the vapour densities of
aluminium chloride and nitrogen peroxide decrease with rise of temperature
until at length the values obtained correspond with the simplest formulee
AlCl, and NO,. Such substances may, therefore, be regarded as made up of
molecules which, in certain circumstances, possess the power of aggregating
or associating. :

TuE MoLECULAR WEIGHTS OF (GPASES AND VAPOURS.

The molecular weights of gases are, according to Avogadro’s Hypothesis,
proportional to their relative densities. Some standard of comparison is
therefore necessary, and, for the present, the element oxygen has been
selected and assigned the molecular weight 32. If therefore D, represents
the gas or vapour density compared with that of oxygen,? and M is the
molecular weight of the substance,

3 M:32=D,:1,
or M= 32D,

[f, again, the vapour density measurement is made relative to hydrogen, then,
since the molecular weight of the latter is found to be 2:016 when that of
oxygen is taken as 32,

M =2-016Dy,

where Dy is the density compared with hydrogen.
Or, again, in many cases, the gas is simply compared with air. In such
a case,
M =2895D,,

D, being the density compared with air, and 28:95 and 32 the numbers which
express the relative densities of air and oxygen.

The process may be regarded in another and very simple way. For,
since 32 grams of oxygen occupy, at 0° and 760 mm., a volume of 22,400 c.c.,
the molecular weight of a substance will be the weight (in grams) which in
the gaseous form occupies 22,400 c.c. at normal temperature and pressure.

The methods available for the experimental determination of the densities
of gases and vapours fall into two classes, according as they are capable of
yielding exact or merely approximate results. Exact determinations are pos-
sible only when the substances are gaseous at ordinary temperatures.? Liquid

1 For the dry substance ; see p. 142 ; also Vol. 1IL
2 Of course, at the same temperature and pressure.
3 See Ramsay and Steele, Phil. Mag., 1903, [vi.}, 6, 492.

VOL. I 9
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and solid substances have to be vaporised, and the gas laws do not accurately
describe the behaviour of vapours.

The Exact Determination of Densities and of Molecular
Weights of Gases.—It is possible to earry out such determinations with
hydrogen, oxygen, nitrogen, carbon monoxide, earbon dioxide, methane,
nitrous oxide, etc.

Regnault’s method,! which was an improvement on that of Arago and
Biot, and has itself been improved by subsequent workers, is employed and
is as follows :—2

A glass globe of known capacity is carefully cleaned, dried, evacuated, and
weighed. It is then filled with pure gas, at an observed pressure p and
temperature T, and reweighed. The value of p is usually about 760 mm.,
and the value of T is almost invariably 0° C. During the weighings the
globe is counterbalanced by a “dummy ” globe made of the same kind of
glass and being as nearly as possible of the same weight and external volume
as the experimental globe. The surfaces of the two globes are always treated
in preeisely the same manner. In this way errors due to the hygroscopic
nature of glass and to changes in the temperature and pressure of the air in
the balance room are avoided.

In order to explain the method of ealeulation, suppose that the excess
weight of the evacuated globe over its tare is w, grams, and that of the globe
plus gas is w, grams. The approximate weight of gas is then (w, — ;) or w
grams, say. It may be supposed that T is equal to 0° C. and that p is
approximately 760 mm.

Now, the glass globe, being elastie, responds to pressure, so that the
volume of the evacuated globe is a trifle smaller than that of the globe when
filled with gas.3 Let this diminution in volurme of the globe, due to evacua-
tion, be called e e.c. A correction to the weight w is clearly necessary.
Assuming that 1 e.c. of air under laboratory econditions weighs a grams, the
upward force of the atmosphere on the globe, when filled at atmospheric
pressure, exceeds that qn the exhausted globe by ae grams. The corrected
weight of the gas is therefore w + ae grams.*

The volume of the globe is deduced from the weight of water that it
holds. If the apparent weight of water (corrected if neeessary for the weight
of air displaced by the water) filling the globe at 0° C.'is W grams, and d
is the density of water at 0° C., the volume of the globe at 0° C. is
W/d e.e. =V litres, say.

Henee, assuming the validity of Boyle’s Law, the weight L of 1 litre of
gas at 0° C. and 760 mm. is given by—

_ 760(w + ae)
vV

In order to deduce the weight of a “normal litre,” ¢.e. the weight of 1 litre
of the gas at 0° C. and 760 mm. pressure, at sea-lével in lat. 45°, the above
value of L must be divided by—

(1 - 0-0026 cos 2X - 0-000000196%),

L

grams,

~

1 Regnault, Compt. rend., 1845, 20, 975.

2 For a more detailed account, see Chap. VII,

3 Rayleigh, Proc. Roy. Soc., 1888, 43, 356 ; the correction thus shown to be necessary to
the resu{ts of all previous work was applied to Regnault’s results by Crafts (Compt. rend.,
1888, 106, 1662). 4 The measurecment of e is described in Chap. VIL (p. 260).
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where A = latitude of laboratory and % =its height, in metres, above
sea-level.

The value thus obtained is still subject to corrcction for at least two
further sources of error: (i.) that owing to ‘‘adsorption” of gas by the inner
surface of the globe, and (ii.) that introduced by assuming the validity of Boyle’s
Law. The first source of error causes the result to be high ; its magnitude is
small, and special methods are required to measure it.! For gases difficult to
liquefy the correction may be ignored, but for -easily condensible gases, such
as hydrogen chloride, it should be determined if a high degree of accuracy
is required. A nuwmber of experimenters have endeavoured to determine the
influence of this source of error by measuring the density of the same gas
in a number of different-sized bulbs. It would be expected that the measured
densities would increase with a diminution in the size of the bulb. The
results indicate that the magnitude of the error must be small, but yield no
definite results concerning the extent of adsorption.? It is not possible to
eliminate the error by weighing the globe filled with gas under a few mm.
pressure instead of weighing it evacuated, since the extent to which adsorp-
tion occurs varies with the pressure (p. 108).

The second source of error may be rendered negligible by ensuring that
the globe is filled with gas at a pressure which differs from 760 mm. only by "
a few mm. Otherwise, a correction is necessary, which can readily be
applied if the compressibility of the gas at 0° C. is known.?

DENSITIES, CRITICAL TEMPERATURES, AND
PRESSURES OF GASES.

Gas. L. L/Lo,. Te. Pe
®abs. | atmos.
Hydrogen 5 L . 0 0°08987 0°06289 32 194
Nitrogen . o 5 o .| 1-25C6 0°8752 1280 336
Carbon monoxide . 3 .| 12503 08750 1335 355
Oxygen . . . . .| 1-42¢0 | 1-0000 | 154-2 | 508
Nitric oxide . 0 . o 1-3402 0°9379 1795 712
Methane 7 . . . 0:7168 0-5016 190-2 456
Carbon dioxide A 0 0 1+9768 13833 3040 729
Sulphur dioxide . .| 29266 2+0480 430-2 i
Nitrous oxide . 5 . .| 19779 13841 3095 17
Hydrogen chloride . o . 16392 1-1471 3244 816
Ammonia. 3 . 5 o 07708 0°5394 405-9 1123
Phosphine g o 5 0 15293 1:0702 324-3 64°5
Ethane . 0 o 0 . 13562 0-9491 805-1 48°9
Hydrogen sulphide . . .| 1'5392 10771 3734 891
Methyl chloride % % 0 2°3045 1-6127 4163 65-9
Methyl oxide . - . . 2-1096 14763 4001 530

1 Burt and Gray, Trans. Faraday Soc., 1911, 77, 30.
2 Baume, J. Chim. phys , 1908, 6, 1; Guye and Davila, Mém. Sci. phys. nat., 1908,
635.

5’3 It will be noticed that no allowance has been made for the weight of air displaced by
the weights employed, This is not necessary if the relative values assigned to the various
pieces are correct tn air ; if, however, in the calibration of the weights, all results had been
reduced to the vacuum standard before the relative values of the pieces were calculated, the
correction for air displaced by the weights becomes necessary.
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‘present (1914) available refer to hydrogen chloride ! and selenide and to neon
and helium.? Of the other methods that have been proposed, reference may
be made to that employed by Baume,® in which the value of A} is dedueed
from density measurements made at various pressures, and to the various
methods put forward by D. Berthelot,* of which that based on the approxi-
mate relationships—

vs A

A
1 d Al=__ "2
A=yran d M=o

is the simplest.?

The following table shows the results obtained by this method for a
number of gases. The molecular weights, M", calculated from the Inter-
national Atomic Weights are included for comparison.

Gas. 105, A M. M”. Gas. 105, AL M. M,
He, . - 56 ‘ 2-0155 2:01€ [.HCl . + 743 36469 36468
N, . + 44 28:019 284020 CO, . + 676 44009 44000
co . + 60 28 009 28000 N,O . + 739 44007 44-020
NO . +114 30006 30010 CH; . +1194 30037 30°048
CH, . +175 16039 16°032 (CH,),0 + 2587 46+064 46°048

For densities, see p. 181 ; the value of A} for oxygen =96 x 10-5,

The agreement is, in general, very good, and it is easy to deduce from the
preceding results the atomic weights H=1:00775, N =14007 (mean of
14-010, 14006, 14-004), C=12:005 (mean of 12-:009, 12-006, 12-009, 11-995)
and Cl = 35460, in good agreement with the values obtained by gravimetric
analysis.

The preceding method is known as the Method of Limiting Densities.
Another method of calculating exact molecular weights has been given by
Guye.® Van der Waals’ equation (p. 31)—

(p+g§>(v_b)=m. S (@)

becomes, when p is expressed in atmospheres, and the unit of volume is taken

- as the volume occupied by the gas at N.T.P.,
a _(+a)(1-b)
\ (p+17>(v_b)_ =T . . L)

Guye and Friderich,” and also Van der Waals, have deduced from this

! Gray and Burt, Trans. Chem. Soc., 1909, 95, 1633,

2 Bruylants and Bytebier, Bull. dcad. roy. Belg., 1912, p. 856 (H,Se); Burt, Trans.
Faraday Soc., 1910, 6, 19 (He and Ne). 3 Baume, J. Chim. phys., 1908, 6, 57-62.

4 D. Berthelot, Compt. rend., 1898, 126, 1030 ; 1907, 144, 76, 269 ; 145, 180, 317.

® The various methods proposed for determining Al are reviewed by Baume, J. Chim.
phys., 1908, 6, 52 ; Guye, ibid., 1908, 6, 778-87 ; and Little, Science Progress, 1913, 7,
504.
$ Guye, J. Chim. phys., 1905, 3, 321,
7 Guye and Friderich, Arch. Sci. phys. nat., 1900, (iv.), 9, 505.
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Gas. 10%. a. | 10%.5, | 10%. @, | 10°, &, M. ). 8
15 4 29 74 2°015 2016
N, . 3 275 174 28013 28020
co . g 284 172 28003 28+000
NONS. 3 267 115 30009 30°010
(Q15 /RS . 379 160 16°034 16°032
Cco, . 5 721 191 847 161 44002 44000
N O a 719 185 878 156 44012 44020
NH; . 3 859 170 15564 146 17-036 17034
HCl . . 722 179 ‘937 152 36451 36468
HS . . 900 194 1438 240 34085 34:076
C.H, . .| 1209 314 1449 299 30°051 30°048

For values of L, T¢, and P, see p. 181 ; M and M" as before.

Reference only can be made to Leduc’s Method of Molecular Volumes and
Guye’s Method of Corresponding Densities.!

Approximate Determination of Gas Densities : Bunsen’s Diffu-
sion Method.—This methed 2 was introduced by Bunsen te determine
approximately the density of a gas when only a few cubic centimetres were
available. 1t is based oen Graham’s Law of Diftusion.

If d, and d, are the densities of two gases, »; and v, their rates of flow
under the same difference of pressure through a small aperture, then 111-?: 5{2.

b

&
The velocity of flow will be inversely proportional to the time taken
for equal volumes to diffuse. Hence, if ¢, and ¢, are the times required, in

2
seconds, for equal velumes of the gases to flow through the aperture, %:%1
2

If d, is known, d, can be found. ?

The apparatus employed censisted of a glass tube open at the lower end,
and closed by a tap at the upper end. Just beyond the tap, the tube, con-
tracted to a small diameter, was clesed by a sheet of platinum containing
a hole so small as to be invisible te the naked eye. The tube was filled
with and inverted over mercury, and the gas introduced, the level of the
mercury outside being sufficiently above that within the tube to drive the
gas steadily forward. The tap was now opened and the time required for
the mercury level to rise through a certain height in the tube (determined
by the aid of a float) was noted. By a comparison under exactly the same
conditions with a gas of known density, the density of the first gas could
then be found.

More recently, Emich 3 has modified the method for use at high tempera-
tures (1400°~2000°). It has alse been used at the ordinary temperature by
Debierne 4 in the determination of the density of niton (radium emanation).

The Approximate Determination of Vapour Density.—For the
determination of the vapour densities of substances which exist normally as

! Ledue, Ann. Chim. Phys., 1898, [vii.], 15, 5; 1910, [viii.], 19, 441 ; Guye, Compt.
rend., 1905, 140, 1386. The various methods for determining exact molecular weights have
been reviewed by Guye (J. Chim. phys., 1908, 6, 769) ; Little, Science Progress, 1913, 7, 504,

2 Bunsen, Gasometrische Methoden, 1857, p. 128,

3 Emich, Monatsh., 1903, 24, 747 ; 1905, 26, 505 and 1011,

4 Debierne, Compt. rend., 1910, 150, 1740,
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liquids or solids, three methods are still in use, viz. those devised by Dumas,
by Hofmann, and by Victor Meyer respectively.

In the first-named method?! the substance to be volatilised is introduced
into a weighed round, pear-shaped or cylindrical bulb, the neck of which is
drawn out to a point. The bulb is heated by means of a constant tempera-
ture bath maintained at about 20°-30° above the boiling-point of the substance
under investigation until the air has been swept out of the bulb and all
excess of the material also removed. The end of the neck is then quiekly
sealed, the temperature and barometrie pressure noted, the bulb allowed to
cool and then weighed. After the weight has been recorded, the bulb is
immersed in air-free distilled water at the laboratory temperature, or in
mercury, and the point of the neck nipped off. The weight of liquid filling
the bulb is then obtained, the weight of the air contained in the bulb when
originally weighed being neglected, as it is small in comparison with the
weight of the liquid. :

The vapour density of the substance may now be calculated. If 1w, is
the weight of the bulb filled with air, w, the weight when filled with the
vapour, and wgy the weight when filled with water, then wg— 1w, = weight of
water filling the bulb (neglecting weight of air, as already mentioned).

If the weight is expressed in grams, the number, so far as an approximate
determination is concerned, expresses also the capacity of the bulb in c.c.
If, then, d be the density of the air in grams per c.c., the weight of air
which the bulb contained is (wg—w,)d, and the weight of the bulb itself
w, - (wg —w,)d. Hence the weight of the vapour is w, — [, - (w0, — w,)d].

The weight of the vapour and its volume now are known and the density
can be deduced.?

A more accurate development of Dumas’ method permits of the deter-
mination of vapour densities at various pressures according to the amount of
substance initially taken. The apparatus consists of a glass (or quartz)
vaporisation bulb of knowncapacity, fused into which is a flattened spiral
tube. Increase of the internal pressure causes the spiral to distend, whilst
contraction is induced by raising the external pressure. The internal pressure
can clearly be determined by adjusting the external pressure, the deflections
being observed by means of a small mirror. After the introduction of the
material, the bulb is evacuated and scaled. Upon raising the temperature
the pressure observed is that due to the vaporised material.®

In the Hofmann method * a known weight of the substance is volatilised
in the space above the mercury in a calibrated barometer column, jacketed
with a vapour tube at some constant temperature. The amount of the sub-
stance required is small and is passed to the surface of the mercury column
in a small glass-stoppered tube, in such quantity as to leave no portion un-
volatilised. Fig. 63 shows the form of apparatus used by Young.® By means

! Dumas, Ann. Chim. Phys., 1826, [ii.), 33, 337.

2 Most of the results recorded in the literature are expressed as densities relative to air.
As examples of the use of the method, sce Friedel and Crafts, Compt, rend., 1888, 106, 1764 ;
Nilson and Pettersson, Zeitsch. physikal. Chem., 1889, 4, 206 ; Ann. Chim. Phys., 1890,
[vi.], 19, 145 ; Biltz, Ber., 1901, 34, 2490 ; Biltz and Prouner, Zeilsch. physikal. Chem.,
1902, 39, 323.

; .13<)9hnson, Zeitseh. physikal. Chem., 1908, 61, 457 ; Preuner and Schupp, bid., 1909,
68, 129 ; Preuner and Brockmoller, ibid., 1912, 81, 129 ; Bodenstein and Katayama, bid.,
1909, 69, 26 ; Jackson, Trans. Chem. Soc., 1811, 99, 1066.

¢ Hofmann, Ber., 1868, 1, 198,

® Young, Proc. Phys. Soc., 1865, 13, 658. Sce Thorpe, Trans. Chem. Soc., 1880, 37, 147.
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greatest range of temperature and the one used in most modern investigations.
The apparatus (fig. 64) consists essentially of the vaporisation tube A, closed
at the top by a stopper, and terminating in a cylindrical bulb at the lower
end. Outside the heating jacket B, a side tube C is attached to A, con-
necting it with a gas burette or eudiometer tube. A glass rod, fitted through
a side tube in the head of the apparatus, serves as a support for the small
capsule, glass bulb, or stoppercd bottle eontaining a weight of the substance
sufficient to give 20 to 30 c.c. of vapour. Constant temperature is main-
tained in the cylindrical bulb by the vapour of a suitable liquid boiled in
B; and when once obtained, as shown by a constaut reading in the gas
burette, the glass rod at D is drawn back and the vessel with the substance
allowed to fall on to a pad of sand or asbestos in the bottom of the bulb.
Rapid vaporisation oceurs, and, owing to the length of the bulb and
narrowness of the tube, air is expelled instead of vapour through C, and
collected and measured at the temperature of the gas burette, the pressure
being the barometric, corrected for the vapour tension of the water in the
collecting tube. The temperature is ascertained by suspending a thermo-
meter in contact with the gas-collecting apparatus or in the water jacket,
with which it is best to surround the measuring apparatus to preserve
constancy of temperature.

If w is the weight in grams of substance vaporised, » the volume in c.c.
of gas observed, p the barometrie pressure in mm., f the vapour tension of
water at ¢ C. (the temperature of the experiment), the vapour density
relative to hiydrogen and oxygen is given by the following expressions:—1

wx (273 +¢) x 760
vx (p —y) x 273 x 0:0000899’

wx (273 4+ t) x 760
. wx(p-f)x273x0001429

It is necessary that vaporisation of the substance shall occur at a rapid
rate ; otherwise the vapour will, by slow diffusion, find its way up the vapor-
isation tube, be carried forward with the air expelled, and condense when
cooled, thus reducing the volumo of air which ought to be obtained in the
burette. To obtain rapid vaporisation, the bulb should be maintained at a
temperature not less than 30° above the boiling-point of the substance.
Thus, if steam is the heating medium in the jacket, a successful determina-
tion could be easily carried out with carbon disulphide (B. Pt. 46°), but
probably not with ethyl alcohol (B. Pt. 78°).

Various modifications of the method have been devised. Instead of
measuring the volume of gas expelled, Lumsden determines the increase of
pressuro associated with the vaporisation® of the substance, the volume of the
apparatus being maintained constant.?

Determination of Vapour Density at High Temperatures.—
Both the Dumas and the V. Meyer methods may be used at high temperatures.

(a) relative to hydrogen,

(d) relative to oxygen,

1 These formule hold when the air initially present in the apparatus was dry. If,
however, the pressure of aqueous vapour in the initial air was 2 per cent. of tht; (})oressure of
saturated aqueous vapour at ¢, the factor (p—7) should be replaced by (p_..__-logx, f),
See Evans, J. Amer. Chem. Soc., 1913, 35, 958.

2 For details of the methed, see Lumsden, Trans, Chem. Soc., 1203, 83, 342.

4



MOLECULAR WEIGHT AND ITS DETERMINATION. 139

In the former, porcelain may be substituted for glass, and for the latter,
which is the more useful method, modifications are described below.

Up to 600°, constant temperatures can be maintained by a vapour bath,
for which purpose, aniline (B. Pt. 184°), diphenylamine (B. Pt. 310°), sulphur
(B. Pt. 445°), phosphorus pentasulphide (B. Pt. 518°), and stannous chloride
(B. Pt. 606°) are all available. At still higher temperatures, Meyer used
specially constructed gas furnaces (see references below), whilst in the sub-
sequent investigations of Nernst and v. Wartenberg, in which temperatures
of 2100° were attained, the electric furnace has been adopted for the same
purpose.

For high temperatures the vaporisation tube may be constructed of
porcelain,! of platinum,? of platinum and iridium alloyed, or of iridium
alone.® Above 1700° porcelain begins to soften and must be protected
by a platinum covering, whilst platinum and iridium are permeable
to gases at high temperatures and must be rendered impermeable by a
non-porous coating, obtained in v. Wartenberg’s experiments by applying
a fused mixture of magnesium oxide and chloride.

Air cannot be used to fill the apparatus in any case where the substance
readily undergoes oxidation, and, as a rule, is not used at high temperatures.
Nitrogen or hydrogen is generally employed, sometimes carbon dioxide,
whilst v. Wartenberg used argon.

Since in Meyer’s method the gas expelled is measured at the ordinary
temperature, the temperature of evaporation need not be ascertained. But
as many substances change their molecular state, and hence their density,
as the temperature changes, it is obviously of interest to record the tempera-
ture. At high temperatures, Mensching and Meyer* swept out the gas
(e.g. nitrogen) remaining after the density determination by a stream of
hydrogen chloride, and from its amount and the original capacity of the
vaporisation tube determined in like manner, the temperature was cal-
culated from the known coefficient of expansion of the gas, after allowing
for the amount of the gas expelled by the vaporised substance and for
various corrections, for the evaluation of which the reference may be con-
sulted. Biltz and Meyer® used the simpler, though somewhat less accurate,
process of collecting the gas expelled from the moment when heating began
to that at which the substance was introduced, and from the amount expelled,
calculated, as before, the temperature attained. The vaporisation tube
served, therefore, not only its original purpose, but acted in addition as an
air thermometer. In the experiments of Nernst and of v. Wartenberg the
temperatures were measured photometrically by comparing the light emitted
by the heated bulb with that from a standard source of light.

Consideration of Results. Molecular Formulz., — After the
molecular weight of a substance has been arrived at, the molecular formula

" may be determined by comparison of the molecular weight with the empirical
formula weight. Thus, to quote once again the example of mercurous

1 Mensching and Meyer, Ber., 1886, 19, 3295.

2 Dewar and Scott, Proc. Roy. Soc., 1879, 29, 490; Mensching and Meyer, Zeitsch.
physikal. Chem., 1887, 1, 145.

3 Nernst, Zeitsch. Elektrochem., 1903, 9, 622 ; H. v. Wartenberg, Zeitsch. anorg. Chem.,
1908, 56, 320, In these investigations the bulb of the vaporisation tube was reduced to
2:5-3 c.c.

4 Mensching and Meyer, Zeitsch. physikal. Chem., 1887, 1, 145,

5 Biltz and Meyer, ibid., 1889, 4, 249.



140 MODERN INORGANIC CHEMISTRY.

chloride, chemical analysis indicates that the amounts of chlorine and
mercury present are related as represented by the empirical formula
HgCl. The molecular formula, corresponding to the molecular weight,
may be written as (HgCl), where = is the ratio of the molecular weight to
the empirical formula weight. In this particular case n =2, or the molecular
formula of mercurous chloride is Hg,Cl,, In a very large number of cases,
however, n is found to be unity, which means that the molecular weights in
such cases correspond with the simplest possible chemical formule.

Consider now the formule for the chemical elements. The simplest
formule are, for example, H, O, Cl, N, A, P, S, Hg, etc.—symbols which repre-
sent atoms of these substances. Whether or not the symbols also represent
molecules is decided when the molecular weights of the clements are known ;
and until they are known, the molecular formule can only be written H,,
0,, etc. Avogadro showed, by the application of the principle which he
introduced, that the oxygen molecule contains two atoms and is therefore O,,
and Cannizzaro, by the use of the same principle, came to the conclusion
that most elementary molecules were polyatomic, generally diatomie, but
that phosphorus and arsenic were tetratomic, and, on the other hand, mercury
was monatomic.

At the present time the following clements are definitely recognised as
monatomic from vapour density measurements: mercury,! cadmium,? zinc,3
lead,* as well as the inert gases of the atmosphere, helium, argon, neon,
krypton, xenon, and niton. The molecular formulee of these substances are,
accordingly, Hg, Na, K, Cd, Zn, Pb, He, A, Ne, Kr, Xe, and Nt. Almost
all the metals which have been vaporised possess monatomic molecules.

Oxygen, hydrogen, nitrogen, chlorine,® bromine,® and, below 600°, iodine,
have molecular weights such that the formule 9, H,, N, Cl,, Br,, I, repre-
sent them. For phosphorus, arsenic, and antimony, the formul® P, As,
and Sb, correspond to the molecular condition of these elements unless the
temperature is very high.

For compounds the molecular and empirical formula® coincide as a rule.
The following are well-known examples: H,0 (see below), H,S, HCI, N,0,
NO, CO,, etc.; and among salts, KI,” KCL® and PbCl,.® On the other
hand, cuprous chloride, from vapour density measurements, must be repre-
sented by the formula Cu,ClL,!° and mercurous chloride by Hg,Cl,.

Two factors, however, have a considerable bearing on the size of the
molecule—namely, the temperature and the pressure. Rise of temperature
or decrease of pressure tends to break up the large molecules into smaller
ones, and the dissociation, as the process is termed, may follow one of two
courses in producing like parts on the one hand, and unlike parts on the
other.

Molecular Association and Dissociation: (a) The Influence of
Temperature.—From the above it is evident that the choice of a molecular

1 Cannizzaro from Dumas’ data.

2 Dewar and Dittmar, loc. cit.

3 Mensching and Meyer, Per., 1887, 20, 1833.

4 H. v. Wartenberg, loc. cit.

5 For chlorine between 300° and 1450°; Pier, Zeitsch physikal. Chem., 1908, 62, 385,

¢ Below 800° ; Ramsay and Young, Trans. Chem. Soc., 1886. 49, 453.

7 Mensching and Meyer, Ber., 1887, 20, 582 ; Dewar and Seott, loc. cit.

8 Nernst, loc. cit. 9 Roscoe, Ber., 1878, 11, 1196,

10V, Meyer and C. Meyer, Ber., 1879, 12, 1283; H. Biltz and V. Meyer, Zeitsch.
physikal. Chem., 1889, 4, 266.
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formula is not in many cases as simple as may be supposed, for the molecular
weight, and therefore the formula, of a substance depends to a considerable
extent on the temperature at which it is examined. Many substances exhibit
the power of becoming associated, or of forming molecular aggregates. Kven
water vapour, the formula of which is always written as H,0, is not entirely
in the simple condition which this formula indicates. Rather, there is a
balance between the associated and the dissociated molecules which may be
represented by the equation (H,0), == 2H,0, assuming the association to
proceed no further than to double molecules, the equilibrium depending on
the temperature and the pressure. Bose! calculates that the simple molecules
are present to the extent of 934 per-cent. at 0°, 91'1 per cent. at 100°, and
913 per cent. at 200°, the pressures being the vapour pressures corresponding
to these temperatures A better known case is the equilibrium expressed by
N,0, == 2NO,. At 150°, and at atmospheric pressure, the gas is made up
entirely of simple molecules, NO,, but as the temperature is reduced below
this value, association occurs until at the boiling-point (22°), the vapour
consists almost wholly of N,0, molecules. At intermediate temperatures, a
mixture of the two forms exists. Still more striking is the case of sulphur
vapour. H. v. Wartenberg found the molecular weight at 2070° to be 50,
corresponding therefore to a mixture of S, and S molecules; at 1719° the
molecule is S,? whilst at the boiling-point (445°) the vapour consists of
molecules which are most nearly represented by the formula S.3 In like
manner, the molecules P,, As,, and Sb,, tend to pass, with elevation of
temperature, into smaller molecules, P,, As,, and Sb,* and, according to v.
Wartenberg’s measurements® with antimony, into still simpler molecules.
The diatomic molecules Cl,, Br, I, also begin to pass into monatomic
molecules with rise of temperature, iodine even at as low a temperature
as 600°. i

Among salts, aluminium chloride furnishes an excellent cxample, the
following figures ¢ denoting its vapour densities (compared with air) at various
temperatures :—

Dumas’ Method. V. Meyer’s Method.

Temperature ° C. V.D. Temperature ° C. V.D.
209° 990 440° 745

301° 955 518° 7-18

357° 934 606° 534

401° 9°02 758° 4°80

440° 879 S 4-27

1400° 427

1 E. Bose, Zeitsch. Elektrochem., 1908, 14, 270.

2 H. Biltz and V. Meyer, Zeitsch. physikal. Chem., 1889, 4, 266. -

3 In reality the vapour is a mixture of Sg and Sg molecules at temperatures in the
neighbourhood of the boiling-point under normal pressure. i

4 Mensching and Meyer, 4nnalen, 1887, 240, 317.  H. Biltz, Zeitsch. physikal. Chem.,
1896, 19, 385 ; H. Biltz and V. Meyer, Ber., 1889, 22, 725; Stock, Gibson, and Stamm,
Ber., 1912, 45, 3527 ; Preuner and Brockmoller, Zoc. cit.

5 Wartenberg, loc. cit.

6 Nilson and Pettersson, Zeitsch. physikal. Chem., 1889, 4, 206,



For the formula Al,Cl; the vapour density should be 9-24, for AICI;, 46.1
The two methods do not give identieal results, but the dissociation with rise
of temperature is obvious. The reason for this discrepancy lies in the fact
that in the Victor Meyer apparatus the aluminium chloride, when vaporised,
is diffused in an inert gas and its mean partial pressure is thus considerably
less than one atmosphere.

Other examples are provided by stannous chloride? and silver chloride.®
All these are examples of the phenomenon of dissociation. A rise of
temperature simplifies the molecular condition, giving rise to dissociation,
and a lowering of temperature has the reverse effect. :

Whereas the term * molecular association ” is usually employed to indicate
the union of two or more like molecules, the reverse process of dissociation
includes also the separation into unlike molecules. In all the instances so far
quoted—as for instance, nitrogen peroxide or aluminium chloride—molecules
have separated or dissociated into like parts. But quite early in the deter-
mination of molecular weights by vapour density measurements examples of
abnormal vapour densities of the second kind were found. Thus, mercurous
chloride, aceording to the determinations of Mitscherlich 4 and of Deville and
Troost,® had the formula HgCl ; but Odling ¢ observed that the vapour was a
mixture of mercury and mercuric chloride, the mercurous chloride having
dissociated into these substanees. This naturally suggested that a molecule
of mercurous chloride should be represented by Hg,Cl,, and the dissociation
by the equation—
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Hg,Cl,=—=HgCl, + Hg ;

and in 1900, Baker showed that mercurous chloride, when pure and dry,
vaporises without dissociating, and that the molecular formula for the sub-
stance in the gaseous state is really Hg,Cl,, as had been supposed.”

Phosphorus pentachloride (PCl;), ammonium chloride (NH,Cl), and
hydrogen iodide (HI) furnish other examples of substances having abnormal
vapour densities due to a dissociation into the dissimilar parts, PCl;. Cl,,
NH,. HCl, and H,.I, (from 2HI) respectively. Reference wiil be made to
these substances in the subsequent volumes of this work, but it may be
pointed out here that in several cases investigated, the occurrence of dissocia-
tion depends on the presence of traces of moisture. Ammonium chloride,
for instance, can, like mercurous chloride, be vaporised without dissociation if
perfeetly dry.®

(b) The Effeet of Pressure.—As has been already mentioned, dissociation
is facilitated by diminution of pressure. This may be illustrated by reference
to nitrogen peroxide, the dissociation of which may be readily followed by
density measurements. If the observed vapour density with reference to
oxygen be d, and if a fraction a of the N,0, molecules has dissociated, then

1 See also Deville and Troost, Ann. Chim, Phys., 1860, [iii.], 58, 257 ; Compt. rend.,
1857, 45, 821 ; Nilson and Pettersson, Zeitsch. physikal. Chem., 1887, 1, 459 ; Friedel and
Crafts, Compt. rend., 1888, 106, 1764. - .

2 V. and C. Meyer, Ber., 1879, 12, 1195,

3 H. Biltz and V. Meyer, loc. cit.

4 Mitscherlich, Pogg. Annalen, 1833, 29, 139.

5 Deville and Troost, Compt. rend., 1857, 45, 821,

¢ Odling, Quart. Journ. Chem. Soc., 1864, 17, 221,

T See Vol. III. of this series.

8 Baker, Trans. Chem. Soc., 1900, 77, 646; 1894, 65, 612. On the behaviour of
mercurous chloride, see also Smith and Menzies, Zei'sck, physikal. Chem., 1911, 76, 713 ;
J. Amer. Chem. Soc., 1910, 32, 1541. g
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for each molecule of N,0, initially present in the undissociated gas there are
obviously (1 -a)+2a or (1+a) molecules of the mixed molecules. The
theoretical vapour density of N,0, is 2-875, and hence by Avogadro’s
Hypothesis,

2:875/d=1+a.

At a temperature of 49-7°, the following figures ! record the values of the
degree of dissociation (a) of the N,0, molecule, at various pressures :—

Pressure. a. I Pressure. ’ a.

0 mm, 1-000 182°69 mm. 0690
26:80 ,, 0930 261-37 ,, 0630
9375 ,, 0°789 49775 ,, 0493

The sulphur molecule Sg likewise undergoes dissociation with decrease of
pressure.?

Tae DETERMINATION OF MoLECULAR WEIGHT IN SOLUTION.

From the analogy already discussed in Chap. ITI.? between the gaseous
and dissolved states, a close resemblance between the methods of determining
molecular weights in these two states is to be expected ; and although the
resemblance may not at first be obvious, a little consideration makes it clear.

The molecular weight of a gas is obtained by finding what weight of it
occupies, at 0° and 760 mm., a volume of 22,400 c.c. The measurements
made are temperature, pressure, and density (or concentration).

With a solution the problem is exactly the same, it being necessary
to determine what weight of the substance, dissolved in 22,400 c.c. of the
solvent, exerts at 0° an osmotic pressure of 760 mm. Again the measure-
ments are temperature, pressure (osmotic), and the concentration (or, as it
may be termed, the density, or mass of substance per unit volume).

The molecular weight of a dissolved substance could, of course, be obtained
without any knowledge of the osmotic pressure laws, for Raoult’s empirical
laws concerning the depression of vapour pressure and of freezing-point make
this possible. Indeed, the principles and methods introduced by Raoult are
extensively used in molecular weight determination in solution. These laws,
however, have their theoretical basis in the laws of osmotic pressure, and a
measurement of the depression of vapour pressure or of the freezing-point of
a solvent is only an indirect measurement of the osmotic pressure of the
substance in solution.

The methods to be described here include those depending on the direct
measurement of osmotic pressure, the depression of vapour pressure, the
elevation of the boiling-point and depression of the freezing-point of solutions.
In so far as dilute solutions are concerned the theory of these methods has
been discussed in Chap. ITI. One other method of arriving at molecular
formulee, viz., the empirical method of Ostwald based on conductivity measure-
ments, is also added.

1 E. and L. Natanson, Wied, Annalen, 1885, 24, 454 ; 1886, 27, 606.

2 Biltz, Ber., 1901, 34, 2490 ; H. Biltz and Preuner, Zeitsch. physikal. Chem., 1802, 39,
823 ; Preuner and Schupp, 4bid., 1909, 68, 129 ; Bleier and Kohn, Monatsk., 1900, 21, 575.

3 See also Chap. VI, -
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Molecular Weight Determination from Osmotic Pressure.—The
data required, as already stated, are the temperature, the osmotic pressure,
and the concentration. The osmotie pressure can be determined by using a
porous cell with an artificially prepared membrane, or by the methods of de
Vries and of Hamburger, as already described in Chap. I1I.

As the results obtained with aqueous solutions of inorganic substaneces are
abnormal, a phenomenon to be discussed later, some measurements made by
Morse and Frazer on cane sngar may be used as an illustration. A solution
of 6:84 grams of this substancé in 100 grams of water was found to exert at
15° an osmotic pressure of 4-91 atmospheres.

It is required, then, to find the weight of sucrose, which, in 22,400 grams
of water, would exert at 0° an osmotic pressuro of 1 atmosphere. Since the
gas equation is true for dilute solutions, this weight M is given by

yf = 6784 x (273 + 15) x 22,400
T 9713 x100x 491
=329-2,

as compared with the theoretical value 342 calculated from the formula
C,,H,,0,, and atomic weights of the elements. The error is no greater than
is found in many cases when molecular weights are derived from vapour
density determinations.

Raoult’s Cryoscopic Method : the Depression of Freezing-
Point.—As ordinarily practised, the method used contains various devices
and improvements introduced by Beckmann, but the essential process is that
of Raoult, and consists in measuring the freezing-point of a solvent, beforé
and after adding a known weight of the substance whose molecular weight is
required.

For very dilute solutions, platinum resistance thermometers give the most
accurate results. Ordinarily, the Beckmann thermometer of mercury in
glass, reading to 0:001°, is employed (fig. 65). This thermometer nsually has
a scale reading of only 5°-6°, and to obviate tho uecessity of having a large
number of instruments suitable for different temperatures, tho thermometer
is so constructed as to be available for use at different temperatures. For
this purpose, the upper end of the eapillary boro opens out into a large
reservoir into which mercury can be driven. If, for example, the amount of
mercury in the bulb is sufficient to cause the thread to appear on tho scale
at 50°, less mercury will be required if the temperature to be measured is
60°. The instrument is accordingly heated to about 64° until the excess of
mercury has been driven into the reservoir, and it will be found on cooling
that the thread is visible on the scale at 60°. A slight correction is needed
for the varying amount of mercury in the bulb.!

The freezing-point apparatus (fig. 66) consists of a stout glass tube fitted
with a sido tube, and closed at the top by a cork, through which pass the
thermometer and stirrer (preferably of platinum). The side tube, also closed by
a ecork, serves for the introduction of the substance under investigation. Sur-
rounding the freezing-point tube is a wider tube which serves as an air jacket
and so prevents too rapid a fall of temperature, and finally the cooling-bath
which may contain a freezing mixture, water only or other material, according

1 See Ostwald-Luther, Physico-chemische Messungen (Leipzig, 3rd edition, 1910), For a
description of various types of differential thermometers, see Beckmann, Zeitsch. physikal.
Chem,, 1905, 51, 829.
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to the freezing-point of the solvent. A knowu weight of the solvent is intro-
duced into the freezing-point tube and the freezing-point determined, when-
ever possible, by the method of supercooling. For this purpose the solvent
is cooled directly in the cooling-bath until solid begins to separate. The
tube is then quickly dried, placed in its jacketing-tube, the liquid stirred
slowly, and the temperature read off when it has become constant. An
approximate value for the freezing-point being thus obtained, the tube is
withdrawn from its mantle and the frozen solvent allowed to melt. It is
then replaced in its jacket and the liquid stirred slowly while the temperature

o o

Fic. 65.-—Beckmann thermometer. Fi16. 66.—Beckmanu freezing-
point apparatus.

falls. When the temperature has fallen to 0'2°-0'5° below the approximate
freezing-point, the liguid is stirred more vigorously, when crystallisation
commences, and the temperature rises.! The liquid being slowly stirred, the
temperature is read off every few seconds, the thermometer being tapped
before each reading. The highest temperature reached is recorded as the
freezing-point of the solvent. The freezing-point should be determined in
three independent experiments and the mean value adopted.

A weighed quantity of the solute (usually compressed by means of a small
tabloid press) is then introduced through the side tube into the solvent and
allowed to dissolve. The freezing-point of the solution is then determined as

1 Jf crystallisation does not commence, the liquid must be inoculated with a tiny erystal
of the solvent. :

VOL. 1. 10
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kept at constant temperature. If now a current of dry air is bubbled
through the liquids, it will take up an amount of vapour proportional to the
vapour tension. From the the first set it will remove a quantity (which can
be arrived at by weighing before and after the experiment) proportional to
Py, and from the solvent, which has a higher vapour tension, a further
quantity proportional to the difference of vapour tension, p, - p,. The total
amount removed is proportional to p,, Hence, by substituting these values,
and knowing the concentration of the solution, the molecular weight of the
solute can be found.!

Instead of measuring the depression of vapour tension, it is more usual to
determine the elevation of boiling-point which, for dilute solutions, is pro-
portional to it. For, in fig. 67 below, suppose the three curves represent
the vapour tension of the solvent I, of a solution 11, and of a more concen-
trated solution III. At a common pressure indicated by the line ABC, the
boiling-points are ¢, ¢,, and ¢, such that ¢, ¢, (AB) is the elevation for the
first solution, and ¢,—¢, (AC) for the second. If dilute solutions only are

Vapour Tensron

Temperature

Fi6. 67.—Elevation of boiling-point proportional to lowering
of vapour tension.

considered, then the portions of the curves are very short, and may be con-
sidered straight and parallel (see p. 114).

Hence, AC : AB=AE : AD,

or, the elevation of boiling-point is proportional to the depression of vapour
tension.

Riigheimer 2 used a combination of the two processes in determining the
molecular weights of a number of metallic chlorides dissolved in molten bismuth
chloride. A measurement was first made of the effect of pressure on the
boiling-point of the solvent, next, the boiling-point of the solution of known
concentration was observed. From the first set of measurements, it was
possible to calculate the vapour tension of the pure solvent at the boiling-
point of the solution. Hence, also, the depression of the vapour tension at
this particular temperature was obtained, and by substituting the values in
the equation already given, the molecular weight was found.

1 For details, see Ostwald-Luther, Physiko-chemische Messungen; Walker, Zeitsch.
physikal. Chem., 1888, 2, 602 ; Earl of Berkeley and Hartley, Proc. Roy. Soc., 1906, A, 77,
156 ; Phil. Trams., 1909, A, 209, 177. For other vapour-pressure methods see Biddle,
Amer. Chem. J., 1903, 29, 341 ; Menzies, J. Amer. Chem. Soc., 1910, 32, 1615.

2 Riigheimer, Ber., 1903, 36, 3030; Annalen, 1905, 339, 207 ; Riigheimer and Rudolfi,
ibid., 1905, 339, 311.
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may be made and readings taken. The boiling-points should be corrected
for variations in barometrlc pressure during the experiment.

The molecular weight is then calculated from a formula very similar to
that used for freezing-point measurements, viz.—

Cxw
M= "=
AxW
where A is now the elevation of the boiling-point, and C is the molecular

elevation. The constant C in this equation may, like the corresponding
freezing-point constant, be calculated from a theoretical equation, namely,

o2
L3
where T is the boiling-point (absolute) of the solvent and L its latent heat of
vaporisation in calories per gram (see p. 146).

For some common solvents, the following are values of the constant C :—

C==

Benzene |, h 27008 Ethyl alcohol . . 1170
Chloroform . . 3900 Acetone . . . 1700
Carbon.disulphide . 2400 Water . . . 520

The above process gives results which should not vary more than + 5 per
cent.!

The Landsberger-Sakurai Method.—Instead of heating the liquid either by
a flame or by electrical means, it can be more rapidly raised to its boiling-
point by passing in vapour of the solvent. Sakurai? first used this method
in molecular weight determinations, and the same principle is adopted in the
better known Landsberger method.? The method, as used by the latter
author, was not intended to give results of great accuracy, but the improve-
ments introduced by Turner * provide a means of obtaining accurate results
at a greater speed than is possible with the ordinary Beckmann apparatus.
The latest modification (fig. 69), employed by Turner and Pollard,® consists of
the molecular weight tube AB, 17°5 cms. in length and 28 cms. diameter in
the main portion, fitting at a ground glass joint & into the boiler CD, which
also serves as a constant temperature jacket. Vapour passes from the boiler
through E, 12 ems. from the bottom of AB, and issues through two perfora-
tions at F into the liquid whose boiling-point is being measured. From the
tube AB vapour escapes by the tube KL, which should be as short as possible,
into a condenser, connection being made at another ground glass joint c.
Into the molecular weight tube a ground glass stopper with two tubulures
fits at @, one tubulure providing the vapour exit, the other an entrance for
a short-stemmed Beckmann thermometer of 7-8 mm. diameter.

In carrying out a determination, the molecular weight tube, together
with the stopper, vapour exit tube, and thermometer, is weighed to a centi-
gram, and a small but undetermined quantity of solvent then added, a second
and larger quantity being placed in the boiler with two or three pieces of
porous pot to produce steady boiling. Vapour passes into the liquid in the

1 For a discussion of the conditions necessary to give accurate results with this method,
see Beckmann, Zeitsch. physikal. Chem., 1908, 63, 177.

2 Sakurai, Zrans. Chem. Soc., 1892, 61, 989. 3 Landsberger, Ber., 1898, 31, 458.

4 Turner, Trans. Chem. Soc., 1910, 97, 1184,

5 Turner and Pollard, Proc. Chem. Soc., 1913, 29, 349.
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This rule provides a means of measuring the basicity of an acid and of
deciding the formula to be assigned to it and its salts. Thus potassium
permanganate was at one time assigned the formula K,Mn,0,. The following
results prove, however, that the simple formula KMnO, is the correct one.!
p represents the equivalent conductivity, and v the volume of solution, in
litres, which contains 1 gram equivalent of solute.

. e v. e . e
32 113-7 128 119-9 512 122-6
64 1171 256  121-8 1024 1237

Whence, Aogg — Ago=10-0.

On the other hand, the simple formula KSO, for potassium persul-
phate was, by the same method, shown to be incorrect, and K,S,04
substituted.?

Consideration of Results.—Since, according to Van’t Hoff, a substance
dissolved in a liquid medium behaves as if it were converted into a gas, it is
natural to expect general agreement between the molecular weights of sub-
stances in the gaseous state and in solution. Thus, arsenic trichloride
dissolved either in benzene® or in carbonyl chloride,* has the molecular
weight corresponding to AsCl,, and the same value is arrived at from vapour
density determinations. So, also, iodine is represented by I, hoth in the
state of vapour and in solution in bromoform? and in a large number of
other solvents; and nitrogen peroxide dissolved in acetic acid exhibits
the power of forming double molecules to much the same extent as in the
state of vapour.® Still further, the metals mercury, lead, zine, and cadmium,
which, as vapours, have monatomic molecules, exist in a similar condition
in solution in tin.7

If different results are found in the two states—and it may be said at once
that there are many such cases,—the cause may be traced to one or more of
the factors, temperature, concentration, and soivent. With regard to the first,
it will be apparent, from the fact that much lower temperatures are used, as
a rule, in solution measurements than'in vapour, that the possibility of asso-
ciation becomes increasingly greater.

The following are examples of inorganic substances known to be associated
in solution in certain solvents : hydrogen chloride and nitrogen peroxide and
tri-oxide (in benzene) ; water ; sulphur and phosphorus ;® antimony trichloride,
and tribromide; mercuric, zine, ferric, and lithium chlorides ; aluminium
bromide and iodide ; ammonium, potassium, and rubidium iodides, and the
halogen compounds of the organic bases resembling the alkalies. The extent
of association varies in practically all cases with concentration, the molecular
size increasing as the solution becomes more concentrated, as illustrated by
the following examples :—

1 Bredig, Zeitsch. physikal. Chem., 1893, 12, 230.

2 Walden, loc. cit. ; Bredig, loc. cit.

3 Raoult, Compt. rend., 1885, 103, 1056,

4 Beckmann and Junker, Zeitsch. anorg. Chem., 1907, 55, 371.
5 Beckmann and Stock, Zeitsch. physikal. Chem., 1895, 17, 107,
8 Ramsay, Zrans. Chem. Soc., 1888, 53, 621.

7 Heycock and Neville, Zrans. Chem. Soe., 1890, 51, 376.

8 Beckmann, Zeitsch, physikal. Chem., 1890, 5, 76.
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degree of association depends largely on the dielectric constant or specific in-
ductive capacity of the medium, media of high dielectric constant preventing
association, whilst those of low value most readily permit of association.
A medium of high dielectric constant weakens the attractive forces between
molecules, whereas one of low dielectric constant allows these forces freer
play, and does not hinder their mutual attractions.!

The Molecular Formule of Inorganic Substances.—From the
foregoing it is evident that molecular size, and therefore molecular formula,
should be associated with certain definite conditions if any uniform system
for writing molecular formulee is to be obtained. Quantitative knowledge of
the molecular state of liquid substances (see this chapter) is at present so
uncertain that it is not usual to take it into account in fixing the formule to
be adopted. Avogadro’s Hypothesis is made the basis of the molecular weight
system, and equal weight is given to determinations whether made in the
state of vapour or solution.? No convention has been adopted, however, as
to the temperature of comparison, or to the medium to be regarded as the
standard. The simplest molecular formula of iodine obtainable is I, not I,
for dissociation of I, begins at as low a temperature as 600°, and at high
temperatures the sulphur molecule is undoubtedly represented by S. As to
the medium, it is uniformly the same in vapour density determinations,
namely, the ether (vacuum), the dielectric constant of which is taken as the
standard (and has the lowest) value, unity. For investigation in solution,
then, some solvent of low dielectric constant should be used if the process is
to be comparable with a vapour density determination, and the state of the
free physical molecule is to be ascertained. If water is the solvent, in the
case of a salt the simplest possible molecular weight may be no more than a
fraction of that corresponding to the simplest chemical formula. It has
therefore been suggested by Turner that one of the following schemes be
adopted for the derivation of molecular weights and formule :—

I. Employ as molecular weights and formulee those values which actually
correspond to the states of the substances under specified conditions.

This means that each substance may be represented by different formulee
according to its temperature and concentration, and also according to the
nature of the medium surrounding it.

IT. Choose molecular weights and formulee only from the results of vapour
density measurements, as in the original application of Avogadro’s Hypothesis,
since, by so doing, the medium will be fixed ; and use for purposes of com-
parison temperatures within 100° of the boiling-point.

ITI. Make vapour density measurements only the basis, and adopt the
formule corresponding to the highest temperatures attained with the
substances.

The first scheme is doubtless the best in theory, but, in the present state of
knowledge, hardly possible in practice, and scheme II. is probably better than
III. The last-named agrees in some respects with present practice, in that
the smallest or simplest possible formula is usually adopted. Thus, Hy, Ny,
0,, AICl,, NaCl, KCl, AgCl would represent molecules of these substances,
as is at present the custom in chemical literature. But then, for the sake of
consistency, cuprous chloride should be written Cu,Cl, and not CuCl; and P,

1 See Turner, loc. cit. : ,
2 The usual custom bemng to use the smallest possible formule obtainable by these
processes. See Turner, Molecular Association (Longmans, 1915).
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As,, S, I, and from the indications given at 1500°, Br and Cl, should also be
written for molecular quantitics. Molecular formule ehosen in accordance
with scheme IIIL, however, cannot be regarded as strietly comparable. In
any case, whichever of the preceding systems be chosen, the data at present
available only suffice for the determination of a limited number of molecular
formulee, and the majority of formuls can ouly be regarded as empirical.

Abnormal Molecular Weights in Aqueous Solution. The
Theory of Electrolytic Dissociation.—When water is the solvent! in
molecular weight determinations and the substances coneerned are electrolytes
—aeids, bases, or salts,—the results differ essentially from those observed
with- non-eleetrolytes, sueh as cane sugar, urea, etc. Molecule for molecule,
an electrolyte always produces a greater osmotic pressure or depression of
freezing-point than a non-electrolyte. Aecordingly, at the time when Van’t
Hoff showed, from his interpretation of Pfeffer’s osmotic pressure measure-
ments, that the equation PV =RT holds alike for gases and solutions, he was
obliged to introduce into the equation, where cleetrolytes were coneerned, a
factor ¢ (the so-called Van't Hoft’s factor),

Obs. osmotic pressure Obs. I'.Pt. depression

where ¢ = : r 5
Calcd. osmotic pressure ~ Caled. F.Pt. depression’

the solution being of normal coneentration. TFor salt solutions of this
strength, accordingly, the gas equation beeame PV =4RT.

The explanation of this phenomenon, put forward by Arrhenius in 1887,
is known as the Theory of Electrolytic Dissociation or the Tonie Theory. It
will receive detailed treatment in a subsequent chapter (sce Chap. VIL.).

Tue MoLecurar WEiGHTS OF Pure Liquips.

Many methods have been proposed by whieh the molecular weight of a
liquid substance may be measured, but none of them possesses a sound
theoretical basis such as Avogadro’s hypothesis affords to the study of gases
and dissolved substances. At best, the results can only be regarded as
approximate. Of the various methods, only those which have in some
measure been used with inorganic substances are discussed.

Ramsay and Shields’ Method. — The carly work of Edtvos?
formed the_basis upon which Ramsay and Shields?® founded a method for
determining the molecular weights of pure substances in the liquid state.

It has been seen in Chapter 1I. that if P, V, and T denote the pressure,
gram-molecular volume, and absolute temperature of a gas, then

PV=RT,

where R is a constant, independent of the nature of the gas. The product PV
may be termed the volume-encrgy of the gas. An equation of similar type

! Turner and his co-workers have shown that the molecular weight of a solute is almost
entirely a function of the dielectric constant of the solvent. 'When this constant is high, the
molecular weights of electrolytic solutes are smaller. Water, formic acid, formamide, and
hydrogen cyanide—all solvents of high dielectric constant-—behave similarly. Thus water
is not really abnormal in its behaviour although, being the first case of its kind to be studied,
it was regarded as exceptional.

2 Eotvos, Wied. Annalen, 1886, 27, 448.

3 Ramsay and Shields, Phil. Trans., 1893, A, 184, 647 ; Trans. Chem. Soc., 1893, 63,
1089.
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has been shown to hold, within certam limits, between the surface—energy of
a liquid and the temperature The equation is

v.s=k.7

where (y.s) is the surface energy, + the temperature measured downwards
from the critical temperature, and £ is a constant, independent of the nature
of the liquid. The surface energy is the product of y, the surface tension
between the liquid and its vapour, and s, which denotes a surface over which
are distributed a certain definite number of molecules
the same for all lignids.

The preceding equation was found by Ramsay and
Shields to be only approximately true. The relation-
. ship between (y.s) and  was found to be as indicated
in fig. 70, the portion OC of the graph starting from
the critical temperature at O being curved, and the
portion CA being rectilinear. Hence it is necessary to
subtract from 7 the value OB=d, say, and not to use
the equation at temperatures between D and O. The

corrected equation is therefore : 08 U T
v.s=k(r—d). Fic. 70.—Variation of
- molecular  surface
The value of d is usually about 6. energy with the
As a measure of s, the expression (Mv)i, proposed temperature.

by Eotvis, is adopted ; M and v denote the molecular
weight and specific volume (¢.e. volume occupied by one gram) of the liquid
respectively.

In order to eliminate d and arrive at the value of %, measurements of
specific volume and surface tension are made at two different temperatures.
Denoting simultaneous values by the same suffix, the equations

vi(Mw,)E = k(r, -
Yo Mug)t = k(ry -

lead to the following equation for % :—

')’l(le)i - ‘72<M”2)§
(Tl 72)

Now it is found that if % be determmed from this equation, using for
M the molecular weight of the substance in the gaseous state, the value is
212 (using C.G.S. units) for quite a number of substances. It is therefore
concluded that these substances undergo no change in molecular weight
on their passage from the gaseous to the liquid state.! Among such normal
liquids ave benzene, chlorobenzene, and ether., When, therefore, it is observed
that the value of % for a liquid is less than 2-12, it is concluded that associa-
tion takes place when the vapour condenses to liquid (since to obtain the
normal value of % a greater value for M is necessary than the one that has
been assumed). From the observed value of %, for any particular substance,
it is possible to derive an approximate measure of the degree of association.
Thus, if association has taken place, #; is less than 212, simply because the

1 For a discussion of this point, see Young, Stoichiometry (Longmnans, 1908), pp. 222
and 352. 3
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Law that the weight of a drop of liquid, formed at the plane end of a thick-
walled tube of capillary bore and allowed to fall as the result of its own
weight, is proportional to the diameter of the end of the tube and to the
surface tension of the liquid.! Tate’s*Law, however, is only approximately
true under certain conditions, as has been shown theoretically by Lohnstein
and practically by Harkins and Humphrey. The latter investigators have
shown that the drop-weight method may be accurately applied without
assuming Tate’s Law.

Trouton’s Law.’—Trouton’s Law, usually stated in mathematical
form, is ML/T = constant, where M is the molecular weight of the substance
(as a gas), L its latent heat of evaporation, and T the temperature of the
boiling-point (at atmospheric pressure) measured on the absolute scale.

Walden, from a large number of measurements with normal liquids, gives
207 as the value of the constant for normal liquids. If the observed value
is appreciably higher than this, it is taken as indicating association of the
molecules during passage from the gaseous to the liquid state. Thus, liquid
ammonia gives the value 236 and water about 26, so that these substances
in the liquid state are not represented by the simple formule NH, and
H,0 respectively, as indeed all methods agree in indicating.

Walden’s Methods.—Walden has deduced a method in which the
surface tension is involved, but which differs essentially from the Ramsay
and Shields’ method. The surface tension results are not employed in the
ordinary units, but in terms of the specific cohesion a®=2y/a, where y is the
surface tension and o the density. Walden? finds that between the latent
heat of evaporation and the specific cohesion, when both are measured at the
boiling-point, a relationship exists such that L/a?=constant. The average
value of the constant is found to be 17°9. But, according to Trouton’s Law,
ML/T=20-7. By substituting the value L=179a® in this equation, the
expression M=116T/a? is obtained, whereby the molecular weight of the
liquid can be calculated.

By this method Walden found, for instance, that SnCl,, SiCl,, Br,, CCl,,
PCl,, SO,Cl,, and CS, were the formule actually representing these
substances in the liquid state. Furthermore, the anomalous results found
with certain compounds when Ramsay and Shields’ process is adopted are
not found with this method.

A slight modification of this process has heen applied by Walden to many
inorganic substances, particularly salts. Substances at their boiling-points
are at approximately comparable temperatures, for, very roughly, the boiling-
point temperature is two-thirds of the critical value, both measured on the
absolute scale. If the melting-points of substances could be similarly
regarded as comparable temperatures, then the expressions L/a? and ML/T
would also be constant at the melting-point. Therefore, in turn, the expres-

1 Morgan and Stevenson, J. Amer. Chem. Soc., 1908, 30, 360 ; Morgan and Higgins,
ibid., 1908, 30, 1055; Morgan, ¢bid., 1911, 33, 349 and 643; Morgan and Thomssen,
ibid., 1911, 33, 657 ; and numerous other subsequent papers in the same journal. See also
Lohnstein, Ann. Physik, 1906, [iv.], 20, 237, 606 ; Zeitsch. physikal. Chem., 1908, 64,
686; 1913, 84, 410 ; Harkins and Humphrey, J. Amer. Chem. Soc., 1916, 38, 228, 236,
242 ; Harkins and Brown, ibid., p. 246. Reference should also be made to the work of
Jaeger and his co-workers (Proc. K. Akud, Wetensch. Amsterdam, 1914, 17, 329, and
subsequent papers), in which the pressure within an imn}erspd gas bubble on the point of
bursting is utilised to measure the surface tension of the liguids.

2 For the derivation of this law see Young, Stoichiometry (Longmans, ]_908), p- 155.

3 Walden, Zeitsch. physikal. Chem., 1909, 65, 129, 257, 547 ; Kistinkowsky, Zeutsch.
Elcktrochem., 1908, 12, 513 ; Dutoit and Mojoiu, J. Chim phys., 1909, 7, 169.






CHAPTER V.
CHEMICAL CHANGE.

Types of Chemical Change.—A general idea of the nature of chemical
change and its distinction from physical change has been given in Chapter I.
The further consideration of chemical change will form the subject of the
present chapter. 4

The following types of chemical change may be recognised :—

1. Combination.—Two or more substances unite to form one new sub-
stance. Examples are (a) the union of mercury and oxygen to form mercuric
oxide ; (4) the union of hydrogen and chlorine to form hydrogen chloride ;
(¢) the union of phosphorus trichloride and chlorine to form phosphorus
pentachloride ; (d) the union of sulphur trioxide and water to form sulphuric
acid, ete.:— °

(a) 2Hg+0, =2HgO
(6) H, +Cl, =2HCI
(c) PCL, +Cl, =PCl;
(d) SO, +H,0=H,S0,.

The addition of oxygen to a substance is termed oxzidation ; the addition
of hydrogen, reduction.! Thus (a)and (b) represent the oxidation of mercury
and the reduction of chlorine respectively. A substance is said to be
synthesised from its elements when it is formed by the direct union of its
constituent elements, and accordingly (a) and (b) denote the synthesis of
mercuric oxide and hydrogen chloride respectively.?

2. Decomposition of a substance into two or more simpler substances.
Examples are (a) the decomposition of calcium carbonate into carbon
dioxide and calcium oxide ; () of phosphorus pentachloride into phosphorus
trichloride and chlorine ; (¢) of ammonium nitrate into nitrous oxide and water,
etc., all of which are effected by the application of heat :—

(a) CaCO; =Ca0 +CO,

(3) PCl,  =PClL+Cl,
(¢) NH,NO,=N,0 + 2H,0.

1 Ozidation also comprises subtraction of hydrogen, the increasing of electro-negative
atoms or radicles in a molecule, and the diminution of electro-positive atoms or radicles in a
molecule ; 7eduction also comprises subtraction of oxygen, the increasing of electro-positive
atoms or radicles in a molecule and the diminution of electro-negative atoms or radicles in
a molecule.

2 The building up of a substance from its elements, even when it is necessary to perform
the process in a number of stages, is also termed its synthesis.
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atomic theories, when the results differ somewhat from the preceding. For
instance, the synthesis of hydrogen chloride is then looked upon as a double
decomposition— '

HH+ CICl=HCl + HCL

Further, the term ‘dissociation” is restricted to mean the reversible de-
composition of one molecule into several others. This restriction, however,
is not adhered to in practice, the decomposition of calcinm carbonate being
almost invariably called a dissociation, although the molecular weight of
calcium carbonate is unknown.

In the present state of knowledge concerning molecular weights, it is
impossible to carry out a classification based upon molecular considerations
without having to assume the molecular formul® of a large number of
snbstances.

There is another type of change which differs markedly from the preced-
ing, viz. that in which one substance is quantitatively transformed into
another, without either the addition or the subtraction of any material
substance. Thus the change is not associated with any change in composi-
tion. Examples are the conversion of yellow into red phosphorus, of oxygen
into ozone (see allotropy, p. 64), the transformation of ammonium cyanate
into urea, etc.! Such changes are called internal rearrangements, and are
attributed to rearrangements of the atoms in the molecules. It is when
such reactions as these are considered that the separation of chemical
from physical changes becomes difficult, for there is a close resemblance
between the changes quoted above and the changes of the nature of fusion,
evaporation, transition from one crystalline form to another, etc. (see Chap.
I1.), which are usually classed as physical changes.

THERMOCHEMISTRY.

Introductory.—It has been already stated (p. 5) that a chemical
change is accompanied by an evolution or absorption of heat, this being the
usual manner in which the difference between the internal energy of the
system in its initial and final states is rendered evident. Since, however,
many physical changes—fusion, vaporisation, etc.—are attended by thermal
changes, this phenomenon alone does not distinguish between chemical and
physical change. The study of the thermal effects associated with chemical
changes is termed thermochemistry.?

Thermochemical change is readily understood in the light of the law of
conservation of energy (p. 5). Each substance under given conditions
possesses a definite amount of internal energy, usually termed its intrinsic
energy. The sum of the intrinsic energies of the various substances which
undergo change is, in general, different from the sum of the intrinsic
energies of the substances produced. The difference, expressed in heat units,

1 Dissociations such as the following—
N,0,==2NO,
S
are also changes in which there is no alteration in composition.

% For further information the reader is referred to the following works: Thomsen,
Thermo-chemistry, translated by Burke (Longmans & Co., 1908); Muir and Wilson,
Elements of Thermal Chemistry (Macmillan & Co., 1885) ; Ostwald, Lehrbuch der allge-
meinen Chemie (Leipzig, 2nd edition, 1893), vol. ii, pt. 1, and the works of Thomsen and
Berthelot referred to later.

VOL, I. 11
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is called the Aeat tone of the reaction ; when it represents heat liberated, the
reaction is said to be exothermie, whilst when heat is absorbed, the reaction
is described as endothermic. The majority of reactions are exothermic. The
heat tone of a reaction is usually accountéd for as the thermal change
observed, but in certain circumstances it may appear partly as electrical
energy, sound, etc., whilst there is frequently external work done on or by
the system. It is only possible to determine the difference between the intrinsic
energies of two systems, one of which may be converted into the other, and
thermochemical measurements afford the easiest means of acquiring such
data. The reactions chosen for these measurements are those, like solution,
dilution, neutralisation, etc., which can be quickly effected at ordinary
temperatures and in which the only energy changes to be considered are
those due to thermal change and external work. In such reactions the
observed heat of reaction practically coincides with the heat tone when
solids and liquids only are concerned, the external work being negligible.
When gases are produced or used up, a small correction is necessary to obtain
the heat tone of the reaction.!

Historical.—The first important generalisation discovered in thermo-
chemistry is due to Lavoisier and Laplace;? namely, that the quantity of
heat required to decompose a compound into its elements is equal to the
heat evolved when the compound is formed from its elements. The father
of modern thermochemistry, however, is Hess, whose work appeared in
1840.% Hess discovered the fundamental law upon which all thermochemical
calculations are based. This law, known as the Law of Constant Heat
Summation, may be stated as follows:—

The heat developed in a chemical change depends only on the initial and
final stages of the system, and is tndependent of the intermediate stages through
which the system passes.t

For example, the total heat developed when a quantity of ammonia gas
is allowed to react with its equivalent of hydrogen chloride and the product
dissolved in a large quantity of water is equal to that developed when the
same quantities of these substances are separately dissolved in excess of water
and the two solutions mixed. Hess arrived at the law by experiment some
years before the law of the conservation of energy was recognised. Subse-
quently J. Thomsen pointed out that Hess’s Law could be deduced from the -
law of conservation of energy.

Most thermochemical measurements have been carried out by two
chemists and their pupils. The experimental work of J. Thomsen com-
menced in 1853, that of M. Berthelot in 1873. Throughout their lives, these
two investigators were constantly occupied with thermochemical problems,
and they accumulated a vast amount of data of considerable accuracy.® The

1 This amounts to 0-58 Cal. per gram-molecule of gas at 18° (vide supra, p. 28). To
obtain the heat tone, it isadded to the heat measured calorimetrically for each gram-molecule
of gas produced (since its equivalent has been expended in work done by the system), and
subtracted for each gram-molecule of gas that disappears (since its equivalent in heat is de-
veloped from work done on the system). In the examyples given the values denote heat tones.

2 Lavoisier, uuvres, vol. ii. p. 287.

3 Hess, Pogg. Annalen, 1840, 50, 385 ; Ostwald’s Klassiker, No. 9.

4 It is, of course, understood that the production of electrical energy, sound, ete., is not
sup?oscd to occur. S,

Published in the following works : Thomsen, Thermochemische Untersuchungen { Leipzig,
1882-6), 4 vols. ; Berthelot, Essai de méchanique chimique fondée sur la thermochimie
(Paris, 1879), and Thermochimie données et lois numérigues (Puris, 1897), 2 vols.
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pioneering work of Favre and Silbermann,! and the later work of Stohmann 2
should also be mentioned. The revision of a large amount of thermochemical
data has been commenced by T. W. Richards, and a number of results have
been already published.3

Thermochemical Methods, Notation, etc.—The practice of thermo-
chemistry belongs to the branch of physics known as calorimetry and cannot
be described here.* Such reactions as solution, neutralisation, etc., are carried
out in an ordinary open calorimeter, but the heats of combustion of sub-
stances are measured by means of a calorimetric bomb, a closed steel
vessel lined with platinum or enamel, in which the substance is burned in
oxygen under several atmospheres ‘pressure. The substance is placed in
contact with a wire heated electrically to start the reaction, and the heat
liberated is determined by submerging the bomb in a known mass of water
and observing the rise in temperature,

There are three units of heat” in common use in terms of which the
results are usually stated, namely, the gram-calorie at 18°, written cal., the
kilogram-calorie, which equals one thousand gram-calories and is written Cal.,
and the heat required to raise the temperature of one gram of water from
0° to 100° is adopted as the unit. The latter is practically one hundred
gram-calories, and is written K.5

The simplest method of expressing the keat of reaction corresponding to a
change is to write down the change in the customary way as an equation,
and affix the magnitude of the thermal effect at the end, a positive sign in-
dicating heat evolution, a negative one heat absorption. The quantity of heat
stated is that corresponding to the reaction between the number of formula
weights expressed in the equation, the unit of mass being the gram. For
example, the equation

[Zn] + (Cl,) =[ZnCl,] + 972 Cals.

indicates that when 65'37 grams of zinc unite with 70°92 grams of chlorine,
97-2 Cals. of heat are evolved.

When a substance is dissolved in a large excess of water, the further
addition of water has no thermal effect. To indicate that a substance is
dissolved in such an excess of water, the abbreviation Aq. is appended to its
formula. For example, the equation

[ZnC),] + Aq. = ZnCl,. Aq. + 156 Cals.

means that the solution of 136-29 grams of zinc chloride in a large excess
of water is attended with the evolution of 15'6 Cals., whilst the equation

HCL.Aq. + NaOH.Aq. = NaClL Aq. + 137 Cals.

denotes that when 3647 grams of hydrogen chloride in dilute aqueous
solution are mixed with 40:01 grms. of sodium hydroxide in dilute aqueous

! Favre and Silbermann, dnn. Chim. Phys,, 1852, [iii.], 34, 357 ; 1852, [iiL], 36, 1;
1853, [iii.], 37, 406.

2 Stohmann, J. prakt. Ckem., 1889, 39, 503,

¥ Rickards, J. dmer. Chem. Soc., 1909, 31, 1275 ; Richards and Jesse, ibid., 1910, 32,
268 ; 1914, 36, 248 ; Richards and Burgess, ibid., 1910, 32, 431; Richards, Rowe, and
Burgess, 1bid., 1910, 32, 1176 ; Richards and Rowe, Zeitsch. physikal. Cheimn., 1913, 84, 585.

4 For details see the works already quoted, and standard works on heat.

5 The definition of the unit of heat is discussed on p. 86 ; the precise temperature at
which the calorie is defined does not really matter as far as most thermochemical results arc
concerned, since they are not yet known with great precision. .
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solution, the production of a solution of sodium chloride is attended with -

the evolution of 137 Cals. If necessary, the precise amount of water used
may be indicated, as in the following example :— 1

[Zn] + 2HCL200H,0 = ZnCl, 400H,0 + (H,) + 366 Cals.

It is usual to denote the state of aggregation of each substance, for which
purpose, as indicated in the preceding examples, the formule of solids are
enclosed in square brackets (or printed in heavy type) and those of gases in
round brackets, liquids and solutions having no brackets. This should always
be done when ambiguity might otherwise arise.

Unless the contrary is stated, the differences in intrinsic energies expressed
in these equations hold good for the substances concerned at 18°. This is so
with the examples already given. The heat of reaction varies with the tem-
perature, for the intrinsic cnergies of the initial and final systems are increased
by rise of temperature, but not, in general, at the same rate. If the heat of
reaction at ¢,° C. is equal to ¢, and the mean thermal capacities of the initial
and final systems between ¢,° and ¢,” are s, and s, respectively, then the heat
of reaction at ¢," is obviously equal to ¢ + (s, — 8,)(¢, — ¢;). Should any change
of state occur betwcen ¢, and #, the latent heat of change of state must
clearly be taken into consideration.

The difference, expressed in heat units, between the internal energy of
the formula-weight in grams of a compound and the sum of the internal
energies of its constituent elements in the free state is called the kecat of
formation of the compound. The heat of formation of the compound
ABC, . . . is therefore the thermal effect ¢ of the reaction

zA+yB+:C+ ... =ABC, ... +¢Cals.;
for example, .
[C] +2[S]=CS, - 19-6 Cals.

In general, such equations do not represent reactions which can be directly
effected, and their thermal values are obtained indirectly by mcans of Hess’s
Law. A compound is said to be exothermic or endothermic according as ¢
denotes heat evolution or heat absorption. Thus, carbon disulphide is
endothermic, its heat of formation being - 196 Cals.

The notation already explained is due to®Ostwald. Thomsen’s method
is shorter, but the states of aggregation are not indicated by it. The
formulee of the reacting substances are written down side by side and
separated by commas; the whole is enclosed in a square bracket, and the
products of the reaction are not indicated.! The preceding examples
become :—

(Zn, CI?]=97-2 Cals. ; [ZnC1?, Aq] =156 Cals.;

HCl.Aq., NaOH.Aq.] =137 Cals. ; Zn, 2HCL200H,0] =366 Cals. ;
q 2

(A5, B, C . . .]=gq; [C,8%]= - 196 Cals.

Heats of Formation.—It has been already stated that heats of
formation are usually obtained indirectly. Two simple examples must here
suftice to illustrate the method ; the principle is the same even in the most
complex calculations.

It is not possible to determine directly the heat of formation of carbon

! For another system of notation, see Polluk, Scventh Internat. Congress Appl. Chem.,
1909, Section X., p. 63.
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_monoxide, but the desired result is readily deduced from the following
experimental data :—

[C]+(0,)=(CO,) + 9696 Cals. . . : ()

(C0)+ (0§ =(CO,)+6767 Cals. . . . . (i)

If the required heat of formation of the monoxide be x, then by Hess's
Law (p. 162),

xz+67:67=96-96

: xz=2829 Cals.

In fact, the thermal equations may be subjected to the usual algebraic
processes, and the desired result follows immediately by subtracting (ii.)
from (i.) :—

[C]+(0) — (CO) = 2829 Cals.
or [C]+ (0) = (CO) + 2829 Cals.

The heat of formation of carbon disulphide, impossible to measure
directly, follows easily from the following experimental data :—

CS,+3(0,)= (CO,)+2(S0,) +25873 Cals. . . (i)
cl+ (0y)= (CO,) + 9696 Cals. . . (i)
2[S] +2(0,) = 2(S0,) +142:16 Cals. . . (i)

Adding (ii.) and (iii.) and subtracting (i.) from the result,

[C]+2[S] - S, = — 1961 Cals.
ie. [CT+ 2[S] = S, - 1961 Cals.

The preceding examples serve to illustrate another point. When an
element occurs in allotropic forms, or a compound in more than one crystalline
form, it is necessary to state which form is used, since the various forms differ
in their intrinsic energies. The magnitudes of these differences are not
difficult to calculate; for instance—

[C]+(0,)=(CO,) + 9696 Cals.

amorpl:!ous -

[C]+(0,) = (CO,) + 93-36 Cals.
graphite

subtracting C]-[C]=3-6 Cals.
amorphous graphite
The preceding data refer to amorphous carbon and rhombic sulphur.

The heats of formation of a large number of compounds have been
calculated.! They are of great use, since they enable heats of reaction to be
calculated. The simple rule is this: replace each formula in the chemical
equation by the heat: of formation of the compound with the sign changed.
TFor inst: nce, take the reaction

3PbS + 2A1 = ALS, + 3Pb +z Cals.

The heats of formation of lead sulphide and aluminium sulphide are 18-3 Cals.
and 1224 Cals. respectively ; of aluminum and lead, zero. Hence

~-3x183+0=-1224+0+«x
or x =675 Cals.

1 Tables of dat.a are to be found in Qstwald, opus cit., Thomsen-Burke, opus cit., ete,
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solutions of salts are mixed, there is practically no thermal change, provided
that no precipitation or gaseous evolution occurs. This is called the Law
of Thermo-neutrality of salt solutions. For a number of salts, eg. the
halogen salts of cadmium and mercury, it does not hold. A simple ex-
planation of the law is given later (p. 220).

The heats of solution of acids and bases in dilute aqueous solution are of
great interest. The following table contains a number of the experimental
results :—

A Heat of q Heat of
Reaction. Nentralisation. Reaction. Neutralisation.
HCl+NaOH , y . 137 Cals. HCl+LiOH . o c l 137 Cals.
HBr+NaOH . . . 137 ,, HCl+KOH . o . 137 ,,
HNO,;+ NaOH . g 3 137 ,; HCl + 4Ba(OH), 138 ,,
HIO; + NaOH . . 2 138 ,, HC1+4Ca(OH), 139 ,,

The substances mentioned in this table belong to what are called the
strong acids and bases (see Chap. V1.), and from the results given, it is clear
that, in dilute solution, the neutralisation of one gram-equivalent of a strong
acid by a strong base always produces the same thermal change. This
regularity no longer holds when either the acids or the bases are weak, as the
accompanying figures serve to show :—

. Heat of q Hea_t of |
Reaction. Neutralisation. Reaction. Neutralisation.
HCl+NH,.OH 3 : 122 Cals. 1H,CO;+ NH,.OH . 84 Cals.
HCl+NH,.OH . 5 92 ,, H,S+3Ba(OH), 5 o 78 ,,
HF + KOH 5 - . 163 ,, H,S+NH,OH . 5 62 ,,
3H,CO; + NaOH . 3 101 ,, HCON +NaOH . 28 ,,

Considerable differences are here noticed between the various values. The
theoretical bearing of these results is given in Chap. VI.

Thermochemical measurements have been used in studying the basicity
of acids and also their relative strengths. These applications also are
mentioned in the same chapter. i

CHEMICAL AFFINITY.

The property of bodies in consequence of which they undergo chemical
" change when brought into contact with one another is called ckemical affinity.
Since the operation of chemical affinity is attended with the production of
energy, chemical affinity may be regarded as a force. Little is known of the
nature of chemical affinity, and at present it is not possible to give an account
of chemical change in terms of the operation of definite physical forces.
There are, however, good reasons for supposing that the chemical forces
which hold together the atoms in a molecule have only a very short range of
effective action, their intensity diminishing very rapidly as the distance
between the atoms increases.

Although the pature of chemical affinity is still obscure, considerable
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progress has been made in the study of its mode of operation. The laws
which describe the influence of temperature, pressure, concentration, etc.,
upon chemical change are fairly well understood, and are dealt with later in
the present chapter.

The views on affinity held during the eighteenth century may be
indicated by reference to the tables of affinity, constructed originally by
Geoffroy (1718) and extended considerably by Bergmann.! For each
substance a table of affinity was constructed, in which other substances were
arranged in order of decreasing affinity for the particular substance in
question. The interpretation of chemical change adopted in the construction
of these tables was this: if a substance A reaets upon a substance BC with
the result that AB and C are produced, then the aftinity of B for A is greater
than the affinity of B for C.

Bergmann gave two tables of affinity for each substance, one “in the dry
way” and the other ‘‘in the wet way,” since he recognised that the results
obtained in these two ways were sometimes different; and Stahl (1720)
recognised cases in which the relative order of affinities was altered by
temperature. Apart from this, however, it was supposed that the chemical
affinity of a change depends simply upon the nature of the substances con-
cerned, and that a change proceeds to completion in the direction of the
stronger affinity, e.g. in the case already mentioned, the stronger affinity of B
for A overcomes the weaker affinity of B for C.

The insufficiency of this view was recognised by Berthollet,2 who showed
that many chemical changes which at that time were supposed to proceed
exclusively in one direction could be reversed, e.g. that although baryta and
potassium sulphate react to produce barium sulphate and potash, it is possible
to cause the two last-named substances to react with the formation of the
substances first mentioned. Berthollet clearly pointed out that the direction
in which a change proceeds depends not only upon the nature of the substances
concerned, but also upon their relative “quantities,” and regarded a chemieal
change that proceeds to completion as being an exceptional and not a normal
case. He did not succeed, however, in arriving at the correct estimate of
chemieal ““quantity,” and since he also disputed the validity of the law of
fixed ratios (vide Chap. 1.), his views met with little support. Later the
“influence of mass ” was recognised by Rose,® Malaguti,* Wilhelmy,> Gladstone,®
Berthelot and Péan de St Gilles,” and others, but it was due largely to the
work of Guldberg and Waage? that this influence received mathematical ex-
pression, in their formulation of the Law of Mass Action. In the subsequent
development of the subject the application of the laws of thermodynamics
has proved of the utmost value.?

! Bergmann, De Altractionibus Electivis (Upsala, 1775) ; English translation, 1785,

2 Berthollet, Essat de Statique Chimie (Paris, 1801-2) ; English translation, 1804.

3 Rose, Fogg. Annalen, 1842, 55, 415 ; 1851, 82, 545 ; 1853, 94, 481 ; 1855, g5, 96, 284,
426. 3
¢ Malaguti, Ann. Chim. Phys., 1857, (iii.), 51, 328,

5 Wilhelmy, Pogg. Annalen, 1850, 81, 413, 499.

¢ Gladstone, Phil. Trans., 1855, 145, 179 ; Trans. Chem. Soc., 1856, 9, 54.

& 7 Berthelot and Péan de St Gilles, Ann. Chim, Phys.,1862, (iii.), 65, 335 ; 66, 5 ; 1863,
| 225.

S Guldberg and Waage, Etudes sur les affinités ehimiques (Christiania, 1867); J. prakt.
Chem., 1879, (ii.), 19, 69 ; Ostwald’s Klassiker, No. 104,

? For an account of the historical development of this part of the subject, the reader is
referred to the works cited on p. 169.
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The study of thermochemistry is associated with what was, in effect, a
revival of the old view of affinity as propounded by Bergmann. In 1854
J. Thomsen ! put forward the principle that “every simple or complex effect
of a purely chemical nature is accompanied by production of heat.” Later, a
similar “ law ” was enunciated by Berthelot 2 under the name of the “law of
maximun work.” It may be stated in the form that “every chemical change
accomplished without the addition of external energy tends to the formation
of that body or system the production of which is accompanied by the
development of the maximum gquantity of heat.” This so-called law cannot be
accepted as a law of Nature, but only as an approximate rule, for although it
is true that at ordinary temperatures the majority of chemical changes that
take place are exothermic, yet at high temperatures endothermic bodies can
be formed by the direct union of their elements, and further, it is impossible
by this law to account for the occurrence of reversible reactions.

In fact, the condition 3 that a physical or chemical change may take place
in an isolated system is not that an evolution of heat shall occur, but that the
entropy of the system shall be thereby increased. When an isothermal
change is considered, and not change in an isolated system, the necessary
condition for change to proceed is that the thermodynamic potential at
constant volume shall be diminished by the process. This function, which is
also known as the free energy of the system, is such that, in an isothermal
change, the change in the free energy of the system measures the raximum
amount of work that can be gained by the change (7.e. the work gained when
the reaction proceeds isothermally in a thermodynamically reversible
manner). The change in free energy may therefore be looked upon as a
measure of the work accomplished by the chemical affinity operative in
producing the change. For the measurement of chemical affinity in terms of
free energy, however, the reader must be referred to works on physical
chemistry.t

Cremicarn EqQuiLiBrium.®

Reversible Reactions. — When calcium carbonate is heated to a
(constant) high temperature it decomposes into calcium oxide and carbon
dioxide, and if the experiment is effected in an open vessel the carbon dioxide
diffuses away into the air and after a sufficient length of time the decomposi-
tion is complete. The case is different when the decomposition is carried out
in a closed vessel so that the volatile product of the change cannot escape.
Under these conditions chemical change proceeds as usual, but eventually
it ceases, and in general ® the cessation of chemical change sets in while there

1 Thomsen, Pogg. Annalcn, 1854, 92, 34.

2 Berthelot, opus. cit. (p. 162); Compt. rend., 1867, 64, 413 ; 1870, 71, 303 ; Ann.
Chim. Phys., 1869, (iv.), 18, 103.

3 Derived from thermodynamic considerations.

4 E.g. Nernst, Theorcticul Chemistry, translated by Tizard, 3rd English edition (Mac-
millan & Co., 1911) 5 dpplications of Thermodynamics to Chemistry (Scribner & Sons, New
York, 1907) ; also Planck, Thermodynamics, translated by Ogg (Longmans & Co., 1903).

5 For a full account of the subjects discussed in the remainder of this chapter the reader
is referred to the following works: Nernst, Theorctical Chemistry, translated by Tizard, 3rd
edition, 1911 ; Van’t Hofl, Lectures on Theoretical and Physical Chemistry, translated by
Lehfeldt (Arnold, 1899); Van’t Hoff' and Cohen, Studies in Chemical Dynamics, translated
by Ewan (Williams & Norgate, 1896) ; Mellor, Chenical Statics and Dynamics (Longmans
& Co., 1904) ; and the works cited on p. 177. B

8 Provided the quantity of carbonate taken does not fall below 3 certain minimum,
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is still present unchanged calcium carbonate. The quantities of ecalcium
carbonate, carbon dioxide, and ealcium oxide present in the system then
remain unchanged and independent of the time, and a state of equilibrium :
is said to have been reached. S
This result is explained when it is recalled that caleium oxide and earbon f
dioxide can unite to form caleium carbonate, and accordingly do so as soon as
they are produced by the decomposition of ealcium carbonate. Thus two
changes go on, one of which at first partly, and eventually wholly, undoes
the work of the other, and a state of balance is at length reached.
Chemieal changes like the preceding are called balanced or reversible
reactions. Many decompositions are reversible, as has been already mentioned,
and reversible decomposition is known as dissociation (p. 160). Reversible
ehanges aro frequently encountered, however, in other types of chemical
reactions. For instance, the change

BiCl + H,0==BiOCl + 2HCI

isreversible. The continued addition of water to bismuth trichloride leads to
the precipitation of more and more bismuth oxychloride until eventually
the bismuth is practically all precipitated. On the other hand, the addition
of more and more hydrochloric acid to bismuth oxychloride leads to the
reverse change, tho whole of the oxyehloride eventually passing into solution.
The reaction

2SbCly + 3H,S==Sh,S, + 6HCI

furnishes another example. The passage of hydrogen sulphide into a solution
of antimony trichloride in dilute hydrochloric acid leads to precipitation of
antimony trisulphide; but the last-named substanee passes into solution
when warmed with coucentrated hydrochldric aeid, and hydrogen sulphide is
evolved. There are, however, many recactions which apparently are not
reversible, e.g. the union of aluminium and oxygen, the decomposition of
ammonium nitrite into water and nitrogen, ete.

The solution of metals in acids was at one time regarded as a type of
irreversible reactions, but Ipatieff and Werchowsky! showed in 1909 that by
subjeeting the aqueous solutions of certain metallie salts to high pressures
of hydrogen gas at slightly raised temperatures, the metals could be pre-
cipitated out of solution. Hence the apparent irreversible nature of such
reactions as

Zn + H,80, =ZnS0, + H,

under ordinary conditions is attributable to the fact that oue of the products,
namely hydrogen, is removed from the sphere of action.

Chemical equilibrium, like physieal equilibrium, must be looked upon as
dynamic, and not as statie equilibrium. The equilibrium between liquid and
vapour at constant temperature, for instance, is looked upon as being the
result of two changes which are proceeding at equal rates —viz. the evaporation
of liquid and the condensation of vapour, the one undoing the work of the
other. In the same way, two reactious are still to be regarded as proceeding
when a chemieal equilibrium is observed and all change has apparently ceased,
only the reactions proceed at equal rates and are mutually antagonistie.
During the period preceding the establishment of equilibrium, then, the

o

1 Ipatieff and Werchowsky, Ber., 1909, 42, 2078,



CHEMICAL CHANGE, 171

observed change must be attributed to the fact that the speed of the initial
(forward) change is greater than that of the reverse change. As time goes
on, however, the speed of the forward change diminishes, or that of the
reverse change increases, or both of these occur, and eventually the forward
and backward changes proceed at equal rates. Since increase and decrease
of speed on this view are associated with increase and decrease of concen-
tration of the starting materials! respectively, some connection may natur-
ally be supposed to exist between the rate at which a chemical change
is proceeding at any moment and the concentration of the reacting
materials at that moment. This conelusion is borne out by experiment, as
will be seen later.

The idea that chemical equilibrium is dynamie was originally proposed by
Williamson 2 in his classic researches on etherification, but its acceptance as
an adequate interpretation of the nature of chemical equilibrium in general
only came after the work of Clausius, Maxwell and others had led to the
development of the Kinetic Theory, and thereby enabled a mental picture to
be drawn of the nature of chemieal change. The application of the Kinetic
Theory to the interpretation of the nature of chemical change was first made
by Pfaundler? in 1867.

Homogeneous Systems; The Law of Chemical Equilibrium.—
The homogeneous gaseous systems will be dealt with first. Suppose that
7y, Mg, My ... molecules of the gaseous substances of molecular formule

, B, C... respectively react to produce m,, m,, m, ... molecules of the
gaseous produets of the formule P, Q, R . ..

mA+n,B+2,C+ .. .= mP+mQ+mR+ .

Then, at constant temperature, the relationship between the eoncentrations
of the various substanees concerned in the equilibrium may be expressed in
the following manner :—

(B x[Qfx[Rj=x. ..y

[Al"x [B]=x [C]ex. ..
where a formula enelosed in square brackets indicates the concentration* of
the substance of that formula when equilibrium is reached, and K is a
constant, known as the equilibrium constant. This equation constitutes the
law of chemical equilibrium. It can be deduced thermodynamically for a
system comprised of perfect gases, and may also be arrived at from
considerations based upon the kinetic theory.

The meaning of the law may be explained by reference to one or two
examples. At temperatures above 180°, hydrogen iodide is observed to
decompose into hydrogen and iodine. Since at these temperatures, hydrogen
and iodine unite to form hydrogen iodide, the change is a reversible one—

2HI==H, +I,.

1 The sturting materials for the reverse change are the final products of the forward
change, and the speed uf a chemical reaction is measured by the rate at which the starting
materials disappear.

2 Williamsou, Annalen, 1851, 77, 87 ; Alembic Club Reprints, No. 16.

3 Pfaundler, Pogg. Annalen, 1867, 131, 55. - :

4 Concentrations are usually expressed in gram-molecules per c.c. or per litre. The
concentrations are obviously proportional to the respective partial pressures of the
substances,
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the condition of equilibrium at constant temperature is
[N02]2/[N204] =K.

If, then, @ and & denote the number of gram-molecules of NO, and N,0,
respectively when the system is in equilibrium, and V denotes the volume,
the equation becomes

a?[bV =K.

Hence, in this case, the state of equilibrium varies with the volume.!
Clearly, if the volume is increased, then @ must increase and & diminish in
order that the expression a?/bV shall remain constant; in other words, the
degree of dissociation of nitrogen peroxide is increased by increase of volume.
The degree of dissociation may be readily calculated from the observed
density of the system, and the results obtained are in satisfactory accordance
with the requirements of the law of chemical equilibrium (vide supra, p. 142).
The dissociation of phosphorus pentachloride

PCL,=—==PCl, + Cl,
may be similarly treated. The condition of equilibrium is that
[PCL,] x [CL)/[PCL] =K.

Suppose, now, that into the system (in equilibrium) an excess of chlorine is
introduced and the system brought to its original volume. The result is
easy to foretell. Since [Cl,] has been increased, it is clear that the only way
in which the expression on the left-hand side of the latter equation can
maintain its former value is for [PCly] to diminish and [PCl;] to increase.?
The general result which this illustrates may be expressed in words as
follows:—7%e degree of dissociation of a substance is diminished by increasing
the concentration of one of the products of dissociation.

Passing from gaseous systems to the consideration of equilibrium in
liquid solutions, it may be stated that the same law of chemical equilibrium
holds good for these equilibria as holds for gaseous equilibria, provided that
the osmotic pressure of each of the substances participating in the equilibria
follows the laws of Boyle and Gay-Lussac. The thermodynamic proof was
given by Van’t Hoff,? and the restrictions under which the proof holds good
limit the exact application of the law of chemical equilibrium to dilute
solutions.*

As an exanmple, the dissociation of nitrogen peroxide may be referred to
again. This change occurs not only in the gaseous state, but also when the
peroxide is dissolved in a solvent upon which it has no chemical action.
From measurements of the degree of dissociation of the peroxide in chloroform
solutions of varying concentration,® it has been shown?® that the law of
chemical equilibrium satisfactorily expresses the results. .

Heterogeneous Systems; Extension of Law of Chemical
Equilibrium.—TIt is possible to extend the law of chemical equilibrium to

1 This is the case whenever the change leads to an alteration in the total number of
molecules present,

2 Increase in one of these concentrations necessitates a decrease in the other, from
chemical considerations. )

3 Van’t Hoff, K. Svenska Vet.-Akad. Handl., 1885, 21, 88 ; Zeitsch. physikal. Chem.,
1887, 1, 481 ; FPhil. Mag., 1888, [v.], 26, 81. 4 (f. Chap. VI.

5 Cundall, Trans. Chem. Soc., 1891, 59, 1076. 6 Ostwald, ibid., 1892, 61, 242.
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the liquid and gaseous phases of heterogencous systems. For example,

consider the reaction
CaCO==Ca0 + CO,

taking place at constaut temperature in a closed vessel. The system consists
of two solid phases and a gaseous phase. Now every solid may be regarded
as possessing a vapour pressure (sublimation pressure, vide p. 46), although
it may be too small to admit of experimental determination, and at constant
temperature the vapour will be in equilibrium with the solid at a definite
pressure, which cannot vary so long as solid phase is present. Accordingly,
in the equilibrium equation for the gaseous phase—

[Ca0].[CO,] _ K
[CaCO,) ’

the concentrations [CaO] and [CaCO,], which represent concentrations of
saturated vapours at constant temperature, are constant quantities. The
equation thercfore reduces to

[CO,] = constant.

In other words, to each temperature there corrcsponds a definite partial
pressure (or concentration) of carbon dioxide at which the gas is in equilibrium
with the two solid phases. This pressure is practically identical with the
total pressure of the gaseous phase, and is called the dissociation pressure.

From the preceding discussion it is easy to see that the following general
rule may be stated for arriving at the condition of equilibrium in a hetero-
geneous system of solid and gaseous phases at constant temperature. Write
down the left-hand side of the equilibrium equation given on p. 171, omitting
all factors that refer to substances present as solid phases; the expression so
obtained has a constant value. For instance, the dissociation of solid
ammonium hydrosulphide

NH,HS==NH, + H,S
leads to the condition of equilibrium
[NH,].[H,S] = constant,

which has been shown experimentally to be the case.!

Equilibrium in other heterogeneous systems can be discussed in a manner
similar to the above.? «

Heterogeneous Systems: the Phase Rule.—The conditions of
equilibrium in a heterogeneous system may be expressed in a manner quite
independent of the atomic and molecular theories by means of the Phase
Rule. This rule, which applies to both chemical and physical equilibria,
was deduced thermodynamically by Willard Gibbs in 1874,° but its practical
applications were first made by Roozeboom.

The equilibrium in a system is deseribed by the Phase Rule in terms of
the number of phases, components, and degrees of freedom of the system.

! Isambert, Compt. rend., 1881, 92, 919 ; 1881, 93, 731 ; 1882, 94, 958.

2 Sce Nernst, Z'heoretical Chemistry, translated by Tizard, (Macmillan & Co., 3rd
edition, 1911), Book IIL, chap. iii.

3 Willard Gibbs, 7'rans. Connecticut Acad,, 1875-8, 2 and 3.
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The meaning of the term phase has already been given (p. 6) and is easy
to understand. It is rather more difficult to understand the meaning of
the term ‘component,” since by the components are not understood the
constituents of a system. It may be said at once that the components of
a system may be chosen in more than one way, but it is only their number
that is of importance. The number of components of a systemn is the least
number of constituents, the quantities of which are independently variable,
in terms of which the composition of each phase may be expressed.! For
example, consider a saturated solution of sodium sulphate in equilibrium
with vapour and the solid decahydrate Na,SO,.10H,0. The number of com-
ponents is two. The anhydrous salt Na,SO, and water may be chosen,
since the amounts of these substances in the system are independently
variable. In terms of these substances the composition of each phase
may be expressed. The solid phase is Na,SO,+ 10H,0, the liquid phase
Na,S0, +2H,0, and the gaseous phase, ON2a,SO, + H,O (zero and negative
amounts are permissible when expressing the composition of a phase in
terms of the components).

The Phase Rule applies to systems in which equilibrium is dependent
only upon the variables (i.) temperature, (ii.) pressure, and (iii.) composition
of the phases. The least number of these variables which must be arbitrarily
fixed in order that the condition of a system may be perfectly defined, is
called the number of degrees of freedom of the system. For instance, take
the system water in contact with its vapour. If the temperature is|
arbitrarily chosen to. have a certain value, the system is perfectly defined.
Equilibrium is then possible only at a certain pressure, determined by the
system itself, either evaporation of water or condensation of vapour occurring
until this pressure, the vapour pressure of water at the particular tempera-
ture chosen, is reached. Hence the system has one degree of freedom.
Systems with 0, 1, 2 . . . etc., degrees of freedom are said to be invariant,
wnwariant, bivariant. . . . ete.?

The Phase Rule states the condition of equilibrium in a heterogeneous
system as follows : —

P+F=C+2,

where P=number of phases, F=number of degrees of freedom, and
C = number of components of the system. 0

The application to systems of one component may be briefly outlined. |
Here each phase has the same chemical composition, and hence change of !
composition does not enter into the discussion. Two phases in equilibrium
constitute a univariant system, and hence if either the temperature or the
pressure be arbitrarily maintained at a constant value there will be a
corresponding value of the other variable for the system to be in equilibrium.
Both values cannot be arbitrarily chosen; one being chosen arbitrarily by
the experimenter, the appropriate value of the other is chosen by the system,
so to speak. Thus, in the system liguid — vapour, corresponding to each
temperature chosen there is a definite pressure, characterised by the
particular system under investigation, at which equilibrium occurs. This
is the vapour pressure of the liquid (see p. 34). For the system solid — vapour
in equilibrium, there is likewise a definite equilibrium pressure corresponding
to each temperature, viz. the sublimation pressure (see p. 46). In the case

1 See Trevor, J. Physical Chem., 1896, 1, 22. 2 Trevor, ibid , 1902, 6, 136,
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of the system solid - liquid, the interpretation is that the temperature of
equilibrium, or melting-point of the solid, varies with the pressure (see p. 43).
It is further possible for systems solid — solid to occur, e.g. rhombic sulphur-
monoclinic sulphur, which are in equilibrium at the transition-point
(see p. 69). The system being univariant, the transition-point must vary
with the pressure, \

When three phases are present in equilibrium, the system is invariant.
Accordingly the equilibrium is only observed when the temperature and
pressure possess certain fixed values, defined by tho system itself. That
is to say, the values may be experimentally determined, but neither of them
can bo arbitrarily selected. Such a system is said to be at the triple point,
and the equilibrium temperature and pressure are referred to as the triple
point temperature and pressure respectively. The three phases solid-liquid-
vapour are in equilibrium at the triple point in the caso of a substance that
forms only ono solid phase and eno liquid phase. On a pressure-temperature
diagram the conditions of equilibrium in. univariant systems are represented
by curves, as, for example, the sublimation curve and the vapour pressure
curve. The triple point in the system solid — liguid-vapour is represented by
the point of intersection of these two curves (see p. 47). :

Other invariant systems are possible, such as solid phase A — solid phase
B - vapour, when the substance is polymorphie, and with substances which
exist in two liquid phases (liquid crystals), invariant systems such as liquid
phase A - liquid phase B — vapour are possible.!

The systems of which sodium sulphate and water are the components
furnish simple examples of two-component systems. Since a single phase
in a two-component system has threo degrees of freedom, the composition of
a solution of sodium sulphate does not possess a definite value even when
both temperature and pressure are fixed, but may be varied at will between
certain limits. When, however, another phase is also present, say the
decahydrate Na,SO,.10H,O, the system has only two degrees of freedom,
and having fixed the value of the pressure, the state of the system solution =
decahydrate is fixed as soon as either the temperature or the composition of °
the solution is specified. When the temperature is given, there is only one
composition of solution for the system to be in equilibrium, and, eonversely,
if the composition of the solution be defined, there is only one temperature
at which this solution can exist in equilibrium with the decahydrate. Such
a solution is said to be saturated at the particular temperature and pressure
in question, and it is therefore scen from this example that the term
“saturated solution” only acquires a definite meaning when the nature of
the solid phase in contact with the solution is specified. As has been
previously remarked (p. 110), at a definite pressure and temperature and in
the absence of the solid phase, a solution may contain more sodium sulphate
that the solution in equilibrium with the solid phase, the solution being
termed “supersaturated.” Yet a solution supersaturated with respect to
the decahydrate may still be unsaturated with respect to the heptahydrate
Na,S0,.7H,0.

When sodium sulphate decahydrate is heated to 32-4° it decomposes into
anhydrous salt and water—

Na,S0,.10H,0==N2,S0, + 10H,0,

1 For the latter, see Hulett, Zeitsch. physikal. Chem., 1899, 28, 629,
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and during the change the temperature remains constant. This is what
would be expected from the Phase Rule. The system decakydrate - ankydrous
salt — saturated solution is only univariant, and hence at a definite pressure
arbitrarily chosen (atmospheric as a rule) equilibrium occurs only at one
particular temperature and with the solution at one particular concentration.
This ¢ransition-povnt, however, varies with the pressure. The system
decahydrate — ankydrous salt - solution-vapour is invariant, and can ouly exist
therefore at fixed values of temperature and pressure, defined by the system
itself, and not capable of being arbitrarily selected.

The fact that the solubility curve of sodium sulphate consists of two
parts, intersecting at a sharp angle, is easy to understand from the preceding
discussion. The two parts of the curve represent conditions of equilibrium
in the two systems decahydrate — solution and anhydrous salt— solution re-
spectively, at atmospheric pressure, and intersect at a point which gives the
equilibrium temperature and composition for the system decakydrate —
anhydrous salt — solution at atmospheric pressure.

In the light of the Phase Rule, the dissociation of calcium carbonate is
eagily discussed. The dissociating system is one of two components and
three phases (two solid, one gaseous), and hence is univariant. At any
temperature arbitrarily chosen, therefore, equilibrium obtaing at one
particular pressure only. The result thus deduced agrees with that
previously arrived at in another way (p. 174).

Considerations of space prevent a more detailed account of applica-
tions of the Phase Rule from being given, and reference must therefore
be made to the text-books! for further information. Owing to the
rather abstract nature of the subject, however, an example may be
given to illustrate the manner in which the Phase Rule proves of service
to the chemist.

It was discovered by Weyl? that sodium and potassium dissolve in liquid
ammonia, forming very remarkable solutions. When dilute they are blue;
the concentrated solutions exhibit metallic reflection and appear bronze-
coloured and opaque. In studying these solutions, Joannis? considered that
he had isolated the solid compounds NaNH,; and KNH, from them. Briefly,
he observed that, at constant temperature, the pressure in the system
solution — vapour fell as ammonia was withdrawn, until a solid was pre-
cipitated. This solid appeared bronze-coloured by reflection. Thereafter,
although ammonia was continuously withdrawn from the system, the
equilibrium pressure remained constant, until only the system free metal ~
ammonia gas was left. The free metal appears white by reflection. Joannis
explained the results as follows. The pressure remains constant at the
vapour pressure of the saturated solution from the moment that the com-
pound is precipitated until the continued withdrawal of ammonia causes the
_phase solution to disappear. The compound then dissociates into metal and
‘ammonia at a constant dissociation pressure, which is equal to the vapour
pressure of the saturated solution, and hence only one equilibrium pressure
is observed in the experiment.

1 Bancroft, The Phase Rule (Cornell University, New York, 1895); Roozeboom, Die
heterogenen Qleichgewichte vom Standpunkte der Phasenlehre (l}runswwk, 1901) ; Findlay,
The Phase Rule and its Applications (Longmans & Co., 3rd edition, 1911).

2 Weyl, Poag. Annalen, 1864, 121, 601.

3 Joannis, Compt. rend., 1889, 109, 900,

YOL. I. 12
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Roozeboom ! pointed out that the assumption made by Joannis with
regard to pressures was unnecessary, since an explanation was supplied by
the Phase Rule. The system compound — metal — solution — vapour would be
invariant (2 components, 4 phases), and only exists at a single temperature
and pressure. At this invariant-point temperature, the univariant systems
compound — solution — vapour and compound — metal - vapour would have the
same equilibrium pressures. Hence Roozeboom suggested that Joannis had
carried out his experiments in each case at the invariant point temperature.
Joannis showed, however, that the phenomena he described were noticed at
a series of different temperatures. This proves conclusively that no solid
compounds are precipitated, only one solid phase ever being present, and
that being, as was clearly seen towards the end of an experiment, the metal
itself. In short, the divariant system solution — vapour exhihits, at constant
temperature, a variation of vapour pressure with variation of composition of
solution. With the precipitation of metal, a univariant system metal — solu-
tion — vapour is obtained, and accordingly at constant temperature the system
exhibits a constant vapour pressure during the withdrawal of ammonia until
the phase solution disappears and the divariant systemn metal - gas is left
behind.2 The ‘“bronze-coloured compounds” are merely free metal covered
with a layer of saturated solution, the surface tension between solution and
metal being extraordinarily great. It has, in fact, been clearly shown that
when the system contains considerably less than one gram-molecule of
ammonia to one gram atom of sodium the liquid phase is still present.$

Displacement of Equilibrium.—When a system is in equilibrium,
and one of the factors of equilibrium (temperature, pressure, etc.) is altered,
tho state of equilibrium is disturbed and change occurs in the system. For
instance, in the case of the system CaCOg- CaO - C0O,, which at a definite
temperature is in equilibrinm at one particiflar pressure, if the temperature
or the pressure be altered, then, according to circumstances, either more
carbonate dissociates or else combination of its products of dissociation pro-
ceeds to somo extent; and in this instance, if either of the factors of
equilibrium is made to assume permanently a new value while the other is
kept fixed at the original equilibrium value, the change within the system
continues until one of the phases disappears. A new state of equilibrium
can, however, be established if the second factor of equilibrium be likewise
allowed to change. In the case of an invariant system it is, of course,
impossible to alter-permanently any one of the factors of equilibrium without
causing the disappearance of at least one phase, since there is but one set of
conditions under which equilibrium is possible.

The direction in which change procceds when a system in equilibrium has
ono of the factors of equilibrium altered may be predicted by the application
of Le Chatelier's Theorem.* This isstated by Ostwald in the following form :—
If a system vn equilibrium s subjected to a constraint by which the equilibrium
18 shifted, a reaction takes place which opposes the constraint, i.e. one by which
its effect ts partially destroyed. Bancroft’s statement is that any change in
the factors of equilibrium from outside 1s followed by a reverse change within

! Roozcboom, Compt. rend., 1890, 110, 134.

2 Ruff and Geisel, Ber., 1906, 39, 828 ; Kraus, J. Amer. Chem. Soc., 1908, 30, 653.

3 For the necessary modification of the Phase Rule when applied to divided systems,
e.g. colloids, see Tolman, J. Amer, Chem. Soec., 1913, 35, 307, 317 ; ¢f. Pavlow, Zeilsch.
phiysikal, Chem., 1910, 75, 48,

4 Le Chatelier, Compt. rend., 1884, 99, 786 ; Braun, Wied. Aunalen, 1888, 33, 337.
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the system. To econtinue with the illustration already chosen, suppose that
heat is supplied to the system and its temperature thereby raised. The
change that occurs must either be the dissoeiation or the re-formation of
calcium carbonate, and according to the theorem quoted that change occurs
which absorbs heat, viz. the dissociation of the earbonate. On the other hand,
if at constant temperature the pressure upon the system is increased, change
proeceds, aceording to the theorem, in the direction which diminishes pres-
sure, 7.e. in the direction associated with contraction in volume. Aceordingly,
the quantity of carbonate increases at the expense of the quicklime and
carbon dioxide until the pressure of the latter falls to that of the dissociation
pressure.

Again, consider the system solid —liguid in equilibrium at a definite
temperature and pressure. An increase of pressure favours transformation
into the phase possessing the smaller specific volume. Hence either liquid
freezes or solid melts according as the solid expands or econtracts on mielting.
The first is the more usual case, and the process of freezing being associated
with an evolution of heat, equilibrium will be re-established at a higher,
temperature than before, <. the melting-point is raised- by inerease of;
pressure. 'The second case is typified by ice, bismuth, gallium, a numbey
of other substances, and the melting-point is lowered by inercase of pressure.

In a similar manner the theorem may be employed to deduee that, at
constant temperature, the solubility of a salt in a liquid is increased or
diminished by increase of pressure acecording as the process of solution is
attended by contraction or expansion; and that, at eonstant pressure, the _
solubility is inereased or decreased by rise of temperature according as the
limiting heat of solution (vide p. 166) is negative or positive, ¢.e. represents
absorption or evolution of heat respeetively.

Applied to chemieal systems, the general result is obtained that (i.) at
constant pressure, rise of temperature favours the change that oceurs with
absorption of heat, and that (ii.) at constant temperature, increase of pressure
promotes the ehange that is associated with diminution in volume. Thus,
considering the change

——

N,0,<=2NO,

which oceurs in the direetion — with heat absorption, it follows that the
degree of dissociation of nitrogen peroxide is increased by a rise of temperature
and diminished by an increase of pressure.

It is easy to see, from the fact that endothermic reactions are promoted
by rise of temperature, why such endothermic compounds as earbon disul-
phide, nitric oxide, acetylene, ete., should be produced at high temperatures
by the direct union of their elements, although at ordinary temperatures
these substances are unstable. The production of ozone from oxygen at
extremely high temperatures! is also accounted for, the reaction being
strongly endothermie.

In order to predict quantitatively the extent of displacement of equilibrium,
it is necessary to have recourse to the second law of thermodynamies. The
most useful deduetion from this law for the present purpose is the theorem,
whieh may be stated verbally in the following way % :—Thke latent heat of expan-
sion of a system s equal to the product of the absolute temperature and the

1 Fischer and Braehmar, Ber., 1906, 39, 940.
2 The theorem is expressed mathematically later on.
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it is easily calculated that Q is equal to — 21,400 cals. The experimental
value for Q, the heat of sublimation of ammonium hydrosulphide at constant
volume, is between — 21,640 and — 21,840 cals.!

The application of the thermodynamic theorem already quoted (p. 179) to
heterogeneous equilibrium is simple, and it is of great use in dealing with the
passage of matter from one phase to another. If L denotes the heat (measured
in units of energy) absorbed when at the absolute temperature T a definite
quantity of matter passes from one phase to another, and at constant tem-
perature the increase in volume associated with the process is dv, the theorem

becomes
: L _(‘Zz’>
T.dv \dT/v

where the right-hand side denotes the rate of increase of pressure upon the
system with rise of temperature at constant volume.

This equation may be applied to the solution of such problems as the
change of melting-points and transition-peints with pressure, change of vapour
pressure with temperature, change of solubility with temperature and pres-
sure, etc. For example, at a pressure of 1 atmosphere ice melts at 273°.
One gram of ice absorbs 80 calories, 7.e. 80 x 418 x 10® ergs on melting, and
the tncrease in volume is — 00908 c.c., ¢.e. there is a contraction. Hence,

e SIS TS A (1 6 .
=~ 273 0908 135 x 10% dynes per sq. cm. per degree
= — 133 atmospheres per degree.

That is to say, an increase of pressure lowers the melting-point of ice, but
only by 0:0075° per atmesphere.

From the preceding example it will be seen that the influence of pressure
upon the equilibrium is very small. This is a general characteristic of systems
from which the vapour phase is absent. Such systems are called condensed
systems, and it will be seen that transition-points, 7.e. equilibrium temperatures
in condensed systems, must be practically identical with invariant peint
temperatures ; for instance, the triple-point temperature for the system zce —
water — vapour is —0°0075° C., the transition-point, i.e. the melting-point,
being 0° C. ¥

RaTeE oF CHEMICAL CHANGE.

Homogeneous Systems.—In dealing with welocity of reaction it is no
longer possible to apply directly the principles of thermodynamics to the
study of the subject. In seeking experimentally the connection between
rate of change and concentration of the reacting substances, however, help
is afforded indirectly if it be recollected that the law thus arrived at should
be capable, on the dynamic view of chemical equilibrium, of leading to the
law of chemical equrlibrium (p. 171), which has a thermodynamic basis.

For homogeneous systems, such as gaseous systems at not too great
pressures, and dilute solutions, the experimental law which describes velocity
of reaction is the Law of Mass Action, which may be stated thus:—

At constant temperature the rate at which a chemical change s proceeding

1 This example is taken from Van't Hoff and Céhen, Studies in Chemical Dynamics,
transiated by Ewan (Williams & Norgate, 1896).
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C, denoting the initial concentration. A method of expressing the result of
integration which is sometimes preferable to the preceding is as follows : —

_2:303 C

k Y loglo C‘la
2

fpTily
C, and €, denoting the concentrations at times #, and ¢, respectively.

If, then, the concentration can be measured at various intervals of time
from the start, simultaneous values of C and ¢ can be inserted in these
equations, and a series of values of %# deduced. These values should be
equal, within the limits of experimental error.

A change which proceeds in a manner described by the preceding equations
is called a wnimolecular change. An important characteristic of such changes
may be pointed out at once. Suppose that a definite fraction, say 1/nth, of
the total quantity of original substance has undergone change. The con-
centration will have fallen to (= ~1)Cy/n. The time required to effect this
change is given by

2-303 nC, 2:303 n
—_— e 102, - .
k (n=1)C, & " n-1

Hence the time required for any definite fraction of the initial substance to
undergo change is independent of the concentration. From the kinetic
point of view this result is quite intelligible, since each molecule decomposes
on its own account, and the closeness or otherwise of neighbouring molecules
is therefore of no consequence. It follows that “ quantities of initial substance
present ” may be substituted for ¢ concentrations” in the preceding equations.

The most interesting examples of inorganic changes which have been
shown to follow the unimolecular law are the various radioactive transforma-
tions. Provided that a radioactive substance can be obtained in a homo-
geneous state and the products of its disintegration do not interfere, the
rate of transformation, which may be measured by the rate of decay of
radioactivity, follows the unimolecular law.! The velocity constants of these
changes are called radioactive constants, and denoted by A in the literature of
the subject. It is also customary to state the “period of half-change” T, by
which is meant the time that must elapse after any particular moment,
before the quantity of initial substance remaining is reduced to one-half the
quantity present at that moment. From the preceding equation it is
seen that

t= . log,,

2-303
A

The value of 1/X is termed the period of average life of a radioactive element.
In the case of radium F (or polonium) the period of half-change is 140 days.
Hence, with the day as unit of time, the radioactive constant is 0:693/140
or ‘00495, a result usually expressed as A(day)~'=495x10"% Also, the
period of average life is 1/0-00495 or 202 days.

It is quite possible for a reaction to follow the unimolecular law, z.e. give
a good “constant” for £ when the experimental data are inserted in the
equation, even when the change must of necessity involve the interaction of
at least two molecules. The classic example, in the study of which the law
of mass action was used for the first time, is an organic reaction, the

T=

log,, 2 =0693/A.

1 Sometimes called the exponential law, since it may be written C=C, . ek,
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is a reversible reaction in which both the forward and the reverse changes
are bimolecular. For the velocity of reaction the equation

_d Cm

=kCp2- ¥ .Cy,. C,

holds good. 1If the reaction be started with purc hydrogen iodide at a
concentration Cj, and the concentration has fallen to C after a time ¢, the
concentration of hydrogen is equal to (C,—C)/2, and that of iodine is the

same. Hence,
_dC usl ( _(Gy— C)2>
7 i 4

The ratio k/k is equal to the equilibrium constant K, and can therefore be
determined experimentally and its value inserted in the equation. The
integration, which is quite simple, leads to an expression for £ in terms of
C, Cy, and ¢, and experiment has shown that the expression actually has a
constant value during the experiment.!

In a bimolecular change the time.required for a definite fraction of the
original substances (taken in equivalent proportions) to be transformed is
inversely proportional to the initial concentration. The proof may be left to
the reader.

Few changes are known which involve the direct interaction of three or
more molecules, and they will not be discussed here. Their rarity is readily
understood from the point of view of the kinetic theory. It therefore appears
that complicated reactions take place in successive stages, and the fact that a
complicated change follows the law for a bimolecular or termolecular reaction
may be explained by supposing that one of the stages is of that order, and
that all the other stages have velocity constants exceedingly large in com-
parison with that particular stage. o take quite a simple case, the decom-
position of hydrogen peroxide in aqueous solution proceeds as a unimolecular
change. According to the equation

2H,0, = 2H,0 + 0,,

it would be expected to be bimolecular. Hence it is supposed that two
successive reactions occur :—

(i.) H,0,=H,0+0 (unimolecular)
(ii.) 20=0,
and that (ii.) proceeds at a rate enormously greater than (i.).

All chemical changes the velocities of which have been measured do not
exhibit the simplicity that might be anticipated from the foregoing account.
The “irregularities ” often observed may at times be traced to definite causes.
One of the products of a change may, as soon as it is formed, commence a
reaction with one or other of the initial substances ; or the initial substances
may be capable of interacting in a number of ways, and accordingly two or
more independent changes may proceed simultaneously. In either of these
circumstances ‘“side reactions ” are said to occur. The existence of a period
of tnduction is observed at the commencement of various reactions. During
such a period the velocity increases to a maximum, afterwards falling off

1 See Van't Hofl, Lectures on Theoretical and, Physical Chemistry, translated by Lehfeldt
(Arnold, 1899), vol. i. p. 187.
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in the normal manner. It is not difficult to show that the existence of a
period of induction is a consequence of the Law of Mass Action if the change
in question proceeds in successive stages, but that the detection of the
phenomenon?! is very improbable unless the velocity constants for the
successive stages aro of about the same order of magnitude, the greatest not
being more than, say, ten times the smallest. It must not be concluded,
however, that the observation of a period of induction proves that a change
proceeds in stages. The most interesting period of induction is that observed
when chlorine and hydrogen unite under the influence of a feeble light—a
reaction which is termed a photockemical change. The existenee of this
period of induction has been kuown for years, but it is only within recent
times that it has been shown that the puro gases do not exhibit the pheno-
menon, which is due to the presence of minute guantities of nitrogenous
impurities which prevent the formation of hydrogen chloride, and which are
thomselves destroyed by light.2

The radioactive transformations afford beautiful illustrations of successive
wnmimolecular changes.  For example, radium is transformed by loss of
a-particles into niton, or radium emanation, which in turn loses a-particles
and changes into radium A. The latter spontanconsly changes into radium
B, and so on, radium F eventually passing with loss of a-particles into an
inactive product which is probably lead. The periods of half-change of these
successive transformations vary enormously, being as follows :—

radinm C,
radinm -> niton ->radium A => radium B —> 195 mins. -> radiuin D -
6. 1700 386 days 3 mins. 267 mins. radium C, ¢. 17 years
years 138 mins.
radimm E - radinm F - radinm G
5'1days’ 140 days not mdio;wtlve.\l\

Heterogeneous Systems.—It is not proposed to discuss hero the
results that have been obtained in studying velocity of reaction in hetero-
geneous systems.  One or two remarks only can be made. It will be obvious
that the observed rate of chango in such systems must be largely influenced
by the extent of the surfacos of separation between the phases, and hence, for
example, the rate of solution of calcium carbonate in hydrochloric acid will
depend upon the stato of division of the solid. Further, such velocities are
dopendent upon the rate at which the products of reaction diffuse away from
the surfaces of separation, and hence, in the case just quoted, the velocity
will vary if tho liquid is stirred at different rates. It is probable that in
many reactions the change proceeds with great rapidity where the phases
come into contact, and that the observed rates of change are determined
almost exclusively by diffusion velocities.3

Various reactions must be regarded as taking placo in heterogeneous
systems, although at first sight this may not seem to be the case. The union
of hydrogen and oxygen, the rate of which can be measured at suitable
temperatures, is a case in point. The reaction takes place almost exclusively
at the walls of the enclosing vessel, and when the latter is packed with porous
porcelain the velocity of reaction appears to depend largely upon the rate of

! E.g, by observing that a satisfactory velocity constant is not obtained in the initial
stages of the reaction,

¢ Burgess and Chapman, Trans. Chem. Soc., 1906, 89, 1399; Chapman, Science
Progress, 1911-2, 6, 657 ; 1912-3, 7, 66 ; see also Vol. VIII. of this series.

3 Nernst, Zeitsch. physikal. Chem., 1904, 47, 52.
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adsorption of hydrogen by the porcelain surface.! The decomposition of
phosphine, arsine, and stibine ? into their elements when heated afford further
examples, the decomposition taking place in the layer of gas adsorbed by the
surface of the containing vessel. The fact that the first two of these reactions
appear to be unimolecular changes ¢ probably means that the rate of adsorption
of gas by the surface is proportional to the pressure.

Influence of Temperature and Medium on Rate of Change.—In
the case of the radio-active transformations, the velocity constants appear to
be quite independent of the temperature. With all other changes, however,
a change of temperature affects the velocity of reaction, and with one or two
exceptions a rise of temperature causes the change to procced at a greater
rate than before. In homogeneous systems, the velocity constant is usually
doubled or trebled by a rise in temperature of ten degrees, and so an increase
of temperature of one hundred degrees generally increases the velocity constant
at least a thousandfold. It is accordingly easy to understand why compara-
tively few reactions lend themselves to velocity measurements at temperatures
convenient for experimental work. At ordinary temperatures many reactions,
particularly those between acids, bases, and salts, proceed far too rapidly for
their velocities to be measured. On the other hand, many reactions must be
considered as progressing at the ordinary temperatures, although at such
slow rates that no observable change occurs in any reasonable period of time.
Thus, a mixture of hydrogen and oxygen must be regarded, at ordinary
temperatures, as changing, although excessively slowly, into the more stable
system in which practically all the gases arc united in the form of water; and
observations extending over a number of years actually show that yellow
phosphorus slowly changes into the more stable red form. Some reactions
can occur with great velocity at very low temperatures. For example,
fluorine and hydrogen unite with violence at — 252'5°, and fluorine will react
spontaneously with sulphur, arsenic, and other elements at —187°.%

The remarkable influence of temperature on rate of change is often
applied with advantage in investigating states of equilibrium. Since, for
example, neither the decomposition of hydrogen iodide nor the reverse change
proceeds at an appreciable rate at the ordinary temperature, it is possible to
determine the quantities of hydrogen iodide, iodine, and hydrogen present in
a system in equilibrium at a high temperature by cooling the system with
great rapidity, and then applying the methods of chemical analysis to the
problem.

From the nature of Van’t Hoff’s equation connecting displacement of
equilibrium with change of temperature, it follows, on the dynamic view of
cquilibrium, that the connection between temperature and velocity constant
for a homogeneous change is of the form
c;ldT log. & =% +B,
where B is independent of, but A varies somewhat with the temperature
(since A depends upon the value of the heat of reaction). The majority of

1 Bone and Wheeler, Phil. Trans., 1906, 206, 1. —

2 Van’t Hoff and Cohen, Studies in Chemical Dynamics, translated by Ewan, (Williams
& Norgate, 1896), pp. 1 and 49.

3 Stock and Botfenstein, Ber., 1907, 40, 570.

4 Van’t Hoff and Cohen, opus cit.

8 Moissan and Dewar, Compt. rend., 1903, 136, 641, 785,
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the empirical formule that have been found to represent satisfactorily the
‘influence of T upon % in particular reactions can be derived from the preceding
equation by assuming that A varies with T in a suitable, generally quite a
simple, manner.

The view here expressed concerning the influence of temperature upon
rate of change may be stated in the form that the veloeity of a reaction
changes continuously with change of temperature; but there is a number of
changes in which this view appears to be incorrect. For a discussion of such
changes, and the nature of *falsoe equilibrium,” however, the reader must be
referred elsewhere.!

A change in the nature of the medium influences the rate of progress of
a chemical reaction often to an enormous extent. For example, the slow
decomposition of carbon oxysulphide in aqueous solution,

COS + H,0=CO0, + H,S,

is an example of a bimolecular change which gives a good constant for a
unimolecular reaction (sec p. 183). At constant temperature the velocity
constant for this change is considerably altered when the nature of the
medium is altered by the addition of a soluble acid or salt.? A most
striking instance is furnished by Menschutkin’s determination of the rate of
combination of triethylamine (C,H;);N and ethyl iodide C,H,I at 100° in
various organic solvents.®> With hexane as solvent the velocity constant for
this bimolecular change is 0-00018, whilst with benzyl aleohol it is 0-133.
The influence of the solvent upon the degree of molecular complexity of a
solute (see Chap. IV.) may also be mentioned. An equilibrium is involved
in all such cases, and the rates of the opposing reactions are unequally
influenced by change of solvent. In the decomposition of ozone* at 100°,
interesting as being the only case of irreversible homogeneous chango in the
gascous state at present (1914) known, the presence of oxygen, nitrogen,
carbon dioxide, or water vapour has no effect, the rate of change being
conditioned solely by the concentration of ozone in the mixture.

A satisfactory explanation of the influence of the medium is still lacking.

Catalysis.—It has been already pointed out that the rate at which a
reaction proceeds is changed by altering the medium in which it takes
place. Frequently, however, it is noticed that the rate is altered, usually
greatly increased, in the presence of a very small quantity of a “foreign”
substance, that is to say, a substance that apparently takes no part in the
change and is left at the completion of the change unaltered in chemical
composition and in quantity, The foreign substance is called a catalyst or
catalytic agent, and the phenomenon is termed catalysis. Examples are very
numerous. The evolution of oxygen by heating potassium chlorate proceeds
at about 400°, but when a little manganese dioxide is added, oxygen can be
readily obtained at temperatures a little over 200°, before even the chlorate
melts. The rate of union of hydrogen and oxygen, hydrogen and iodine, and
sulphur dioxide and oxygen is in each case greatly accelerated by contact
with spongy platinum. The addition of a little colloidal platinum brings

! Mellor, opus cit.

2 Buchbock, Zeitsch. physikal, Chem., 1897, 23, 123 ; 1900, 34, 229. ,

3 Menschutkin, Zeitsch. physikal. Chem., 1890, 6, 41. For other examples see Dimroth,
Annalen, 1910, 377, 127 ; Segaller, Trans. Chem. Soc., 1914, 105, 112,

4 Vide supra, p. 184.
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about the rapid decomposition of hydrogen peroxide in aqueous solution at
the ordinary temperature. The ‘“inversion” of sucrose only proceeds with
appreciable velocity in the presence of acid, which is left undiminished in
quantity at the end of the experiment, etc.

A catalyst is defined by Ostwald as a substance which changes the velocity
of a reaction without itself being changed by the process, a definition which
implies that a catalyst is incapable of starting a reaction, and only affects the
speed of a reaction already procceding, though perhaps at an exceedingly
slow rate. This is, however, in the present state of knowledge, only a matter
of opinion, and others hold that a catalyst can actually initiate a reaction.
The quantity of a catalyst present is often excessively small in comparison
with the quantity of material reacting. For instance, ten litres of a mixture
of hydrogen and oxygen were caused to combine at the ordinary temperature
in the presence of 00004 gram of colloidal platinum, and the activity of the
catalyst was still unimpaired.! The final state of a system undergoing
change must therefore be independent of the nature and quantity of any
catalyst present, and, in particular, the state of equilibrium in a reversible
change cannot be affected by a catalyst.? Ior instance, it has been shown
at 350° and in the absence of a catalyst, hydrogen iodide decomposes to the
extent of 186 per cent. before equilibrium is reached,® while in the presence
of platinum black as catalyst 19 per cent. was found to have dissociated.
Hence it follows that a catalyst which modifies the forward rate of change in
a reversible reaction must similarly modify the rate of progress of the reverse
change, a conclusion that is in harmony with experiment.

The enormous influence of water vapour on many chemical changes
affords numerous striking instances of catalysis. Carbon monoxide does not
combine with oxygen under the influence of the electric spark when the mixed
gases are perfectly dry.> A similar result is observed with dry hydrogen and
oxygen. Numerous elements are unchanged when heated in dry oxygen or
chlorine ; thus sodium may be melted in dry oxygen without chemical change
oceurring. Dry ammonia and hydrogen chloride do not unite, and, conversely,
dry ammonium chloride does not dissociate when heated. The dissociation
of calomel vapour into mercury and mercuric chloride does not occur with
the dry substance, and dry nitrogen trioxide vapour, far from being dissociated
into peroxide and nitric oxide, is largely associated as N,O; molecules.®

It is not possible to say with certainty whether these reactions are actually
stopped by the absence of moisture, or whether the changes still proceed
with exceedingly small velocities. It has been supposed that two perfectly
pure substances cannot react, the presence of a third being essential to the
commencement of chemical change ;7 but the difficulty of proving such an

1 Ernst, Zeitsch. physikal. Chem., 1901, 37, 448. e

2 Qwing to the difficulty of defining exactly the nature of catalysis, this conclusion is
open to question. Thus, it is difficult to see how the *‘influence of the solvent,” referred
to in the preceding section, can be excluded from what is termed catalysis, if the usual
definition is accepted, and yet change of solvent is associated with displacement of
equilibrium,

3 Lemoine, Ann. Chim. Phys., 1877, (v.), 12, 145.

4 Hautefeuille, Compt. rend., 1867, 64, 608.

5 Dixon, Brit. Assoc. Reports, 1880, 593.

¢ For full references to the literature of this phase of the subject, sce Mellor and Russell,
Trans. Chem. Soc., 1902, 81, 1272 ; Baker, tbid., 1894, 65, 611 ; 1907, o1, 1862,

7 Armstrong, Zrans. Chem. Soc., 1886, 49, 112 ; 1895, 67, 1122 ; 1903, 83, 1088 ; I’roc.
Roy. Soc., 1886, 40, 287 ; 1902, 70, 99 ; 1904, 74, 86.






CHAPTER VI,
ACIDS, BASES, AND SALTS.

Historical.—The only acid with which the ancients were familiar was
vinegar.! They noted that it acted as a solvent upon many substances,
dissolving calcareous earth, for instance, with effervescence. Subsequently,
other liquids were prepared, characterised by similar solvent powers and
possessed of a sour taste, and they werc classed together as acids. Impure
nitric and sulphuric acids were known in the eighth century, The alchemists °
attached considerable importance to acids, and regarded their power of
dissolving substances which are insoluble in water as their distinguishing
characteristic.

The name alkal:? was originally applied to the ashes of sea-plants, the
detergent properties of which were noticed in very early times. Later, the
application of the term was extended to include other substances, which, like
the original alkali, dissolved in water, producing solutions having a soapy
action on the skin and the power of affecting the colour of various plant
pigments.

The interactions of acids and alkalis were much studied during the
seventeenth century. It wasuoticed that the substance produced when an acid
and an alkali were mixed did not exhibit the characteristic properties of
either an acid or a base; such substances became known as salts. Boyle3
pointed out that acids were characterised by solvent power, the ability to
precipitate sulphur from its solution in alkalis, the power of turning certain
blue vegetable colouring-matters red (alkalis effecting the reverse change)
and of combining with alkalis, when a salt was produced. A number of
alkalis were noticed to effervesce with acids, and were called mald alkalis to
distinguish them from the others, or caustic alkalis. Further, substances
were discovered which, although practically insoluble in water, nevertheless
combined with acids to form salts. These were called earths, being further
distingnished as mild earths when their interaction with acids was accompanied
by effervescence. '

Originally the word salt was applied to sea-salt, and even at the present
day it is still commonly employed with this meaning. Subsequently the
term salt came into use as a class-name for substances which, like sea-salt,
are soluble in water and may be recovered from the solution by evaporation of
the solvent. Paracelsus (sixteenth century) and the iatrochemists applied the

1 Greek o¢ds, Latin acidus=sour; Greek &gos, Latin acefus= vinegar, )
2 Arabian=the ash. . 3 Boyle’s Collected Works (1772), vol. iv. p. 284,
191
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term to denote solid substances obtained by the combustion or ignition of :
other substances. Early in the eighteenth century the special properties of

salts were stated by Bocrhaave! to be solubility, fusibility or volatility,

and taste.  Later, however, the acids and alkalis were exempted from this
definition, while insoluble, tasteless substances obtained by the interaction

of certain earths and acids were classed as salts, so that the term “salt” came

to include all substances produced by the action of acids on alkalis, earths,

metals, and calces of metals (i.e. substanees obtained by heating the metals

in air).2 Substances which formed salts by interaction with acids were
grouped together as dases by Rouelle in 1744.

Van Helmont distinguished between fixed alkali and volatile alkali
(ammonia) ; in 1736 Duhamel divided fixed alkali into vegetable (potash)
and mineral alkali (soda). For a long time it was supposed that the caustie
alkalis and the earths were more complex than the mild alkalis and mild
earths; for example, following the views of ‘“Basil Valentine,” limestone,
which effervesced with acids, was supposed to eombine with ¢ matter of fire”
when heated, thereby producing quicklime, which did not effervesce with
acids. It was, however, shown by Black,® that limestone is really quicklime
combined with a peculiar gas which differs from ordinary air, and that it is
this gas, called fixed air by Black, which escapes when limestone dissolves
in an acid with effervescence. He further showed that the mild earth
“magnesia alba ” is similarly related to magnesia, sinee it consists of magnesia
combined with fixed air ; and that the same product is obtained in solution,
whether magnesia or magnesia alba be dissolved in an aecid. The work of
Black enabled a elear distinction to be drawn between mild and caustic
alkalis and between the earths and mild earths,

The discovery of oxygen by Priestley 4 and Scheele,® and the recognition
of the real nature of the phenomenon of combustion by Lavoisier® in 1777,
led to the oxygen theory of acids. From the fact that various non-metals, e.g.
carbon, sulphur, and phosphorus, combine with oxygen to form oxides? which
dissolve in water yielding acid solutions, Lavoisier concluded that oxygen was
the *“acidifying principle ” and was econtained in all acids. To him an acid
was a combination of oxygen with an ““acidifiable base,” ® which was usually a
non-metal ; the oxides of the metals were not acids, but were identical with
the calces obtained by heating the metals in air. Although it was sub-

1 Boerhaave, Elementa Chemia, 1732,

2 See Lavoisier, Elements of Chemistry, translated by Kerr, 4th edition, 1799 ; Nichol-
son, The First Principles of Chemistry, 1st edition, 1790, 3rd edition, 1796. .

3 Black, Erperiments on Magnesia Alba, Quicklime, and other Alcaline Substances, 1755 ;
Alembic Club Reprints (Clay, 1893), No, 1.

4 Priestley, Experiments and Observations on Different Kinds of Air, 1775 ; Alembic
Club Reprints (Clay, 1894), No. 7.

& Scheele, Chemical Treatise on Air and Fire, 1777 ; Alembic Club Reprints (Clay, 1894),
No. 8.
¢ Lavoisier, Buvres, vol. ii. p. 226.

? Binary compounds containing oxygen are called ozides; those containing sulphur,
sulphides ; selenium, selenides; tellurium, (tellurides; hydrogen, hydrides; chlerine,
chlorides ; bromine, bromides; iodine, todides; fluorine, Afuorides; nitrogen, nilrides;
phosphorus, phosphides, etc. The suffix -ide almost invariably terminates the name of a
binary compound ; and the name modified is that of the more negative element, e.g. ZnO,
zinc oxide ; NaCl, sodium chloride, etc. 1 ’

8 Also called the radicle, a term due to G. de Morveau. For the history of the various b
meanings that have been assigned to the word radiele see Ladenburg, Lectures on the =
History of Chemistry, translated by Deobbin, (Thin, 1905), Lectures 7 and 8.

rw)
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sequently shown that certain acids do not contain oxygen, the idea that most
acids were oxides was generally held until about 1838, and the compounds
that these oxides were known to form with water were regarded as hydrates
of the acids.

Salts were regarded by Lavoisier and his followers as compounds of acids
and bases, the latter including calces or metallic oxides, caustic alkalis, and
earths. Although he was unable to prove it, Lavoisier was inclined to regard
the earths as being oxides of metals, and this view was shortly afterwards
confirmed. In 1807 Davy! isolated the metals sodium and potassium by
the electrolysis of fused soda and potash respectively, the metals appearing
at the cathode, and oxygen at the anode. He accordingly regarded the
alkalis as oxides of these metals (later they were shown to be hydroxides),
and, turning his attention to the earths, he succeeded in showing that lime,
strontia, baryta, and magnesia were oxides of hitherto unknown metals, which
he isolated in an impure state.?

Laveisier’s theory of the constitution of salts was developed by Berzelius3
into the dualistic theory of chemical combination, an electrochemical theory
which dominated chemistry for many years. According to Berzelius, each
chemical atom, when in contact with another, is electrified. Kach atom
possesses two poles, a positive and a negative pole; but the charge at one
pole is much greater than that at the other pole, and consequently an atom
appears to be either positively or negatively charged according as to which
of its poles carries the greater charge. The most electronegative element,
according to Berzelius, was oxygen. In chemical combination between two
elements there is a neutralisation of opposite electricities, accompanied by
manifestations of heat and light. For instance, in the union of oxygen and
another element, there is a partial neutralisation of negative electricity from
the oxygen, and positive electricity from the other element; but as the
positive charge on the one element may be greater or less in quantity than
the negative charge on the second, the compound produced possesses a
certain residual charge of negative or positive sign. The ‘compound of the
first order” so produced is hence capable of still further combination ; the
oxide of potassium, for example, which is positive, can unite with the
oxide of sulphur (or sulphuric acid, as it was called), which is negative, to
form sulphate of potash, a “compound of the second order.” This, in like
manner, 1s still capable of combination, for example, with sulphate of alumina
to form alum ; but, according to Berzelius, the stronger poles in general are
neutralised first, and so the intensities of the electric forces, to which chemical
combination is to be attributed, diminish the higher the order of the
compound becomes.

On this dualistic view, then, every compound was supposed to be capable
of division into two parts, one positively and the other negatively electrical.
A salt was regarded as a compound of the second order, formed by the union
of a positive metallic oxide and an acid or negative oxide, each of the oxides
being a compound of the first order; and formule were written in such a
manner as to indicate thisidea. Sulphate of potash, for example, a compound
of potassium oxide, KO, and sulphuric acid, SO, was written KO.SOg.

! Davy, Phil. Trans., 1808, 98, 1.
2 Davy, Phil. Trans., 1808, 98, 333. g
3 Berzelius, Schaweigger's Journal, 1812, 6, 119 ; Lehrbuch der Chemie (Dresden, 2nd

edition, 1827), vol. iii. part 1.
VOL. L 13
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Lavoisier’s view that all acids must contain oxygen was generally aceepted
by his contemporaries ; but Berthollet, in 1787, expressed a different opinion.
He pointed out that prussic acid contains carbon, hydrogen, and nitrogen
only, and that sulphuretted hydrogen, which behaves as an acid, contains
nothing but sulphur and hydrogen. Accordingly, he regarded other elements
besides oxygen as aecid-producing; but few chemists accepted his views.
Between the years 1808-10, however, it was demonstrated by Davy! that
chlorine, discovered in 1774 by Scheele,? is an elementary substance, and that
it combines with hydrogen to form a compound which behaves in solution
as a strong acid. It had previously been assumed that chlorine contained
oxygen, and Gay-Lussac and Thenard,? who studied the reactions of chlorine
and its hydrogen compound about the same time as Davy, adopted the view
that hydrochloric acid was a compound of an unknown radieal muriaticum
with oxygen and water. Gay-Lussac, however, eventually accepted Davy’s
view, being led to this step both by his investigation of the properties of
iodine, during the course of which he prepared hydriodic acid,® and by his
study of prussic acid and cyanogen.* The experiments of Davy and Gay-
Lussac made it impossible to assume any longer that oxygen was a con-
stituent of all acids. The acids devoid of oxygen were called Aydracids by
Gay-Lussac, and Berzelius drew a sharp distinction between, on the one
hand, the Aydracids and their salts, the Aaloid salts; and, on the other hand,
the oxryacids and their salts, the amphid salts.

The modern, or hydrogen theory of acids followed quiekly after the
discovery of the polybasic acids. The latter.is due to the classical investiga-
tions of Graham in 1833.% Graham showed that the water contained in
“hydrated acids” was essential to their ‘constitution, and that ordinary
phosphoric acid is to be regarded as a compound of one “atom ” of phosphoric
oxide, and three “atoms” of water. The salts of the acid are likewise to be
looked upon as compounds of one “atom” of phosphoric oxide and three
“atoms” of base, of which one or two “atoms” may be water—:.e. the salts
are derived by the partial or complete replacement of the three “atoimns” of
water in the acid by ‘“‘atoms” of base. He further showed that there are
two other phosphoric acids, one of which is a compound of one “atom ” of
phosphoric oxide and two ‘“atoms” of water, while the other is a compound
of one ‘““atom” of phosphoric oxide and one “atom ” of water; and that the
salts of these acids are likewise derived by the replacement of the “atoms”
of water by ‘“atoms” of base. Thus, Graham showed that what was at that
time regarded as phosphoric acid formed three distinct hydrates, which were
able to saturate different quantities of base.

In 1838 Liebig® showed that a large number of organic acids resemble
phosphoric acid. For example, tartaric acid not only forms salts by the replace-
ment of one atom of water by one atom of base, but it also forms salts by the
replacement of two atoms of water by two atoms of either the same base or
different bases. Thus arose the idea of polybasic acids. But Liebig went
further than this; he showed how to get rid of the division of acids into
hydracids and oxyacids.

1 A4lembic Club Reprints (Clay, 1894), No. 9.

2 Alembic Club Reprints (Clay, 1897), No. 18,

3 Gay-Lussac, 4nn, Chim., 1814, o1, 5.

4 Gay-Lussac, dnn. Chim., 1815, 95, 136,

5 Graham, Phil. Trans., 1838, 123, 253 ; Alembic Club Reprints (Clay, 1895), No. 10.
¢ Liebig, Annalen, 1838, 26, 113.
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According to the dualistic view of the nature of salts, it was necessary
to explain the formation of a haloid salt by a process different from that
which was assumed to account for the production of an amphid salt, For
example, whereas iron was supposed merely to replace hydrogen in hydro-
chloric acid, with the formation of ferrous chloride, it was necessary to
suppose that in the production of ferrous sulphate from iron and sulphuric
acid, the presence of the acid SO, enabled the iron to decompose the water,
forming ferrous oxide and liberating hydrogen, and that the oxide ther
united with the acid to form FeO0.SO,, The two reactions, however, are
similar in character, and Liebig put forward a theory of the nature of acids
in which this similarity finds a ready expression.

According to Liebig, what had previously been regarded as hydrates of
acids are the real acids. The acids, in fact, are hydrogen compounds, in
which part or all of the hydrogen may be replaced by metals, with the
formation of salts.! The nature of an acid is therefore expressed by the
statement— :

acid = replaceable hydrogen + acid radicle,

by “acid radicle ” being understood the remaining constituents of the acid.
For example, sulphuric acid H,SO, consists of replaceable hydrogen H, and
acid radicle SO,. The two reactions just mentioned—namely, the formation
of ferrous chloride and ferrous sulphate—are similar in character, in each case
hydrogen of the acid being replaced by metal. The formation of these salts
from the ferrous oxide and the acids is likewise a case of similar reactions,

FeO + 2HC = FeCl, + H,0,
Fe0 + H,S0, = FeSO, + H,0,

in each case the reaction being
oxide of metal + acid = salt + water.

Liebig’s view is essentially that which is held to-day, acids and salts being
regarded as strictly analogous. This is well borne out by the study of
electrolysis, which will be discussed in some detail later on in this chapter.

Acids.—Without attempting to define exactly what is understood by an
acid, it may be said that an acid is a compound of hydrogen, which in
solution is capable of exchanging part or all the hydrogen (the *acidic”
hydrogen) it contains for a metal, with the simultaneous formation of water,
by the action of a metallic oxide or hydroxide on the solution.

Although hydrogen is the essential constituent of an acid, most acids
contain oxygen as well.2 The chief exceptions are the hydracids or com-
pounds of hydrogen with the halogens and with cyanogen, such acids as

1 This view had been previously expressed by Davy, Phil. Trans., 1811, o1, 155;
1815, 105, 219 ; Alembic Club Reprints (Clay, 1894), No. 9, p. 63, and by Dulong in 1815.

2 It frequently happens that several acids are known, closely related in composition.
being, in fact, compounds of the same clements, but differing in the amounts of oxygen they
contain relatively to the other elements. In naming these acids a systematic method is
employed. The name of one acid is chosen to end in -i¢, and the suffix -ous, and the prefixes
hupo- and per- employed in the manner indicated in the following example :—

HCIO 3 «  hypo chlorous acid.
HCIO, . 3 chlorous ,,
HClO, . o chloric ,,
HCIO, . . perchloric ,,
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No. of gram-molecules of NaOH to one of acid.

. Basicity

whid : ~x of Acid.
s L 2. 3. 4, 6.

R L 148 Y sto0 31°2 2

H,S0, 159 | 2970 292 2

TSRO Chmsl ;| 75 148 | 284 | 288 2

B0, - . . | 7 148 | 270 | 339 354 3

5], T e R 144 | 286 528 | 54°6 4

The results obtained in this manner do not always agree with those
derived from a study of the compositions of the metallic salts. Hydrogen
sulphide, for example, is dibasic, but the thermochemical method indicates a
basicity of unity. The reason is that sodium sulphide, Na,S, is hydrolysed
almost completely in dilute aqueous solution thus—

Na,S + H,0=—=NaHS + NaOH,

and hence the thermal change when two gram-molccules of alkali are added
to one of hydrogen sulphide differs inappreciably from that observed when
only one gram-molecule of alkali is used.

Oxides.’—The oxides may be divided into various classes according to
their chemical behaviour.

An oxide which combines with water to form an oxyacid is called an
anhydride or acidic owide. For example, sulphur trioxide is the anhydride
of sulphuric acid—

H,0 +80,=H,S0,,

and hence is often called sulphuric anhydride. One or two oxides may be
called anhydrides in a certain sense, because they may be obtained from
oxyacids by loss of water, although they do not unite with water to form the
acid. Thus nitrous oxide may be looked upon as hyponitrous anhydride,
since the change— ’

H,N,0,=N,0 + H,0,

can be realised, but not the reverse change.

Most anhydrides are oxides of non-metals or metalloids, but they include
one or two metallic oxides. These are invariably the higher oxides of the
metals, 7.e, those containing the greatest amount of oxygen. Examples are
chromic anhydride CrO; and permanganic anhydride Mn,O,.

An oxide that reacts with an acid to produce a salt and water only is
called a basic oxide. Examples are numerous; calcium oxide, Ca0O, ferrous
oxide, FeO, ferric oxide, Fe,0,, etc.2 They are oxides of metals (or metalloids),
the oxides of non-metals not being basic.

1 When an elcment forms a number of oxides, numerical prefixes are often used in
naming the compounds in order to distinguish between them. For instance, PbO is lead
mon-oxide, PbO, is lead di-oxide, while Pb,0; is lead sesqui-oxide (the atomic ratio 2: 3
being distinguished by this prefix). This method of forming names is used generally ; thus
InCl, InCl,, and InCl, are called indium wmono-, di-, ¢ri-chloride respectively, ete.

2 When two basic oxides of a metal are known, the suffixes -ous and -ic are employed to
distinguish between them, the -ic oxide having the greater oxygen content ; e.g. YFeO is
ferrous oxide and Fe,0, is ferric oxide,
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An oxide which is neither acidic nor basic, but which contains moro
oxygen than the basic oxides of the metal, is usually called a perozide ; e.g.
barium peroxide, BaO,, manganese peroxide, MnO,. Some peroxides—for
instance, barium peroxide—are derivatives of hydrogen peroxide, and yield that
substance when acted upon by an acid. Others, like manganese peroxide,
behave as oxidising agents in the presence of acids. The term peroxide is
sometimes used in another sense to indicate oxides which contain a larger
proportion of oxygen thau the typical oxides according to the periodic classi-
fication. On this definition manganese dioxide, MnO,, is not a peroxide, since
the typical oxido is Mn,0;. Persulphuric anhydride, S,0,, however, is a
peroxide, since the typical oxide is SO,

An oxide which is neither acidic nor basic and does not yield such oxides
by loss of oxygen is called a neutral oxide. Water, H,0, and tellurium
monoxide, TeO, are examples. Suboxides, or oxides containing less oxygen
than the lowest basic oxides of the same metals, may also be included among
the neutral oxides, e.g. lead suboxide, I’b,0.

Lastly, thoro are oxides which may be termed mixed anhydrides, e.g.
chlorine dioxide, ClO, or CL,0,, which yield a mixture of acids when they
react with water —

CLO0, + H,0 = HCIO,4 + HCIO,

and saline orides, which are regarded as salts; e.g. lead sesquioxide, Pb,O,,
which is looked upon as lead plumbate, Pb.PbO,.

A number of oxides are both acidie and. basie, according to circumstances.
Thus aluminium oxide behaves towards_ hydrochloric acid as a basic oxide,
forming a salt (aluminium chloride) and water. Towards sodium hydroxide,
however, it behaves as an aeidic oxide, forming a substance called sodium
aluminate, which must be regarded as a salt formed by a process quite
analogous to the production of sodium chromate from sodium hydroxide and
chromic anhydride. Oxides exhibiting this double function are called
amphoteric oxides, and their hydroxides amphoteric hydroxides (vide infra,
p. 227).

Hydroxides, Bases, Alkalis.—The monoxides of the alkali metals
combine readily with water, forming solid substances termed alkali
hydroxides,! e.g.

K,0 + H,0=2KOH.

The monoxides of tho alkaline earth metals also unite readily with water to
form hydroxides, e.g.

Ca0 + H,0 = Ca(OH),.

Hydroxides corresponding to the weakly basic oxides such as zine oxide and
aluminium oxide are known. They cannot be prepared directly from an
oxide and water, but are obtained readily by double decomposition ; e.g. zinc
hydroxide, Zn(OH),, is precipitated when potassium hydroxide solution is
added to a solution of zinc chloride—

ZnCl, + 2KOH = Zn(OH),+ 2KCL

For reasons which cannot be entered into here, hydroxides are regarded
as compounds containing the hydroxyl radicle (OH), a view which accounts
for the name and the method employed in writing their formule.

! These are often, but quite wrongly, called hydrates. See p. 200,
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The term base is now usually employed in inorganic chemistry to mean
basic hydroxide. The hydroxides of the alkali metals are also known as
alkalis. The basic character exhibited by an aqueous solution of ammonia
is_attributed to the existence in the solution of ammonium hydroxide
(NH,)OH, in which the ammonium radicle (NH,) exhibits the characteristics
of an atom of metal.!

The normal hydroxide corresponding with the oxide M.0, is M,0,.yH,0,
or, as it is written, M_(OH),,. The normal hydroxides of most basic oxides
are known, and, by careful drying, may often be made to yield hydroxides
with a smaller water content. Such hydroxides are sometimes met with as
minerals, e.g. diaspore, Al,0,.H,0. The hydroxides of the acidic oxides
constitute the oxyacids, and it is seldom that normal hydroxides, in which
hydroxylation is at a maximum, can be realised. For example, the normal
hydroxide corresponding to P,0; is P(OH),, but the most fully hydroxylated
hydroxide known is orthophosphoric acid, H,PO,, 7.e. P(OH), - H,0.2

Salts.—A salt is a compound derived from an acid by the replacement
of the acidic hydrogen by the metal or. basic radicle such as (NH,), (UO,),
ete. ; accordingly acids are often described as “salts of hydrogen.” A general
method of effecting the replacement, by the interaction of an acid with a
basic oxide, has already been mentioned.? The terms normal and acid salt
have also been explained (p. 196). Substances known as dasic salts may be
looked upon as compounds of normal salts with basic oxides or hydroxides,
as salts of basic radicles or as hydroxides in which part of the hydroxyl has
been replaced by an acid radicle. Bismuth oxychloride or basic bismuth
chloride, for example, may be represented as BiCl,.Bi,0, or BiO.Cl, accord-
ing to the view adopted, and basic lead chloride as PbClL,.Pb(OH,) or
Pb(OH)Cl. There is little doubt that many “basic salts” described in
the literature are simply mixtures.

The salts of the hydracids must be carefully distinguished from the com-
pounds of non-metals with the halogens, cyanogen, etc. The latter are not
salts ; they cannot be formed from basic oxides and the requisite acids, and
they exhibit none of the characteristics of the salts of the hydracids. Thus
they are decomposed by water (hydrolysed), the change being irreversible, e.g.

BBr; + 3H,0=B(0H), + 3HBr;

they are easily volatile, frequently being liquids at ordinary temperatures,
concentrated sulphuric acid does not affect them, and they are readily soluble
in such solvents as ether, chloroform, benzene, etc. The halogen compounds
of the metalloids approach these compounds in some of their properties; but
each metalloid forms at least one oxide possessing basic properties, and con-
sequently yields halogen compounds which may be formed by the ordinary

1 See this series, Vol. II. .

2 The name ortho-acid is applied in practice to the most fully hydroxylated acid known
that corresponds to a particular anhydride. An acid, the molecule of which may be
regarded as derived from the molecule of an ortho-acid by the loss of a whole number of
molecules of water is called a meta-acid ; e.g. HPO,, ¢.e. (HgPO, — H0), is termed metaphos-
phoric acid. The term pyro-acid denotes an acid, the molecule of which is regarded as
derived in a similar fashion from two molecules of ertho-acid ; e.g. H,P,0y, ¢.e. (2H;PO, — H30),
is called pyrophosphoric acid. e .

3 A salt is said to correspond to or to be derived from the basic oxide from which it may
be thus obtained ; and the terminations -ous and -ic which are applied to the names of the
basic oxides are also used in naming salts. Thus the chloride correqundmg to ferrous
oxide is called ferrous chloride, that derived from ferric cxide is called ferric chloride, etc.
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method for obtaining salts, namely, from the basic oxide and acids, even
although the salts thus formed are decomposed by water. In short, the
reactions between the oxides and acids are reversible.!

Hydrates.—Many acids, bases, and salts enter into combination with
water, forming crystalline solid substances known as hydrates, the composi-
tions of which are in conformity with the ordinary laws of chemical combina-
tion. For example, when zinc sulphate is obtained from an aqueous solution
at the ordinary temperature, by evaporation of tlie solvent, it separates as
the heptahydrate ZnSO,.7TH,0. In genecral, the composition of a hydrate
is such that it may be represented as z molecules of acid, base or salt,
associated with y molecules of water. Hydrates often lose water very
readily when heated, leaving behind either tho anhydrous substance or a
lower hydrate, i.e. one containing less water ; these changes are reversible.
It is customary to speak of hydrates as containing ‘water of crystallisa-
tion,” although, since many crystalline substances do not contain any such
water, the expression is misleading; the zinc sulphate is said to contain
seven molecules of water of crystallisation.?

Double Salts and Complex Salts.—Many instances arec known of
combination between salts, two and sometimes three single salts uniting
together in simple molecular ratios to produce a substance which, in the solid
state, possesses physical properties quite distinct from those of the single
salts, These substances frequently contain water of ecrystallisation. For
example, the substance 3NH,CLZnCl, can be crystallised out from a
solution containing zinc chloride and ammonium chloride, and the substanco
FeSO,.(NH,),S0,.6H,0 from a solution* containing ferrous sulphate and
ammonium sulphate.

In aqueous solution many of these substances behave in the manner that
would be expected of a mere mixture of the constituent simple salts, and they
arc accordingly called double or triple salts as the case may be. Examples
are known of double salts derived from two different salts of the same acid ;
e.g. K,S0,.A1,(S0O,),.24H,0, from two different salts of the same metal ; e.g.
Hg(NO,),.2HgS, and from two diffcrent salts of two different acids;
e.g. kainite, MgSO,.KCL3H,0. Of these types the first is by far the most
frequently observed.

The formation of a double salt from two single salts is a reversible process.
When the two salts have a common ion, the systems formed from the double
salt, single salts and water are three-component systems. The assemblage
of the four phases mentioned constitutes a univariant system, and hence, to
any particular pressure there corresponds only one temperature, the trans:-
tion-point, at which equilibrium is possible. For example, at atmospheric
pressure, copper calcium acetate decomposes at 75° into the single salts

Ca(C,H,0,),.Cu(C,H,0,),.8H,0 = Ca(C,H;0,),.H,0
+ Cu(C,H;0,),.H,0 + 6H,0.
Above 75° the double salt does not permanently exist, but breaks up into the

single salts; the reverse holds below that temperature. It will be noticed
that the water of crystallisation of the double salt is greater than that of the

1 The non-metals are further distinguished from metals by the property of forming
volatile hydrides ; the few metallic hydrides known are not volatile.

2 For the application of the Phase Rule to the study of hydrates the reader is referred
to the works cited on p. 177.
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single salts. The reverse is the case with astracanite, MgS0,.N2,S0,.4H,0,
formed in accordance with the equation

MgSO,.TH,0 + Na,S0,. 10H,0 = MgS0,. Na,S0,.4H,0 + 13,0,

and consequently the double salt is stable above the transition-point, in this
case 22°, and not below it.

The thermal changes accompanying such transitions are due mainly to
hydration or dehydration, and these processes are attended with evolution
and absorption of heat respectively. It is therefore not difficult to see that
the directions of the changes in the examples given are in accordance with
Le Chatelier’s Theorem.l

In distinction to the double salts properly so called, there exist substances
which may be formulated as double salts and which can usually be produced
by the union of two single salts, but which in aqueous solution differ
remarkably from the original salts. The compound 2NaCLPtCl, is an
example. From the properties of chlorides it would be expected that six
molecular proportions of silver nitrate would be necessary to react with one
of the compound ; but only two are required.” The precipitate, however, is
not silver chloride, but has the formula 2AgCLPtCl, The ‘double
chloride ” must, in fact, be looked upon as the sodium salt Na,[PtCl] of a
compler acid H,[PtCly], the precipitate obtained with silver nitrate being
the corresponding silver salt Ag,[PtClg]. The acid radicle of these salts
is [PtCl,].

[Exafr:llples of complex salts are very numerous. The ferrocyanides and
cobalticyanides, for example, are salts of the complex acids, H,[Fe(CN),] and
H,[Co(CN);], and not merely double cyanides. Accordingly, they do not give
the reactions usually associated with iron and cobalt salts respectively (vide
infra, p. 221).

ELECTROLYSIS.

Introductory. Nomenclature and Faraday’s Laws.—The various
substances through which an electric current can be passed may be divided
into two groups. The passage of electricity through a member of the first
group is not accompanied by any chemical change ; the metals belong to this
group. Members of the second group, however, suffer chemical decomposition
when' the current is passed through them. Such substances are termed

‘electrolytes, and the process of decomposition is called electrolysis.

Electrolytes comprise fused salts and solutions of acids, bases, and salts
in various solvents.2 The following brief account® of the subject of elec-
trolysis deals only with aqueous solutions, except where the contrary is
expressly stated. It should be mentioned that pure water itself can scarcely
be called an electrolyte, its conductivity (vide infra, p. 227) being exceed-
ingly small.

As a typical example of the process of electrolysis, the decomposition of
dilute sulphuric acid may be described. When two platinum plates, con-

! For the further discussion of double salts, vide the works cited on p. 177, and Miss
Freund, Science Progress, 1907, 5, 135, I ek

% It is a common practice to consider that the term ““salt” includes the ideas of ‘‘acid
and ¢‘ base,” in which case ‘‘ electrolyte ” and ‘‘ salt’ become synonymous.

3 The reader is referred to the following works for further information : Lehfeldt, Electro-
chemistry (Longmans & Co., 1904) ; Leblanc, / lectrochemistry, translated by Whitney and
Brown (Macmillun & Co., 1907) ; Whetham, Z%cory of Solution (Camb, Univ. Press, 1902).
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nected by wires to the terminals of a battery or other source of the electric
current, are immersed in the dilute acid, it is noticed that bubbles of gas
appear at the platinum surfaces. The gas liberated at the surface of the
plate at the higher potential is found to be oxygen; that evolved at the
other plate proves to be hydrogen; and if the current continues to flow
for some time and precautions are taken to prevent mixing in the solu-
tion, it is found that round the higher potential plate the econcentration
of sulphuric acid increases, while round the other plate a diminution in
coneentration occurs.

When a dilute solution of copper sulphate is similarly electrolysed,
metallic copper is deposited upon the platinum plate at the lower potential,
while oxygen is evolved at the other plate, around which sulphuric acid is
formed. Ultimately, all the copper becomes deposited, and a dilute solution
of sulphuric acid remains which yields hydrogen and oxygen as previously
described.

Each of the preceding arrangements constitutes an electrolytic cell. The
plates which serve to convey the currentinto and out of the liquid are termed
electrodes ; the one at the higher potential, z.e. that by which current enters,
is called the anode, the other being known as the cathode. These terms are
due to Faraday,! who was the first to make an exhaustive study of this
subject. Faraday’s idea of the meehanism of electrolysis did not differ
greatly from that proposed in 1806 by Grotthus; the substance undergoing
decomposition was supposed to be divided into two parts, which travelled in
opposite directions towards the electrodes. The “bodies that go to the
electrodes” Faraday called zons ; the cation travels to the cathode, the anion
to the anode, '

Davy showed that there is no accumulation of electrieity in any part of
a voltaic cireuit, but that a uniform flow exists throughout. The quantita-
tive laws of electrochemical decomposition were discovered by Faraday 2 and
are as follows : (i.) the amount of decomposition of a given electrolyte is pro-
portional to the quantity of electricity which flows through +t, and (ii.) the
quantities of different substances liberated by the same quantity of electricity
are in the ratios of their chemical equivalents.

The electrockemical equivalent of a substance is defined as the mass of the
substance liberated by one coulomb of eleetricity (one ampere flowing for one
second). Faraday's Laws may therefore be re-stated thus: the amount of
a substance liberated is equal to the product of its electrochemical equivalent
and the number of coulombs passed, and the electrochemical equivalents of
substances are proportional to their chemical equivalents.

Careful experiments have shown that Faraday’s Laws are exact. For
example, the chemical equivalent of silver is 10788, and that of copper 3 is
31790 ; their ratio is 1:0:29468. The electro-chemical equivalents are in
the ratio of 1-1175 to 0:32929,%4 7z.e. of 1 to 0:29467. The laws, moreover,

1 Faraday, Experimental Researches in Electricity, 1839, vol. i. p. 195.

? Faraday, opus cit,, vol. i., Seventh Serics of Researches,

3 Mean of results from (i.) ecomposition of cupric bromide ; (ii.) composition of cupric
oxide ; and (iii.) replacement of silver in silver nitrate by copper, Richards, Proc. dmer.
Acad., 1891, 26, 240; Clarke, 4 Recalculation of the Atomic Weights (Smithsonian
Collections), 3rd edition, 1910.

¢ Richards and Heimrod, Proc. Amer. Acad., 1902, 37, 415. See also Gallo (Gazzetla,
1906, 36, ii. 116); Kreider (Amer. J. Sci., 1905, (iv.], 20, 1); Washburn and Bates
(J. Amer. Chem. Soc., 1912, 34, 1341, 1515) ; and Bates and Vinal (:bid., 1914, 36, 916), on
the ratio of the electrochemical equivalents of iodine and silver.
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apply to the electrolysis of fused salts;! and Richards and Stull found no
difference between the electrochemical equivalents of silver when deposited
(i.) from an aqueous solution of the nitrate, and (ii.) from a solution of the
nitrate in a mixture of fused sodium and potassium nitrates.2 Solvents other
than water have also been employed, e.g. pyridine and acetone, and the
electrochemical equivalents found to be identical with those obtained when
water is the solvent.3

From the many careful determinations of the electrochemical equivalent
of silver that have been made,* it appears that the value cannot differ
appreciably from 1-118 migms. per coulomb. Hence, the gram-equivalent of
silver is liberated by the passage of 107-88/0-001118 = 96,500 coulombs ; and
by Faraday’s Law this quantity of electricity, known as a “faraday,” will
liberate the gram-equivalent of any other substance that the current is
capable of separating.

The nature of the products obtained by electrolytic decomposition leaves
little doubt as to what the ions must be. In the case of a salt solution, the
cation is a metal, and the anion an acid radicle, e.g. the ions of copper
sulphate are copper and the sulphate radicle (SO,). The cation of an
ammonium salt is the ammonium radicle (NH,) ; that of all acids is hydrogen,
the anions being aecid radicles. In the case of bases the cations are metals,
while the anion is the hydroxyl radicle (OH) ; e.g. the ions of sodium hydroxide
are sodium and hydroxyl.

The ability to function as cations is characteristic of metals; the non-
metals form anions, either as such, or in combination with other non-metals,
forming a compound ion or acid radicle. A metal may, however, form part
of an anion, e.g. the anion of potassium permanganate is the MnO, radicle;
further, the cation of ammonium salts is an example of a cation composed
of non-metals.

To account for the quantitative phenomena of electrolysis it is necessary
to suppose that the motion of the ions through the electrolyte is associated
with the motion of electricity. The gram-equivalent of each ion is regarded
as conveying one faraday of electricity to the electrode towards which it
moves. In accordance with the laws of electrostatics, cations must carry a
positive, and anions a negative charge; whence the metals and non-metals
are known as electropositive and electronegative elements respectively. When
the ions reach the electrodes, they give up their electric charges; what
happens subsequently depends upon the chemical nature of the ions, the
electrodes, and the solvent. The ion, deprived of its charge, may be liberated
in the free state, e.g. hydrogen and copper at the cathode in the examples

1 Lorenz, Zeitsch. Elektrochem., 1900, 7, 277 ; 1901, 8, 753 ; Richards and Stull, Proc.
Amer. Acad., 1902, 38, 409,

2 It has also been shown that the electrochemical equivalent of silver is independent of
the pressure from 1 to 1500 atmospheres (Cohen, Zeitsch. Elektrochem., 1918, 19, 132).

3 Kahlenberg, J. Physical Chem., 1900, 4, 349 ; Skinner, Brit. Assoc. Report, 1901.

4 Rayleigh and Sidgwick, Phil. Trans., 1884, 175, 411 ; F. and W. Kohlrausch, Wied.
Annalen, 1886, 27, 1; Patterson and Guthe, Phys. Review, 1898, 7%, 257 ; Kahle, Wied.
Annalen, 1899, 67, 1 ; Richards, Collins, and Heimrod, Proc. Amer. Acad., 1899, 35, 123 ;
Richards and Heimrod, bid., 1902, 37, 415 ; Richards, ibid., 1908, 44, 91 ; Guthe, Fhys.
Review, 1904, 19, 138 ; Van Dijk and Kunst, 4nn. Physik, 1904, 14, 569 ; Van Dijk, 7bid.,
1906, 19, 249 ; Smith, Mather, and Lowry, Phil. Trans., 1908, A, 207, 545 ; Laporte and
de la Gorce, Bull. Soc. internat. Electriciens, 1910, 10, ii. 157 ; Jaeger and von Steinwehr,
Zeitsch, Instrumentenkunde, 1908, 28, 327, 353 ; Rosa, Vinal, and M‘Daniel, Bull. U.S.
Bureau of -Standards, 1911, 8, 367 ; Duschak and Hulett, Trans. Amer. Eleztrochem. Soc.,
1907, 12, 257 ; Foerster and Eisenreich, Zeitsch. physikal. Chem., 1911, 76, 643.
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previously described (p. 202); or it may react with the solvent, causing the
liberation of an equivalent amount of some other substanee, e.g. the sulphate
ion (80,), which in the preceding examples, reacts with the water, forming
sulphuric acid and oxygen. Had the anode been made of copper, instead of
platinum, it would have been attacked, and copper sulphate would have
passed into solution around the anode. Again, an ion when discharged may
decompose, e.g. the hydroxyl group (OH), which thereby forms water and
oxygen.

Starting from Faraday’s definition of an ion (p. 202), and applying the
atomic and molecular theories thereto, the eonception is reached of an ion as
being an aggregate of an immense number of like atoms or radicles, each
associated with a charge of electricity. The term 7on is now usually employed
to denote an electrically charged atom or radicle. The positive charge carried
by a univalent! cation (it is the same for all sueh cations, by Faraday’s Law)
is denoted by dot * (sometimes by a * sign) ; the negative charge carried by
a univalent anion is denoted by a dash’ (sometimes by a - sign). Bivalent!
ions carry twice, tervalent?! ions thrice these charges, and so on. Thus the
ions of hydrochloric acid are written H™ and CI'; of sulphurie acid, H', H*, and
S0,”; of cupric nitrate, Cu’’, NO; and NO'; ; and so on.

The Conductivity of Electrolytes: Kohlrausch’s Law.—Under
fixed conditions the current whieh passes through a metallic conductor is
proportional to the electromotive force applied, a relationship known as Ohm’s
Law. The quotient, electromotive foree divided by the current strength, is
called tho resistance of the conductor. A precisely similar relationship applies
to the flow of electricity through an electrolyte. Owing, however, to polarisa-
tion 2 of the electrodes, no current of appreciable magnitude ean be maintained
through an electrolyte unless the clectromotive forco exceeds a certain limit ;
lience the establishment of Ohm’s Law for electrolytes proved a very difficult
matter. It was accomplished largely owing to the work of Kohlrausch.?
The physical interpretation of the law, adopting the connective view of
electrolysis already explained, is simple; the speed of an ion is proportional
to the potential gradient in which it finds itself.

The resistance of an electrolyte is usually measured by Kohlrausch’s
method, in which it is compared with a known metallic resistance by means
of the well-known Wheatstone’s bridge.# Various types of resistance cell are
in use; a common form is shown in fig. 71. The glass vessel, which con-
tains the solution, is of circular section; the electrodes are the platinum
discs A and B, coated with platinum black. Polarisation during the measure-
ment is eliminated by using an alternating current, and the galvanometer
usually employed in connection with the Wheatstone bridge is replaced by

} Sce p. 283.

1B }Eolnrisation is here meant the accumulation of the products of electrolysis at the
electrodes, which causes a back electromotive force to be set up; only when the applied
electromotive force exceeds the superior limit which the back electromotive force can reach
can & continuous current of appreciable magnitude be maintained.

3 Kohlrausch’s work is published in Pogg. Annalen from 1869 to 1874, and in Wied,
Annalen from 1877 to 1898 ; the conductivities of electrolytes are tabulated in Kohlrausch
and Holborn, Leitvermégen der Elektrolyte (Teubner, Leipzig, 1898); Landolt and Birnstein,
Physikalisch-chemische Tabellen (Leipzig, 3rd edition, 1912),

4 For experimental details, vide Le Blane, opus cit.; Lehfeldt, opus cit.; Whetham, opus
cit.; Findlay, Practical Physical Chemistry (Longmans, 1906); Kohlrausch and Holborn,
Leitvermogen der Electrolyte (Teubner, Leipzig, 1898) ; Ostwald-Luther, Physiko-Chemische
Messungen (Engelmann, Leipzig, 3rd edition, 1910).
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a telephone receiver or electrodynamometer. Since the resistance of an
electrolyte varies comsiderably with temperature, the cell is immersed in
a thermostat.

The resistance (in ohms) of one cubic centimetre of a conductor in the
form of a cube, when the current enters by one face and
leaves by the opposite, is called its specific resistance. It is 7o~
more convenient with electrolytes to deal with the reciprocals
of resistances. These magnitudes are called conductivities;
the reciprocal of a specific resistance is termed a specific con-
ductivity, and will be denoted by «. The conductivity of an
electrolyte, measured in a cell such as that just described, is
converted into the specific conductivity by multiplying by
the ¢“cell constant”; to determine this, an experiment is
carried out, using a solution the specific conductivity of
which is known. Kohlrausch has determined the specific
conductivities of various solutions by direct comparison with

mercury, A
Experimental results are usually expressed in terms of
equivalent conductivities, the equivalent conductivity A of a B

solution being the specific conductivity « divided by the g 71 _con-

concéntration 7 of the solute in gram-equivalents per cubic  ductivity cell.

centimetre. Kohlrausch found that, in general, at constant

temperature, the equivalent conductivity of a solution increased with the
dilution, but tended towards a limiting value, A, the equivalent conduc-
tivity at infinite dilution, in extremely dilute solutions. The following table
illustrates this for solutions of potassium chloride, barium chloride, and

EQUIVALENT CONDUCTIVITIES.

KClL. BaCl,. MgSO,. NH,OH.
Normality
of Solution.
v A, y. A . A. 7. A ¥.
Zero (130°1) | 1-00 (120°9) | 1-00 (114°4) | 1-00 (2380) | 1°00

00001 129°1 992 1099 ‘961
00005 128°1 ‘985 117+0 *968 104°2 910 380 *160

04001 127°3 ‘978 1156 *957 999 *873 280 118
0005 1244 *956 84°5 *739 132 ‘056
001 122+4 941 1067 *883 762 666 96 ‘040
01 112°0 *861 90°8 *751 497 *435 33 ‘014
10 . 983 *756 701 *580 289 253 089 | -004

Note.—A solution that is « times normal contains = gram-equivalents of solute per litre ;
for a normal solution =0001.

magnesium sulphate at 18° C.! Tt will be noticed that the rate of variation
of A with the dilution increases in the order just given; the uncertainty
attaching to the extrapolation necessary to deduce the limiting values Ay,
therefore, also increases in this order. These three examples are typical of

1 The meaning of the numbers in the columns headed y will be explained later (p. 213),
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the nni-univalent, uni-bivalent, and bi-bivalent salts respectively.! With
substances, such as ammonia, which in aqueous solution have very small
equivalent conductivities the influence of concentration is enormous, and the
data, even for very dilute solutions, do not indicate that a limiting value is
being approached ; from indirect evidence, however, this is assumed to be
the case.

Kohlrausch observed that the limiting values A , of the equivalent con-
ductivities of eleetrolytes could be represented in each case as the sum of
two independent quantities, one depending solely on the anion, the other on
the cation; these parts are called tonic conductivities. The values for a
number of ions are given in the accompanying table ; the differences between
the two series of values for 18° and 25° give an idea of the rate at which the
conductivity of an electrolyte changes with temperature.? :

TABLE OF IONIC CONDUCTIVITIES.

Ton. 18° | 25° Ton. N8R 258 Ion. 182|255
Cs’ 680 . | | . . 8145 (3500 § I'. . .| 666 | 765
Tl . 659 | 76°0 | Pb>" ., .| 608 710 ] CI' . . [66°% 758
NH . 64°7 . Dai'w 7 0| 554 | 652 | NOy . .| 618 | 70°6
K’ 5 645 | 748 Ca> . .| 51-9 | €00 | BrOy . .| 476 | 548
Ag 540 | 634 | Mg~ . .| 46'9| 550 | SO,” . .| 685 [ 800
Na’ 434 | 51-2| Cu” . .| 459 | .. | Fe(CN)" .| 950 (1105

The preceding regularity, known as Kohlrausch’s Law, is assumed to hold
good in all cases. On this assumption it is casy to deduce indirectly the
values of A, for such substanees as ammonium hydroxide; e.g. in the case
mentioned, the required limiting value is the sum of the ionic conductivities
of the ammonium and hydroxyl ions, and these can be obtained from data
supplied by other salts for which A, may be directly determined.

Migration of Ions; Transport Numbers.—In accordance with the
view already explained, electrolysis is considered as a process resembling
eonvection, a constant stream of cations moving with the current and carry-
ing positive eleetricity to the cathode, and a stream of anions conveying
negative electrieity in the opposite direction. In the interior of an electrolyte,
thercfore, the total current is the sum of two currents which may be termed
the cationic and anionic currents respectively. Although the cations and
anions are discharged at the electrodes in the ratios of their chemical equiva-
lents, it does not necessarily follow that the cationic and anionic currents are
equal ; their relative magnitudes depend upon the speeds of the cations and
anions, which in general are not equal.

The relative speeds of the ions in a given solution may be determined by
passing a measured quantity of electricity through the solution and estimat-
ing the changes in concentration in the portions of the solution immediately

1 A wni-univalent salt yields two univalent ions, e.g. NaCl yields Na® and Cl’; a uni-
bivalent salt yields two univalent ions and a bivalent ion, ¢.9. Na,SO, yiclds 2 Na' and
S0,”, and BaCl, yields Ba and 2 Cl'; a bi-bivalent salt yields two bivalent ions, e.g.
CuSO, yields Cu’ and SO, ete.

2 For values at temperatures between 0° C. and 156° C. see Johnston, J. Amer. Chem. Soc.,
1909, 31, 1010.
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surrounding the electrodes. The first measurements of this kind were made
by Hittorf,! who correctly. interpreted them as indicating that the ions
moved with different speeds. For details of the experimental methods,
which have to be adapted to suit particular cases, reference must be made
to other works.2 The relative speeds of the anion and cation are proportional
to the changes of concentration around the cathode and anode respectively,
provided that care is taken to prevent mechanical mixing, and that the
experiment is not prolonged for a sufficient length of time to lead to a change
of concentration in the middle portion of the solution.

The results of migration experiments are expressed by means of transport
or transference numbers. TFor the ions of a given electrolyte these numbers
are such that (i.) they are proportional to the relative speeds of the ions, and
(ii.) their sum is unity. They therefore represent the cationic and anionic
currents as fractions of the total current. The transport numbers for the
ions of a uni-univalent electrolyte are, in dilute solutions, practically inde-
pendent of the concentration, and the same is true for uni-bivalent electro-
lytes, with the exception of the halides and sulphates of the bivalent metals,
for which the cation transport number steadily increases with the dilution.
With rise of temperature, transport numbers above 05 decrease, and those
below 05 increase, so that the difference between the speeds of the ions of
an electrolyte diminishes with rise of temperature.?

As has been remarked already, since an electrolyte obeys Ohm’s Law, it
follows that the speed of an ion is proportional to the potential gradient.
The speeds U and V of the cation and anion under unit potential gradient
(one volt per em.) are called the mobilities of the ions, and, on the convective
view of electrolysis, it may be shown that

k=96,5007(U + V),

in which x and » are measured in the units already stated, and U and V- in
cms. per second. Now, the transport numbers are proportional to U and V ;
hence, by combining them with measurements of « and y, it is possible to
calculate the mobilities of the ions.

The ionic mobilities thus deduced are very small, amounting to only a
few centimetres per hour, and they are found to increase with the dilution,
approaching, however, towards limiting values. This will be at once evident
from what has been stated already concerning the variation of «/y, the
equivalent conductivity, with the dilution. Moreover, the limiting value for
the ionic mobility of, say, the chlorine ion, is found to be the same for all
electrolytes in which chlorine is the anion, 7.e. it is independent of the nature
of the cation. This is only another way of expressing Kohlrausch’s Law,
which is thus seen to be in accordance with the convective view of electro-
lysis, provided that the ions are supposed to possess complete migratory
independence.

The preceding equation, for extremely dilute solution, becomes

o <_".)  =96,500(U,, +V,,).
7 /1=0

1 Hittorf, Pogg. Annalen, 1853, 89, 177 ; 1856, 98, 1; 1858, 103, 1; 1859, 106, 337,
513 ; Ostwald’s Klassiker, Nos. 21 and 23.
2 E.g. the works mentioned on pp. 201 and 204. - ; N
= 3 For a collection of the available data on transport numbers, and a critical discussion
of the same, vide Noyes and Falk, J. dmer. Chem. Soc., 1911, 33, 1436.
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Kohlrausch’s ionie conduetivities are therefore 96,500 U, and 96,500 V
In order to express the conductivity of a solution of finite eoncentration in
terms of U, and V,, the equation must be written

x=96,5007y(U,, +V.,),

in which y is a proper fraction, which varies with %; its significanee will be
discussed later.

It remains to be mentioned that ionic mobilities have been measured
direetly by various experimenters, with results in good agreement with those
caleulated by the method outlined above; owing to lack of space, however,
the reader must be referred to other works or the original memoirs for
details of the methods,!

Tue Tueory oF DILUTE SOLUTIONS.

In 1885 Van’t Hoff2 pointed out that a remarkable analogy existed
between dilute solutions exerting osmotie pressure (p. 124) on the one hand,
and gases under ordinary pressures on the other. He arrived at his results
by thermodynamie reasoning, the conception of a semi-permeable membrane
(p. 123) rendering it easy to apply the second law of thermodynamies to the
investigation of the properties of solutions.

In the case of a dilute solution of a perfect gas in a solvent, the solubility
conforming to Henry's Law (p. 101), the following remarkablo result was
deduced :—

The osmotic pressure exerted by the substance tn solution vs equal to the
pressure that the substance would exert if it existed in the gaseous state at
the temperatwre of the solution aml occupied a volume equal to that of the
solution.

Accordingly, at constant temperature the osmotic pressure of the solution
is proportional to the coneentration; at constant eoncentration the osmotic
pressure is proportional to the absolute temperature; and, if P, T, and V
denote the osmotic pressure, absolute temperature and volume of solution
containing one gram-molecule of solute, then

PV =RT,

where R is the ordinary gas constant (p. 27).

Van’t Hoff’s deduction amounts to an extension of Avogadro’s Hypothesis
to dilute solutions, and may be put in the form that equal volumes of all
dilute solutions which, at the same temperature, exert equal osmotic pres-
sures, econtain equal numbers of molecules of solute; this number, moreover,
being the same as the number of molecules contained in an equal volume of
a perfect gas at the same temperature and under a pressure equal to that of
the osmotic pressure of the solutions.

The preceding generalisation, theoretically dedueed for dilute solutions
of perfect gases, was assumed by Van’t Hoff to hold good for dilute solutions
of all solutes. Pfeffer’s measurements of osmotic pressures (p. 124) supplied
valuable confirmation of this assumption, but were not very numerous.

1 Vide the works eited on p. 204, and Whetham, Piil. Trans., 1893, A, 184, 337 ; 1895,
A, 186, 507 ; Masson, #bid., 1899, A 192, 331; Sbeele, wbid., 1902 A, 198, 105 ; ¢f. Lcwxs,
J. Amer Chem Soe., 1910, 32 862

2 Van't Hoff, X, Svenska. Vet.-Akad. Handl., 1885, 21, 38 ; Zeitsch. physikal. Chem.,
1887, 1, 481 ; Phil. Mag., 1888, [v.], 26, 81.
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By means of the laws of thermodynamics it is possible to connect the
osmotic pressure of a solution with its vapour pressure! and freezing-point ;
hence the accuracy of Van’t Hoff’s views may be tested from measurements
_of vapour pressures and freezing-points, which are much less difficult to deter-
mine experimentally. This course was adopted by Van’t Hoff, who showed
that if his theory were correct, then all the laws relating to the lowering of
the vapour pressure (p. 114) followed as a necessary consequence. Moreover,
he proved that Raoult’s “molecular depression of the freezing-point” of a
solvent ? should be equal to 0°02T?/L, T being the absolute temperature of
freezing, and L the latent heat of fusion of the solvent in calories. The
following results supplied the experimental confirmation of this deduction :—

1oT2 Raoult’s
Solvent, i L. 02T . | Molecular
L Depression
Water . x ? o o 273°0 79 189 18'5
Acetic acid b i b 1 289°7 43°2 388 3846
Formic acid . £ : .| 2815 | 556 284 277
Benzene . 0 . 5 .| 2779 29°1 53 50
Nitrobenzene . 5 ! .| 2788 223 695 70°7
Ethylene dibromide . 0 .| 2809 | 12°04 | 122 117+9

Van’t Hoff’s theory is therefore seen to hold good for dilute solutions,
and Raoult’s Laws receive a theoretical interpretation.3

It is desirable to explain more fully what the term ‘“dilute” really
signifies. A dilute solution, to which Van’t Hoff’s theory is strictly applicable,
must be such that its volume does not differ appreciably from the volume of
the solvent contained in it, and the heat of dilution must be nil. In many
solutions to which the term ‘“dilute” is usually applied, e.g. tenth-normal
solutions, these conditions are by no means fulfilled ; in particular, the heat
of dilution is frequently appreciable, and molecular weight determinations
made with such solutions may therefore be considerably in error wheri
deduced by the usual formule given in Chap. IV.*

A complete theory that will include concentrated as well as dilute solu-
tions within its scope still remains to be formulated. Attempts towards the
solution of this problem have, however, been made by introducing the con-
ception of an ‘“ideal solution.” The general characteristics of such a solution
are: (i.) the number of different kinds of molecules present is equal to the

< 1 For the exact counection, see Berkeley and Hartley, Proc. Roy. Soc., 1906, A, 77,
156 ; Phil. Trans., 1906, A, 206, 481 ; 1908, A, 209, 177 ; Spens, Proc. Roy. Soc., 1906,
A, 77, 234 ; Porter, Proc. Roy. Soc., 1907, A, 79, 519 ; 1908, A, 80, 457 ; Callendar, Proc.
Boy. Soc., 1908, A, 8o, 466.

2 The depression produced by one gram-molecule of solute in one hundred grams of
solvent, see p. 122, 4 o

3 Translations of Van’t Hoff’s and Raoult’s papers will be found in Harper's Scientific
Memoirs, 1899, No. 4. .

4 For example, the molecular weight of sodium in mercury solution was found by vapour-
pressure measurements (Ramsay, Zrans. Chem. Soc., 1889, 55, 533) to be 165 in a solut!on
containing 1 gram atom of sodium to 85'8 gram-molecules of mercury; the correction
necessary, owing to the fact that the heat of dilution of the solution is far from negligible,
is about 62 (Bancroft, J. Physical Chem., 1906, 10, 319), whence the corrected result is

* 22°7, showing that sodium in dilute solution in mercury is monatomic. The deviation
found by Ramsay may be explained on the assumption that the combination occurs

. between the sodium and mercury,

VOL. I. 14
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number of constituents of the solution; (ii.) the physical properties of the
solution are connected with the physical properties of its constituents in the
pure state by the equation—

X=aN+2N +2'N"+ . .

in which X is the molecular property in question (e.g. molecular volume,
molecular refraction, ete.), « (<, " . . .) the moleeular property of a con-
stituent in the pure state, and N (N, N”. . . ) its mol fraction ;! and (iii.) the
partial vapour pressure p of a constituent having a mol fraction N is given by
p=pyN,

P, being the vapour pressure of the pure substance in the liquid state at the
same temperature. Quite a number of solutions are known, the physieal
properties of which, over a considerable range of concentration, agree well
with those deduced from the conception of an ideal solution.?

An “ideal ” solution, to which the preceding characteristics apply, must
be an extremely simple kind of solution, in which solvent and sclute mix
without change of volume or liberation of heat to produce a solution in which
the components®are present in their normal molecular state, association,
dissociation, or combination not having occurred. The extent, then, to
which the properties of a solution deviate from those of the *ideal” solution
may be expected to throw considcrable light on the nature of the processes
operative in solution ; and from this point of view strong cvidence has already
been forthcoming of combination between seclute and solvent in numerous
instances with the production of “hydrates” or “solvates” in solution.®

Returning to the consideration of dilute solutions, it should be noted that
the solutes with which Raoult worked were mainly organic substances, as
also wero his solvents. Occasionally a solute was met with which exhibited
a ‘‘moleeular depression” only about onehalf the normal value. A simple
explanation of this is to assume that the molecules of the sclute arc largely
associated in pairs in the solution, and that each “complex” produces the
effect of a single molecule. With aqueous solutions, although a large number
of solutes exhibited the moleeular depression 185, even more gave a depres-
sion of about twice this figure. At first sight it would seem that the higher
figure was the normal depression and that the solutes, mainly organic
substances, giving a depression of 185, are abnormal, being ‘ associated ” in
aqueous solution ; but the value 185 is the normal figure calculated from
Van't Hoff’s equation, and it is therefore the higher figure that nceds an
cxplanation. As has been already mentioned, this was supplied by Arrhenius ¢
shortly after the publication of Van’t Hoff’s theory. He pointed out that
the abnormal solutes are mainly salts, inorganic acids and bases, aqueous
solutions of which, in contradistinction to the solutions of normal substances,
are eonductors of eleetricity ; and he suggested that in aqueous solution the
molecules of acids, bases, and salts are largely ‘“dissociated.” The Theory of
Electrolytic Dissociation, proposed by Arrhenius, will now be discussed:

1 The mol fraction of a constituent is equal to 1/nth of the number of molecules of the
constituent present in n molecules of the solution.

2 See van Laar, Zeitsch. physikal. Chem., 1894, 15, 457 ; Lewis, J. Amer. Chem. Soc.,
1908, 30, 668 ; Washburn, 1bid., 1910, 32, 653.

3 See e.g. Washburn, Technology Quarterly, 1908, 21, 360, or Jakrb. Radicaktiv.
Elektronik., 1908, 5, 504 ; Callendar, Proc. Roy. Soc., 1908, A, 80, 466 ; Zeitsch. physikal.
Chem., 1908, 63, 641 ; and also the section on hydration that occurs later in this chapter.

4 Arrhenius, Zeitsch. physikal. Chem., 18817, 1, 631.
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Tue TrEoRY OF ELECTROLYTIC DISSOCIATION.

Introductory.—From the fact that (with non-polarisable electrodes)
Ohm’s Law holds good in the case of electrolytes whatever the magnitude of
the electromotive force applied, a very important result follows: in the
interior of an electrolyte, no measurable amount of chemical work can be
accomplished by the current. The generally accepted explanation, first
advanced by Clausius,! is that the function of the current is merely directive,
controlling the directions of motion of ions which are already present in the
solution in a state of migratory freedom.

The produets of electrolysis appear simultaneously at the electrodes as
soon as the current flows, no matter how far apart the electrodes may be.
From the very low values of the ionic mobilitiés, therefore, it follows that the
first ions discharged cannot have been in combination with one another at
the moment preceding the passage of the eurrent. The early hypothesis
due to Grotthus 2 regarded the current as actually decomposing into ions the
molecules of solute in the immediate vieinity of the electrodes, the inter-
mediate molecules then exchanging partners ; the following scheme sufficiently
illustrates the idea :— :

‘l— ve et 44
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FiG. 72.—(i) Before current ; (ii), (iii), (iv), (v) occur successively when current
flows, and this process is continnously repeated.

Faraday, however, disproved this idea by showing that the electric forces
were the same everywhere between the poles.

Clausius pointed out that on the hypothesis of Grotthus it should not be
possible to pass a current through an electrolyte until the electromotive
force applied exceeded a certain finite value—a conclusion that is not in
harmony with experiment. He supposed that the molecules of solute are

1 Clausius, Pogg. Annalen, 1857, 101, 338,
2 Grotthus, Ann. Chim., 1806, 58, 54,
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always moving about in the solution in a most irregular manner, being driven
first one way and then another by collisions with other molecules. As the
result of collisions between molecules moving with speeds in excess of the
average, some of these molecules get broken up into part molecules carrying
clectric charges, z.e. into what have already been termed ions. Collisions
between oppositely charged ions lead to the re:formation of a certain number
of molecules, but this is compensated for by the further breakdown of other
molecules, so that a certain amount of the solute in a conducting solution is
to be regarded as existing in the form of ions. When an electric current is
passed through the solution, it simply eauses the cations and anions already
present to drift in opposite directions towards the electrodes; the undis-
. sociated molecules by their impacts supply more ions, which in turn travel to
the electrodes, and 8o on. This theory is purely qualitative, giving no idea
of the extent to which dissociation occurs, and the assumption of quite a small
degree of dissociation is sufficient to account for the fact that Ohm’s Law holds
for conducting solutions. .

The ideas of Clausius were developed into a quantitative theory by
Arrhenius,! whose theory of electrolytic dissociation is now generally accepted,
at any rate as a valuable working hypothesis. Arrhenius supposed that the
molecules of aecids, bases, and salts are, as a rule, largely dissociated into
their ions in dilute solutions. For instance, a solution of sodium chloride
will contain a certain percentage of solute as ordinary molecules, but the
remainder (and larger proportion) of the solute will be split up into the ions
Na® and CI'. The undissociated molecnles take no part in conveying the
electric current, the current being, in fact, due simply to the motion of the
electric charges associated with the ions.

On these.assumptions it is possible to arrive at a measure of the degree
of dissociation of a substance in solution from conductivity measurements.
Imagine two large, rectangular, parallel plates to serve as clectrodes, placed
1 em. apart, and suppose 1 c.c. of an electrolyte containing 1 gram-equivalent
of solute in » c.c. of solution to be placed between the plates, the column of
electrolyte having a uniform cross-section. The conductivity of this solution
will be K, the specific conduetivity. If, however, the entire v c.c. be placed
between the plates, the conductivity measured is equal to vK or K/y, ie. to
the equivalent conductivity of the solution. With a potential difference of
1 volt between the plates, the conductivity will be numerically equal to the
current ; and this, according to the views of Arrhenius, will be proportional
to the number of jons supplied by the gram-molecule of solute, and to the
mobilities of the ions. The latter, of course, depend on the resistance offered
to the passage of the ions through the solution, 7.e. they depend on the
viscosity of the solution. Now, the viscosity of a dilute solution only differs
from that of the solvent at the same temperature by 1 or 2 per cent.,
and hence the mobilities of the ions may, in dilute solutions, be regarded as
practically independent of the concentration. The important conclusion is
therefore reached that the variation of the equivalent conductivity A of a
solution with the concentration is due almost entirely to a change in the
number of ions furnished by 1 gram-equivalent of the solute. Accordingly,
since A increases as the concentration diminishes, the degree of dissociation

1 Arrhenius, Zeitsch. physikal. Chem., 1887, 1, 631 ; Harper’s Scientific Memoirs, 1899,
No. 4 ; an interesting account of the development of the theory is given by Arrhenius him-
solf in J, Amer. Chem. Soc., 1912, 34, 353, and in his Faraday Lecture to the Chemical
Society ( I'rans. Chem. Soc., 1914, 105, 1414).




ACIDS, BASES, AND SALTS. 213

of an electrolyte must increase with the dilution, until, in extremely dilute
solutions, the dissociation is complete.

The preceding considerations concerning ionic mobilities justify the
method (adopted on p. 208) of expressing the equivalent conductivity of a
dilute solution in terms of the ionic mobilities at infinite dilution, by the
equation—

A=2=96,500y(Ug, +V,);
&4
and since R (5> (=96,500(Uq + Vo, ),
n/n=
it follows that A=y .

Now A and A, have been shown to be proportional to the numbers of
ions furnished by the gram-equivalent of solute in the respective solutions,
and since A, refers to a solution in which dissociation is complete, it is clear
that y must represent the fraction of the solute dissociated: in the solution of
equivalent conductivity A ; in other words, y is the degree of dissociation of
the solute. Hence the percentage amount of the solute dissociated into its
ions in a dilute solution of equivalent: conductivity A is equal to 100 y, where

A

A'OO
This relationship was deduced by Arrhenius.!

Degree of Dissociation of Salts.—The degree of dissociation of electro-
lytes, as determined by conductivity measurements, may now be briefly dis-
cussed, the values at the ordinary temperature (18° C.) being dealt with first.

So far as salts are concerned, a general rule may be stated ; with few
exceptions, salts of the same ionic type? are dissociated to very nearly the
same degree in solutions of equal concentrations.? Accordingly, it is only
necessary to quote the results for a few typical salts; this is done in the
following table (¢f. the values of y given on p. 205):—

PERCENTAGE DISSOCIATION OF SALTS AT 18 C.¢

Norm?hty Sodium |Lit;hium Calcium | Potassium | Lanthanum | Copper | Lanthanum
S a7 Chloride.| Iodate. | Nitrate. | Sulphate. | Nitrate. |Sulphate.| Sulphate.
Solution.
0001 [ 977 970 95°4 954 862
0002 969 95°8 937 937 902 804 46-4
0-01 93°6 91-2 876 872 802 62°9 289
005 88-2 834 781 771 701 égg 19-8
01 852 89 73°1 72°2 h
02 818 740 67-9 67°3 35°1
05 77°3 682 60°9 618
1-0 7411 643 54°9 592 309

A normal solution contains 1 gram-equivalent of solute per litre

1 For a correction to allow for change of viscosity with change of concentration, see
Washburn, J. dmer. Chem. Soc., 1911, 33, 1461; Green, Trans. Chem. Soc., 1908,
93, 2049. 2 (Of. footnote on p. 206.

3 The latter being measured in gram-equivalents per unit volume.

4 Taken from the collection of data given by Noyes and Falk, J. Amer. Chem. Soc.,

| 1912, 34, 454.
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The halide salts of the alkali metals all give values very close to those
quoted for sodium chloride, whilst the nitrates, chlorates, bromates, and
iodates are dissociated to very nearly the same extent as lithium iodate
(rather greater, as a rule). The figures for calcium nitrate are typical of
those of the uni-bivalent salts of bivalent metals, with the exception of a
number of mercury and eadmium salts, for which the dissociation is
abnormally small; the values for potassium sulphate are characteristic of
those given by uni-bivalent salts of dibasic acids. It will be noticed, by
comparing salts at the samne (equivalent) dilution, that the degrees of dissocia-
tion of salts yielding a univalent ion decrease as the valency of the other ion
increases ; but that even a uni-tervalent salt is more largely dissociated than
a bi-bivalent salt, which, in its turn is dissociated more than a bi-tervalent
salt. The degree of dissociation of acids and bases will be discussed
later (p. 219).

The variation of the degree of dissociation of an electrolyte with the
temperature has been investigated by Noyes and others for a considerable
number of substances, at temperatures between 0° and 306° C.!  In general,
the degree of dissociation, nt a fixed concentration, slowly decreases with rise
of temperature, the rate of decrease increasing as the temperature rises; the
values at 0° C. and 18° C. do not differ appreciably.

Degree of Dissociation from Freezing-point Measurements.—
It was pointed out by Planck,? shortly after Van’t Hoff had published his
investigations on osmotic pressure, that the abnormally great osmotic
pressure and other correlated physical properties of dilute solutions of electro-
lytes required the hypothesis of some form of electrolytic dissociation. These
properties depend upon the number of solute molecules per unit volume of
solution, and not upon their nature, and Arrhenius assumed that each ion in
solution produced the same osmotic effect as that of an ordinary molecule.
Accordingly, in very dilute solutions of electrolytes the molecules of which
produce two ions, the ‘“ molecular depression” of the freezing-point should be
exactly ‘twice the normal value, deduced from measurements with non-
olectrolytes, or ealculated from Van’t Hoff’s formula ; solutes the molecules
of which yield three ions, should give three times the normal depression,
and so on.

In extremely dilute solutions, accurate determinations of molecular
depressions of the freezing-point are very difficult, but, employing the refined
method of differential platinum thermometry, Griffiths and Bedford ® have
determined the molecular depressions for a number of electrolytes. The
normal value for aqueous solutions, calculated from Van’t Hof’s formula,
is 18:58° C., and Griffiths actually arrived at this result for solutions of
cane sugar between 002 and 0-0005 molar. Extremely dilute solutions of
potassium chloride gave a molecular depression almost exactly twice this
value,® and Bedford obtained depressions of twice the normal value with
potassium permanganate and magnesium sulphate. Barium chloride and
sulphuric acid gave almost exactly three times the normal depression, whilst
with potassium ferricyanide four times the normal depression was actually

1 ¢f. Noyes and others, Carnegic Institution Publications, 1907, No. 63; J. Amer.
Chem. Soc., 1908, 30, 335 ; 1909, 31, 987, 1010 ; 1911, 33, 795, 1423,

2 Planck, Wied. Annalen, 1887, 32, 499.

3 Bedford, Proe. Roy. Soc., 1910, A, 83, 454.

4 Le. within the limits of experimental error.
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observed. These reésults are exceedingly interesting and significant, being
exactly what would be expected according to the views of Arrhenius.

Owing to dissociation being incomplete in ordinary solutions, the molecular
depressions will not be exactly twice, thrice, etc., the normal value, but some-
what less, and from the observed values it is possible, as Arrhenius pointed
out, to calculate the degrees of dissociation of the solutes, and thereby
institute a comparison between the results obtained in this manner and
those deduced from conductivity measurements. If m +n molecules of a
solute are dissolved in water, and » molecules dissociate, each yielding % ions,
the osmotic pressure will be proportional to m-+nk instead of m +mn. The
degree of dissociation y will be equal to

n
mFn
Now the ratio (m +nk) : (m+n) is equal to the ratio of the observed mole-

cular depression to the normal value, and is usually denoted by ¢. Hence
T R N

m+n m+n m+n

i—1
or W= 7‘:—1
In order to illustrate the nature of the agreement between values of y ob-
tained in this way, from freezing-point measurements, and those derived from
conductivity measurements, the values of ¢ may be calculated from the values
of y given by the relationship
A

Shen

A

(o]

and these values of ¢ compared with those actually measured. This is done
for a number of typical salts in the following table :—?

COMPARISON OF VALUES OF i DERIVED FROM FREEZING-
POINT (f.p.) AND CONDUCTIVITY MEASUREMENTS (c).

Normality. 0+005. | 0°01. 0-02. 0-05. 010 0-20. 0°50.
110 RA . e R k26 194 1-89 1-86 1-83 130
co1:96 194

189 | 186 | 183 | 178
G oY e I 276 258 | 2w2 | ..
@l o 2:60 | 262 | 244 s
PH(NO,); . . fp | 278 | 270 245 | 280 | 214 | 1°
iy | ey 242 | 227 2<1$ 1:91
Ba@0); . % | . FEp | .. 323 | 312 | 80
i s 315 | 299 | 283

0O = O M= NN
o
[=2]
Ly

o
-~
-
1O O DO DO
e B R

C. X .es
K;Fe(CN)g . . f.p. | 368 | 860 | 333

MgSO, c . fp.| 169 1628 105 4! 1-42 132 1-22
c. | 174 1-67 160 1'51 150 1+40
(0], 1O S s 2 vl I
C

1 Adapted from the data compiled by Noyes and Falk, J. dmer. Chem. Soc., 1912, 34,
485 ; also 7bid., 1910, 32, 1011,
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It will be seen at once that the two methods do not give identical results,
and the differences as a rule are considerably greater than possible differences
due to experimental error, particularly with salts which yield polyvalent ions.
The general parallelism between the two series of results is, however,
unmistakable, and the values clearly increase with the dilution towards the
theoretical values for complete dissociation, although the value of ¢ for
caleium ferrocyanide in 0-05 normal solution is far from the theoretical
value 3. 4

It is beyond the scope of this work to enter fully into the various causes
which may possibly be responsible for the diserepancies observed between the
two series of values. A short account dealing with Aydration and intermediate
and compler ions only can be given. It should, however, be mentioned that
even with uni-univalent salts for which the agreement is good, the result is
almost certainly due to a compensationt of errors, the undissoeiated molecules
having an abnormally large, and the ions an abnormally small osmotie effect.

Further, the existence in solution of double molecules of a solute such as
Mg,(S0,),, for example, would lead to values of ¢ by the freezing-point method
smaller than would otherwise be the case.

Intermediate and Complex Ions.—Hitherto it has been assumed
that the dissociation of salts of the types XCl, (XBr,, X(NO,),, ete.), Y,SO,,
and XSO, follow the simple schemes XCl,—X" +2CI, Y,S0,—2Y'+S0,",
and XSO,—X"+80,". It is, however, possible that salts of the first two
types may dissociate in stages, thus (i.) XCl,—XCI" + CI, (ii.) XCI'—=X"" + CI';
and (i.) Y,80,—Y +YS0/, (ii.) YSO,/~>Y +80,”; and that therefore the
tntermediate tons XCl" and YSO, exist in appreciable quantity in moderately
dilute solutions. Or it may be that complex molecules of salts of the first and
third types, such as X,Cl, and X,(SO,),, exist in the solutions, and dissociate
according to the schemes X,Cl,—X"" +XCl,"” and X,(S0,),—>X" + X(S0,),",
furnishing complex tons XCl,” and X,(SO,),"”, which dissociate more and more
with increasing dilution according to such methods as XCl,"—X"" +4Cl’ and
X(80,),"—X"+2 S0,".

Werner! was one of the first to recognise the existenee of complex ions
and to realise their importance in electrolytic dissociation. His researches
and theories will be discussed in Volume IX. in connection with the complex
cobaltammines.

It is not difficult to see that if moderately dilute solutions of salts contain
appreciable quantities of complex or intermediate ions, the transport numbers
of the ions should in all probability vary with the dilution.2 For a large
number of uni-bivalent and bi-bivalent salts the transport numbers of the
ions are practically independent of the concentration up to 0°2 normal, which
may possibly indicate the absence of intermediate and complex ions to any
appreciable extent.® The transport numbers of the halides and sulphates of
bivalent metals, however, decrease steadily and rapidly with inereasing
concentration, which may be accounted for by assuming that complex ions, g
such as BaCl,” and Mg(SO,),", are formed in considerable quantities at the
higher coneentrations. ¢ ’

At present it is not possible to determine with accuracy the extent to

1 Werner, Zeitsch. anorg. Chem., 1893, 3, 294.

3 The ion BaCl", for instance, would migrate to the cathode, but of the ions Ba** and Cl’,
into which it is resolved by dilution, the Cl’ travels to the anode.

3 This conclusion is, however, not necessarily correct; see Noyes and Falk, J. Amer.
Chem. Soc., 1911, 33, 1436 ; Falk, sbid., 1910, 32, 1555.

4
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which intermediate and complex ion formation occurs, and accordingly, for
uni-bivalent salts and those of higher ionic types, a certain amount of
uncertainty is attached to the meaning of the ratio A/A, which has in the
preceding pages been regarded as a measure of electrolytic dissociation. It is
clear that complex ion formation will lead to abnormally low values of ¢ by
the freezing-point method.

Hydration in Aqueous Solution.—So far the ions of a salt have been
regarded simply as atoms or groups of atoms, carrying electric charges of
opposite sign and migrating under the influence of a potential gradient
quite independently of one another. The considerations upon which this
view has been based do not, however, require the ions to be free from all
chemical combination, and there is considerable evidence that in aqueous
solution most ions are combined with the solvent to varying degrees.
Probably in many cases the undissociated molecules are also combined with
the solvent, and it is doubtless true that numerous non-electrolytes in
aqueous solution are likewise ‘“hydrated,”! each molecule combining with
a certain number of molecules of the solvent to form a more or less stable
complex molecule.?

Walker and his co-workers? coneluded that in a number of cases com-
bination with the solvent is the necessary precursor of electrolytic dissocia-
tion, although such combination does not necessitate that dissociation.
Bousfield and Lowry,* however, have gone a step further and regard hydra-
tion as essential to dissociation, the heat of hydration affording the energy
necessary to disrupt the molecule. If such is the case the dissociated solute
must be hydrated to a greater extent than the undissociated solute as other-
wise there is no force available for producing dissociation.

Only one or two of the reasons brought forward in support of the view
that ions are hydrated can be discussed.5 Considering, for example, the
alkali metals, it is observed that the order of increasing ionic mobilities is
also the order of increasing atomic weight and atomic volume :—

Li. Na. K. Rb. Cs.
Atomic weight . . 694 2300 3910 8545 13281
Ionic mobility at 18° . 334 434 645 675 68-0
The reverse would naturally be expected to hold good, the heavier ions

migrating at a slower rate than the lighter ones, just as in the diffusion of
these metals into mercury, for which it has been shown® that the rates of

" diffusion increase with decreasing atomic weight. An explanation of this

1 The terms ‘“solvated” and ¢‘solvation’ are employed to denote similar ideas when
solvents other than water are considered. .

2 Various attempts have been made to frame general theories of solution from the point
of view of hydration, without having recourse to the ionic theory, but none of these can be
said to have met with general acceptance. The reader may be referred to Morley and
Muir’s Dictionary of Chemistry (Longmans & Co., 1894, vol. iv.), article on solutions,
part 2 ; also to Armstrong, Chem. News, 1911, 103, 97, and Ann. Report Chem. Soc., 1907,
4, 17, 21 ; 1908, 5, 21; 1911, 8, 13 ; Lowry, Science Progress, 1908, 3, 124.

3 Walker, M‘Intosh and Archibald, Zrans. Chem. Soc., 1904, 85, 1098.

4 Bousfield and Lowry, Phil. Tranms., 1904, 204, 282; Trans. Faraday Soc., 1905, 1,
197 ; 1907, 3, 123. wr -

5 For a valuable summary of the evidence bearing on the subject of hydration in solution,
see Washburn, ZTechnology Quarterly, 1908, 21, 360 ; or Jakrb. Radioaktiv. Elektronik.,
1908, 5, 504, 3

8 yon Vogau, Ann. Physik., 1907, [iv.], 23, 369.
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anomaly is fortheoming if it be assumed that the ions of the alkali metals
are hydrated, the number of molecules of water combined with one charged
atom of metal diminishing as the atomie weight inereases. It is then
possible for the ion of lithium to be heavier than the ion of ceesium, and
8o account for its lower mobility.!

1t has been found that ionie conductivities inerease with rise of tempera-
ture in a manner that corresponds very closely to the change of the
fluidity (reciproeal of the viscosity) of water with ehange of temperature.
In faet, for a number of slow-moving ions, the parallelism is almost exaet.
This is not due to increased dissociation, since this latter is actually retarded
to a slight extent by rise of temperature. The increase in conduetivity is
attributable to greater fomic mobility consequent upon a change in the
frictional resistance experienced by the ion in its passage through the
solution. The remarkable fact that this resistance changes at almost
precisely the rate at which the viscosity of water (which measures the
frictional resistance that one molecule of water experiences in moving about
among the others) ehanges, led Kohlrausch 2 to believe that an ion is associ-
ated with a eertain number of molecules of water, this water forming a kind
of ‘‘atmosphere” about the ion and the ‘“complex” moving as a whoele
through the solution. The faet that a rise in temperature slightly decreases
the extent of dissociation may be explained on the assumption that the heat
tends to reduce the hydration of the ions and thus facilitates their union to
form undissociated molecules.®

If the two ions of a salt are hydrated unequally, the passage of electricity
through an aqueous selution of the salt must result in a net transference
of water in one direction or the other, according to eircumstances. If, then,
a small quantity of a nen-electrolyte be added to the solution, its con-
centration should increase around one electrode and deecrease around the
other. By this device, it has been shown experimentally that the ions of
hydrochlorie aeid,* and of the chlorides of the alkali metals,® are unequally
hydrated.

Hydration, and hence dissociation, may be expected to increase with
dilution until a maximum is reached after which further hydration has no
effect. The average amount of water in combination need not be a whole
number. In all probability it is an indefinite assemblage of aqueous
molecules.®

Owing to hydration, the calculations explained in the preceding pages
must often be inexact, and the errors involved cannot as a rule be determined
owing to lack of accurate data concerning the extent of hydration. Hydra-
tion of any kind obviously renders the statement of eoncentration, in terms
of parts of solute per part of solvent, inaccurate, since part of the solvent
must be reckoned as belonging to the solute. Accordingly, abnormal
osmotie pressures, freezing-point depressions, etc., may be due in part to this
cause, and the abnormality will be the more pronounced the greater the

! Euler, Wied. Annalen, 1897, 63, 273 ; Bredig, Zeitsch. physikal, Chem., 1894, 13, 277.
L % Kohlrausch, Proc. Roy. Soc., 1903, 71, 338 ; Sitzungsber. preuss. Akad. Wiss., 1902,

26, 579.

3 See H. C. Jones and his co-workers, dmer. Chem. J., 1910, 43, 187 ; 1911, 46, 240
and 368; A. A. Noyes, Y. Kato and Sosman, J. 4mer. Chem. Soc., 1910, 32, 159.

4 Buchbick, Zeitsch. physikal. Chem., 1908, 55, 563.

5 Washburn, Technology Quarterly, 1908, 21, 287 ; or J. Amer. Chem. Soc., 1909, 31, 322.

¢ Bousfield, Phril. Trans., 1906, A, 206, 101.
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concentration of the solution.! Potassium and ceesium nitrates are excep-
tions in that they behave like ideal binary electrolytes.? Hydration of the
ions clearly renders measurements of transport numbers slightly inaccurate.
Since, moreover, it is probable that, in certain cases, the degree of hydration
of an ion changes with the concentration,® a change which would doubtless
alter its ionic mobility, the possibility of an error due to this cause in taking
A/A o as the measure of the degree of dissociation must be recognised.

Dissociation of Acids and Bases.—Salts, with few exceptions, are
largely dissociated, the extent varying from 40 to 85 per cent. for different
salts in tenth-normal solution. Acids and bases exhibit a much greater
variation in this respect. The monobasic acids such as nitrie, hydrochloric,
hydrobromie, hydriodic, perchloric, chloric, bromic, iodic, permanganic,
thiocyanic, etc., acids, are extensively dissociated in dilute solution, the
values comparing with those for uni-univalent salts; in the case of the first
four acids mentioned, the values are even greater. Hydrofluoric acid is
much less dissociated, only, in fact, to the extent of 7 per cent. in normal
solution. Nitrous, hydrocyanic, and acetic acids (and a host of organic
acids) are only dissociated to an exceedingly slight degree (see p. 223).

The polybasic acids are not dissociated to so great an extent as the
monobasic acids just mentioned above. The quantitative relations, too, are
rendered extremely complicated by the fact that the dissociation of these
acids proceeds in stages, and hence a number of different kinds of anions
are present in solution. Thus, sulphuric acid, one of the most largely
dissociated of the dibasic acids, dissociates in two stages—

(i.) H,SO,==H" + HSO,
(ii.) HSO, ==H"+8S0,".

In very dilute solutions the concentration of SO,” exceeds that of HSO,/,
but in most concentrated solutions the reverse obtains.® Phosphoric acid,
H,PO,, dissociates in three stages—

(i.) H,PO,==H' + H,PO,’
(ii.) H,PO,/<~=H '+ HPO,”
(iii.) HPO,"==H" +PO,".

In a solution containing one gram-molecule in ten litres, stage (i.) proceeds
to about 28 per cent. Dissociation as represented by (ii.) is slight, and as
represented by (iii.) almost negligible. Pyrophosphoric acid H,P,0, dis-
sociates in four stages, of which the first two occur to a considerable, the
last one practically to a negligible extent.®

1 See Jones and his co-workers, Amer. Chem. J., 1904, 31, 856 ; 1905, 33, 534 ; Zeitsch.
physikal. Chem., 1906, 55, 385. Biltz, ibid., 1902, 40, 185; 1903, 43, 41 ; 1906, 56, 463.
Smits, tbid., 1902, 39, 385.

2 Biltz, loc. cit, ; Jahn, Zeitsch. physikal. Chem., 1900, 33, 545 ; 1900, 35, 1; 1901, 37,
490 ; Nernst, 1b7d., 1901, 38, 487.

3 Biltz (loc. cit.) and Jones (Zeitsch. physikal. Chem., 1906, 55, 385) attempted to
determine the extent of ionic hydration, and both now agree that it increases with dilution.
Bousfield (ibid., 1905, 53, 257) has arrived at the same conclusion. ; !

4 Interesting examples of the simultaneous occurrence of complex ion formation and
hydration are furnished by the halide salts of copper and cobalt ; see Donnan and Bassett,
Trans. Chem. Soc., 1902, 81, 939 ; Vaillant, Ann. Chim. Phys., 1903, (vii.), 28, 213;
Kohlschiitter, Ber., 1904, 37, 1168 ; Lewis, Zeitsch. physikal. Chem., 1906, 56, 223;
Denham, 7bid., 1909, 65, 641. i i -

5 Luther, Zeitsch. Elektrochem., 1907, 13, 296 ; Noyes and Eastman, Carnegie Institution
Publications, 1907, 63, 274 ; Noyes and Stewart, J. Amer. Chem. Soc., 1910, 32, 1133.

¢ Abbot and Bray, J. dmer. Chem. Soc., 1909, 31, 760.
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Carbonic, hydrosulphuric, and boric acids, H,CO; H,S, and H;BO,,
respectively, likewise dissociate in stages; but in these particular cases the
first stage proceeds to an exceedingly slight degree, and the remaining stages
to an even smaller extent (see p. 223).

The very soluble inorganic bases, namely the hydroxides of the alkali
metals, are dissociated in aqueous solution to about the same extent as
uni-univalent salts ; the hydroxides of barium, strontium, and calcium rather
less. Ammonium hydroxide, however, is only slightly dissociated, the
extent in normal solution being less than 1 per cent. (see p. 223).

Some Applications of the Dissociation Theory.—The neutralisa-
tion of hydrochloric acid by sodium hydroxide in dilute aqueous solution,
expressed in the ordinary way by the equation—

NaOH + HCl = NaCl + H,0,
should, according to the ionic theory, be represented thus—
Na'+OH'+H' +CI'=Na' + Cl' + H,0,

sinee hydrochloric acid, sodinin hydroxide, and sodium chloride are almost
completely dissociated, whilst water is only dissociated to a minute extent.
The change may therefore be expressed simply as

H' + OH' = H,0.

Obviously this expresses the essential character of the change whatever acid
or base be chosen, provided that both are largely dissociated in dilute solu-
tion. The heats of neutralisation in all such reactions should therefore be
equal, and, as has been seen already, this is found to be the case. From the
data already given (p. 167) it follows that

H' + OH' = H,0 + 137 Cals.

When either the acid or the base is only slightly dissociated in dilute solu-
tion, the observed heat of neutralisation is practically 13-7 Cals. plus the
heat of ionisation of the acid (or base, as the case may be); that is to say,
the sum of the heat tones of the reactions

(i.) HA=H'+A’, and
(i) H'+OH =H,0.

The heat of neutralisation may therefore be greater or less than 13-7 Cals.,
since in some cases (i.) is exothermic and in others endothermie.

The Law of Thermo-neutrality (p. 167) is readily explained. Supposing,
for instance, that dilute aqueous solutions of sodium sulphate and potassium
nitrate are mixed, it is readily seen that no appreciable change in the nature
of the solution should oceur, for potassium sulphate and sodium nitrate, the
formation of which might be anticipated, are dissociated to as great an
extent as the salts first mentioned, and all four salts are almost completely
dissociated in dilute solution. Accordingly, no thermal effect would be
expected to accompany the mixing of the solutions, and none is, in fact,
observed.

In general, ions possess an enormously greater degree of reactivity than
non-ionised moleeules. The readiness and rapidity with which acids, bases,
and salts react are in marked contrast to the sluggishness with which many
reactions between organic substanees proceed. The subject of inorganic
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qualitative analysis is concerned almost exclusively with the reactions of ions.
An aqueous solution of hydrogen chloride, for instance, exhibits the properties
associated with hydrogen ions and also those associated with chlorine ions,
and therefore its degree of reactivity towards other substances is quite
different from that of a solution of hydrogen chloride in benzene or liquid
hydrogen chloride. The degree of electrolytic dissociation of hydrogen
chloride in the benzene solution or in the liquefied gas is exceedingly small,
and in these media iron, sedium, and calcium carbonate are scarcely acted
upon ; but aqueous hydrogen chloride attacks these substances with the
greatest readiness.!

The conclusion that the reactions of electrolytes are in general the
reactions of their ions is of great importance, for it is natural to attribute
the specific properties associated with acids to the presence of hydrogen ions,
and those associated with bases to the presence of hydroxyl ions in their
aqueous solutions. It is therefore to be expected that the extent to which
these properties are manifested by an acid (or base) will depend upon the
concentration of hydrogen (or hydroxyl) ions in solution ; in short, that what
may be termed the relative “strengths” of acids (or bases) may be inferred
from the degrees of dissociation of the acids (or bases) in solutions that are
comparable, z.e. are of the same normality. The stronger the acid (or base),
the greater the degree of dissociation. The relative strengths of acids and
bases thus deduced are in agreement with those derived from other con-
siderations (vide tnfra, p. 225).

The dissociation theory accounts in a simple manner for the differences
observed between double salts and complex salts. For example, sodium
chloroplatinate, a complex salt, dissociates according to the scheme

Na,PtCl;==2Na' + PtCl}",

whereas the dissociation of astracanite (p. 201), a double salt, takes place as

follows :—
Na,S0,.MgS0,<=2Na"+ Mg" +280,".

In the case of the first-named compound, the solution does not give the
usual reactions of a chloride, since no chlorine ions are present in solution ;
the second compound, however, behaves as a mixture of the single salts.
That the anion of sodium chloroplatinate is PtCl;” is shown by migration
experiments (p. 206), the platinum migrating with the chlorine towards the
anode. The recognition of the nature of complex salts by means of migration
experiments is'due to Hittorf (p. 207).

There is, however, no hard-and-fast line of division between complex
salts and double salts; the difference must be looked upon not as one of
kind, but only one of degree. It must be supposed, for instance, that the
anion PtCl;” dissociates further, thus :—

61 =—=P5" + 601",

though only to a very minute extent, while the possibility of the existence of
complex ions in astracanite solutions, such as Mg(SO,)," perhaps, must be
recognised, though their concentration must be quite small. Examples are

1 An admirable account of the ionic theory, with particular reference to its applications
in qualitative analysis, is given by Stieglitz, Qualitative Chemical Analysis, 2 vols, (The
Century Co., New York, 1911 ; Bell & Sons, London, 1914) ; see also Ostwald, Scientific
Foundations of Analytical Chemistry, translated by M‘Gowan (Macmillan & Co., 1908).
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cent. in dilute solution.! In the case of weak acids and bases, however,
these equations represent the facts extremely well.

In the case of a- weak dibasic acid, such as carbonic acid, which dis-
sociates in stages, the relationships

[_—_H] x [HCOy] =K,and -1 L3 J_K
[H,CO,] ! [(HCO4]

are found to hold good, K; and K, being called the primary and secondary
ionisation constants of carbonic acid. In like manner there are three ionisa-
tion constants corresponding to the three stages of dissociation of ortho-
phosphorie acid, etec. :

The ionization constants of a number of weak acids and bases are given
in the following table :—2

[(H]x[CO,"]

Acid or Base. e Equilibrium Ratio. K.
Phosphoric acid 3 18 [H'] x [H,P0,"]/[H,P0,] 1x10-2
18 [(H'1x[HPO,"]/[H,PO,"] 2x10-7
18 | [H']x[PO,"”]/[HPO,"] 4x10-18
Nitrous acid . 5 o 25 [H']1x[NO,'J/(HNO,] 5x 104
Acetic acid . . o 25 | [H']x[CHCO,'])/[CH;CO0H] 1'8x 103
Carbonic acid . 5 o 18 [H']x[HCO4J/[H,CO4] * 3x10-7
25 | [H']x[CO,"][[HCO;]* 7x10-1
Hydrogen sulphide. 5 18 [H*1x [HS}/[H,S] 9x10-8
25 | [(H'1x[S")[HS'] 1x10-15
Boricacid . . .| 25 |[Hx[H,BO,J[H,B0,] 7x10-1
Hydrocyanic acid . " 25 [H'1x [CN']/[HCN] 7x10"10
Ammonium hydroxide . 25 [NH,1x[OHJ/{[NH,OH]+[NH,]}+ [1:8x10-5
Hydrazine . . . ‘ 25 | [N,H,]x [OH’]/{[N,H,OH]+[N,II,J} 1| 8x10-6

* These solutions contain carbon di-oxide as well as carbonic acid molecules and ions,
Hence the value for K is really much too low (Thiel and Strohecker, Ber., 1914, 47, 945).

+ These solutions contain ammonia and hydrazine, in addition to the ions of the
hydroxides and the undissociated hydroxide molceules.

Referring again to the equation (p. 222)

72

=K,
(I=y)

1 It is beyond the scope of this book to enter into a discussion of the causes of this
disagreement ; there are, however, good reasons why ionic equilibria should not be expected
to conform to the law of chemical equilibrium except at very small concentrations. See
Stieglitz, opus cit., p. 108 ; Walker, Nature, 1911, 87, 296. It is posg:blre to express the
variation of ~ with the dilution by empirical formule, See Rudolphi, Zeitsch. physikal.
Chem., 1895, 17, 385; Van’t Hoff, ibid., 1895, 18, 300; Storch, 1bzd.‘, '1896, 19, 13
M‘Dougall, J. Amer. Chem. Soc., 1912, 34, 855; Kraus and Bray, ¢bid., 1913, 35,
1315 ; Kendall, Trans. Chem. Soc., 1912, 101, 1275 ; Medd. K. Vet. Nobelinstitut, 1913,
2, No. 38; J. Amer. Chem. Soc., 1914, 36, 1069 ; Partington, Trans. Chem. Soc., 1910,

1158.
ik ¢ for farther data and references see Landolt-Bornstein, Ph?/sikalisch-CIwmisc_hc Tabellen
- (Berlin, 8rd ed., 1912), p. 1132 ; Noyes, J. Amer. Chem. Soc., 1910, 32, 860 ; Stieglitz, opus
cit., pp. 104, 106.
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_ which is called Ostwald’s Dilution Law, it is seen that when half the
electrolyte is dissociated, 1/2v is equal to K. Using the value given above
for acetic acid, it follows that one gram-molecule of acetic acid must be
diluted with about 30,000 litres of water before half tho acid is dissociated ;
and that an even greater dilution is necessary for those substances with
ionisation constants smaller than acetic acid. Hence, comparing electrolytes
at the same (molecular) concentration, the order of increasing dissociation is
also the order of increasing ionisation constants. The relative strengths of
weak acids (and bases) may be accordingly recognised by a comparison of
their ionisation constants. The small degree of dissociation of the acids and
bases mentioned in the preceding table will be readily perceived from the
values of K there given; acetic acid, for instance, in decinormal solution
(v equal to 10) is dissociated only to the extent of 1'3 per cent.

It should be carefully borne in mind that salts derived from weak acids
or bases are largely dissociated in solution, sodium acetate, for instance, being
comparable with sodium chloride in this respect. A simple means of
diminishing the acidic properties of & weak acid or the basic properties of a
weak base is therefore possible; namely, to add a salt with a common ion,
as, for instance, sodinm acctate to acetic acid, and ammonium chloride to
ammoninm hydroxide. In the latter case, the concentration of ammonium
ions is enormously increased, and in virtue of the relationship

[N¥,] = [OH] _ K

[NH,0H] ¢
the concentration of hydroxyl ions must decrease. In other words, the
degree of dissociation of ammonium hydroxide is diminished, and that to a
very great extent, since, as the concentration of undissociated ammonium
hydroxide only varies by 1 or 2 per cent., an n-fold increase of concentration
in ammonium ions leads to an n-fold decrease in concentration of hydroxyl
ions. This principle is frequently employed in analysis.

The equilibrinm between a solid salt and a liquid which, besides containing
some of the salt in solution, also contains other electrolytes, is of great
importance. It was originally supposed ! that in such a system, at constant
temperature, while the concentrations of tho ions of the salt conld be altered
by the addition of other electrolytes, the concentration of the undissociated
salt in the liquid remained constant. This supposition, combined with the
further one that the jonisation of the salt is expressed by the law of chemical
equilibrium, leads to the following condition for equilibrium between the solid
salt and the liquid phase; the product of the ton concentrations, each raised
to the power corresponding to the number of that kind of ion formed by the
dissociation of one molecule of the sult, ©s a constant. An example will make
this clear. If the solid salt is calcium phosphate Cay(PO,),, the law of equi-
librium gives

[Ca"] x [P0, = K[Cay(RO,),]
for the ionic equilibrium in the liquid phase ; and in accordance with the first
assumption, [Ca,(PO,),] is a constant, for equilibrinm between the solid and
liquid phases. Hence
[Ca™]? x [PO,”]? = constant.

This constant is called the solubilvty-product of the salt at the temperature
in question.

1 Nernst, Zeitsch. physikal. Chem., 1889, 4, 372.
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The method of deriving the principle of the solubility-product just out-
lined is that by which the relationship was first deduced. Each of the
assumptions there mentioned is now known to be incorrect. It is, however,
not necessary to assume so much in order to derive the principle, which
follows from the assumptions that the ions behave as normal solutes, and
that the nature of the solvent is not changed by added substances.! As a
matter of experiment, the principle is found to hold good only for dilute
solutions in which the total electrolyte concentration is not greater than
0-3 gram-equivalent per litre, and hence can only be applied to sparingly
soluble substances.? Salts ordinarily classed as insoluble, and in particular
those met with as precipitates in quantitative analysis, are characterised by
extremely small solubility-products.

When the product of the concentrations of the ions of a salt in a solution
exceeds the solubility-product of the salt, precipitation of that salt occurs
until the solubility-product is reached. It immediately follows that the
solubility of a salt is less in a solution of a salt possessing a common ion than
it is in pure water. For example, the amount of chlorine left in solution,
when a solution of a chloride is precipitated with silver nitrate in moderate
excess, is barely perceptible, although the solubility of silver chloride in pure
water is quite appreciable.® That is to say, the solubility of silver chloride
has been diminished by the presence of silver nitrate in solution.

A salt passes into solution when the product of the concentrations of its
ions in the solution is made less than the solubility-product. Two examples
may be given. The organic acid oxalic acid is a weak acid and dissociated
to a much less degree than its calcium salt at the same concentration. The
calcium salt is almost insoluble in water. When hydrochloric acid is added
to it, the anion of oxalic acid is removed almost entirely from the solution,
since it unites with hydrogen ions, present in great excess, to form un-
dissociated oxalic acid. Hence, the solubility-product of calcium oxalate not
being maintained, solid salt passes into solution until the solubility-product
is again reached. The increase in concentration of the calcium ions in the
solution is such that calcium may be readily detected therein by the usual
reactions, 7.e. calcium oxalate is soluble in hydrochloric acid.

Silver cyanide is very sparingly soluble in water. The addition of
potassium cyanide solution would, in the light of the preceding discussion, be
expected to diminish its solubility, but it is found to dissolve the precipitate.
The explanation is that the reaction

Ag’ +20N'==Ag(CN),’

occurs in the solution, and since the complex ion Ag(CN),’ is a stable ion, the
concentration of the silver ions in solution is reduced to a very minute quantity.
Silver chloride accordingly dissolves; the complex salt K[Ag(CN),| can be
crystallised out from the solution.

Strengths of Acids and Bases. — The expressions “strong” and
“weak” are frequently applied in order to describe the relative chemical
activities of acids and of bases. In contrasting an acid such as hydrochloric
with another such as hydrosulphuric, it is easy from chemical considerations
to decide that the first is “stronger” than the second; the problem of

! Washburn, J. dmer. Chem. Soc., 1910, 32, 488.
2 Stieglitz, ibid., 1908, 30, 946.
3 Richards and Wells, J. dmer. Chem. Soc., 1905, 27, 481.

VOL. I, 15
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comparing the relative strengths of, say, hydrochloric and salphurio acids, is
~more difficult.

In order to arrive at a quantitative estimation of the relative strengths of
acids, equivalent amounts of two acids may be allowed to compete for a
quantity of a base insufficient to combine with both completely, and the ratio
in which the base is shared by the acids determined. The relative strengths
of the acids are regarded as proportional to the amounts of base they
appropriate. The method may be carried out in practice by adding onme
equivalent of an acid to one equivalent of a salt of another acid, and deter-
mining the amount of the second acid displaced from combination by the
first. In effecting the necessary measurements, which are generally physical
in character,! one condition must be fulfilled : the acids and salts must remain
entirely in solution and nothing escape from the liquid either as gas or solid
(precipitate). Otherwise the results are vitiated by volatility or solubility
influences.

Approximate results were obtained by Thomsen? from thermal measure-
ments, but Ostwald’s results, deduced from density measurements$ were more
accurate. The experiments were carried out at a common temperature, and
the solutions of acids and bases used contained one gram-equivalent of reagent
in a kilogram of solution. By mixing equal weights of a solution of an acid
and a base, a solution of a salt was obtained. A numerical example concerning
hydrochloric and dichloracetic acids will serve to illustrate the method. The
respective volumes of two kilograms of sodium chloride and sodium dichlor-
acetate solutions were 1958275 and 1916-714 c.c. ; those of one kilogram of
hydrochloric acid and dichloracetic acid soluticns, 982:406 and 947-377 c.c.
On mixing the hydrochloric acid and sodium dichloracetate solutions, the
volume would be 982:406 + 1916-714, or 2899-120 c.c. if no change occurred,
and 947-377 4+ 1958275, or 2905:652 if the dichloracetic acid were entirely
displaced. The volume actually observed was 2904-220 c.c. Now

2904-220 — 2899:120 = 5100
and 2905652 — 2899120 = 6-532 ;

hence it is inferred that 5:10/6:53 or 78 per cent. of the dichloracetic acid is °
displaced, and the relative strengths of hydrochloric and dichloracetic acids
are as 78 to 22.

The relative strengths of acids as determined in this manner are inde-
pendent of the nature of the base chosen. That the order in which the acids
are arranged by this method is really the order of what are to be regarded
as their “strengths” is indicated by the fact that the same order is arrived at
when the activities of acids are compared in other ways, e.g. by Thomsen’s
thermal method ; by observing the rate at which they cause the ‘“inversion”
of sucrose to proceed (p. 184); by determining their respective abilities to
effect the solution of salts like calcium oxalate and barium chromate, ete.

It is found that when acids are arranged in the order of their relative
strengths, they are also arranged in order with respect to their degrees of
dissociation, the strongest acids being most fully dissociated. This result

1 A chemical method of limited application has been devised by Friend and Marshall
(Trans. Chem. Soc., 1914, 105, 2776), based on the observation that the amount of alkali
necessary to prevent an acid from corroding iron is a function of the strength of the acid.

2 Thomsen, Pogg. Annalen, 1854, 91, 83 ; 1869, 138, 65 ; Phil. May., 1870, [iv.], 39, 410.

3 Ostwald, J. prakt. Chem., 1877, (ii.), 16, 385 ; 1878, 18, 328.
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is readily intelligible (see p. 224). Moreover, it is possible, if the dissociation
theory be accepted, to calculate the relative strengths of two weak acids,
since they follow the ‘“dilution law.” The result arrived at is that equivalent
quantities of the two acids share a quantity of base sufficient to neutralise
only one acid in the ratio of the square roots of the dissociation constants
of the acids, and this result is confirmed by experiment.!

The relative strengths of bases may be compared by methods similar to
those employed for acids. The weakness of ammonium hydroxide in com-
parison with sodium hydroxide was shown by Berthelot from thermal measure-
ments.?2 The order of relative strengths of bases is also found to be that
anticipated from their degrees of dissoéiation.

The hydroxides of the divalent metals such as zinc, nickel, magnesium,
etc., and of the trivalent metals such as iron, aluminium, chromium, etc.,
are almost insoluble in water, but the fact that they are weak bases is
shown by the hydrolysis of the salts they form with strong acids. A
number of these hydroxides are amphoteric, and must accordingly be regarded
as behaving as weak acids as well. For example, aluminium hydroxide is
regarded as dissociating, in its (very dilute) aqueous solution, as a base,
thus : —

A(OH),~=Al""+30H’
and as an acid, thus :—
Al(OH),~=H' + Al0, + H,0,

in each case the degree of dissociation being slight. It follows that seli-
neutralisation should occur between basic and acidic aluminium hydroxide ;
but since salts formed from weak acids and weak bases are hydrolysed to a
very considerable degree in solution, the extent to which self-neutralisation
occurs is very small.3

Salt Hydrolysis or Hydrolytic Decomposition.—Ordinary dis-
tilled water is an extremely poor electrolyte, and its conductivity continuously
decreases as it is subjected to more and more purification. Pure water has
therefore been supposed by some chemists to be devoid of conductivity. This
view is, however, not usually accepted, and, on the supposition that the pure
liquid has a small conductivity and is therefore slightly dissociated, some
half a dozen different methods * have been employed to determine the degree
of dissociation. Considering the smallness of the quantity to be determined,
the various results agree remarkably well. The dissociation appears to
follow the course H,0=~=H'"+ OH’, any further dissociation of the hydroxyl
OH'=—=H' + 0” being quite negligible. The concentration of hydrogen ions
[H] in pure water, then, is equal to that of the hydroxyl ions [OH']; the
-value is 1'1 x 10~7 gram-ions per litre at 25°, and increases rapidly with rise
of temperature. Considering the equilibrium H,0==H'+ OH/, it follows,
since [H,0] cannot appreciably alter, that the relationship

[H'] x [OH"} = constant (12 x 10~ at 25°)

holds in pure water, and also in all dilute aqueous solutions.
The dissociation of water, slight though it be, is sufficient to account for

} Arrhenius, Zeitsch. physikal. Chem., 1890, 5, 1,

2 Berthelot, Compt. rend., 1880, 91, 139,

3 Walker, Zeitsch. physikal. Chem., 1904, 49, 82; 1905, 51, 706. Heyroth (J. Amer.
Chem. Soc., 1916, 38, 57) regards multiple ionisation as a phemomenon common to all
electrolytes. g

4 Hudson, J. dmer. Chem. Soc., 1909, 31, 1136 ; references to the methods used by
others are there given.
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the oceurrence of Aydrolysis in aqueous solutions of many salts, 7.e. partial
decomposition of the salt into acid and base, brought about by water. The
change

acid + base=—salt + water

is, in fact, reversible ; and provided either the acid or the base (or both) be
very weak, the reversibility of the change is sufficiently marked to be readily
observed. KExamples have been known for years. Thus, aqueous solutions
of sodium (or potassium) cyanide, borate, and sulphide possess the specific
properties associated with bases to varying degrees, and give alkaline reactions
towards the common indicators ; while the presence of free acid is easily re-
cognised in solutions of ammonium chloride, ferric chloride, zinc nitrate, ete.
The methods by which the degrees of hydrolysis of salts are determined can-
not be entered into, but the explanation of the phenomenon by means of the
dissociation theory ! may be outlined, taking potassium cyanide as an example.
This salt is largely dissociated in aqueous solution, KCN==K"+CN’, and
since there are also present the ions H and OH/, it is necessary to consider to
what extent the changes K'+OH'<==KOH and H'+CN'===HCN ocecur in
the solution. Formation of non-ionised potassium hydroxide and prussic acid
must occur, but, while the first-named substance cannot be thus produced in
any appreciable quantity, it is clear that the second will be formed to a con-
siderable extent, owing to the extremely small degree of dissociation of that
substance. As hydroxyl ions and hydrogen ionsare used up in these changes,
further supplies are produced by the dissociation of more water, since the
equilibrium H,0==H’+ OH' is destroyed ; and it will be observed that the
hydrogen ions are used up to a much greater extent than the hydroxyl ions,
which therefore accumulate in solution. The increase in the value of
OH’], with the consequent diminution of [H’], goes on until the value of
H'] x [CN"]/[HCN] reaches the ijonisation constant of prussic acid, when
equilibrium is attained. The result is, therefore, that water is used up in
decomposing a certain fraction of the potassium cyanide, producing prussic
acid, almost entirely undissociated, in the solution, together with an equivalent
amount of potassium hydroxide, almost completely dissociated. In decinormal
solution at 25°, the extent of hydrolysis amounts to 1'3 per cent.,? and the
solution has a pronounced alkaline reaction.®
The preceding example illustrates the case of the hydrolysis of the salt

of a weak acid and strong base ; it may be left to the reader to show that the
salt of a strong acid and weak base should have an acid reaction in solution,
that the hydrolysis of the salt of a weak acid and weak base should be quite
pronounced, and that the hydrolysis of the salt of a strong acid and strong
base should be inappreciable.

1 First given, and mathematically developed, by Arrhenius, Zeitsch. physikal. Chem.,
1890, 5, 16.

3 Shields, Zeitsch. physikal. Chem., 1893, 12, 167 ; Madsen, 7bid., 1901, 36, 290.

3 Since, in terms of the ionic theory, the specific properties of acids and bases are the
properties of hydrogen and hydroxyl ions respectively, water, in which these ions are present
in equal concentrations, is considered to be neutral in reaction. A solution is then regarded
as having an acid or alkaline reaction according as the concentration of the hydrogen ions
exceeds that of the hydroxyl ions in solution or vice versa. Acidity and alkalinity as indi-
cated by the commonly employed indicators, e.g. litinus, methyl-orange, and phenolphthalein,
usually, but not always, agree with these definitions.




CHAPTER VII.

THE DETERMINATION OF ATOMIC WEIGHTS AND
EQUIVALENT OR COMBINING WEIGHTS.

Introductory.—The modern system of atomic weights is essentially that
due to Cannizzaro, whose system of atomic weights, based on Avogadro’s
Hypothesis, was published in 1858. An account of the various systems of
atomic weights that were in vogue during the first half of last century has
been already given in Chap. L

Of the earlier methods for calculating atomic weights, those based on the
Law of Dulong and Petit and the Principle of Isomorphism supply valuable
corroborative evidence as to the validity of the results deduced by the funda-
mental method, viz. the application of Avogadro’s Hypothesis, and enable the
atomic weights of a number of metals to be deduced where Avogadro’s
Hypothesis cannot be applied for want of the necessary data. In the case of
the inert gases, none of these methods is applicable, and advantage is taken
of the results obtained by a study of their specific heats.

The numerical results obtained by the application of the preceding
methods are, in general, only approximate ; this arises in consequence of (i.)
experimental errors inherent in the determination of molecular weights from
vapour densities, ete., (ii.) deviations of gases and vapours from the laws of
the ““perfect” gas, and (iii.) the approximate character of Dulong and Petit’s
Law. To arrive at the exact values, two methods are available. The first
is a chemical method, and consists in selecting for the atomic weights of the
elements those multiples of their chemical equivalents (or combining weights)
which most nearly approach the approximate values obtained for the atomic
weights. The equivalents may, by suitable experimental methods, be deter-
mined with great precision, and the selection of the correct multiples of these
values offers no difficulty, even with approximate atomic weight values several
per cent. in error.

The second method is purely physical, and has been developed since about
1890. It has been seen in Chap. IV. that it is possible, from accurate
measurements of gaseous densities and compressibilities, to deduce the
molecular weights of certain gasps with a high degree of accuracy. Since
the molecular formula of the gafes may be readily determined, their exact
molecular weights may be utiljsefl in deducing the exact atomic weights of
their constituents. For example/ the atomic weight of carbon follows readily
from the molecular formula afd fexact molecular weight of carbon monoxide
or dioxide, whilst from the corresponding data for methane, the atomic weight
of carbon may be inferred if that of hydrogen be assumed. This method is
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only of limited applicability, but has given a number of results in good
agrecment with those deduced from the most accurate measurements of
combining weights.

Reverting to the chemical method of determination of accurate atomic
weights, it should be explained that the following is the plan actually
adopted. The formule of the compounds studied are assumed. This may
be done since the formule can be derived from approximate atomic. weight
values. Supposing then, as an example, that the atomic weight of arsenic is
sought ; a known weight of silver arsenaté may be heated in hydrogen chloride
until it is completely converted into silver chloride, and the latter weighed.
Knowing the formulw to be Ag;AsO, and AgCl, the ratio, weight of arsenate :
weight of chloride, is clearly the ratio of the molecular weight of silver arsenate
to three molecular weights of silver chloride, i.e. Ag,AsO, : 3AgCl. If, then,
the atomic weights,of silver, chlorine, and oxygen be known (107-88, 3546,
and 16-00 respectively), the atomic weight- of arsenic (z) is readily found.
For

Wt. of silver arsenate (3 x 107°88) 4+ + (4 x 16)
Wt. of silver chloride =  3(107-88 + 35°46)

Since the preceding is a typical example of the manner in which accurate
atomic weights are derived by the chemical method, it will not be difficult to
understand how it is that certain atomic weights are of fundamental im-
portance, entering as they so frequently do into the calculation of other
atomic weights. The fundamental atomic weights are those of oxygen
(standard), silver, chlorine, bromine, iodine, sulphur, nitrogen, carbon, sodium,
and potassium. A large amount of accurate work has been carricd out
whereby it has been possible to derive the fundamental atomic weights with
a high degree of accuracy.!

Of the numerous chemists who have, in the past, interested themselves in
the accurate determinations of atomic weights, special mention must be made
of Marignac and Stas.2 The values adopted for many years for the funda-
mental atomic weights were practically identical with those derived by Stas,
whose laborious and painstaking work was regarded as being of extreme
accuracy. It is now known that the work of Stas was affected by numerous
slight errors, and the fundamental atomic weights have in consequence been
carefully revised. This task of revision, and also the determination of
numerous other atomic weights, has been carried out very largely by Professor
T. W. Richards, of Harvard University, and his numerous collaborators.

The atomic weights in use represent relafive values, referred to an
®arbitrary standard; the actual weights of atoms are not known with
certainty, and do not concern the chemist. Dalton originally selected
hydrogen, which has the smallest atomic weight, as the standard, and
called its atomic weight unity; but the inconvenience of this choice
was early recognised. The number of stable hydrides the compositions

1} For a discussion of the fundamental atomic weights, see F. W, Clarke, 4 Recalculation
of the Atomic Weights (Smithsonian Misccllaneous Collections, vol. liv.; No. 8), 3rd edition,
1910.

2 For their work on atomic weights, see Marignac, Euvres complétes (Geneva, 2 vols.,
1902) ; and Stas, (Fuvres complétes (Brussels, 3 vols., 1894).

3 The collected papers of Richards and his collaboratorsare published in a volume entitled
Experimentelle Untersuchungen iiber Atomgewichie (Voss, Leipzig, 1909). For a summary, see
Richards, Carnegie Institution Publications, No. 125 (1910) ; J. Chim. phys., 1908, 6, 92.
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of which are accurately known, is small, and hence combining weights
are usually measured with respect to oxygen or a halogen, and must be
referred indirectly to hydrogen. In each indirect comparison the experi-
mental errors attached to the antecedent data affect the final result; and the
value for the ratio oxygen: hydrogen, which entered into the calculation of
many combining weights, was for years in scrious error. Even to-day,
according to Noyes,! a slight uncertainty is attached to the value at present
adopted, although for most purposes any error involved is negligibly small.

Berzelius, guided by considerations of practical convenience, employed the
standard oxzygen =100, and this was adopted for many years. About the
time of Dumas’ syntheses of water,? the hydrogen scale was revived ; accord-
ing to the results of Dumas, O=15'96 on this scale, and he regarded the
value 16 as probably correct. The suggestion, made later by Stas, to adopt as
standard ozygen =16, therefore received little support, since it would have
involved very little change in the atomic weight values at that time in use.

The question of a suitable standard was again raised when, during the
period 1888-95, it became clear that, on the hydrogen scale, the atomic
weight of oxygen is 15-88 and not 15-96 as had been previously supposed.
Although the retention of hydrogen as unity has been strongly favoured by
Lothar Meyer, Seubert, Clarke, and others, and still has its supporters, the
standard oxygen = 16, advocated so warmly by Ostwald, is now adopted by
international agreement. A very practical advantage of this scale is that
the atomic weights of a number of common elements may be represented by
whole numbers without appreciable error. It is nevertheless true that a
large number of atomic weight measurements are only referred indircctly to
oxygen, the atomic weight of a halogen being usually involved in the
calculation.?

DETERMINATION OF ATOMIC WEIGHTS FROM ANALYSES OF
Gaseous CoMPOUNDS,

The atom of an element is the smallest part of it that occurs in the
molecules of its compounds. The method to be followed in seeking its atomic
weight is readily understood in the light of this definition. Two series of
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