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PREFACE TO SECOND: EDITION.

THE general plan and arrangement followed in the first edition
has been adhered to in the present one. A number of changes,
however, necessitated by the advances which physical chemistry
has made in the last few years, have been introduced, with the
result that the book has undergone considerable expansion.

The principal change is the addition of a-third volume (in
place of a single chapter), in which an account is given of the
" Quantum Theory in its physico-chemical aspect. The #d/e
which the quantum theory now plays in physical and chemical
research makes it imperative for the advanced student to be
- familian ta ~am e extent with the ramifications, of this remarkable
concept of energy tansfer. The snurarsss which has 2! e-ed the
application of this theory, especially in connection with problems
which the kinetic theory and thermodynamics by themselves are
incapable of solving, constitutes its main claim to consideration,
In view of the rather unique character of the quantum theory
many of the problems dealt with in Vol IIl. do not find a
counterpart in Vols. I. and II. There is, however, no real lack
of continuity, as the reader will doubtless perceive for himself.
Incidentally the addition of a third volume obviates the necessity
of division into the three Parts employed in the previous edition.

Among the new additions to Vol. I. may be mentioned: the
investigation of crystal structure by means of X Rays, various
properties of the colloidal state, recent investigations on the dis-
sociation of ammonium chloride vapour, the Dual Theory of
homogeneous catalysis, the Displacement Effect, and Langmuir’s
theory of heterogeneous reaction velocity, catalysis, and the
mechanism of surface effects generally.

In Vol. II. a brief consideration of entropy has been included,
more particularly with the object of leading up to Boltzmann’s
probability-entropy relation in statistical mechanics (which is
dealt with in Vol. III.), whereby a statistical basis for the second
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vi PREFACE TO SECOND EDITION

law of thermodynamics is obtained. The principal change in
Vol. IL. is the inclusion of a new chapter dealing with the still
debatable subject of osmotic pressure, and the modern theory of
dilute solutions. A brief account of the theory of vegetable
tanning has also been included in the chapter dealing with
adsorption and membrane equilibria.

In addition to the books mentioned in the preface to the
first edition, I have further to acknowledge my indebtedness to
the following: Washburn's Principles of Physical Chemistry,
Sackur’'s Thermochemistry and Thermodynamics (translated by
Gibson), X Rays and Crystal Structure by W. H, and W. L.
Bragg, Tutton’s Crystallography and Practical Crystal Measure-
ment, Nernst's Soltd State of Matter, and Pollitzer’s article on
Nernst’s Heat Theorem in Akren’s Sammliung.

I am indebted to Professor Bragg and to Messrs. G. Bell &
Sons for permission to use certain diagrams from the book on
Crystal Structure mentioned above. In the same connection I
am indebted to the Council of the Chemical Society for permis-
sion to use two plates from the Zramsactions, vol. cix., 1916,
Similar acknowledgment is due to Messrs. Macmillan for certain
diagrams from Tutton’s Crystallography referred to above. I
have also to thank various correspondents who haye kind"
pointed =~ - e Tries in the forzm edition,

oL .ertain inaccuiac
Finally, I desire to express my thanks to Dr. W. B. Tuck for

his kindness in reading the proofs of this edition,.and N?l;f r;(l));
sense of obligation to my colleague, Mr. 'James Rice, M. A, 1
much assistance generously given at all times, and in particuiar

for Appendices I. and IL to Vol. 11L
W. C. McC. LEWIS.

MuUSPRATT LABORATORY OF PHYUSICAL AND ELECTRO-CHEMISTRY,
UN1VERSITY OF LIVERPOOL.



PREFACE TO FIRST EDITION.

THIS book is intended to be used as a general textbook of
physical chemistry by those who already possess some know-
ledge of both physics and chemistry. As there are at the pre-
sent time several excellent treatises on elementary physical
chemistry in English, it would obviously be fulfilling no good
purpose to simply add another covering much the same ground.
I have therefore aimed at making this book fairly comprehensive
by including as far as was feasible some account of recent investi-
gation, such for example as: the structure of the atom, the
theory of concentrated solutions, capillary chemistry, Nernst’s
theorem of heat, the thermodynamics of photochemical reactions,
and the application of the Planck-Einstein ¢ Energie Quanta ”’
to the specific heat of solids. Besides these recently examined
problems, about which there is still considerable speculation, the
fundamental principles and their applications which find a place
in other books have likewise been incorporated here. At the
same time I would suggest to the reader the advisability of first
familiarising himself with the broad outlines of the subject, such
as will be found, for example, in Walker's /ntroduction to Physical
Chemistry or Senter s Out/mes of Physical Chemzstry

The title which has beéh employed requlres haps, a word
of explanation. The “System” consists in regargmg all physico-
chemical phenomena as being capable of separation into two
classes : first, phenomena exhibited by material systems when 7»
a state of equilibrium ; and, secondly, phenomena exhibited by
material systems which have oz reached a state of equilibrium.
It is clear that this is not only a perfectly natural division, but
likewise a perfectly general one, since any conceivable material
system must belong to one class or the other. By emphasising
this idea I hope to have impsessed upon the reader’s mind the
fundamental co-relations which exist between what might at first
sight appear very yidely different phenomena. It has been my

vii



viii _ PREFACE 10 FIRST EDITION

endeavour to get as far away as possible from the “selected
chapter” method of treatment, which however necessary and
suitable in a preliminary accumulation of facts, is very liable to
cause the student to lose sight altogether of the essential unity
of his subject.

The scientific treatment of any set of phenomena consists in
applying the minimum of general principles or theories which
can afford a reasonable explanation of the behaviour of matter
under given conditions, and predict its behaviour under new
conditions. The principles referred to as far as physics and
chemistry are concerned are the kinetic theory and thermodyna-
mics. In the kinetic method of treatment emphasis is laid upon
the actual molecular mechanism of a given process; in the
thermodynamic method the emphasis is laid upon the energy
changes involved. Both methods should be familiar to anyone
who undertakes the task of original investigation. Since a
knowledge of the fundamental laws of the kinetic theory (includ-
ing statistical mechanics) and thermodynamics is of such import-
ance, some account—necessarily brief—has been given in this
book. Of course, one might commence by writing an intro-
ductory chapter dealing with these various principles and then
proceed to apply them indiscriminately to the phenomena dealt
with,  Anyone with teaching experience, however, will appre-
ciate the fact that this method has the very serious drawback of
bringing the reader at an early stage into contact with what is
certainly the most difficult part of the subject, namely, the funda-
mental principles of thermodynamics and statistical mechanics.
I have therefore divided the book into three parts, in which the
phenomena exhibited by systems in equilibrium and not in
equilibrium are treated, first, from the “classical” kinetic stand-
point only; then independently from the thermodynamic; and
finally from the standpoint of thermodynamics and the new or
“modified” principles of statistical mechanics. 1 would only
like to repeat that the “system” of classification upon which
this book is based does #o¢ consist in the division into parts just
mentioned, which latter is a purely arbitrary division and is only
introduced for the purpose of making the book as readable as
possible from the student’s point of view. Further, it has been
found desirable to divide the work into two volumes. Vol. L
contains Part 1., and is briefly entitled ¢“Kinetic Theory”;
Vol. II. contains Parts Il. and IIL, and is entitled “Thermo-
dynamics and Statistical Mechanids”.

As regards the thermodynamxcal treatment, it will be seen
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that the concept of “maximum work” and “free energy” has
been employed practically to the exclusion of others. I have
found by experience that this is more easily grasped than the
idea of entropy, although I suppose that ultimately this must be
something of a mental delusion.

Another feature to which I should like to draw attention is
the intentional employment of the investigator’s actual words
where this is at all possible. It seems to me that in ascribing
any scientific statement to an author it is only fair to reduce the
editorial condensation process to a minimum. Of course, scien-
tific papers as they appear in the journals are, as a rule, unsuit-
able for direct incorporation into a book of this nature and size,
but I have attempted to reproduce them, at least in part, in the
case of a few of the classic papers in physical chemistry with
which one associates the names of van’t Hoff, Ostwald, Arr-
henius, and Nernst. Nowadays one expects that the language
difficulty will not be a serious one in the matter of reading
foreign memoirs; though anyone who wishes to read these
classic memoirs in their entirety in English will find a few of
them scattered through the Philosophical Magazine, or more
readily available in Harper’s Scientific Memoir Series, edited by
Aunes,

As regards the subject-matter actually dealt with in this
book, it will be observed that the relations of physical properties
to chemical constitution and other purely stoicheiometrical rela-
tions have been omitted, since in my opinion a proper apprecia-
tion of what has been done here can only be obtained through
the medium of a volume specially devoted to the subject, in
which there is sufficient space for the comparison of a large
collection of numerical data, such as one finds, for example, in
S. Young’s Stoickiometry and S. Smiles’ Relation of Chemical
Constitution to some Physical Properties. '

As this is one of the series of textbooks edited by Sir
William Ramsay, I have not hesitated to avail myself of those
already published in the matter of many of the illustrative
examples. I have also given numerous references where further
information upon any subject is desirable not only to this series
but still more to the original papers themselves.

In addition to references in the text itself, I should also like
to acknowledge in this place my indebtedness to other works
already published, namely: Ostwald’s Lekrbuch, Nernst's 7Theo-
rvetical Chemistry, Nernst's Applications of Thermodynamics to
Chemistry, van’t Hoff's Lectures, Haber’'s Thermodynamics of
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Technical Gas Reactions, Walker’s Introduction to Physical Chem-
istry, Lehfeldt’s Textbook of Physical Chemistry, Abegg's Electro-
lytic Dissoctation Theory, Arrhenius’ Electrockemistry, Arrhenius’
Theories of Chemistry, Le Blanc’s Electrochemistry, Sackur’s
Chemische Affinitit (Wissenschaft Series), Sackur’s Z/ermochemie
und Thermodynamik, Knox’s Physico-Chemical Calculations,
Kuenen's Die Zustandsgleichung der Gase und Fliissigkeiten
(Wissenschaft Series), Bancroft’s Phase Rule, Sir ]J. J. Thom-
son’s Electricity and Matter, Sir J. J. Thomson’s Corpuscular
Theory of Matter, Preston’s Heat, Freundlich’s Kapillarchemie,
Drude’s Optics, Risteen’s Molecules and Molecular Magnitudes,
Perrin’s Brownian Movement and Molecular Reality, Weigert’s
Chemische Einwirkiing des Lichtes (Ahren's Sammlung), N.
Campbell’'s Modern Electrical Theory. As regards symbols, I
have employed to a considerable extent those recommended by
the International Commission for the Unification of Physico-
Chemical Symbols (1914). For this information I am indebted
to the Secretary of the Committee, Professor Alexander Findlay.

I would also take this opportunity of expressing my warmest
thanks for the assistance which I have received on various occa-
sions from my colleagues and friends, Professor F. G. Donnan,
F.R.S., University College, London ; Professor A. W. Porter,
F.R.S., University College, London ; Professor N. T. M. Wils-
more, University of Western Australia, Perth; and Professor
W. B. Morton, Queen’s University, Belfast.
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MOLECULAR ATTRACTION IN GASES 9

X . . .
a7 But according to van der Waals’ equation, this force can be
3

v

. a . .
expressed by the term 7 where a is a constant. To make these two

expressions concordant, it is necessary that we put » = 4. That is, the
van der Waals equation assumes that zke atfraction between molecules
varies inversely as the fourth power of the distance of the molecules apart.
It may be mentioned that under certain conditions electrical (and mag-
netic) attractions vary as this power (not simply as the inverse square).
If we assume with Sutherland (P4 Mag. [6], 4, 625, 1902) and Re-
inganum (Physikal. Zeitschr., 3, 241, 1901 ; Drude’s Annalen, 10, 334,
1903) that equal positive and negative charges are present in molecules,
and these charges are concentrated wholly or partly in points, then the
molecule will represent what is known as an ¢ electrical doublet,” and

VFilm ' Frlm

Fia. 2.

the inverse fourth-power law will hold good for such a system, just as
it does in the case of two small magnets.

From this point of view it would seem, therefore, that molecular
attraction may be ultimately electrical in origin. It must be pointed
out, however, that it is by no means certain that the inverse fourth-
power law is the correct one. Inverse fifth- and even sixth-power laws
have been found to be fairly applicable, so that there is doubt as to
whether these molecular attractions can be expressed in this simple
“power” form at all. For a further discussion of the question of
molecular attraction reference is made to Sutherland’s earlier papers
(Phil. Mag., 22, 81, 1886; 27, 305, 1889; 3D, 211; 36, 150, 507,
1893), as well as to the chapter upon the subject in J. P. Kuenen’s
Die Zustandsgleichung der Gase und Fliissigheiten (Wissenschaft Series).

We now pass on to the question of the determination of the range
of molecular attraction.

The most frequently employed value, namely, 5§ x 10~ %cm,, is that
which is obtained by Quincke’s “Wedge” method. This value is
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approximately 100 to zoo times greater than the actual diameters of the
molecules of ordinary fluids. By comparison with other resalts, hiow-
ever, it appears likely that Quincke’s estimate is certainly too large. A
better method consists in measuring the limiting thickness of a stable
soap film which was carried out by Reinold and Riicker (PAil. Trans.,
177, Part 11, 627, 1886). Two cylindrical soap films were obtained by
means of the apparatus shown diagrammatically in Fig. 2.!  One film
could be maintained at constant thickness (by passing an electrical
current through it vertically upward) and therefore at constant surface
tension, while the other was allowed to drain, producing changes in the
thickness, which should be indicated by changes in the surface tension
when the film has thinned down to the region of the molecular range
of attraction. Any change in the surface tension would be immediately
indicated by a bulging of one of the cylinders and a contraction of the
other. It was found that the tension was constant down to the stage
of tenuity when the film was showing the black of the first order of
Newton’s scale of colour. By measurements of optical interference as
well as by electrical measurements, Reinold and Riicker were able to
calculate the thickness of the black film and found it to be 1zpup or
12 x 10~ 7cm. This might at first sight appear to be a fairly accurate
value for the range of attraction, but this is rendered much less conclu-
sive owing to the existence of certain phenomena observed by Reinold
and Riicker themselves. Thus it was shown that the black and coloured
parts of the film were skarply separated, so that the film is really dis-
continuous, in some places the thickness is 250 times that in others
(¢.e. the black portions), and yet apparently the film as a whole is in
equilibrium. This suggests that between 1zpup and r1oompu the film is
unstable, but is stable at either limit. On allowing the film to drain
still further, so that the thinnest parts were less than 12puu, these parts
became unstable. Later, Johonnot (Pkil. Mag., 47, 501, 1899) showed
in the case of sodium oleate films that the black part itself consists of
two portions, one 12pu thick, the other 6upu. The general result of
these very complex phenomena appears to be that the attraction exerted
by a molecule ceases to be effective at a distance of 5§ — 10 x 10~7cm.

Mention should also be made of a calculation carried out by Lipp-
man, based upon electro-capillary observations (Comptes Rendus, 95,
686, 1882). Lippman obtained the value 3 x 1078 cm. for the thick-
ness of the “electrical double layer ” (see Chap. VIIIL. on Capillary
Effects) at the interface, where the mercury and sulphuric acid solution
met ; and we may possibly identify this with the range of molecular
attraction. Assuming this to be the case, and introducing one or two
obvious corrections into Lippman’s calculation, one obtains the value
2'4 x 1077cm. More recent work of the writer (Lewis, Pkil. Mag.,
Jan., 1913, p. 61) leads to the conclusion that the range is of the order
10~ 8% cm.

1For a more detailed account, see Poynting and Thomson, Properties of
Matter.



THE ACTUAL DIMENSIONS OF MOLECULES 11

ATTEMPTS TO DETERMINE THE ACTUAL.IDDIMENSIONS OF MOLECULES.
(See Jeans, Dynamical Theory of Gases.)

(1) An early attempt to determine the aggregate volume occupied
by the molecules of a gas consisted in applying the expression—
K = I + 2¢
I - ¢
where K is the dielectric constant of the gas, and e is the ratio which the
actual volume of the molecules bears to the observed volume. The
expression is based on the Clausius-Mosotti theory of dielectrics, and
the molecules are assumed to be conductors. Mercury vapour would
probably correspond to these conditions, but its dielectric constant is not
known. Although it is straining the applicability of the expression, it
has been employed in connection with a number of gases, including the
rare gases of the atmosphere. According to the Maxwell theory of
light, we can write— '

K = p?
where p is the refractive index of the gas for very long waves. Sub-
stituting this in the above expression, one obtains—
W -1
pt+ z
A further approximation is made by employing determinations of u
made for wave-lengths of the visible region (which are relatively short
waves). The results, however, are of considerable interest. Cuthbert-
son (Phil. Mag., 21, 69, 1911) has recently determined e for the rare
gases, the values being as follows :(—

He Ne Ar Kr Xe
€ = 0'04231 0'04444 0031848 0032791  ©0°034545

These numbers show what a very small fraction of the total volume
is actually occupied by the molecules themselves. If one knows the
actual number of molecules in a given volume, it is easy to calculate
the volume of each, and hence the diameter.

The most accurate method of determining the actual number of
molecules in a given volume of a gas is the Perrin method, which will
be described in some detail later.

(2) Another method of calculating the radius o of a molecule is based
upon the kinetic theory (¢/ Meyer, Kinetic Theory, p. 300), and involves
a knowledge of the mean free path A, which can be obtained from vis-
cosity determinations. The most accurate viscosity measurements are
chose of A. O. Rankine (Proc. Roy. Soc., A, 83, 516, 1910 ; 84, 181,
1910; 86, 162, 1912; 91, 201, 1915; FPhil. Mag., 29, 552, 1915),
who has employed his data to calculate the molecular radius.

According to Maxwell the following relation holds :—

n = 0°307p\ \/é;p

€ =
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where 7 is the viscosity of the gas, p its density, p the pressure, A the
mean free path. This enables us to calculate A. Further, A is con-
nected with the radius o of the molecule by the relation :—

I
Nz . nwol

where # is the number of molecules in unit volume of the gas. These
relations are based on the assumption that there are no forces of attrac-
tion between the molecules. Since forces of attraction do exist, the
value of o obtained by these equations is not accurate. Sutherland
has shown (P%il. Mag., 36, 507, 1893) that the true radius o) can be
calculated from o by means of the relation—

gy = 0'/<I + .%)i

where C is a constant, which can be calculated from a determination
of the variation of viscosity with temperature.

The following values of the molecular radii have been obtained by
Rankine :(— .

A ==

Gas, Relative Radius. Absolute Radius, e
Helium . . . 1°00 ‘1 084 x rT0—8cm. 0°43 X 104
Neon . . . 121 102 077
Argon , . . 1°53 1°28 I'54
Krypton . . . 1°65 138 194
Xenon . . . 1°83 153 265

The absolute value of the radius is obtained from the relative value
by multiplying by the factor 0'84 x 10~8 The quantity ¢ which is
the actual volume of the molecules in 1 c.c. of the gas, is given by
the expression gwza3/3. The value of 7, at normal temperature and
pressure, is 2°7 x 10 (vide infra), from which the values of ¢ given
in the last column, have been calculated. These values of € are of the
same order of magnitude as those obtained by the refractive index
method.

The following values of the molecular radii have been obtained by
Rankine for the halogen gases :—

Chlorine . . . . . . . . 160 x 10-8 cm,
Bromine . . . . . . . . I'71
Todine . . . . . . . . . 1°88

It is assumed in all these calculations that the molecules are spheri-
cal, an assumption which is only approximately true.

(3) Another method of determining the size of molecules depends
on the application of the so-called * equation of state” of van der
Waals. This equation is simply a modified form of the gas equation,
2v = RT, when account is taken of the “lack of perfection” of actual
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gases owing to the presence of molecular attraction and the actual space
taken up by the molecules. themselves. The equation is considered at
some length in Chap. II. For the present we shall simply assume its
validity. The equation is usually written in the form—

(p + ;—‘2)(1; ~ 4 = RT.

a .
The term 53 represents the correction term due to the molecular at-

tractions, a being taken to be a constant and 2 the volume (of the gas
or of the liquid). The term & is the limiting value which the volume »
would assume under practically infinitely high pressure. It can be
easily shown that if the molecules are spheres, and if, under the pressure
referred to, the molecules actually touch one another, then the volume
term & will be § of their actual volume.! If we are considering unit
volume of the gas, that is » = 1, then $4 is simply e. With the help of
experimentally determined values of & it is therefore possible to deter-
mine the diameter of the molecules. The results obtained show that
the order of magnitude is 10 =8 cm.

(4) In 1858 Clausius put forward the following thcorem: the ratio
of the total space occupied by a gas to the actual volume of the mole-

. . 8\
cules contained in the same space is equal to pol where A and o have

their usual significance. This was deduced prior to Maxwell’s theorem
of distribution of velocities among the molecules. On introducing the
necessary correction, one obtains—

Employing the values of ¢ and A previously obtained, one can calculate
a. ‘The following table contains a few of the results :—

Gas, '3 20,
Hydrogen . . . . 0°0433 4'7 X 10—-8cm,
Nitrogen . . . . 00,87 67 x 10-8 ,
Oxygen . . . . . 0°0374 61 X 10-8
Carbon dioxide . . . 00372 30 X 10—8 ,

The values of o obtained by this method are of the same order of
magnitude as those given by other methods.

Values for ¢ have likewise been obtained from measurements of heat
‘conduction and diffusion in gases. These are fully discussed in Jeans’

1Van der Waals has, however, shown that the b of his equation is four times
the actual volume of the molecules. The apparent discrepancy comes in because if
all the molecules were to touch one another simultaneously no kinetic movement
would be possible, a state of affairs only realisable at absolute zero. This distinc-
tion, however, does not affect the order of magnitude of the quantity dealt with here.
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Dynamical Theory of Gases. The results agree well with those obtained
from viscosity measurements.

(5) Lord Rayleigh’s surface tension method. Every liquid is char-
acterised by the existence of a tension over its surface which acts as if
the surface layer were an elastic film. This “ surface tension” is very
sensitive to the presence of impurities in the liquid. It was noticed
long ago that if pieces of camphor be placed upon a water surface they
move about rapidly, the motion being due to local alterations in the
surface tension of the water surrounding the pieces of camphor. It
was also observed that the camphor movements could be stopped by
the addition of a very small trace of oil to the water surface. Lord
Rayleigh estimated the minimal quantity of oil which had to be added
to a known area of water to cause the movements just to cease. He
thus found the “critical ” thickness of the oil layer requircd. This was
approximately 1'6 x 10=7 cm. Now, it cannot be assumed that the oil
layer was just 1 molecule thick,! but it cannot have been less than
this, so that the above value represents a major /imit of the molecular
diameter. It is five to ten times that previously obtained.

(6) Among other methods which yield a major limit may be men-
tioned that of Oberbeck (Wied. Ann., 31, 337, 1887), who found that
a coating of metal 3 x 1077 cm. in thickness was sufficient to alter the
electrical potential of a platinum electrode (probably by the formation
of an alloy on the surface). Further, Wicner found that a film of silver
2 x 1078 cm. in thickness was sufficient to alter appreciably the phase
of reflected light.

(7) The last method to be mentioned deals with the size of atoms
(or molecules) of metals, and is due to Lord Kelvin (Popular Lectures
and Addresses, Vol. 1., p. 168). The principle of the method consists in
measuring the amount of electrical work done in bringing two charged
metal plates close to one another. If one brings two pieces of zinc and
copper into contact at one corner they become electrified, and attract
one another. Lord Kelvin calculated that when the air space between
them is 107% cm. the attraction per unit area is 2 grams weight. One
can imagine a pile of such plates built up with zinc and copper alter-
nately, the air spaces being 1075 cm., until the height of the pile is
1 cm.  The electrical work done in the process of building up is 2 cm.
grams. The whole mass of metal is 8 grams, and knowing the mean
specific heat, it can be easily calculated that if this electrical work be
converted into heat, the consequent rise in temperature would be
sy C.  “Now let the thickness of each piece of metal and of each
intervening space be 107% cm. The work would be increased one-
million fold unless 1078 cm. approaches the smallness of a molecule.
The heat equivalent would therefore be enough to raise the temperature
of the material 62° C.”” As this is barely possible from what we know
of the heat of combination of zinc and copper in forming an alloy, it is

1 The recent investigations of Langmuir referred to in Chap. X. of this volume
indicate that the oil layer is just 1 molecule thick.
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reasonable to conclude that plates thinner than 1078 cm. would -be
smaller than the atoms of the metals. It follows therefore that ro~38
cm. is the minimum admissible size of the atoms of copper and zinc, or
what is the same thing, when these metals alloy, their atoms do not
approach one another more closely than this. The method is, of course,
very crude, but it is remarkable that we obtain once more a value of
‘the same order of magnitude as that obtained in the case of gaseous
‘substances.

THE MosT PROBABLE VALUES FOR THE MOLECULAR DIAMETERS OF
SOME GasEs. (Sutherland, FP4il. Mag., 19, 25, 1910.)

Sutherland assumes that there are 2°77 x 10'? molecules of gas
in 1 c.c. at normal temperature and pressure. This agrees well with
Millikan’s value (P4il. Mag., 19, 228, 1910), which will be considered
later, namely, 2°76 x 10'% Knowing the number of molecules per
cubic centimetre, Sutherland recalculated the molecular diameters using
the viscosity data given by Jeans. The following table contains the
results :—

Molecular Molecular
Gas. D.ameter in Gas. Diameter in
cms. X 108, cms, X 108,
Hydrogen . . . 2°17 Oxygen . . . 271
Helium . 1°97 Argon . . . 266
Carbon monoxlde . 2'74 Carbon dioxide . 2°90
Ethylene . . . 3°3I Nitrous oxide (N,O) 3°33
Nitrogen . . . 2°95 Chlorine . . 3'74
Air . . 286
Nitric oxide (NO) . 2°59

EVIDENCE roR THE REAL EXISTENCE OF MOLECULES.

Hitherto we have found that the concept of molecules is a satis-
factory working hypothesis by means of which the behaviour of gases
(and to a less degree the behaviour of liquids) can be accounted for.
No direct evidence, however, for the actual existence of very small dis-
crete particles in rapid and continuous motion in a gas or liquid has yet
been given. It is evident that if such can be given it places the kinetic
theory upon a firmer basis. This is of special importance from the
kinetic standpoint of physico-chemical processes. We shall therefore
consider what evidence is available.

The Radiometer.—This instrument consists of a glass bulb, inside of
which is pivoted a small paddle wheel with mica vanes, the vanes being
blackened on one side. When the bulb is exhausted to a certain point,
then on bringing a source of radiant heat nehr the vessel the paddle
tevolves, the unblackened sides of the vanes being foremost, 7.e. in the
direction of motion. This is explained as due to unequal bombardment
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of the sides of each vane by the molecules of the gas. The blackened
side absorbs the radiant heat better than the unblackened, and hence
the gas molecules in contact with the blackened side have imparted to
them greater kinetic energy than those on the unblackened side. The
molecules with greater kinetic energy strike the vane more vigorously
than those on the unblackened side, and hence the vane is subjected
to a net pressure which causes it to move with the unblackened side
foremost. This is fairly direct evidence for the actual existence of
molecules. It must be pointed out, however, that the phenomenon is
not so simple as the above account of it might lead one to imagine.
If the bulb is not exhausted at all, the vanes remain stationary. If the
exhaustion is only moderate, the direction of motion is actually the
reverse of that described. This is explained by saying that at moderate
pressures the mean free path of the molecules is so small and the num-
ber of collisions so great that the accelerated molecules which fly off
from the blackened surface beat back the molecules with which they
come in contact, and hence cause a local »arefaction of the gas on the
blackened side, with the result that the vane moves with the blackened
side foremost. As far as they go radiometer effects are fairly direct
evidence for the existence of molecules. The first really conclusive
evidence, however, has come from a quite unexpected source, namely,
the phenomenon known as “Brownian Movement,” exhibited by small
particles suspended in liquids.

BROWNIAN MOVEMENT AND MOLECULAR REALITY.!

If one examines with a microscope a liquid in_ which fine particles
are suspended, such as an emulsion of mastic, or gamboge in water, or
the still finer particles which are present in colloidal solutions of metals,
hydroxides or sulphides (Chap. VIII.), which can be rendered visible by
means of the ultra-microscope, we find in all cases that the particles are
in a state of rapid and irregular motion. This was first noticed in 1827
by the botanist Brown. The cause of these movements has naturally
been the subject of much investigation, but it was not until 1879 that
Ramsay (Proc. Glasgow Phil. Soc.) for the first time showed that they
are very probably due to the bombardment of the particles by the mole-
cules of the liquid medium. In 1888 the French physical chemist Gouy
independently arrived at the same conclusion. Gouy observed that the
motion was not due to the light which necessarily passed through the
liquid under examination, for he was able to reduce the intensity of the
light to one-thousandth of its value without in the least affecting the
movements. Neither is it due to convection currents in the liquid, for
it persists after sufficient time has elapsed for thermal equilibrium to be
established. Neither is it due to external vibration. Even the nature
of the particles has very little influence upon the phenomenon, although
their size is important, the smaller the particle the more vigorous the

1 See Brownian Movement and Molecular Reality, by J. Perrin, translated by
F. Soddy (1g9r0).
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movement. ‘The most remarkable feature is that the movement goes
on indefinitely. No more satisfactory explanation has been put forward
than that of Gouy, namely, that the movement is a direct consequence
of the continuous irregular movements of the molecules of the medium,
It serves therefore to visualise the movements of the molecules them-
selves. All this, however, is of a qualitative nature. We owe to Perrin
the quantitative investigation of the phenomenon. ’

Assuming that the movement is due to molecular bombardment,
Perrin sought to obtain, from measurements made upon the emulsion
particles of mastic, rubber, and gamboge, values for what he calls the
Avogadro Constant, namely, the actual number N of molecules in one
grammole of a gas. N is known, at least roughly, from considerations
with which we have already dealt in determining the size of the mole-
cules. In the casc of oxygen gas, for example, from the known value
of e one can calculate that N lies between 45 x 10%2 and 200 x 102
the lower limit bei. g probably the more correct. Also on the basis of
the electromagnetic theory of radiation applied to the case of long (heat)
waves, Lorentz has calculated! from Lummer and Pringsheim’s data
that N = 77 x 10%2 (see Penin, Je., pp. 88, 89).

Perrin’s own method of investigation by means of the Brownian
Movement may now be briefly outlined.

It has been shown that in the case of a gas the pressure p is repre-
sented by the expression—

where 7 is the number of molecules in 2 c.c,, and 2 the mass of a
single molecule. Rewriting the above in the form—

v = Ynmaud

and denoting by z the mean kinetic energy of each molecule (w0 = {mu*),
we obtain the alternative form—

pv = 3nw.

For a perfect gas the gas equation (with which the reader is assumed to
be conversant) is po = RT, in which R has the value 1-985 calories per
degree or 832 x 10°% c.g.s. units if the mass of gas considered be one
grammole. Also, if wc are considering one grammole, the number 7
can be written N, ze. the number of molecules in one grammole of any
gas. On combining the above two equitions one obtains—

4Nw = RT
or w = _3_1_1_1‘,
2N

Hence, if we can measure zo, the mean kinetic energy of a molecule,
we can calculate N, for the other terms are known. Since the above

1 An accurate determination of N can be obtained with the help of Planck’s
radiation equation (see Vol. IIL,).

VOL. I, 2
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relation applies to the gaseous state, one might be inclined to think that
to obtain a value for 2z we would.have to confine ourselves to the gase-
ous state. This, however, is not necessary provided we assume the
validity of the important generalisation known as the Law of Equiparti-
tion of Energy among the various particles constituting a system. By
applying this principle it is possible to calculate 2 from the Brownian
Movement of particles suspended in Ziguids and hence obtain a value for
N. What is meant by the equipartition of energy as applied to this case
may be most briefly given in Perrin’s own words (Perrin, /¢., pp. 18,
19) :—

“We have seen that the mean molecular energy is, at the same
temperature, the same for all gases. This result remains valid when the
gases are mixed. . . . For example, the molecules of carbon dioxide
and water vapour, present in the air, must have the same. mean kinetic
energy in spite of the difference in their natures and masses. This in-
variability of molecular [kinetic] energy is not confined to the gaseous
state, and the beautiful work of van’t Hoff! has established that it ex-
tends to the molecules of all dilute solutions. Let us imagine that
a dilute solution is contained in a semi-permeable enclosure which
separates it (the solution) from the pure solvent. We suppose this
enclosure allows free passage to the molecules of the so/vent, in con-
sequence of which these molecules cannot develop any pressure, but
that it stops the disso/ved molecules. The impacts of these molecules
against the enclosure will then develop an osmotic pressure P, and it is
seen, if the reasoning is considered in detail, that the pressure produced
by these impacts can be calculated as in the case of a gas, so that in
consequence we write Py = §#W, W signifying the mean kinetic energy
of translation of each of the » molecules [of dissolved substance or
‘ solute '] contained in the volume v of the enclosure. Now van’t Hoff
has observed that the experiments of Pfeffer give for the osmotic pressure
the same value asthat which would be exerted by the same mass of dis-
solved substance if it alone occupied in the gaseous state the volume of
the enclosure. W is thus equal to 7 ; the molecules of a dissolved
substance have the same mean kinetic energy as in the gaseous state
[at the same temperature]. . . . van’t Hoff’s law tells us that a molecule
of ethyl alcohol in solution in water has the same [kinetic] energy as one
of the molecules of vapour over the solution. It would still have the
same energy if it (the ethyl alcohol molecule) were present in chloroform
(that is to say if it were surrounded by chloroform molecules) or even if
it were in methyl or propyl alcohols. This indifference to the nature
of the molecules of the liquid in which it moves makes it almost im-
possible to believe that it would not still have the same energy if it (the
ethyl alcohol ‘molecule) were in ethyl alcohol ; that is, if it formsone
of the molecules of pure ethyl alcohol. It therefore follows that the
[kinetic] molecular energy is the same in a liquid as in a gas [at the same
temperature], and we can now say i—

1 Chapter IV.
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“ At the same temperature all the molecules of all fluids have the same
mean kinetic energy which is proportional to the absolute temperature.

¢ But this proposition, already so general, can be still further enlarged.
According to what we have just seen, the heavy molecules of sugar,!
which move in an aqueous sugar solution, have the same mean kinetic
energy as the lighter molecules of water. These sugar molecules con-
tain 45 atoms; the molecules of sulphate of quinine contain more than
100 atoms, and the most complicated and heaviest molecules to which
the laws of van’t Hoff can be extended may be cited. The applic-
ability of the generalisation [of the equipartition of kinetic energy]
does not appear to be limited to any size of molecule. Let us now con-
sider a particle a little larger still, itself formed of several molecules, in
a word, a speck of dust. \Vill it proceed to react towards the impacts
of the molecules encompassing it according to a new law? Will it not
comport itself simply as a very large molecule, in the sense that its mean
kinetic energy has still the same value as that of an isolated molecule ?
This cannot be averred without hesitation, but the hypothesis at least is
sufficiently plausible to make it worth while to discuss its consequences.
Here we are then taken back again to the observation of the particles of
an emulsion, and to the study of this wonderful movement which most
directly suggests the molecular hypothesis. But at the same time we
are led to render the theory precise by saying, not only that each particle
owes its movement to the impacts of the molecules of the liquid, but
further that the energy maintained by the impacts is on the average
equal to that of any one of these molecules. . . . So that if we find a
means of calculating this granular energy [f.e. the kinetic energy of the
particles or granules] in terms of measurable magnitudes, we shall have
at the same time a means of proving our theory.”

PERrRRIN’s FIrRsT METHOD.

This method consisted in determining the distribution of the emulsion
particles under the action of gravity. Just as air is densest at the sur-
face of the earth, so an emulsion distributes itself in such a way that
the lower layers have a higher concentration of granules than the upper
layers. Let us imagine an emulsion filling a vertical cylinder of cross-
sectional area s square cm. Consider a horizontal slice of the emulsion
at a height % from the base. Suppose that at this level the number
of granules is # per unit wolume. Similarly, at a height %z + d/ the
number of granules per unit volume is # — d» (as /% increases the con-
centration of the granules decreases, hence the negative sign). . The
osmotic pressure of the granules at the height % is $#W, where W is the
mean kinetic energy of each granule. At the height 2 + % the osmotic
pressure is §(z — dn)W. The difference of osmotic pressure which ex-
ists between the two planes is — §4#W. Now pressure denotes force

1 Pfeffer’s experiments were carried out with solutions.of cane sugar, and van't
Hoff showed that the osmotic pressure of dissolved sugar molecules obeyed the gas
law, pv = RT.

2 *
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per unit area, and hence the difference of the osmotic forces acting over
the area s is — £sd#W. But the granules as a whole are in equilibrium,
and therefore this difference of osmotic forces between the two planes
must be balanced by the difference of the gravitational attractions ex-
erted at the two planes. If ¢ is the volume of a single granule, D its
density, 8 the density of the liquid medium, and g the acceleration of
gravity, then the effective weig .t or downward force exeited upon a
single granule is ¢(D — 8)¢. The volume of liquid between the two
planes considered is s@%, and if there are #z granules per unit volume

2n + a’n>

(more strictly , the total gravitational pull upon all the

granules present betwcen the two planes is—
nsdhp(D ~ 8)g

It is this force which prevents the granules distributing themselves at
the same concentration throughout the entire liquid between the two
planes, and therefore it is this force which opposes and balances the
osmotic force — §sdnW. Equating these two forces," we obtain—

— 3sWdn = nsdh¢p(D - d)g.

We can integrate this expression so that it gives a relation between 7,
and #, the number of granules per unit volume or concentration of
granules at two planes separated by a finite distance 4 The resulting
expression is—

2W log 2 = $(D - S)gh.
Further, since W is identical with z, the mean molecular kinetic energy,

. RT .
W may be written SVN*’ and hence the above expression may be trans-

formed into—
RT. = '
2303 logn ) = 4r%(D =82 . . . ()

where 2:303 is the factor which reduces natural to common logs, and »
is the rad:us of a granule.

It follows, therefore, that if we can measure the number of granules
present at various heights in an emulsion and apply the above equation,
we can calculate N, the ¢ Avogadro Constant . Peirin employcd emul-
sions of gamboge, mastic, and rubber latex. The emulsion granules
were made uniform in size by centrifuging. The density D of the
granules was obtained, first, by measuring the density of the substance
in the massive or ‘ solid ” form, and, secondly, by determining the actual
density of an emulsion, evaporating to dryness and weighing the quantity
of gamboge, etc. The results of the two methods were concordant. The
measurements of % and » were carried out within the limits of a microscope
slide, having a small cavity, such as is used for counting the number of
blood corpuscles. The microscope (Fig. 3) was focussed at different
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deptbs of the emulsion, and the average number of particles in the field
of view at each level noted (¢f. Fig. 4). By carrying out an immense
number of determinations Perrin succeeded in determining # and /% very
accurately. For details the monograph already cited should be consulted.
The only other quan:ity to be mentioned is the size of the granules.
The first method employed by Perrin is simply the method of Sir J. J.
Thomson for counting the number of electrically charged particles in an
ionised gas, namely, by observing the rate of fall of a cloud of particles
~under the action of gravity. Stokes has shown that when a particle

moving at a steady rate through a medium of viscosity 4 encounters a
frictional resistance the magnitude of the force causing the motion is
given by the expression 6mypry, where 7 is the radius of the particle
(assumed to be large compared with the molecular structure of the
medium through which the particle passes), and o is the steady rate of
motion. 1f grawity is the cause of the motion, the gravitational force
acting on a falling granule is
4xr3(D - 8)g, and we can equate
the two expressions—1

6myro = 423D — d)g

from which 7 can be calculated. | Cover-Giass 1
Perrin used a capillary tube (so  —L.Bored ) Emutsion  {Disc ;H]
as to avoid convection currents), o
and after shaking the emulsion s)o Obyect -grass
that it was at uniform concentra-
tion throughout, the rate was ob-
served at which the emulsion cleared at the top; that is, the rate of
descent of the upper layers, which of course at this stage were not in
the equilibrium state of distribution previously considered in the de-
duction of the expression for N. The only doubtful point is whether
Stokes’ Law holds for particles as small as these granules, the dia-
meter of which is approximately 2 x 107% cm. As a matter of fact,
as will be shown later in connecton with Millikan’s determination
of the charge on an electron, Stokes’ Law is nearly but not quite
correct. The agreement obtained, however, between the method just
d.scribed and a modification about to be mentioned affords confirmation
of the general validity of the Stokes expres-ion even for particles of
these dimensions. The modification depends on the observation that
if the liquid be made first faintly acid, then when a granule comes
near the wall of the cell it sticks, although the granules in the bulk of
the liquid are still in rapid motion. By this means it is possible to
remove all the granules from solution and count them, thereby allowing
a calculation to be made of the azerage number of granules per cubic
centimetre throughout the emulsion. If the total mass of gamboge is
known, it is easy to calculate the volume of each granule, and therefore
the radius, 7.

Fic. 3.

11n this connection, see Einstein’s treatment of movement of particles in a
visccus medium given on p. 23.

~
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Perrin carried out five series of experiments with gamboge emulsions,
each experiment necessitating the counting of several thousand granules.
The mean value for N obtained by the aid of the equation (5) was
69 x 10%, a number which agrees sufficiently closely with the approxi-
mate values of N already referred to to justify the conclusions of Gouy
regarding the cause of Brownian Movement. With mastic emulsions

o hd

F16. 4.

Perrin found N = 700 x 10%, and finally, as a result of further series
of experiments with gamboge carried out with great care, Perrin ob-
tained the value 70'5 x 102,

PERRIN’S SECOND METHOD.

This method is based upon theoretical considerations first put forward
by A. Einstein (4nn. der Physik [4]), 17, 549, 1905 ; #5id. [4] 19, 371,
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1906). Einstein does not consider the concentration distribution of
granules in different layers, but fixes attention upon, the trajectory of a
single granu'c along one axis—say the x axis—in one plane (xy). The
actual path traversed would be quite impossible to follow, and therefore
Einstein considers only the mean rectilinear displacement during a
given time, the displacement being defined as the length of the straight
line measured as along the x axis, which joins the point of departure to
the peint of arrival. In actual observations—taking a time interval of,
say, 30 seconds—the displacements vary considerably from one another,
but by taking a sufficient number of observations it is possible to
estimate the mean displacement A with considerable accuracy. As
Perrin succeeded in determining N by this means with even greater
accuracy than by the first method, it is of interest to follow Einstein’s
mode of treatment. In the following it is given practically in Einstein’s
own words.!

EINSTEIN’S THEORY OF DIFFUSION AS APPLIED TO BROWNIAN
MOVEMENT.

Diffusion and Osmotic Pressure—Suppose the cylindrical vessel z
tilled with a dilute solution (Fig. 5). The internal space is divided into

z PP
[}
|
A ] B
(]
(]
' m—
x5
E E
Fia. 5. Fic. 6.

two parts by means of a semi-permeable movable piston, the piston
being entirely permeable to the solvent but impermeable to the solute.
If the concentration of so'ute in A is greater than that in B, there will
be a force exerted upon the piston tending to move it towards the right.
This force, reckoned per unit area of the piston, will be denoted by K.
K evidently is the difference of the osmotic pressures exerted by the
solute on the two sides of the piston. If no external force be applied,
the piston will move towards the right until the concentrations in both
compartments become identical. It follows therefore that osmotic
pressure is the agency causing diffusion until equi-concentration is
reached ; for we can prevent this state being reached by balancing the
osmotic pressure difference K by means of an external force applied to
the piston. Suppose now that there is no piston in the cylinder, but

! The section which follows is a translation (with certain changes) of a paper
by Einstein in the Zeitsch. fiir Elektrochem., 14, 235-239, 1908, entitled * Ele-
mentary Theory of the Brownian Movement ”. The more rigid mathematical
treatment is given in the Annalen papers referred to,
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that the concentration on the left-hand side is greater than on the
right, then diffusi'n of the solute will take place fiom left to nght.
Consider the case depicted in Fig. 6. From the left the osmotic pres-
surc p acts on the surface E, on the right the pressure p, acts on the
surface E;. The resulting pressure is p — p,. Let x be the distance
of E from the left-hand end of the cylinder, x + 8x the distance of E,
from the same end, the distance between E and E, being éx. Since
2 - p; is the osmotic pressure which acts on the volume 8x occupied by
the :olute, it follows that the osmotic pressure difference reckoned per
unit volume is

P-H_ _H-P_ _
ox dx dx
which we shall represent by the symbol K. Since further the osmotic
pressure is given by the equation—
2 =RTv
where R is the gas constant (831 x 10”7 c.g.s. units), T the absolute
temperature, and v the number of grammoles of solute per unit volume
of solutiog in the region E, we obtain for the osmotic pressure difference
reckoned per unit volume the expression— ~

\dv
K0=—R'12; . . . . (6
In order to calculate the #afe of diffusion, one must know how great
is the resistance offered by the solvent to the diffusion process. If in
general a driving force £ acts on a molecule, the resulting velocity v will
be given by the equation—

7)=C . . . . . (7)

where C is a constant which we might call the frictional resistance of
the molccule. If we assume that a dissolved molecule is spherical, and
likewise large compared to a molecule of solvent, then we have the
expression C = 6my» (Stokes’ expression), where 7 is the viscosity of the
solverlt and # the radius of the molecule of the solute. It may be
observed that the assumption made regarding the relative size of solute
and solvent molecules would be in all probability incorrect in the case
of “true ” solutions. In the case of emulsions and colloidal solutions,
however, the work of Perrin has shown that the expression holds fairly
well. It will be observed that we are making no sharp distinction
between pseudo-solutions, 7. emulsions and colloids, and *true”
solutions.

We can now calculate the quantity of solute which diffuses through
unit cross-sectional area of the cylinder in unit time. In the unit
volume there are v grammoles, that is, vN actual molecules, if N is the
actual number of molecules in one grammole of gas or dissolved sub-
stance. If, therefore, K, divides itself over these vN molecules con-
tained in unit volume, it follows that K, will give to these a velocity
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which would be the ;,LNth part of that which it would give to a single

molecule if it were exerted on this alone. One obtains, therefore, from
equation (7) for the velocity which the force K, can impress on vN
particles the expression—

In the case which we have been considering K, represents difference
of osmotic pressure reckoned per unit volume, so that on introducing
equation (6) one obtains—

RT 1 av
N "C’'dx
On the left-hand side stands the product of the concentration v of the
solute and the velccity with which the solute moves in the diffusion

process. This product represents, therefore, the quantity of solute
transported per second by diffusion through the unit cross-sectional

= -

area. This quantity divided by - % is the diffusion coefficient D,

where we define D as the quantity of solute transported per second
through a unit cube when the concentration difference between the two
ends of the cube is unity. Thus one obtains the relation—
' RT 1
D =R T, = e . . . . 8

N 'C ®

In the special case in which the diffusing molecules are large com-
pa‘ed with the molecules of the solvent, we can substitute Stokes’ value
for C, and write—

RT I
D= N‘* . 6_7;'77;' . . . . (8(1)

DirrusioN AND IRREGULAR MOVEMENTS OF MOLECULES.

The molecular theory of heat opens up a second point of view from
which the process of diffusion can be considered. The irregular move-
ments which are due to the heat content of a substance will be such that
a*single molecule of a gas or liquid will move about absolutely irregu-
larly. The result of this movement in the case of dissolved molecules
will be that any concentration differences initially existing in different
parts of the solution will gradually vanish. Let us consider this process
somewhat more closely, making the same assumptions as in the fore-
going paragraphs, namely, that we restrict ourselves to the diffusion in
the direction of the x axis of the cylinder. We shall consider that at a
given moment # we know the x co-ordinates of all the dissolved mole-
cules and likewise at a time # + 7, where 7 denotes such a short
interval of time that the concentration (or rather the distribution)
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relations of the molecules in the solution have only altered to a slight
extent. During this time = the x co-ordinate of the first dissolved
molecule will alter by a given quantity A, due to the irregular heat
movements, the second molecule’s co-ordinate will alter by an amount
As, and so on. These displacements 4, 4,, etc., will be partly nega-
tive (to the left), partly positive (to the right). Further, the extent of
these displacements for the same molecule will vary much. But since
we are considering a dilute solution, the displacements (of a solute
molecule) are due to the surrounding solvent, not to any appreciable
extent to the other solute molecules, and therefore the mean displace-
ment A in differently concentrated solutions wiil be the same, and will
be as often positive as negative. We have now to find out how much
solute will diffuse in time r through unit cross-sectional area when the
mean magnitude A of the displacements is known in the direction of
the x axis. To simplify- the matter, the calculation will be carried out
as if all the molecules experienced equal displacements A, one half
being positive (to the right) and one half negative (to the left). Con-
sider the state of things represented by Fig. 7. Through the plane E

E of a cylinder of unit sectional area
N during the time 7 only those solute
molecules will pass from left to
right which initially occupied posi-
tions less distant from E than the
range A. These molecules lie be-
tween Q, and E. But of these
molecules only one-half have pgosi-
tive displacement, so that only one-
half of them pass through the plane
E. This number is 4»,A, where v,
is the mean concentration (number per unit volume), that is, the con-
centration at the medium plane M,. Since the sectional area is unity,
A represents the volume Q,E.

Analogous reasoning in the case of motion from right to left gives
the expression 4v,A, where v, is the concentration at the plane M,.
The net quantity of solute which diffuses from left to right in the tlme
7 is the difference of the two expressions, namely, $A(y; — wy).

v; and v, represent the concentrations at two planes which are separ-
ated from one another by the small quantity A. If one denotes by x
the distance of any plane from the left-hand end of the cylinder, then
wce can write—
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R dv dv
2 s or vy = vg= = A
A dx 1= AT

so that the quantity of solute diffused through E in time 7 is

dv
- QAza-,; . . . . . (9)
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‘The quantity in grammoles which diffuses in unit of time under the con-

centration gradient g‘—; is therefore—

1 A? ay
2’ 7 "dx
Hence the quantity which would diffuse under unit concentration
gradient (that is, when the concentrations at two different points unit
distance apart differ by unity) is—

I A2 av
_z’ r'dxor 1 A
dv 2 1’
dx
But this is simply the diffusion coefficient D.
A2
Hence D= =.2 . . . « (10)
2 T

where A is the mean displacement ! of any molecule along the x axis.

THE DISPLACEMENT OF SINGLE MOLECULES.

If one combines equations (8) and (10), one obtains the relation—

A= %{é X T

From this formula we see that the mean displacement of a single mole-
cule along one axis is not proportional to the time, but to the square
root of the time. This arises from the fact that in two consecutive time
units the distances traversed are sometimes positive, sometimes negative.
In the case in which the dissolved molecule is large comparad with the
molecules of the solvent, and is likewise spherical, we can use equation
(8a) in place of (8), and thus obtain the relation—

Al =7, BI L
N °~ z3mypr
This is the equation employed by Perrin in his second mcthod of in-
vestigating the Brownian Movement, which will now be briefly described.
Perrin used as before emulsions of gamboge and mastic.

In the accompanying diagram ‘(Fig. 8) are reproduced three typical
drawings of the path traced out by a mastic granule, the time intervals
between each dot being 30 seconds. It is necessary to be quite clear
as to how A3, the mean-square-displacement of a paiticle along a given
axis, is obtained from the observed path traced out. Suppose that L

1 More accurately, A should be taken to be the root-mean-square displacement.
Langevin, Comptes Rendus, 146, 530, 1908, has deduced a diffusion expression
identical in form with that of Einstein,
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(Fig. 9) denotes the linear distance traversed in any 3o seconds interval
in the plane to which the microscope is focussed. Then L2 = x? + y?,
and adding up numerous intervals, SL? = 3a? + 32 But since the
direction of the paths is quite irregular, if sufficient readings are taken,
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the sum of all the distances travelled by the particle along the x axis is
equal to the sum along the y axis; that is Za? = 33?2 and therefore

Sx? = 4312

Now the mean-square-displacement A? is simply the mean of the terms
denoted by 3x% and therefore A? is one-half of the mean square of the
observed paths (L) in the horizontal plane xy.

Perrin observed several thousands of such displacements with gam-
boge and mastic granules, and after applying Einstein’s equation, he
obtained as a mean result—

N = 71'5 x 10%

which agrees extremely well with the values obtained by the first method.!
Recently Perrin (Comptes Rendus, 152, 1380, 1911) has repeated his
experiments, using resin emulsions. The method of measuring the
equilibrium concentration distribution at different levels led to the value
683 x 10?2, The method depending upon Einstein’s equation led to
the value 68'6 x 10%. The most accurate mean value up to the pre-
sent is, according to Perrin—
N = 685 x 102,

Reference will be made later to other determinations of N in dis-
cussing the question of the charge on an clectron.

SVEDBERG'S INVESTIGATIONS UPON THE APPLICABILITY OF BOYLE'S
L.aw 10 CoOLLOIDAL SOLUTIONS. (See Zeitschr. plysik. Chem., {3,
547, 1910; #:d., T, 145, 1911.)

The work carried out within recent years by Theodor Svedberg in
connection with the osmotic pressure of colloidal solutions,? is based on
certain relationships deduced by von Schmoluchowski (Boltzmann Fest-
schrift, Annalen der Physik, p. 626, 1904 ; bid. [4], 25, 205, 1908), in
which the compressibility B, of a perfect gas is connected with the com-
pressibility 8 of a non-perfect gas in terms which are measurable in the
case of a colloidal solution, the latter being at first sight a very extreme

case indeed of a non-perfect gas. Svedberg determined the ratio /i
If the gas law applied accurately to the particles of a colloidal solutior‘l’,
the ratio should be unity. Working with dilute colloidal solutions
Svedberg obtained for the ratio a mean value very nearly unity, a few
of the actual values (chosen practically at random) being o'go3, 0'981,
0'988, 1'00, 1°013, 1'029. These results support in a very conclusive
manner the kinetic treatment of the behaviour of particles in colloidal
solution.

1 Perrin also verified another equation deduced by Einstein involving a measure-
ment of the rotation of the granules, but as this is much more difficult to observe,
the results are presumably less accurate.

% Colloidal solutions are discussed in Vol, 1., Chap. VIII,
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THE ELEcTRICAL CHARGE ON A MONOVALENT ELEcCTROLYTIC ION.

It is known that one faraday of electncxty, or 96,540 coulombs, is
required for the deposition from solution of one gram equivalent of any
ion (or charged atom). If we have a solution containing one grammole
of hydrochloric acid and electrolyse it completely, evidently the number
of hydrogen ions discharged at the cathode will be identical with the
number of molecules of hydrochloric acid originally present in the solu-
tion,! that is, 685 x 10*%, Hence the charge on a single hydrogen ion

96540
68'5 x 10*
coulomb is ¢ of one electromagnetic unit, and one electromagnetic
unit is 3 x 10! electrostatic units.

We shall see later that the charge on a monovalent electrolytic ion
is identical with that on an electron—that is, identical in magnitude
though not necessarily in sign, since electrons are negatively charged,
while cations are positively charged, and anions negatively. The most
accurate value yet obtained for the charge on a monovalent ion is
4'77 % 10710 electrostatic units (vide infra).

is coulombs, or 4'19 x 10710 electrostatic units. [One

THE CONSTITUTION OF MOLECULES AND ATOMS.

We can obtain some information of a more or less qualitative nature
respecting the differences in constitution of the molecules of various
gases from considerations of the specific heat of the gas. A gas pos-
sesses two specific heats ; first, the specific heat at constant volume, de-
noted by C,, which represents the amount of heat which has to be
added to one gram of the gas to raise its temperature one degree, the
volume of the gas being kept constant ; and secondly, the specific heat
at constant pressure, denoted by the symbol C,, which represents the
amount of heat required to raise one gram one degree, the volume being
allowed to expand at constant pressure. In the latter case the gas does
work against the atmosphere, the amount of such work: being repre-
sented by the product of the pressure into the increase in volume. As
we shall see in dealing with the principles of thermodynamics (Chap. I.,
Vol. IL.), this work must be done at the expense of some of the heat
added, and therefore it requires more heat to be added to raise the
temperature of the gas at constant pressure than it does at constant
volume. We have now to find an expression for the difference of the
two specific heats; that is, the heat equivalent of the work done by ex-
pansion. Consider one gram of gas at volume v, temperature T, and
pressure p. The relation between these quantities is pv = RT, where

1'985 calories
molecular weight of the gas’
Again consider the same mass of gas at the temperature (T + 1), the

R has in this instance the numerical value

1 Reckoned, of course, as though there had been no electrolytic dissociation of
the HCI to start with,
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pressure being p as before, but the volume is now greater, namely, »,.
Again the relation po, = R(T + 1) must hold. Subtracting the two
equations one finds (v, — v) = R. But p(»; - v) is the work done!
in the expansion at constant pressure during the heating-up process.
Hence the work done is R heat units, and this must be the difference
of the two specific heats, that is—

C,-Cy=R.
Hence the gas equation can be written in general—
v = (C, - CYT.
Also, we saw on the basis of the kinetic theory that—
2v = }u? (for a mass of 1 gram)

and therefore #? = 3(C, - C,)T.

Further, since the expression for the kinetic energy of translation of
a molecule is 422, it follows that the total kinetic energy of translation
of one gram is 4% Besides this energy of translation there is also
internal energy in the molecules themselves due to internal vibrations,
rotations of atoms round one another, etc. Let us make the assump-
tion 2 that this internal energy is proportional to the energy of transla-
tion, that is, is given by the expression K4#2 where K is a constant.
Hence the total encrgy of all sorts in one gram of gas at a temperature

T is—
(1 + K)u?

3(Cp - Cy)(1 + K)T.

Now if heat be added to the gas so as to raise its temperature
one degree, the volume being kept constant, ze. no external work being
done, then all the heat added goes to increase the energy of the mole-
cules. Th's increase is simply the specific heat at constant volume C,,
and is likewise the difference between the total energy at (T + 1) and
the total energy at T. That is—

Cy = 3(Cy - C)(1 + K)(T - 3(Cp = C)(1 + K)T
T

. . C .
Further, if we put the ratio =2 equal to ¥, then the above equation

Co

which is equal to—

may be transformed into—
2
LA 3

Since we may expect K to be 7z general a positive quantity, this relation
shows that—
v<1$ or 1°666.

1See Chap. 1., Vol. 11,

% This is simply an attempt to avoid introducing at this stage the Boltzmann
theory of the equipartition of energy among the different * degrees of freedom " of
the molecule. This is discussed later and more fully in Vol. III,
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In the particular case of monatomic gases (the rare gases and
metallic vapours) the internal rotation of atoms with respect to one
another is impossible, so that putting K = o we obtain for this case—

y = 1°666.
These conclusions may be tested by direct measurements of specific

heats, from which one obtains values for y. In the following table the
values for y for a few gases are given :—

Mercury vapour, Hg . . . . . . . . 1'6166
Nitrogen, N, . . . . . . . . . I'410
Ammonia, NH . . . . . . . . . I'30
Methyl ether, (éHa)go . . . . . . . . I'II3
Ethyl ether, (C;H;),0 . . . .+ . rozg!

With increasing complexity of the molecule K necessarily increases
in magnitude, with the result that y decreases.

We cannot learn more about molecular constitution from the
study of specific heats unless we introduce the principles which belong
to “statistical mechanics” (¢£ Vol. IIL.). We shall here only indicate
the meaning of the term “degrees of freedom ”” of a molecule.

A degree of freedom is defined as an independent mode in which a
body may be displaced. To find out the number of degrees of freedom
possessed by a body or system lct us consider a simple case, namely, a
single rigid body in space, say a solid sphere. The centre of gravity of
the body is free to move parallel to any of the three space co-ordinates
X,Y,Z. Thatis to say, as far as #ranslation is concerned, a body, free
to move in space, possesses r4ree degrees of freedom. But such a
body is likewise capable of »ofation. It may rotate about three axes
parallel to XYZ. (All other rotations can be resolved into component
rotations about each of these three axes.) On the whole, therefore, a
body such as we have been considering possesses six degrees of freedom.
If a body possesses a *‘constitution ’ of some kind, that is, is made up
of various portions, each of which may rotate or vibrate with respect to
one another, the number of degrees of freedom of the body is corre-
spondingly increased, and to estimate the actual number of degrees of
freedom soon-becomes impossible. The important generalisation con-
nected with degrees of freedom, and known as Boltzmann’s ‘‘theorem
of the equipartition of energy” between the different degrees of
freedom possessed by a body, may be stated thus: the total kinetic
energy of a system (due to translation, rotation, vibration, etc.) is equally
divided up between all the degrees of freedom, and it can be shown
that the amount of energy per degree of freedom amounts to 4RT, the
unit of mass being the grammole. This theorem has been much criti-
cised, but it would be altogether beyond our purpose to attempt to

1 Ether has been investigated in a very comp.ete manner by Perman, Ramsay,
and Rose-Innes (Zeitschr. thysik. Chem., 23, 385, 1897), values of y being directly
calculable from the observed velocity of sound measured both for the vapour and

liquid over a wide temperature and pressure range,
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follow it. The application of the theorem in connection with the heat
content of solids is discussed in Vol. III.

Although we have not been able to infer much regarding constitu-
tion from specific heat, a more successful attack has been made upon
the problem from the standpoint of *‘electrons” or “corpuscles,” of
which, according to Sir J. J. Thomson, electricity—negative electricity
—itself consists.

SOME APPLICATIONS OF THE CORPUSCULAR OR ELECTRON THEORY
TO THE PROBLEM OF MOLECULAR AND ATOMIC CONSTITUTION.

According to this theory, negative electricity consists of extremely
small particles called corpuscles or electrons, which are all identical
in size, and carry the same charge. These corpuscles are much smaller
than atoms, and according to the theory, atoms, and therefore mole-
cules, are partly built up of corpuscles. Of course to prevent spon-
taneous disintegration of the atom due to the mutual repulsion of
a number of similarly charged electrons, it is necessary to assume the
existence of an equal amount of positive electricity. It is assumed,
therefore, that a neutral atom consists of a sphere of positive electricity
(J. J. Thomson) which contains a number of corpuscles moving in
various orbits, the number of such corpuscles and the kind of motion
they possess being the ultimate source of chemical and physical ¢ pro-
perties””. It will be of interest to consider briefly the experimental
evidence in favour of the real existence of corpuscles.

Corpuscles were first discovered during the electrical discharge
through a highly exhausted tube. Rays are shot off from the cathode,
and these may be stopped by the interposition of some material placed
in their path. These cathode rays, as they are called, on striking the
walls of the tube cause a vivid green fluorescence upon soda glass, blue
on potash gliss. That these rays consist of negatively charged particles
was shown by the fact that they can be deflected in certain directions
by a magnetic or an electrostatic field, or both simultaneously. The
first important quantity which would serve to characterise these rays is
the ratio of their mass to their charge. To obtain this we have to
consider the effects produced by a magnetic and an electrostatic field
upon the direction of motion of the particles. Suppose that a single
corpuscle mass m carrying a charge e is moving with a velocity » cms.
per second through the tube, then by putting on a magnetic field of
strength H it is possible to deflect the course of the corpuscle in a
given direction. If simultaneously an electrostatic field be set up (by
connecting two parallel pieces of metal placed inside the tube to the two
ends of a battery) in such a direction that it just compensates the effect
of the magnetic field so that the path of the corpuscle is undeflected,
then we can equate the effect due to the magnetic field to that due to
the electrostatic. The magnetic force acting amounts to Hew, and if X
is the strength of the electrostatic field the electrostatic force exerted

VOL. I, 3
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upon the electron is Xe, so that when these two forces just balance we
have—

Hev = Xe
or v—)_(.
=g

By means of this equation one can determine the velocity of the
cathode rays. In a highly exhausted tube this may attain to a velocity
approximately one-third of the velocity of light, that is to say, about
60,000 miles per second. This is many thousand times the velocity of
a hydrogen molecule at ordinary temperature, or indeed at any tem-
perature yet realised.

Now let us suppose that the magnetic field is removed. The cor-
puscles are acted upon by the electrostatic ficld, which causes their path
to be deflected. The behaviour is analogous to that of a bullet
travelling horizontally at a high speed, and at the same time falling
towards the earth owing to gravitation. We know that in the time ¢
the bullet will fall by the amount 4g7% where ¢ is the acceleration of
gravity. In the case of the corpuscle, since the downward force (suppos-
ing it to act downwards) is Xe, and since, in general, force = mass x

. . force . . .
acceleration, or acceleration = e it follows that if = is the mass of

. . Xe .
a corpuscle, the downward acceleration is proed and the distance through

Xes? . . .
which it falls in time 7 is %—-—. If 7/ is the horizontal distance

. . . . )
travelled with velocity o during the time #, then # = o Hence the

vertical distance over which the particle falls (which is measu.ed by
observing the vertical displacement of the phosphorescent spot on the
glass) is given by the expression

1 Xe /2

2 . "77;' . Z,Za
Now we can measure 4, the vertical displacement of the phosphorescent
spot, and as we already know 7, X, and / it is possible to calculate the

. € .
ratio — from the equation—

e 2d 9°

m X
] . . €.
In this manner it has been found that the ratio " is the same for all

cathode rays provided they are not moving with a ve'ocity approaching
the velocity of light. Further, this ratio is independent of the chemical
nature of the electrodes, and likewise of the nature of the gas which
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. . e
still remains in the tube. The value for 5 on the c.g.s. system electro-

magnetic units is 1°772 x 107, Prior to the examination of the cathode
rays the largest known value for the ratio of the charge to the ma<s was
met with in the case of the hydrogen ion in aqueous solution. The most
recent value for the charge on such an ion is 477 x 10 ~ Welectrostatic
units, and the mass of one hydrogen atom or ion is 1°64 x 10 ~ %t gram
(vide infra), so that in this case the ratio of charge to mass is
2'9 x 10!, To convert this into electromagnetic units it is necessary

to divide by the factor 3 x 10! so that the ratio £ for the hydrogen
m

.. . e . .
ion is 0'97 x 10%* The ratio p= for a single particle of the cathode rays

1772 X 107
0'97 X 10*%
for the hydrogen ion. This must arise in one of two ways ; first, either
the charge on the corpuscle is 1830 times greater than the charge on
the hydrogen ion, the mass of the ion and the corpuscle being assumed
identical, or, secondly, the charges may be identical but the mass of the
corpuscle only yg5y Of that of the hydrogen ion. To settle which of
these alternatives is the correct one it is necessary to determine the
charge ¢ on a single corpuscle.!

. . . . e
is therefore times, or 1830 times greater than the ratio po

MAGNITUDE OF THE CHARGE ON AN ELECTRON OR CORPUSCLE.

To determine this quantity use is made of the discovery of C. T. R,
Wilson that if electrically charged particles are introduced into a vessel
containing supersaturated vapour—say water vapour—condensation of
the vapour will occur upon the charged particles, which act as nuclei
for the droplets of the cloud which falls slowly under the action of
gravity. The experiment is easily carried out if a source of X rays or
if some radium salt be brought near the vessel, since the rays shot off
by the radium salt penetrate the walls of the vessel and ionise the gas
inside, thereby producing a number of positively and negatively electri-
fied particles which act as nuclei. The negative particles are simply
atoms which have gained an electron, the positives being the charged
atomic “residues "’ left after the removal of an electron from the neutral
atom. C. T. R. Wilson has shown that condensation takes place more
easily upon the negative particles than upon the positive ones, and it
is possible, as was shown by H. A. Wilson, to so adjust the degree of
supersaturation that condensation takes places on/y upon the negative

¢
1For a fuller discussion of the method of obtaining the ratio - for the corpuscle

the reader is referred to Sir J. J. Thomson’s Electricity and Matter or The Cor-
puscular Theory of Matter. An * Elementary treatment of the motion of a charged
particle in a combined electric and magnetic field,” is given by W. B. Morton, Proc.
Physical Soc., 21, 300, 1908.
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ones. The rate » at which the cloud falls is given, according to Stokes,
by the expression— '
&’

9= =,%"
Y

where g is the acceleration of gravity,  the viscosity of the gas, p the
density of the droplet, and » the radius of one of the droplets. It is
thus possible to determine 7, and therefore the volume of each droplet.
We can also determine the total volume of water condensed when we
know the extent of supersaturation, which in turn can be obtained if
we know the dimensions of the vessel and the travel of the piston fitted
into the vessel—the piston- being employed to bring about the state of
supersaturation in the vessel which contains air and unsaturated water
vapour. It is therefore possible to calculate the total number of drop-
lets in the cloud. Now it is easy to measure the total charge on tte
cloud by measuring the ionisation current which occurs when a certain
potential difference is applied to the ionised gas. We can thus obtain
the charge on each droplet, and assuming that each droplet is con-
densed on a nucleus having a single charge e, we have at once the
charge carried by an electron.

An alternative mode of procedure was adopted by H. A. Wilson,
who observed the rate of fall of the cloud under gravity alone and then
under the simultaneous action of gravity and a known electrostatic
field. If o, denotes the velocity of fall under gravity alone, and , the
velocity under gravity plus an electric force Xe, where X is the strength
of the field or the potential gradient, then we have the relation—

L. "
v, mg + Xe
Introducing Stokes’ expression for v;, namely—
2
LY
9 7

where p is the density of a droplet and m = 4x7%, we obtain, on com-
bining the above equations, the expression—

, {4 (977)5}5’ (za — w)oid (11)
= -l — = . . .
3 \28/ JX pt

By the aid of the above and other modifications, it was found that
e = 3’1 x 10710 electrostatic units, or 1 x 10720 electromagnetic c.g.s.
units. Now we have seen that the charge on a hydrogen ion is 419 x
10710 electrostatic units, so that within the limits of experimental error
(which in the earlier determinations such as the one given were fairly
wide), we are justified in concluding that tke ckarge e upon a corpuscle
is identical with that on a monovalent electrolytic ion. But the ratio of

;—;- for the corpuscle is 1830 times that for the ion; we must therefore
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conclude that the mass of the ion or atom is 1830 times greater than
that of the corpuscle.

The above value for e is, however, not a very accurate one. It has
been redetermined recently by Millikan with great care. The results are
briefly as follows :—

MILLIKAN'S DETERMINATION OF “¢” BY A MODIFICATION OF THE
WiLsoN CLoup MEerHoDp. (See Millikan, Pkl Mag. [6], 19,
209, 1910.)

Millikan attempted. to obtain a sufficiently strong electric field to
exactly dalance the force of gravity upon the cloud of charged droplets.
It was found that this could only be partially realised, but instead
Millikan succeeded in holding individual charged drops suspended in
the field from 30 to 60 seconds. The droplets which it was possible to
thus suspend always contained multiple charges (2¢ to 6¢). The pro-
cedure is simply to form a cloud as previously described, the source of
the jonisation employed by Millikan being a radium salt. The electric
field is then excited. The drops which have charges of the same sign
as that of the upper plate or too weak charges of the opposite sign,
rapidly fall, while those which are charged with too many multiples of
sign opposite to that of the upper plate are jerked up against gravity
to this plate. The result is that after a lapse of six or eight seconds the
field of view in the observation telescope has become quite clear save
for a relatively small number of drops which have just the right ratio of
charge to mass to be held suspended by the electric field. The obser-
vations were made by means of a telescope having three equally spaced
horizontal hairs in the eyepiece, the distance between the extreme hairs
being about one-third of the distance between the two charged plates
producing the electric field. The cross hairs were set near to the lower
plate (the electric field being on), and as soon as a stationary droplet
was found somewhere above the upper cross halr, it was watched for a
few Seconds to make sure it was not moving, Ze. falling or nsmg, and
then the electric field was thrown off. The drop was then timed in its
fall under gravity as it passed across the three hairs. This method
affords a check on any evaporation of the drop, if such occurs, since in
this event the rate of travel between the first and second hair would be
faster than that between the second and third.! In general the times
taken were the same. We can apply equation (11), remembering that
in the balanced state, v2 = o and X is negative in sign (since it opposes
gravity). We thus obtain the relation—

€= 3422 X 10“9§(vl)§~

i Remember that we are supposed to be considering the motion of a droplet
which is moving at a steady rate, the acceleration due to gravity being balanced by
the frictional resistance of the medium,
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Millikan carried out a large series of determinations of ¢ by this
method, the extreme values being 4'87 x 10719 and 4'56 x 10-19, The
mean value adopted is ¢ = 4°65 x 10710 electrostatic units. For the
purpose of comparison, attention may be drawn to the following alter-
native values of ¢ obtained by different methods :—

1. Planck calculated ¢ = 4'69 x 10719, using Kurlbaum'’s radiant
energy data (see Vol. IIL).

2. Rutherford and Geiger (Proc. Roy. Soc., A, 81, 141, 161, 1908)
obtained 4'65 x 10710 by counting the number of a particles emitted
by a known quantity of radium salt and measuring the total electrical
charge carried by these particles.

3. Regener’s value 4'79 x 10710 (Sitzungsbericht d. k. preuss. Akad.,
38, 948, 1909), obtained by counting the number of scintillations pro-
duced by a known amount of polonium and measuring the total charge
carried.

4. Begeman obtained e = 467 x 10710 as a mean of a large number
of measurements carried out by the Wilson method.

Millikan does not consider Perrin’s value of N (which, as already
pointed out, leads to a value for ¢) as sufficiently accurate.! The most
probable value for ¢ obtained up to the year 1910 is, according to Mil-
likan, 4'69 x 10710 electrostatic units, Using this number, he has
calculated N to be 618 x 10?2 and the number of molecules per cubic
centimetre of a gas at normal temperature and pressure to be 2°76 x
ro!% The mass of one hydrogen atom is also easily calculable and
comes out to be 1°62 x 10724 gram.

MiLLikAN’s “OiL Drop” METHOD OF DETERMINING THE CHARGE
oN AN ELEcTRON. (Millikan, Physical Review, 32, 349, 1911.
For a summary of the method and the results obtained, see Mil-
likan, Zrans. Amer. Electrochem. Soc., 21, 185, 1912.)

The following brief account is given partly in Millikan’s own words.

An apparatus was set up consisting of two metal plates, separated
by an air layer across which a known potential difference of several
thousand volts could be thrown. The upper plate was pierced about
its centre with a small pinhole, thereby communicating to a large air
chamber above into which a very fine spray of oil droplets could be
pumped. The air between the plates was ionised by means of X rays,
thereby giving rise to an equal number of positive and negative gaseous
“jons”. An oil drop on passing through the pinhole entered the
region of ionised air, and ultimately caught one or more of the ions.
Even before entering this region the oil drop was electrically charged (by
friction in the spraying process), and hence it could be made to move
up or down in the field of view, according as the electrical field was
thrown on or off. On catching an ion the rate at which the drop was
moving upward in the electrical field was observed to change abruptly,

1 Perrin has, however, replied to Millikan’s criticism. See Phil. Mag., 19,
438, 1910. '
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and by measuring the velocity of the same drop over an extended series
of time intervals, the number of charges communicated to it could be
obtained. The precision of the measurements and the certainty with
which the unitary or discrete nature of electricity follows as a result of
the measurements can best be appreciated by inserting the results of a
single experiment. Column I. gives the successive times in seconds
taken by the droplet in falling under the action of gravity alone between
two fixed cross hairs in the eyepiece of the telescope, the actual distance
of fall being 0’5222 cm. It will be seen that these numbers are ex-
ceedingly concordant. Column II. gives the successive times which
the same droplet required to rise the same distance under the influence
of the electrical field, when a potential of 5051 volts was applied.

Column L. Column II.
13°6 12°5
13'8 12°4
13°4 21°8
134 348
136 845
136 855
13'7 34°6
13°5 348
13°5 160
13'8 348
137 346
13°8 21°9
136
13°5
13°¢
13°8
13°4

Mean 13°595

It will be seen that after the second trip up (in the electric field)
the time changed from 12°4 to 218, indicating (since the droplet was
positively charged by the spraying process) that a negative ion had been
caught from the air. (If the particle had been completely discharged it
would, of course, not have moved upward at all but downward, with a
velocity indicated by the figures of column I.) The next recorded time
in column 1I. is 34°8, which indicates that another negative ion has been
caught. The next time period, 84'5, indicates the capture of still
another negative ion. This charge was held for two trips, when the
time interval changed back again to 34°'6, showing that a positive ion
had now been caught—(Millikan considers the loss of an electron by
the droplet as unlikely)—this positive charge being precisely the same
in magnitude as that of the negative ion which before caused the
inverse change in the time interval, e. from 34°8 to 84's. To find the
absolute value of these charges, it is necessary to know the mass 74 of
the droplet. Their »e/ative magnitudes can be obtained, however, in
the first instance, without determining z,;  Thus, let us consider the
up and down movement separately. The downward force due to gravity
is mg, the upward force due to the electrical field is Xe. Hence if 7, is



40 A SYSTEM OF PHYSICAL CHEMISTRY

the velocity downward due to gravity, and w, the velocity upward due
to the excess of the electrical field over the gravitational, we find—

v m, m
f—ji=ie—j%i—gore=i-;—f(vl+vz) ) . (12)

Thus the charge added to the droplet at an encounter is proportional
to the ckange produced in the sum of the two velocities by the capture,
for mg,, g, v, and X are constant. Now, the change in this sum pro-
duced by the capture of the ion which caused the time interval in
column II to change from 34:8 to 84'5 was o‘0o89r cm. per second,!
and the successive values of this quantity arranged in order of magni-
tude were o0°04456, 0'05347, 006232, 0'07106, 0'08038. If now
electricity is “atomic ” in structure (Z.e. consists of small units), all the
different charges appearing in this experiment should be exact multiples
of the elementary unit of charge, which means that all the numbers
given above should be exact multiples of something. Dividing the last
five numbers by s, 6, 7, 8, and g respectively, one obtains the series :
0'008912, 0°008911, 0°008903, 0°008883, and 0008931, which are all
seen to be within one-fifth of 1 per cent. of the value 000891, which
is the change in the sum of the speeds produced by the capture of
the first ion. Hence the charge added to the droplet on capturing
this ion is itself the elementary unit; the total charge at any moment
borne by the droplet during the course of the experiment being an even
multiple of this number. Nearly one thousand. different drops have been
examined in the manner indicated, some of them being oil (a non-
conductor), some being glycerine (a semi-conductor), and some mercury
(a good conductor), and in all cases the initial charge placed upon the
drop by the frictional (spraying) process, and all of the dozen or more
charges which resulted from the capture by the drop of a larger or
smaller number of ions have been found to be exact multiples of the
smallest charge caught from the air. This is the most conclusive proof
of the ““atomic " structure of electricity.

By means of equation (12) Millikan obtained very accurate values

for f;, where m, is the mass of the droplet in this case. To obtain ¢
mq
it is therefore necessary to determine the mass 7. Stokes’ expression -

11n the first case (time = 34'8 secs. against gravity), since the actual distance
travelled is 0'5222 cm.—
0'5222 O 5222)
"1+ %= 13505 " 348 )"
In the second case— ' .
_ (95222 o522z
1t 1= \13505 T 845
and hence the difference is—
1

I
0'5222 [ —— ——— ) = 0°0089I cm. per second.
> (34~8 55) P
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2
for the velocity of fall under gravity, namely, v, = 2 &7 allows of our

calculating the radius, and therefore the volume and mass of the drop-
let—assuming the density of the droplet to be that of the oil in bulk.
As a result of special experiments, however, Millikan found that the
above expression was not quite accurate for this case. He therefore
modified it slightly by the addition of an empirical term, and with this
more accurate form calculated 7, and eventually 7, The value of e
was thus directly obtained. As a mean of a very large number of
values, Millikan gives the value (British Ass. Rep., p. 410, 1912)—

e = 4"775 x 10 —19 electrostatic units,

the error not exceeding 1 part in 1000.

An interesting fact discovered by Millikan in experiments somewhat
similar to those described, in which the droplet was held in suspension,
was that only one electron is detached from a given gas molecule when
the gas is ionised. The oil droplet was “in a veritable shower of the
positive residues of the molecules split up by the rays,” yet in no case
did a capture of one of these residues communicate more than one
electrical unitary charge. If two electrons had been ionised off a
molecule, the positive residue would carry two unitary charges, and
would communicate these to the droplet on collision. Since out of
500 *“catches,” 496 were certainly single unitary charges, the remaining
four being doubtful, the conclusion is that the process of ionisation
consists in the expulsion of one electron from a molecule.

THE “OI1L Drop” METHOD OF STUDYING BROWNIAN MOVEMENT IN
GAseous MEDIA.

Perrin’s observations on Brownian movement refer to particles
suspended in a Ziguwid medium. Millikan (/c) has succeeded by his
electrified oil drop method in determining the extent of the movement
of the drop when balanced in air by having the electric field adjusted
to the gravitational field. The arrangement is similar to that already
described, the only modification being that of enclosing the apparatus
in order to permit of lowering the air pressure, since the Brownian
movement of the droplet only becomes measurable at low pressures.
Several hundred determinations were made of the distance travelled by
the droplet in a vertical direction in ten seconds, for as we have already
seen Einstein’s theory is developed in such a way that only movemecnts
along one axis have to be considered. The expression for the mean-
square-displacement A? is—.

A? = 2RTr

NC

where C is the frictional resistance of the medium. Millikan’s final
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expression, based on a more rigid treatment! than that given earlier,
takes the form— ,

e

4 . RTr
A = 'J"r NC . . . . (13)

The essential advantage of Millikan’s method lies in the elimination
of C. This is done by observing the successive displacements of the
balanced drop and then to destroy the balance and measure the rate of
fall of the drop (under gravity alone) and under gravity assisted by the
electrical field. Suppose that the drop moves down under gravity
(force = m,g) with a velocity »,. We have then the relation 7,¢ = Co,.
Substituting this value of 72;¢ 1n equation (12), we obtain—

C
‘=X‘(”1 + )

and combining this with equation (13) we can eliminate C, obtaining
finally the relation—

j4 Rl + 2y
A \/; ) XNe

With the help of this equation Millikan calculated the value of ./Ne,
which came out 1°698 x 107 electrostatic units, this being the total
quantity of current carried by one grammole of a univalent substance.
Now ,/Ne is known very accurately in the case of silver from measure-
ments of the quantity of current required to precipitate one gram
equivalent of silver from solution. The value is 1'702z x 107 electro-
static units. This agreement to less than one-fourth of 1 per cent.
between the values of ,/Ne may be taken as proving that the value of ¢
on the gas ions is the same as the charge on the univalent ion in solu-
tion, provided the kinetic theory of Brownian movement is assumed to
be correct ; or wice versd, if the identity of the charge on the gaseous
ion and the electrolytic ion is considered as established by the work ot
Townsend and others, then Millikan’s experiments establish in a very
rigid manner the correctness of the kinetic treatment of Brownian
motion.

"THE VALUE OF THE Av0OGADRO CoNsTANT, N.

A table summarising the various determinations of N and ¢ up to the
year 1910 is given by Burton (Physical Properties of Colloidal Solutions,
p- 88).. If we employ Millikan’s value for ¢ already quoted (viz. e =
4'775 x 10710 electrostatic units), and the value of ,/Ne given above,
we find N = 6°06 x 102, A, Westgren (Zeitsck. anorg. Chem., 93,
231, 1915), using Perrin’s first method, has found N = 605 + o3
x 10%,  Schidlov (Arch. Sci. phys. nat., 40, 339, 1915) has con-
cluded, as a result of compuring various observers’ values of ¢, that N

1See H. Fletcher, Le Radium, 8, 279, 1911.
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lies between 60 and 62 x 102" The most accurate value, determined
by Millikan (Proc. Nat. Acad. Sci., 3, 314, 1917 ; ¢f- also Phkil. Mag. [6],
34, 1, 1917),is N = 6062 + 0’006 x 10?. This value depends on
Millikan’s most recent determination of e, viz. € = 4774 + o'oo5 X
10 0 electrostatic units. From the above value of N we can easily
calculate 7, the number of molecules in one c.c. of any gas—more or
less perfect—at o° C. and 760 mm. n = 2705 + o003 x 10.

Mean KinNeric ENERGY OF A MOLECULE AT o° C.

We have already seen that the mean kinetic energy of a molecule is
given by the expression—

w = ; bﬁ-'

Setting R = 832 x 10% c.g.s. units, and employing the above value
for N, viz. 6062 x 102, we find that at T = 273, w = 562 x 1o
ergs, or since 1 calorie = 4184 x 107 ergs, w = 1'31 x 102! cals.
Millikan (Joc. cit.) gives w = 5621 + 0006 x 10~* ergs. This is the
mean kinetic energy of a molecule at o° C., and is independent of the
physical state of the substance considered. It may be mentioned that
this kinetic energy in the case of a gas or liquid represents energy of
translation, in the case of a solid energy of vibration, for free translation
is not possible in a solid.

Vote.—As regards the question of the #Zype of motion in solids sec
Vol. III.

THE Mass oF ONE MoLECULE oF HYDROGEN.

The value for the mass of the hydrogen molecule is obtained directly
by dividing the molar weight, 2, by N = 6062 x 10%. The result is
3'3 % 10—%* gram, whence the mass of the hydrogery atom is 165 x
10— gram. Millikan (Joc. ¢i2.) gives as the most accurate value for
the mass of the hydrogen atom 1662 + ocoz x 10—** gram.

THE Mass oF THE ELECTRON.

We have already seen that the mass of one hydrogen atom is 1830
times that of an electron or corpuscle. It follows therefore that the
mass of an electron is g'o X 10—%% gram. Strictly speaking this value
is only correct for an electron which is either at rest or moving
with a velocity small compared with the velocity of light. If the
electron is travelling with a velocity comparable with that of light its
mass increases. Thus when its velocity is go per cent. of that of light
the apparent mass is 1°81 times the value quoted. Theoretically when
the electron attains the velocity of light its mass is infinite. Naturally
this stage is never reached under any experimental conditions. The
cause of this alteration in mass is due to the fact that the mass of an
electron is electromagnetic. This is very briefly referred to later.
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TuE ROLE oF ELECTRONS IN METALS.

Metals are noted for the property which they possess of conducting
electricity and heat. Since the introduction of the concept of the
electron considerable advance has been made in our knowledge of the
solid state from this standpoint. Unfortunately there is no space in a
book of this nature to consider this problem further. Mention can only
be made of one very important relation which the electron theory as
applied to metals (after certain simplifications have been introduced)
predicts, namely, that the ratio of the thermal conductivity to the
electrical conductivity should be a consfant independent of the nature
of the metal, and depending directly upon the absolute temperature.
This relation, which was known as a purely empirical one under the
title of the Wiedemann-Franz Law, possesses very considerable experi-
mental support. For the method of deducing the relation referred to
the reader must consult Sir J. J. Thomson’s books already mentioned,
and especially the papers of O. W. Richardson, to whom we are indebted
for the greatest advances in this field (O. W. Richardson,  Electron
Theory of Metallic Conduction,” Zransactions of the Amer. Electrochem.
Soc., 21, 69, 1912, gives a good summary of the present position). It
should be pointed out that rather remarkably the development of the
unitary theory of radiant energy (see Vol. IIL.) in the hands of Nernst
and Lindemann has led these authors to the conclusion that free
clectrons are znof the main cause of thermal conduction. The evidence
is therefore at the present time somewhat conflicting.

THE VaARIOUs SOURCES OF CORPUSCLES OR ELECTRONS.

Cathode rays are not the only source of electrons. Mention has
already been made that electrons are given out (along with other sorts
of radiation) by radium and other radioactive materials during their
decomposition. They are also given out, though to a much less extent,
by other metals, such as the alkalies and alkaline earths, as well as by
some amalgams, especially when these substances are heated or exposed
to light—light, in fact, causes the expulsion of electrons from most
metals, particularly if the light is of very short wave length (ultra-violet),
such effects being known as ‘‘photo-electric effects”. Electrons are
also emitted when salts are vaporised in gas flames. The important

thing is that whatsoever its source the ratio of - for an electron is
m

constant. It seems natural, therefore, as Sir J. J. Thomson says, ‘“to
regard it as one of the bricks of which atoms are built up .

Regarding the origin of the mass of an electron little can be said
here beyond the fact that Sir J. J. Thomson has shown that its energy,
and therefore its mass, is really due to energy of the ether—the medium
which fills all space and transmits light and electromagnetic waves in
general. But the whole question of what we mean by the ‘“ ether ” has
been rendered decidedly vague by the new work on radiation (¢/ Vol.
IIL).
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THE STRUCTURE OF THE ATOM.

Since an atom is electrically neutral, it is evident that it must con-
tain a quantity of positive electricity equivalent to the sum of th= charges
on the electrons. We know very little indeed about the positive elec-
tricity, and the simplest assumption to make, therefore, is that it occurs
as a sphere of uniform density throughout which the electrons are dis-
tributed.! This sphere attracts the corpuscles to its centre, their mutual
repulsions tending to drive them away from one another, so that the
“fabric ” of the atom as a whole is in equilibrium when the repulsions
just balance the attraction. The problem first studied by Sir J. J.
Thomson is to find how electrons will distribute themselves in a sphere
of positive electricity when successive additions are made to the num-
ber of electrons in the system. The problem soon becomes too difficult
to treat mathematically if we consider the distribution in #4»ee dimen-
sions in space. A simpler case is to consider the distribution in one
plane (two dimensions) only—the plane being one which passes through
the centre of the atom. The results obtained by Sir J. J. Thomson,
though not complete, are sufficient to indicate in a general way the
solution of the problem. If the system contains one electron it will
evidently go to the centre of the sphere. If two electrons are present
they will take up positions at two points A and B, situated along a
straight line which passes through the centre O of the sphere, so that
OA = OB = one-half the radius of the sphere. Three electrons will
distribute themselves at the apices of an equilateral triangle, any side of
which is equal to the radius of the sphere. Four electrons cannot be
in equilibrium in one plane. If we consider for a moment the distribu-
tion in tridimensional space, the equilibrium arrangement is reached
when the electrons are at the corners of a regular tetrahedron, whose
centre is the centre of the sphere, and whose side is equal to the radius
of the sphere. Returning to the case of distribution in one plane, we
find that five electrons will be in equilibrium in a single ring formation,
z.e. at the corners of a regular pentagon. Six electrons will, however,
not be in equilibrium at the corners of a regular hexagon. Instead, one
electron goes to the centre, and the remaining five form a regular penta-
gon. Thisisa “two-ring” system. Similarly eleven electrons distri-
bute themselves, so that there are two forming the inner ‘‘ring” and
nine in the outer. With successive additions one finds that the two-
ring system becomes unstable, and a three-ring system makes its appear-
ance. This happens when seventeen electrons are present, and the
three-ring system persists until we reach thirty-two electrons, when a
four-ring system appears. In this way we can go on adding electrons,
thereby building up ‘“atoms’ of higher atomic weight. The above
results (and others in which still greater numbers of electrons are con-
sidered) were obtained by mathematical analysis. They can also be

1Recent work of Rutherford and others ( Phil. Mag., 1913, 1914) points to the
existence of a positive nucleus round which electrons rotate in various orbits, This
is considered in Vol, IIL.
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demonstrated by a very ingenious experimental analogy, due originally
to Mayer. For this purpose a number of small magnetised needles take
the place of the corpuscles. The needles, which are all magnetised in
the same way, are stuck through corks and floated upon water. The
réle of the sphere of positive electricity is taken by a large magnet sus-
pended above the water, with its N pole pointing downwards if the S
poles of the magnetised needles point upwards. On adding the needles
one at a time various equilibrium configurations are obtained very similar
to those already given. Fiom one to five magnets, the single ring is
stable ; with six magnets one goes to the centre, the remaining five
being equally distributed around it, and so on.

An important feature of the distribution of electrons is the recur-
rence of similar Zypes at intervals. Thus the “atom ” containing one
electron has this electron at the centre. The ‘“atom ” containing six
electrons has again one at the centre, the remainder forming the outer
ring of the two-ring system, 1,—5. The ‘“atom ” with seventeen elcc-
trons is three-ring, one electron being in the centre, then a ring of five,
and lastly a ring of eleven, thus, 1,—5,—11. The “atom” of thirty-
two electrons is four-ring, one electron in the centre, then a ring of
five, then a ring of eleven, and lastly a ring of fifteen, that is, 1,—5,—
11,—15. Similarly, the ““atom ” which has forty-nine electrons in five
rings is built up on the following type: 1,—5,—11,—15,—1%. Tha
“atoms ”” which consist of 1, 6, 17, 32, and 49 electrons have therefore
a similar constitution. We would expect that physical and chemica'
properties which must depend ultimately upon atomic structure would
likewise be similar in these cases. At the same time the ‘“atoms” in
which the number of electrons lics between six and seventeen, or be-
tween seventeen and 'thirty-two, or between thirty-two and forty-nine,
are not built up on the 1,—5,—11,—15,—17 plan. The properties of
these intermediate members would, therefore, differ from those previ-
ously considered. We thus see that the electron theory leads one to
expect that there will be a periodicity in the properties of the atoms as
the atomic weight increases. This is simply the Mendeleef-Meyer
Periodic Law. It is clear that we have here strong evidence in favour
of the electronic structure of atoms, since this theory predicts at least
qualitatively the law which forms the most fundamental generalisation
of systematic chemistry.!

As regards the acfual number of electrons in atoms information is
scanty. Attempts which have been made in this direction indicate,
however, that the number is small, roughly of the order of one half of
the relative atomic weight, 7. the sodium atom contains eleven elec-
trons. It is clear, therefore, since an electron possesses only 145 part
of the mass of a hydrogen atom, that the main source of the mass of an
atom must be due to the positive electricity contained in'it.  This brings

1 As regards valency, which appears to be the lines of force produced by the
transfer of an electron, the reader is referred to N. Friend’s Valency in Sir W.
Ramsay’s series.”™
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%? to the consideration of some very ingenious speculations regarding
the »3/¢ played by the positive electricity in the building up of atoms.

NicnorsoN’s THEORY OF THE STRUCTURE OF AToMms. (Fhil. Mag.,
292, 864, 1911.)

The main difference between this theory and that of Sir J. J.
Thomson lies in the question of the distribution of the positive charge.
We have already seen that Sir J. J. Thomson considers the atom as
consisting of a number of electrons dispersed throughout a sphere of
po itive electricity ; this assumption being indeed made for the purpose
of simplicity of treatment rather than as actually representing the physi-
cal facts. Nicholson’s view is that the positive electricity exists in the
atom like the electrons in discrete portions, each of uniform density ; and
further, these units are sma// in radius compared with the distance be-
tween the electrons themselves. At the same time, these * positives ”
are regarded as the source of nearly the whole mass of the atom. The
atomic system is, therefore, planetary. “In a complex atom, built up of
simpler systems, the assemblage of positive charges is in many respects
similar to the assemblage of electrons which revolve round them, and it
is not unlikely that many of the positive charges would also revolve. But
they are not all of the same size, although the difference in size is not
great. Their mass is so great that a disturbance which could expel one
of them from an atom would also expel many of the attendant electrons,
and it would be impossible to isolate a positive charge.” This is in
agreement with experiment up to the present (1914) as regards the isola-
tion of the positivc unit, although evidence of the existence of such is
afforded indirectly.! Evidence in favour of Nicholson’s theory is afforded
by Sir William Ramsay’s discovery that Radium Emanation or Niton—
itself the newest member of the series of monoatomic gases—gives rise to
the element Helium. ¢ Unless the constituents of this atom already exist
as a group in unstable equilibrium with other groups, in the atom of the
emanation, it is difficult to imagine by what means it can be detached
as such when a really definite conception of the process is intended.”
Evidently the difficulty is extreme on Sir J. J. Thomson’s view of the
atom, nor is it less on Rutherford’s view that the atom is a simple
Saturnian system involving only a single positive nucleus.

In building up the atoms of the elements Nicholson finds it neces-
sary to postulate the existence of three protyles, namely, hydrogen, a
hypothetical element which he calls ¢nebulium,” 2 and another hypo-
thetical element which he calls “ protofluorine ”.  The hydrogen atom
is assumed to possess three electrons, nebulium four, and ‘proto-
fluorine five. The element containing two electrons he identifies with
coronium, an element in the sun’s corona, but does not appear to re-
quire this in building up the other (known) elements.

As regards atomic weights, according to Nicholson we must accept

1See R. W. Wood, Pkil. Mag., February, 19go8. .,
# Nebulium is perhaps not hypothetical, see page 50.
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the fact that all inertia (Z.e. all mass) is due to electric charges in
motion, which we have already mentioned as having been shown to
be the case by Sir J. J. Thomson in connection with the mass of an
electron.

The weight of an atom always determined from its inertia may be
regarded as the sum of the inertias of all its positive and negative charges.
If the positive charges have a much smaller radius their inertia will
greatly overweigh that of the electrons, and we may neglect the latter
for the present. The motions to which a positive nucleus is subject
will always be slow compared with the velocity of light. Let » be the
radius of the positive, and let ¢ be the charge upon an electron. If
there are 7 electrons in a neutral atom of a primary simple substance
(containing only one nucleus) the positive charge is ¢, and the inertia
of the nucleus and, therefore, of the whole atom approximately is pro-

. n2e? . -
portional to — by the usual formula ! for slow motions. If the positive

electricity has uniform volume density, its volume is proportional to e,
therefore its radius 7 is proportional to (xe)3, or #% since e is a constant.
Thus the inertia or mass of the atom is proportional to nt from the above
Jformula. The mass of a compound atom containing several nuclei
associated with rings of electrons will be proportional to 273,  Assum-
ing that the hydrogen atom has three electrons, the relative weights of
the atoms of the primary substances are :—

ka

Coronium . . . . . . . . n=2,10 = 31748
Hydrogen . . . . . . . . =3, nd = 62403
Nebulium . . . . . . . . on=4, wd = 10°079
Protofluorine . . . . . . Con=5 = 14620

Taking the atomic weight of hydrogen to be 1'008, the above sub-
stances have the following relative atomic weights :—

1 An uncharged body of mechanical mass m, travelling with velocity », possesses
kinetic energy gmv? If the body is electrically charge}, it sets up a mignetic fie'd
round it in virtue of its motion, and this field contains eiergy givea by the expres-

1 .
sion - * e_;v_, where ¢ is the charge and 7 the radius of the body. The energy which

3
. . . . ? 2
has to be supplied to keep the charged sphere in motion is —: my? + -I--f—r?- or

1 2 e\ , ae s 2 e
~(m + =- = )v2 The body acts, therefore, as if it possessed themass (m + = . = ).
2 3 7 3 7

A rough analogy is afforded by the motion of a particle through a viscous fluid, for,
as the particle moves, it carries some of the fluid along w.th it, thereby apparen ly

increasing its own mass. If 7 were one or two centimetres, the term 2 | d would
3° 7

be quite negligible compared with the mechanical mass m. If 7 is of the ord r
of the diameter of ang electron, Sir J. J. Thomson has shown that m is negli-

. 2 ¢ c e e
gible compared to - . e Hence the same conclusion is justifiable in connection
with the small positive nuclei of Nicholson. For this reason the mass or inertia is

. 2,2
placed proportional to the term ’f-e-,
r
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Coronium . . . . . . . 051282
Hydrogen . . . . . . . 1008 (Oxygen = 16)
Nebulium , . . . . .+ . 16281
Protofluorine . . . . . . 23615

We can now consider compound atoms built up out of these
primaries. Nicholson, as already mentioned, did not find coronium
necessary appaiently for this purpose; a fact which is somewhat
swiprising. Neglecting the mass of the electrons in comparison with
the mass due to the positive nuclei (although # in the expression 7% is
actually the number of electrons), Nicholson suggests that the helium
atom is made up of one atom of nebulium (Nu), and one atom of
protofluorine (Pf). Writing this in the form of a chemical equation—

iHe = 1Nu + 1Pf or NuPf

Atomic weight of Nu = 1°6281
Atomic weight of Pf = 2°3615

Sum = 3°9896, At. weight of He = 3°go.

According to Nicholson, “there is a fairly general suspicion that
many of the elements may be composed of helium and hydrogen”.
Thus boron (atomic weight 11) might be 2zHe + 3H. When the
helium *“group” (on the above hypothesis) enters into the composition
of another more complex atom it is not implied that this group actually
exists as in free helium atoms, but its two component groups Nu and
Pf may be present, though occupying different relative positions from
those which they occupy in the helium atom. A few typical instances
of Nicholson’s method of building up compound atoms may be given.

Argon.—T'he atomic weight is 39°88. 10He = 399.

Carbon.—The atomic weightis 12'00. The combination (2He + 4H)
gives the atomic weight 72°008.

Oxygen.—The atomic weightis 16'0o. The combination (3He + 4H)
gives 15°996.

Fluorine—The atomic weight is 19'0.  The combination (3He + 7 H)
gives 19°'0zo.

Neon.—The atomic weight is 20°21. The combination (6Pf 4+ 6H)
gives 2o0°21.

« Apparently the group (3Pf + 3H) or (PfH); has considcrable
significance in atomic structure, according to the present theory.”

For further applications of this theory the reader must consult the
original paper. 1t must, of course, be pointed out that at the present
stage these considerations are of a speculative nature. Nicholson’s
speculations are of particular interest in view of the recent experiments
of Collie and Patterson, to which reference will be made shortly. The
real importance of Nicholson’s views lies in the fact that a definite »d/e
is assigned to the positive charge resident in the atom, and, at the same
time, the number of electrons (#) enters in a logical manner into the
term for the atomic weight, although this *“weight” is essentially due
to the positive nuclei, It should be noted that the most crucial test of

VOL. L 4
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the above views is to be found in the calculation of the atomic weights
of elements which possess small atomic weights, such as helium, lithium,
beryllium, etc.; in the case of elements with higher atomic weight,
which might possibly be built up out of more than one combination of
the protyles, the assigned structure is of less importance. In Vol. III.
an account is given of another theory of the atom due to Bohr which
has much in common with the theory of Nicholson.

H. W. Nicholson (Proc. Roy. Astron. Sor., 72, 49, 1911) has calculated the
chief spectral lines of the hypothetical element nebulium, which, according to his
theory, contains four electrons rotating round a positive nucleus whose charge is 4e.
This arrangement represents a neutral atom. If one electron is missing, th. other
three can take up equidistant positions and rotate in a new orbit, the system con-
sisting now of one atom of nebulium with a single positive charge in excess (the
nucleus being still 4¢). Also the atom may acquire a negative charge by taking up
one or more electrons. The neutral, positive, and negative atoms respectively give
rise to different lines in the spectrum. Nicholson found that the spectrum lines of
certain nebulze—principally the Orion nebule—which have hitherto been assigned
to an unknown element or elements could, with the exception of two lines, be
accounted for quantitatively by the vibrations of the atomic system charged and
uncharged, which he has called nebulium. This result affords a certain amount of
evidence in favour of Nicholson’s theory of the structure of atoms,

THE DISINTEGRATION OF THE ATOM. RADIOACTIVITY.

We are already familiar with the existence of small electrically
charged particles as being the principal constituents of all atoms.
Further, we have seen that negatively charged particles—the electrons—
may be obtained from a variety of sources. A source of special interest
is the group of chemical substances known as the radicactive elements.
The typical radioactive metals are: uranium, actinium, radium, and
thorium. Radioactive substances, as the name implies, are char-
acterised by the property of emitting radiations which can be detected
by the electrical or photographic effects produced by them. These
radiations have been divided into three classes—a rays, B rays, y rays.!

The a rays are positively charged particles shot off from the radio-
active substance with considerable velocity. They can, with difficulty,
be deviated by a strong magnetic field, and the direction of deviation
indicates the sign of their charge. Their mass is comparable with that
of the helium atom—four times that of the hydrogen atom, and each
carries two positive charges (2¢). In their passage through a gas they
cause ionisation of the gas,” which thereby becomes a conductor of
electricity. Fhis ionising power depends upon the velocity of the
particles, a good ionising agent such as the a particles not possessing
extremely great velocity, and therefore not possessing a very great
penetrating power. Thus, by enclosing the radioactive substance in a
glalsls tube, the o radiations are completely stopped by sufficiently thick
walls.

1 A further variety, known as A rays, has also been investigated.
¥ For an account of the mechanism o! the ionisation process the reader sLould
consult Townsend’s book on Ionization of Gases by Collision.
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Besides a particles, some radioactive substances emit negatively
charged particles called B rays, which are identical with cathode rays
or electrons. The velocity with which they are emitted varies greatly
from case to case. ‘These rays are deviated easily by a magnetic field,
and in the opposite sense to that experienced by the a rays. Their
mass is only v part of one hydrogen atom. They possess much
greater penetrating power than a rays, and therefore in their passage
through a gas produce much /Jess ionisation. These B rays escape, at
least in large proportion, through the glass walls of the tube enclosing
the radioactive substance.

In addition to the material radiations (o and B rays) some radio-
active substances can also give rise to a third kind of radiation called
v rays, which are characterised by the property of being non-deviable
by a magnetic field. At the present time there are conflicting views
regarding the actual ‘“ constitution” of these rays. At any rate, they
are not a stream of material particles as the a and B8 rays are. One
view is that they consist of ether pulsations analogous to Réntgen rays.
y rays are the most penetrating type of radiation, and are therefore least
effective in producing ionisation in a gas.

A large number of successive radioactive transformations have been
observed up to the present time. At each transformation one practi-
cally always finds one or other of the above types of rays given out, the
v ray generally accompanying the expulsion of a B particle. In the
accompanying table is given the chronology of these transformations
as far as they are known at present. Each substance is identified not
by ‘“‘chemical ” properties, the quantity present being exceedingly
small, but by the duration of its radioactivity. A single isolated radio-
active body will gradually lose its activity, the law of radioactive decay
being the simple exponential one—

I= Ioe-u

where I, is the initial activity of the body, I the activity at a time 7,
and A a constant which characterises the substance in question. The
activity is measured by the rate at which a gold-leaf electroscope is
discharged. From the observed rate of decay one can calculate A, and
from this one can easily find the time required for a given radioactive
body to lose one-half of its radioactivity. This time is called the
“ half-life " period.

The table is taken by permission from F. Soddy’s monograph on
The Chemistry of the Radio Elements, in Findlay’s series. The time
periods given in connection with each substance represent the “.periods
of average life,” which are 1°45 times the half-life period. The nature
of the rays emitted by each product is also indicated.
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Uranium
(8 X 10Y years)

Uranium X
(35-5 days)

Ionium
(5X 10* to 106
years?)

Radium
(2,500 years)

Emanation
(8.57 days)

Radium A
(4.3 minutes)

Radium B
(38.5 minutes)

Radium C,
(28.x minutes)

Radium C,
(1.9 minutes)

Radium D
(24 years?)

Radium E
(7.25 days)

Radium F
(Polonium)
(202 days)

Radium G
(probably
lead)
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Radio-
actinium
(28.x days)

Actinium X
(15 days)

Emanation
(5.6 seconds)

Actinium A
(0.0029
second)

Actinium B
(52.1 minutes)

Actinium C,
(3.1ominutes)

Actinium D
(6.83 minutes)

Actinium E
(Unkuown)

~
Actinium O
)

{
O-»o o(
!

Actinium C, (?) \O..o,x

]
Q—bopuy
O

years?)
Mesothoriumx O
(7.9 years)
4
Mesothoriuma
(8.9 hours) O-“la “y
4
Radiothorium
(z.9x years?) O"O o
!
Thorium X -0 ¢
(5.35 days) O 0
Emanation
(76 seconds) éﬁo ok

[}
Thorium A
(0.203 second) O"‘O <

5‘3?:'«’3‘0”’ @-.o (%)
|

{
] Thorium B
(15 3r ’l:?l:rs) O_” @)

!
Thorium C
(79‘:flli‘rlmtesl) O =0
T C .
horium C,,
R (@ach

!
‘Thorium D
(4 5o :xlxlil:llxtes) Q"'I@ 4

Thorium E
(Unknown)

There are a number of gaps in the above table, indicating that
there are other products which have as yet remained undiscovered.
Further, it is now recognised that side-chain products have to be
anticipated ; that is, the production of two or more substances ap-
parently simultaneously from one parent substance. The theory which
was first advanced by Rutherford to account for the existence of radio-
activity and the relations of radioactive substances to one another, is
that the radioactive atom disintegrates or breaks down, emitting a ray
of some kind, and leaving a residue of smaller atomic weight which
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possesses properties differing from the parent substance. This residue
in its turn may disintegrate in a similar manner. It is evident that the
expulsion of an a particle causes a much greater decrease in the atomic
weight of the residue than the expulsxon of a B ray, since the ma-s of
an a particle is approximately six thousand times as great as that of an
electron. An adequate account of radioactivity in general cannot be
given within the compass of a few pages. A few typical examples of
the rate of radioactive change will be taken up later as illustrations of
chemical kinectics ; but for further details the reader must consult
Rutherford’s book on Radioactivily, or Soddy’s Znterpretation of Radium,
and Zke Chemistry of the Radio Elements, or Makower’s Radioactive
Substances.

As regards the significance of the phenomenon of radioactivity from
the standpoint of the structure of the atoms of the elements the most
interesting fact is the observation made by Ramsay and Soddy in 1903,
that radium emanation (which is a gas, and has been shown recently
by Ramsay and Gray to belong to the rare gas group under the name
niton) obtained from radium bromide gradually developed #Ze Zclinm
spectrum, giving the characteristic yellow line. This is the first instance
of the transmutation of the elements, and it shows that the electrical
grouping constituting the helium atom must have been present origin-
ally in the heavier radium atom. It is now known with considerable
certainty that the helium atom is simply an o particle which has lost its
(double) positive charge. Helium can therefore be formed at all those
stages at which a particles are emitted. Such evidence as this is, of
course, strongly in favour of an electrical corpuscular constitution of all
atoms, and this is borne out by the fact that radioactivity is not con-
fined to a few metals, but is—although to a much smaller degrce—a
sencral property of ordinary metals as well. In the same connection,
and cspecially with regard to Nicholson’s theory of the structure of the
atom, the recent discovery of Collie and Patterson (Journ. Chem. Soc.,
103, 419, 1913) of “the presence of neon in hydrogen after the passage
of an electric discharge through the latter at low pressures ” is of the
utmost importance. In this work all conceivable precautions were
taken to avoid any leakage of air into the apparatus. One of the final
forms of the apparatus consisted of a double-walled glass tube, the
discharge being passed through the 7zze7 tube which contained hydro-
gen, the outer tube being at a high vacuum. After continuous
sparking for some hours it was discovered that quitc appreciable
quantities of helium and ncon were present in the onfer tube, and
likewise a smaller amount of neon in the zzzer.  During the progress of
the sparking the greater bulk of the hydrogen itself had disappeared.
Although the authors are careful to avoid the expression of any views
regarding the mechanism of the production of these gases, the experi-
mental fact remains as an extremely suggestive one from the standpoint
of atomic structurc and transmutability of so-called *elementary ”
atoms,



CHAPTER 1II.

Distribution of molecules in space—Physical equilibrium—The continuity of the
liquid and gaseous states, from the kinetic standpoint—The solid (crystalline)
state—Distribution of atoms in space in crystals.

HavinG considered the actual existence of molecules, it is necessary to
go a little more closely into the question of how these distribute them-
selves in space under given conditions of temperature and pressure.
Although the subject will be treated in the piresent instance from the
standpoint of purely “ physical” equilibrium, it must not be forgotten
that “chemical ” effects, such as polymerisation of molecules on the one
hand, or dissociation on the other, enter in certain cases: and indeed
when we find that the system under consideration exhibits divergencles
in behaviour from what might be expected upon purely physical or
mechanical grounds, we are practically forced to conclude that the dis-
crepancies are due to more strictly “ chemical” change. It is, however,
of extreme importance to treat the problem—at least as far as we are
able—from the standpoint of moleculur mechanics, as has been done
to a large extent for gases and liquids in the so-called * theory of the
continuity of state ”.

The word “state ” refers to a somewhat arbitrary division of matter
in relation to a particular kind of molecular aggregation and orientation
under given conditions of temperature and pressure, such molecular
arrangements and relations being characterised by the presence or
absence of certain physical propertics. Each “state™ represents the
equilibrium distribution of the molecules forming the system. The fact,
that at onc and the same temperature two such different types of
equilibrium distribution, as that represented by a liquid and its saturated
vapour, exist, is sufficient to indicate that the attractive and repulsive
forces operating between molecules are by no means simple, and indeed
very little is known about it. We recognise three states of matter—
solid, liquid, and gaseous. With the general characteristics of these
states the reader is assumed to be familiar.

THE BEHAVIOUR OF GASEOUS SYSTEMS.

. We have already seen in the introductory chapter that the law of
Boyle (1662) and the law of Charles or Gay-Lussac (1808) may be
combined in the equation—

j)% = constant.

54
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The numerical value of the constant depends obviously upon the units
employed and the mass of gas considered. .The molecular weight of a
gas in grams we shall call the gram-molecule. The gram-molecule is
the same multiple of the actual weight of a molecule, or the gram-
molecule contains the same number of actual molecules for all substances
whose molecules are normal, that is molecules neither polymerised nor
dissociated. If we take the gram-molecule as our unit of mass and
restrict our consideration to gases whose molecules are normal, we know
by the hypothesis of Avogadro that the gram-molecule of any gas at a
given temperature and pressure must occupy one and the same volume.
Taking the gram-molecule as the unit of mass, it is usual to denote the
constant in the above expression by R; that is

4 "
Yd T = Rorpyv = RT.

It has been found that 1 gram-molecule of a gas at 273° absolute,
and at 1 atmosphere pressure occupies a volume of 22412 liters. Hence
the value of
pv _ 22:412 X 1 liter atmosphere

R = T 273 degree

or since 1 atmosphere = 1of dynes per square cm. approx., it follows
that

. ‘ dynes x c. cs.
1 liter atmosphere = 1000 x 109 Y,__C_m“.

) = 10" ergs.
Further 1 caloriec = 4°2 joules = 4°2 x 107 ergs,

so that employing the calorie instead of the liter atmosphere as the unit
of cnergy, we obtain for R the value of 198 approx.

The expression po = RT is known as “the gas law,” and is taken
as the criterion—or rather part of the criteria l—of a perfect gas. All
actual gases approximate more or less closcly to this ideal state, but none
obey the gas law absolutely. We shall consider the bebaviour of a few
actual gases in some detail.

If Boyle’s Law held rigidly for actual gases, then at constant tem-
perature the product pv ought to be constant whatsocver the value of .
‘That po is not quite independent of p, even for gases such as hydrogen,
nitrogen, oxygen, etc., is evident from the following data obtained by
Amagat (Annales de Chim. et de Phys. (6], 29, 68, 1893). For gaseous
substances such as ecthylene and carbon dioxide, which at ordinary
temperatures are much uecarer their “critical point” than the gases
above mentioned, the value of po varies very much with change in p

Values of pv for kydrogen and nitrogen.—[Note: The product 2
arbitrarily taken as unity under one atmosphere and at o° C.]

, \ -
1The remaining criterion of a perfect gas is that Joule’s Law s{%@%ﬁ
i I Chao” L)),

i.c. that the total energy shall be independent of the volume (cf. Vol.
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Hydrogen. Nitrogen.
pin t=0°C, t = 99°'25° pin t=0°C. t =199'5° C,
Atmospheres, (pv). (pv). Atmospheres. (pv). (pv).

I 1°0000 _ I 1'0000 —
100 1°0690 — 100 0'99I10 —
150 1°1030 I°4770 150 1°0085 18620
200 1°1380 15135 200 1°'0390 1°go55
400 1°2830 1°6590 400 1°2570 2°1325
6oo 14315 1'8040 600 1°5260 23840
8oo 15775 1°9490 8oo 1°7980 26400

1000 1°7200 2°0930 1000 2'0685 —

The following data refer to ethylene and carbon dioxide. The unit
value is arbitrarily assigned to the product pv when p is 1 atmo-
sphere and the temperature is 0° C. The values at this temperature are
not reproduced owing to the fact that this being below the “critical
temperature ” liquefaction takes place at the higher pressures, the
system becoming heterogeneous (liquid + vapour) thereby giving a dis-
continuous curve.

Ethylene (Gaseous). Carbon Dioxide (Gaseous).
pin 10° C. 106° C. pin 50° C. 100° C,
Atmospheres. (Pv). (pv). Atmospheres. (pv). (o).
1 — — 1 — —
50 0°4200 1'1920 50 0°9200 1*2065
100 0°3305 1°'0050 100 0°4910 1'0300
150 0°4590 0°g240 125 0°3950 0°9470
200 0°5850 0°g460 150 0°'4190 0-8780
300 0'8270 I'I330 200 0°5000 08145
400 1°0585 13560 400 0-8515 1°'0385
1000 2°3205 2+6425 600 1°1865 1°3655
1000 18140 1°9990

If ethylene obeyed the gas law pv = RT rigidly, the value of pz on
the above scale at 10° C. would have been 1'0366, at 100°% 1°3663.
Similarly, the pv for carbon dioxide would have been 1°1832 and 1-3663
at 50° and 100° respectively. The behaviour of the four substances,
hydrogen, nitrogen, ethylene, and carbon dioxide with respect to Boyle’s
Law is shown graphically on the accompanying diagrams (Figs. 10, 11,
12, and 13).

It will be observed that in no case is a horizontal line obtained such
as Boyle’s Law requires. Hydrogen alone throughout the temperature
range given shows a steady rise in the value of pv as p increases ; the
other gases show first a decrease in po to a minimum value followed by
a rise for still higher values of p. The divergencies from Boyle’s Law
are due to two causes, (1) the volume of the molecules themselves,
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though small compared with the total space occupied by the gas, is not
zero, and in many cases is by no means negligible; (2) there are forces
of attraction sometimes of considerable magnitude operating between
the molecules, These two effects in gencral oppose one another, and
which will predominate depends on the conditions (T and p) of the
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(E. H. Amagat, ibid.)

system, The two cffects referred to are taken account of, as we shall
see, by terms involving two constants @ and 4 in van der Waals’ equation
of state. The increase in p» with increasing p simply means that the
gas is not compressible enough, Ze. v does not decrease as much as it
would if the gas were perfect. The molecules themselves can only be
regarded as very slightly compressible compared with the actual system,
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gas or liquid, in which the molecules are present. In fact, if we were
able to compress a portion of matter sufficiently until the molecules
came into contact with one another, any further increase of pressure
would only have an infinitesimal effect upon the volume, and the pro-
duct pv would rapidly increase with increase in p. The other effect
mentioned, namely, the attraction between the molecules, has the op-
posite effect, that of making the gas too compressible (compared with the

ETHYLENE (Gas)

Py —

Y Y 1 3 [} A .

20 40 60 80 100 200 360

P metres Mercury.

Fia. 12,
(E. H. Amagat, Ann, Chim. ¢t de Physique [5], 370, 1881)s

perfect gas) by drawing the molecules together. Owing to this attrac-
tion, the value of po should diminish with increase in p. This is seen
to be the initial resultant effect in ordinary gases (with the exception of
hydrogen) up to certain pressure values, when the molecular-volume
correction term predominates and the gz values begin to rise. This
type of curve, in which a minimum is exhibited, may also be realised
in the case of hydrogen, provided we work at a temperature considerably
lower than that for which the data were quoted. This is considered in
a more quantitative manner later,
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BEHAVIOUR OF SyYSTEMs CONSISTING OF GAs AND LiqQuip.

So far we have only considered systems which are entirely gaseous.
It is well known, however, that und.r certain conditions a highly com-
pressed gas may become partially liquid, condensation going on zwitkout
increase of pressure but with great decrease of volume until the system
becomes homogeneous once more, being now entirely liquid. The
principle known as the continuity of state was first enunciated by
Andrews to apply to such phenomena. According to Andrews, there
is no essential difference between states of matter, the liquid and

CARBONIC ACID (GAs)
[Temp. limits 35'|°C-IOO°C.]
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Fic. 13,
(E. H. Amagat, Ann. Chim.-et de Physique [5], 22 370, 1881.)

gascous states being simply widely scparated stages in a continuous
serics of changes. Andrews was the first to investigate the conditions
under which a gas could or could not be liquefied. In this way he
introduced the concept of #ie critical state involving critical tempera-
ture, critical pressure, and critical volume. Andrews found experimentally
in the case of gases such as carbon dioxide, nitrous oxide, ammonia,
and ether vapour, that there existed a certain temperature—the critical
temperature—above which it was impossible to liquefy the gas, no
matter how great the pressure. The minimum pressure which was
just sufficient to cause the gas to liquefy at the critical temperature was



60 A SYSTEM OF PHYSICAL CHEMISTRY

called the critical pressure, and the volume of unit mass of the gas at
the critical temperature and pressure was called the critical volume.
The following table (taken partly from S. Young’s Stoickiometry,} partly
from P. Walden, Zeitsch. physik. Chem., vol. 66, 1909, and partly from
G. Rudorffy Annalen der Physik [4)], vol. 29, 1909) gives the values of
the critical temperature in degrees centigrade, the critical pressure in
atmospheres, and the critical density, that is the reciprocal of the critical
volume, for a few substances :—

Critical Temperature, Critical [ Critical Density
Substance, °C. Pressure, 1
te. pc (Atmos.). - {,‘c‘

Helium . . . — 2068 2°26 0°060
Neon . . { '(31‘:[:} - 218 — —
Argon . = 1174 (- 122°44) 506 0°509
Krypton . . - 025 54°2 0775
Xcnon? , . . + 166 582 1°'155
Hydrogen . . -238 13°4 to 15 0°043
Nitrogen . . — 146 35 0°239
Oxygen . . . ~1I9Q 508 0°4 to 065
Ethylene . . + I0°X 510 022 to 0°36
Carbon dioxide . 31°'5 729 0°464
Ammonia . . 130 115°6 0°239
Ether -. . . 1938 356 02625
Carbon tetrachloride 283°'15 44'97 0°5576
Isopentane . . 1878 32°92 0°2343
Benzene . . 288°5 4789 0'3045
Ethyl acetate . . 250°1 380 0'3077
LEthyl alcohol . 243°1 63°0 0°2755
Water . . . 360 105°5 0°'2078
Hydrochloric acid . 52 86to g6 | 0'61t00°462

A brief account of the methods whereby p., 2., and #, may be ob-
tained will be given later.

It will be evident from the foregoing discussion that the simple gas
law does not hold for actual gases or vapours. In the case of liquids
the law breaks down entirely. In view of the close connection between
the liquid and gaseous states other expressions have been proposed as
possessing a more general applicability, these being called * character-
istic equations,” or “ equations of state ”. - Before considering some of
these, however, it is convenient to consider still further some of the
experimental data upon pressure, volume, and temperature in the case
of carbon dioxide and isopentane, both liquid and gaseous.

1 Young has recently published the recalculated data upon the vapour pressures,
specific volumes, heats of vaporisation and critical constants of thirty pure substances
(mainly organic) (Proc. Roy. Dub. Soc., 12 [N.8.], 374-443, 1910).

% Patterson, Cripps, and Whytlaw-Gray, Proc. Roy. Soc., 86 A, 579, 1912,
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Amacat’s Data (/.c.) ON THE VARIATION OF pv WITH p ¥FOR CARBON
DioxiDE AT TEMPERATURES BELOW THE CRITICAL POINT.

p in Atmospheres, pvato® C, pvat 30°C,
I 1'0000 (arbitrary unit) —

50 0°'1050 07750

100 0°2020 0°.550

200 0°3850 0°4400

400 07280 0'7950

600 1°0495 11275

1000 16560 1'7480

|

At low pressures the system is entirely gaseous, at higher pressures
it becomes liquid. The product pv is not even approximately constant,
The accompanying diagram (Fig. 14) illustrates the relation of pv to
over the temperature range o°-258° C.

-~
— —
e ——

———— 258° -~

~
<> /37° /
~

[] 80 1000 150 200 250
P atmos.

Fic. 14.

If CO, were a perfect gas the diagram would consist of a series of
horizontal lines. :

Let us now look at the behaviour of the same substance from a
slightly different standpoint, namely, the variation of v itself with p at
a series of different temperatures. This was first done by Andrews, and
his curves are reproduced in ¥Fig. 15. Each line represents the relation
between p and v at a given temperature, such lines being known as the
isothermals of the system. The same mass of carbon dioxide is em-
ployed throughout. Consider the isothermal corresponding to the
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temperature 13°t° C. At low pressures the volume (A) is large. As
the pressure is increased the volume decrea:es nearly proportionally,
i.e. Boyle’s Law is very nearly obeyed. When a certain volume (B) is
reached partial liquefaction takes place and the pressure of the system
remains constant while the volume diminishes, the isothermal being
horizontal. This state of things holds good until the system has so
decreased in volume that it becomes entirely liquid at (C). To cause
any further decrease in v a large increase of pressure is required, so

95}
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60 |-
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so} 13:1°
Volume
ANDREWS' COp CURVE
Fia, 15.

that the isothermal becomes nearly vertical. At the temperatures
21°5° C. and 31°1° C. the same kind of behaviour is observed except
that at the higher temperatures the horizontal portion of the isothermal
(that part which corresponds to the simultaneous existence of liquid and
vapour) becomes rapidly shorter, and, in fact, at 32'5° there is no hori-
zontal portion at all, ze. the system does not liquefy. The critical
temperafure of CO, lies between 31°1° and 32°5°. At higher tempera-
tures, therefore, the system is homogeneous and gaseous, no matter
vhat pressure may be employed to compress the gas. The higher the
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temperature the more nearly do the isothermals approximate (conipare
the isothermal at 48°1°) to those which would be given by a perfect gas
(rectangular hyperbole). For the sake of comparison, Andrews in-
cludes the curves for air. At ordinary temperatures air approximates
fairly closely to the behaviour of a perfect gas, since the critical tem-
peratures of nitrogen and oxygen lie very much below room temperature.
To return to the case in which liquid and gas (¢.e. saturated vapour)
are in contact, the gradual change in the density of each phase with
temperature and the approximation of the phases to identity which is
realised at the critical point are apparent from the following results
obtained by Amagat (/c. 1893) in the case of carbon dioxide :—

t° Centigrade, Density of Liquid, Satﬁ:&ﬂt{lgﬁour. Pressusr;sg::rtcd by
o 0°914 0°096 34°3 atmos.
5 0°888 0’114 390
10 0'856 0°133 442
15 0814 0158 50°0
20 0°7€6 0'190 56°3 ,,
25 0°703 0°240 633
28 0659 0282 677
29 0630 0°303 €g2
30 0'598 0'334 707 »
30°5 0°574 0°356 75 9
3z 0°536 0°392 72°'3 0w
31°25 0°497 0°422 728
31°35 0°464 0°464 72°9 4

Hence critical temperature = 31°35%C.; critical pressure = 72°g atmospheres;

itical vol e
critical volume = 07464 c.C,

If the values of the densities of liquid and vapour are plotted
against lemperature, one obtains a closed curve of the shape shown in
Fig. 10.

If the mean value of the density of liquid and density of vapour at
each temperature be likewise plotted, it will te found that the points
lie on a straight line (Fig. 16, dotted line), so that if S,, denotes the
mean density at a temperature 4 it may be written in the form—

Sm = So + al.

This linear relation is known as the law of Cailletet and Mathias, or
the law of the rectilinear diameter. It holds fairly accurately for a-
number of substances, though it must not be regarded as being strictly
true in general. Thus for the case of isopentane, which has been most
thoroughly examined from the standpoint of the continuity of state by
S. Young (compare Young’s Stoichiometry), it has been found that a
more accurate relation is—

Sm= So + al+ ﬂfz.
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Determination of the Critical Constants t, p., ve—The critical
temperature and pressure may be obtained as follows: A bent tube
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containing some of the

liquid over mercury is placed in a heating bath

and the temperature gradually raised (Fig. 17). In the case of carbon
dioxide, Andrews (Z%il. Trans., Part I1., p. 575, 1869 ; bid., Part 11,

F16. 17.—(From Young’s
Stoichiometry.)

volume might be read

p- 421, 1876) gives the following description of
what takes place when the system consisting of
liquid CO, in contact with saturated CO, vapour
in a sealed tube, is gradually warmed to the
region of 31° C.: “ ... the surface of de-
marcation of the liquid and gas became fainter,
lost its curvature, 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 the entire mass.”
Andrews called the temperature at which these
phenomena appear the ““critical point”. The
critical temperature is therefore that at which
the surface of demarcation disappears, and this
may be obtained directly from the temperature
of the bath. Similarly from the difference in
level of the mercury in the two limbs, the critical
pressure may be read off directly. The critical’
off directly from the obscrved volume, but the

possibility of error is great because of the great compressibility of a
substance at its critical point, whereby any slight alteration of pressure
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has an enormous effect upon the volume. Young therefore recom-
mends, as the most trustworthy means of obtaining the critical volume,
the application of the law of Cailletet and Mathias, or rather the more
accurate relation—

which gives for the critical density S, the expression—

Se =S, + a(t; = ;) + B(t. - #)?
in which Se is 51mp1y -,

For further detalls of the experimental difficulties met with in the
determination of critical values the reader is referred to Young’s
Stoichiometry.

Young (Zeitsch. physik. Chem., 29, 223, 1899) has collected a large
amount of data in the case of isopentane, partly with the object of see-
ing how far the Cailletet-Mathias rule (S,, = S, + a#) holds good in
this case. A few of his values are reproduced below.

ISOPENTANE.
. Density of i
T ture Density of Mean Densit Mean Densit
(?ég?g;;; I.e,:'qs:u}éo (s zag:&z). tggscrsg? ¥ éalculat?:dl. Y
10 0°'6295 0'0016 0°3156 0°3152
50 0°5881 o-oo6o 0°2970 02970
100 0°5278 0°0203 0°2741 0°2743
150 0°4445 00583 0'2514 02516
170 0°'3914 0'0932 0°2423 0°2425
180 0°349% 0°1258 0°2378 0°2380
183 0°331L 0'1422 0°2366 02366
185 0°3142 0°1575 0°2353 0°2357
186 0'3028 . 0°'1677 0'2353 0°2352
187 02857 0°1834 0°2346 0°2348
187°¢ 0°2761 0°'Ig5T 0°2356 0°2346
critical . .
temp. 1878 —_ — — 0°234
X
Critical volume of 1 gram = o232 = 4°266 c.c.

James THoMsON’s EXTENSION OF ANDREWS' THEORY. OF THE
CoNTINUITY OF STATE (Proc. Roy. Soc., 20, 1, 1871).

The following is a brief account of Thomson’s theory as far as
possible in his own words. Andrews showed that the ordinary gaseous
and liquid states are only widely separated states of the same condition
of matter, and may be made to pass the one into the other by a course
of continuous physical changes representing nowhere any interruption
or breach of continuity. The saturated vapour pressure curve or
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“boiling point” curve comes to an end at the critical point. ‘Now,
it will be my [Thomson’ s] chief object in the present paper to state and
support a view which has occurred to me, according to which it appears
probable that, although there be a practical breach of continuity in
crossing the line of boiling points from liquid to gas or from gas to
liquid, there may exist in the nature of things, a theoretical continuity
across this breach having some real and true significance. This theo-
retical continuity from the ordinary liquid state to the ordinary gaseous
state must be supposed to be such as to have its various courses passing
through conditions of temperature pressure and volume in unstable
equilibrium for any fluid matter theoretically conceived as homo-
geneously distributed while passing through the intermediate conditions.

“It is first to be observed that the ordinary liquid state does not
necessarily cease abruptly at the line of boiling points, as it is well
known that liquids may, with due precautions, be heated considerably
beyond the boiling temperature for the pressure to which they are
exposed.” Referring to Andrews’ isothermals for CO;—the p and »
bemg the ordinates—Thomson pomts out that the system may still
remain liquid under conditions in which it should consist partly of
liquid and partly of vapour. Thus in the diagram (Fig. 18), the curve
GA, which shows the volumes of the /igxid under various pressures, does
not necessarily change abruptly into AC when the point A is reached,
but may extend continuously for some distance as is shown by the
dotted line AB. Analogous behaviour may be observed in the case of
the system when entirely gaseous, which decreases in volume as the
pressure increases, so that the line HC is followed. On reaching C
the system usually becomes partly liquid, that is, partial condensation
occurs, the system now following the line CA. Under certain condi-
tions, however, e.g. in the absence of condensation nuclei, the system
remains gaseous, even on being compressed beyond C, so that the line
HC continues unbroken to some point such as D, when in general
sudden (partial) condensation occurs and the pressure and volume of
the system corresponds to some point on CA.

Thomson considered that this idea of continuity might be extended
so that a curve such as CDEFBA represents the hypothetical relations
between p and o in place of the horizontal line AC. The part of the
curve DEFB has never been realised experimentally. In spite of this,
Thomson’s view has the great advantage that since it substitutes a
continuous curve in place of a discontinuous one, it renders possible the
application of an eguation which will reproduce the values of p and v
for the liquid as well as for the gaseous state. (It is, of course, im-
possible to get an analytical expression which will correspond to dis-
continuous curves such as ac/ually represent the relations between g and
v below the critical point.) Thomson discusses these hypothetical
isothermals as follows: ‘Let us suppose an indefinite number of curves
each for one constant temperature to be drawn. . . . Now we can see,
that as we pass from one curve to another in approaching toward the
critical point from the kigher temperatures, the tangent to the curve at
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the steepest point or point of inflexionis rotatmg [compare the curves for
CO,, Fig. 15, at the temperatures 48:1°% 35°5°, and 32°5° respectively],
so that its inclination to the plane of the co- ordmate axes for pressure
and temperature increases until at the critical point it becomes a right
angle. Then it appears very natural to suppose that in proceeding
onwards past the critical point to curves successively for lower and
lower temperatures, the tangent at the point of inflection will continue
its rotation, and the angle of its inclination, which before was acute, would
now become obtuse. It seems much more natural to make such a sup-

%
LS
5
3
X
R,
F
Volume
Fic. 18,
The dotted lines indicate on this CO, diagram Thomson’s hypothetical
isothermals.

position as this than to suppose that in passing the critical point from
higher into lower temperatures, the curved line should break itself
asunder and should come to have a part of its conceivable continuous
course absolutely deficient. It thus seems natural to suppose that in
some sense there is continuity in each of the successive curves, such as
those drawn in the accompanying diagram as dotted curves uniting
continuously the curves for the ordinary gaseous state with those for
the ordinary liquid state.”

Thomson says further: “The overhanging part of the curve from
E to F seems to represent a state in which there would be some kind of
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unstable equilibrium; and so, although the curve there appears to have
some important theoretical significance, yet the states represented by
its various points would be unattainable throughout any ordinary mass
of the fluid. It seems to represent conditions of co-existent tempera-
ture, pressure, and volume, in which, if all parts of a mass of fluid were
placed, it would be in equilibrium, but out of which it would be led to
rush partly into the rarer state of gas and partly into the denser state of
liquid by the slightest mequahty of temperature or of density in any part
relatively to other parts.”

ANALYTICAL EXPRESSIONS (“EQUATIONS OF STATE”) PROPOSED TO
REPRODUCE THE BEHAVIOUR OF (GAs AND LIQUID SYSTEMS.

1. Tue EqQuaTiON or RaMsay AND YOUNG.

This expression applies only to the case in which the volume of the
system is kept constant. ‘'The expression which gives a relation between
the temperature and pressure under this condition may be written thus—

p=krl-c¢
where p is the pressure exerted by the system,! Z and ¢ are constants to

be determined by experiment, and T the absolute temperature. The
relation may be expressed more generally thus—

2 =Tf(v) - F(v)
where f and F are different functions of the volume. If o is kept
constant, f(v) and F(v) are necessarily constants.

It will be seen that this equation is really a substitute for the Gay-
Lussac expression (which states that p = #T when v is constant in the
case of a perfect gas), the modification being the introduction of the
term ¢. It is not, however (in the first form given), at the same time
a substitute for Boyle’s Law, so that the Ramsay and Young equation is
necessarily limited in application, the constants 2 and ¢, for example,
being only constant (by definition) as long as the system is kept at
constant volume. For different volumes different numerical values
must be assigned to 2 and ¢. Amagat (Compt. Rend., 94, 847, 1882)
found that the relation held accurately for CO,and C;H, for the gaseous
state, but only approximately so for the liquid state. Ramsay and
Young, on the other hand (P4 Mag. (5], 23, 435, 1887), found that
the expression held good for ethyl ether for the liquid as well as for the
gaseous state. Barnes came to the same conclusion, and Ramsay and
Young showed further that the relation holds approximately for methyl,
ethyl, and propyl alcohols, but that considerable discrepancies are ob-
served in the case of water (see Ramsayand Young, Pkil. Mag., August,
1887 ; Phil. Trans., A, 137, 1889; Phil. Trans., A, 107, 1892). To
show the applicability of the equation, we may take some of the data
given by Ramsay and Young (2% Mag. [5], 23, 435, 1887) in the

! The system considered must necessarily be homogeneous, either entirely liquid
or entirely gaseous. This is true for all the *‘ equations of state .,
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case of ethyl ether. If the expression holds true, the pressure ought to
be a linear function of the absolute temperature, the volume being
kept constant. The diagram (Fig. 19) shows a number of the isochores
thus obtained. An isochore is a curve on a p7# diagram, the pressure
and temperature being variable, the volume invariable. It will be
observed that the curves are very nearly straight lines.

Another method of investigating the equation is to calculate the
constants for any given volume. If we differentiate the expression with

regard to T, we obtain—
ap
(@) ~*

ISOCHORES FOR ETHER,

‘-
.95¢ e
54,000mm. \ 3 5¢¢*
g
>
%
Q /
& Z
/// e
10,000mm. T -
W7 Temperature 4%
Critical
Temp
Fia. 19.

The Ramsay-Young Law. Isochores are practically straight lines, The dotted
line AB represents saturated vapour pressures at various temperatures. To the left
of this the system is liquid (small values of v) ; to the right the system is gaseous.
The critical temperature marks the superior limit of the saturated vapour-liquid
curve. The isochores are equally straight in liquid and vapour states, i.e. the
Ramsay-Young Law applies to both states,

0y . . .
The value of a% is simply the tangent to the p# curve at any given tem-

perature, and may thus be read graphically provided the data refer to
constant volume. By substituting the value of % in the expression

= AT - ¢ for any two values of T and p (the volume being the same
for both), one can solve for «. Having thus obtained % and ¢ (cor-
responding to a given volume), values of p at other temperatures, but
keeping the volume the same, may be calculated and compared with
those observed. Other volumes may now be selected, and the cor-
responding % and ¢ values obtained. By procedure such as this it is
possible to see what are the limits of applicability of the law. The
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following table contains some of the data obtained by Ramsay and
Young (/¢.) in the case of ether :—

ETHER AT 197°C,, 7. A FEW DEGREES ABOVE THE CRITICAL

PoinT.
Volume of 1 gram, m,,l,). ’fjﬁ':,éﬁ,,, Prels{s.u:sdc;.lcgl;&gtgithe
33°17 10108 10055
3807 8972 8965
47'84 7312 7320
57°59 6166 6130
77°05 4718 4735
8675 4219 4220
96°44 3820 3820

A more thorough investigation of the equation was undertaken by
S. Young (Zeitsch. physik. Chem., 29, 223, 1899) in the case of isopen-
. d,
tane. The following values of 2 = <ZZ£1_> are taken from the very ex-
v
tended tables given by Young.
(@) Volume of the system = 40 c.c., this being kept constant

throughout the temperature range.

Temperature, k= (ﬁ’) . Temperature, k= (fif) .
Centigrade. “\dT /v Centigrade. “\dT /v
187°8 (critical) 405 210 443
190 418 220 439
195 428 230 462
200 434 240 446
205 430
() Volume of system = 50 c.c.
Temperature, _ (4. Temperature, apy
Cen;t)igrade. k= (rl ‘)v Cenfigradc. k= (-T)v
100 21°5 160 20°0
110 21°0 170 19°5
120 21°0 180 185
130 205 200 19°25
140 19°5 220 19°25
150 : 19°5
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(©) Volume of system = 3000 c.c.

Temperature, k= (f_il’) . Temperature, k= (Liﬁ) .
Centigrade. dT Jv Centigrade. T/v
30 31 70 28
40 31 8o 3I
50 29 90 32

6o 27 100 29

daT
pletely constant. For volumes less than 4'6 c.c. the values of % in-
crease with rising temperature, whilst at greater volumes the values
decrease. At still greater volumes they appear to be constant.”
The general conclusion is that the Ramsay and Young equation is
very nearly but not quite in agreement with the actual behaviour of
liquid and gas systems.

d .
Young says, “ The values of (i) are approximately but not com-
v

II. Tue EQUATION oF VAN DER WaarLs.!

This expression is wider in its scope than the first-quoted form of
the Ramsay and Young equation in that it is proposed as a substitute
for the entire *‘ perfect gas” law po = RT, and is to be applicable to
actual gases and liquids.

It is written thus—

a
(p + 772>(w - 5) = RT,
where a and & are regarded as constants characteristic of a given
substance, but independent of temperature and volume, 2 v, R, T,
have their usual significance. The above expression differs from the

. . . . a
perfect gas law in that it contains two correction terms, 7 and 4. The

a . . .
term 7 1s introduced to take account of the attractive forces between

the molecules.? These forces are extremely great when the system is
liquid, and although decreasing rapidly with temperature rise and rare-
faction are still not negligible until the system is well above the critical
point. The perfect gas law p» = RT assumes, of course, that there
are no such cokesive forces operating between the molecules. In the

t]J. D. van der Waals, Dissertation, Leyden, 1873; Die Kontinuitit des
gasformigen und fliissigen Zustands, Teile I. u. II., Leipzig, 1899. There is also
an English translation of the German edition of 1881 in the Physical Society
Memoirs.

21t will be remembered that in the introductory chapter it has been shown that
the van der Waals equation assumes the law of attraction to be the inverse fourth
power of the distance between the molecules.
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interior of actual gases, vapours, and liquids, the cohesive forces which
exist, say, upon a single molecule are mutually destructive because they
are on the average exerted in all directions simultaneously. The ex-
_istence of cohesion is shown when we consider a molecule near or at
the surface. A molecule passing through the surface layer is retarded
by the backwardly directed pull exerted upon it by the more interior
molecules of the liquid, 7.e. its impact, and therefore the pressure exerted
by it is lessened owing to the cohesive forces. If such an imperfect
gas or vapour exerts a pressure p against the walls of the containing
vessel, the pressure which would be exerted by it if it obeyed Boyle’s
Law would be greater by a certain quantity m, 7.e. the perfect gas under
the same conditions would exert a pressure (p + ). Van der Waals
writes = = v—‘;. His reason for doing so is roughly as follows. The
attractive or cohesive force between two volume elements of liquid is
proportional to the product of the masses of each element, that is, is
proportional to the product of the densities, or if the elements are
similar, is proportional to the square of the density, and therefore
. 4
proportional to —;2, since v varies inversely as the density. Assuming
the proportionality factor to be a constant a—which depends of course
on the chemical nature of the liquid, vapour, or gas considered, but is
assumed to be independent of the temperature and volume of the
system—we can write—

. a
cohesive force = —,
7

and hence the true pressure which ought to be exerted by the system
is (p + 52>, where p is the acfual pressure observed.!

Again, it is clear that in the actual case the molecules of a system
must occupy some space. Hence if a gas be compressed to a high
degree, the actual volume v may no longer be great compared with the
least possible volume which would be reached when the molecules were
made to touch. This limiting volume is denoted by )—van der Waals
has shown that 4 is four times the actual effective volume of the mole-
cules.2  The compressible volume, 7.e. the FREE space is thus (v — &), and

1 The train of reasoning followed in the above paragraph in finding a basis for
van der Waals’ use of the square of the density may perhaps lead to a misunder-
standing. The attraction between two molecules in all probability does not depend
on the product of the masses of the molecules. We have already seen in Chap. I.’
that the attraction is essentially electrostatic and will therefore depend upon the
charge carried by each doublet. The magnitude of the cohesion » will depend on
the degree of packing of the molecules, that is upon their number in unit volume,
It is this number which is proportional to the density, and it is in this way that the
square of the density enters into the expression. Naturally as the number of mole-
cules in a given volume element is increased the mass necessarily increases, but it
is number of molecules and not their mass which is significant for molecular
cohesion.

2 See footnote to p. 13.
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this is the quantity which should appear in any modified form of Boyle’s
Law, for this law does not take account of any volume occupied by the
molecules themselves. [It is more than likely that the law governing
the actual compressibility of the molecules themselves is entirely
different from a simple one such as that of Boyle.] When we allow,
therefore, for the simultaneous modification of the pressure and volume
terms, the corrected expression, put in the shape of a “ Boyle's Law,”

takes the form—
a
(p + ;}-—2>(7} ~b) =4

Now, if we simply make the assumption that the terms <p + 7%)

and (v — ) should replace p and 7 in the general gas equation, we
obtain—

(2+ 2)o -0 -

The above deduction of van der Waals’ equation serves only to
show the reasonableness of the modifications introduced. Van der
Waals himself followed a more rigid method, starting from the Clausius
virial.l

Van der Waals’ expression is a cubic equation in 9, as is seen when
it is rewritten in the form—

73 - <b+£{—1‘>2+qv—-ﬁé=o.
? 2 2

The equation has therefore three roots, 7.e. three values of v for
any given p and T, and further, all three roots may be real, or one real
and two imaginary. The expression is therefore the equation of curves
such as those shown in the diagram, Fig. zo.

When the roots are real and different, three different values for »
(for a given p and T) are shown by the points A, B, and C, in curve 1
on the pv diagram. When the p and T values are such that the three
roots are real and identical, the curve given by the equatlon is repre-
sented by II. When there is one real root and two imaginary, the
curve has the shape represented by III. The resemblance between
these curves and those suggested by James Thomson for the isothermals
below, at, and above the critical point is very striking. The van der
Waals equation carries out therefore this conception of the continuity
of the liquid and gaseous states. It may also be pointed out that the
equation predicts a similar continuity for the solid and liquid states,
though in view of Tammann’s work ? this is very doubtful. It cannot
be too strongly emphasised that the van der Waals equation applies

1The reader should consult van der Waals’ monograph or Kuenen's Die
Zustandsgleichung, in the ** Wissenschaft series,

2See G. Tammann’'s book Krystallisieren und Schmelzen ; see also Chwolson,
Lehrbuch der Physik, vol. iii. pp. 583-4.
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only to a Aomogeneous system, 7.e. a system entirely liquid or entirely
gaseous. It cannot be applied directly to the case of liquid in contact
with saturated vapour, as this system is heterogencous, 7.e. two-phase.
To make it apply to the passage from gas to liquid, or vice versd, we
have to imagine the change to be continuous, that is, we have to
imagine that, instead of the pressure remaining constant until lique-
faction or vaporisation is complete, the pressure follows the curve

AEBFC,

VAN DER WaALS ISOTHERMALS.

Fia. 20.

CALCULATION OF THE CRriTicAL CONSTANTS WITH THE AID OF
VAN DER WaaLs' EQUATION.

Zirst Method.—At the critical point the three roots of the equation
are identical, 7.e. there is only one value for », namely, the critical
volume v,, which will satisfy the equation when the pressure and tem-
perature have the critical values 2, and T,. As already mentioned, 7.,
2, and T, are the critical constants of the substance under examination,
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It is possible to express them in terms of the van der Waals constants
a and 4 in the following way :—
A cubic equation in 2 which possesses three identical roots may be
written in the form—
) R (v - %)3 =0
where v, is the root of the equation.
This expression when expanded in the ordinary way becomes—
?* - 30,0 + 3020 - v} = o
van der Waals’ equation for the critical point being—
RT b
7}3—<b+ °>v?+?7)—a—c-=o
2e ? ?
Now equating the coefficients of like powers of » in the two equations,!
one obtains

30, =0 + B[gf . . . . (1)

302 = ;—c . . . . . (2)
s

U, 0 . . . . . (3)

From these equations one can obtain the following values for ., g,
and T,, namely :(—

v, = 30
_ e
.pc - 27&2
. 8 a
'IC= ;‘7" . _R_b
RT, 8
= - = 267,
and also e 3 7

If one determines, therefore, by experiment the pressures and
volumes at various temperatures of the homogeneous liquid or gas, one
can calculate @ and 4 in the equation of state, and from these values
the values of v, p., and T, or vice versd, a and & may be calculated by
the above relations from the critical constants themselves.

Second Method.—The points E and F (Fig. zo) on the van der
Waals isothermals below the critical point represent minima and
maxima respectively. That is, at the point E the curve is such that

2

g-é = o, and g——v[; is positive. (Note that partial differentials are em-

ployed to denote that the temperature is constant.) Again, for the
. . 0% . .

point F the curve is such that 2—7’—; = o, and B—vpz is negative. At the

1 See, for example, Hall and Knights' Algebra, Chap. 35.
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critical temperature the points E and F coalesce. Hence for the

critical isothermal we have the relations %—Z = o, and D—% = o. (Note

2
that gjz = o, means that the tangent to the curve at the point of in-
flexion is horizontal.!) On rewriting van der Waals’ equation in the
form

RT a
2= 7
one obtains on differentiating with respect to v, keeping T constant—
Y _ - RL z
v (v-20)7 o
Further differentiation gives—

Hence at the critical point the following relations hold :—
- RT, 2a 2RT, 6a

—— + —_— = an - —

(vc - 5)2 3 ( c b)J ‘vc‘i
Dividing one expression by the other we obtain—

3(vc ~- &) = 3v.
or v, = 30 as before.

= Q.

The values for g, and T, follow from this and take the form already
given. This second method of examination has the advantage of being
more general than the first, and is directly applicable to other equations
of state.

CONNECTION BETWEEN VAN DER WaALs' EQUATION AND THE
EquaTion oF Ramsay AND YOUNG.

If we consider a homogeneous system—say a gas—which is kept
at constant volume whilst undergoing pressure changes due to changes
in temperature, the equation of van der Waals may be simplified thus.

The term g'i is now a constant, and may be denoted by ¢; (v — &) can

also be regarded as a constant, say ¢, so that the equation becomes—

(# + ¢)ey = RT
or, denoting ? by 4,
1
PH+c= £ET
or p=Fl —-¢

1 At higher temperatures there is still a point of inflexion, but %_j" is no longer

zero. Finally, at still higher temperatures the inflexion vanishes.
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which is the Ramsay-Young equation. The van der Waals equation
will therefore give rise to the same type of isochores as those given by
the Ramsay-Young expression. The connection between the equations
may also be observed if we write the Ramsay-Young expression in the
form—

2 =Tf(2) - F(o)
and the van der Waals expression in the form—

RT a
J’=v—b—?2'

They are identical on the assumption that—

R a
f(v) = by and F(o) = o
Van der Waals equation is therefore a special case of the general Ramsay-
Young equation for systems at constant volume.

APPLICATION OF VAN DER WAALS’ EQUATION TO SOME ACTUAL CASES.

Van der Waals’ himself gives the following calculations based on
Andrews’ data for carbon dioxide. The object is to see if a and & are
really constant. The two terms occur, of course, simultaneously, and if
there be variation in one it will not be possible to eliminate the effect
from the other. Employing the same units for p and v as those of
Andrews, van der Waals has calculated @ to be 0008704 for CO, gas.
Taking this to be correct, the following table indicates the values of 4
calculated from the equation in the case of COy:—

Temperature 13°1° C, Temperature 21°5° C.

v, b. v b.
CO, 0°013764 0°00242 0°016044 0°00241
entirely {o'or 3036 0°00234 — —_
gaseous (0012933 0°002399 — —

00022647 0°001663 0'002935 0°001924
CO, 0°0022234 0°001643 00024526 0'001734
entirely< 0°'0021822 0001627 0°0024288 0°00I719Q
liquid | 0'0020937 0°001585 - —

0°0020527 0°001565 —— . —_

Temperature 35'5° C. (above the critical point. System therefore
entirely gaseous).
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v. b. v, b.
0°01367 0'0025 0°007016 0°0025
0012716 00025 0'00496 0°00234
0°01173 0'0027 0°0032I 0°0020
0'0106 00025 0°003026 0°001Q5
0°00955 0°00244 0°00275 0°00134
0°00837 0'00254 0°002629 0001798

It will be seen from the above data that & is 7zo¢ constant. It de-
creases as v decreases, perhaps due to a slight compressibility on the p.rt
of the molecules themselves, though this can hardly be regarded as the
whole cause. There is evidence also—although not shown clearly by
the data quoted—that & increases slightly with rise in temperature. The
data show, however, that on the whole the equation expresses with con-
siderable approximation the behaviour of gaseous and liquid systems.
The degree of applicability will be more clearly realised when it is
remembered that although the term a/v? which is the cohesive or
“internal ”—or “intrinsic”—or ‘“ molecular ”—pressure term, varies from
a few atmospheres in the gaseous state to over rooo atmospheres® for
the liquid state in the case of carbon dioxide, yet the value of & varies
within moderate limits.

It will be of interest to see how far the equation applies to another
case, namely, ethylene. From the values of 7, ., and T, experimentally
obtained, van der Waals calculated @ to be 0'00786 and 4 to be o0'0c0224.
Assuming these to be constants, the following values of the products
(pv) were calculated by Baynes (NVazure, 22, 186, 1880) :—

ETHYLENE AT 20° C.

p in Atmospheres. (pv) Obs:rved by Amagat. (%t::)rcwal::}:'teéiqf::tr?oxn

1 1000 (in arbitrary units) 1000
31'58 914 ” ” 895
72°9 416 " ” 387
84°16 399 » ”" 392
110°5 454 ” ” 456
176°01 643 ” . 642
233°58 807 " " 803
282°21 041 ’ ’s 940
329°'14 1067 . ' 1067
39871 1243 ” " 1254

TAPPROXIMATE VALUES OF THE INTERNAL PRESSURE OF LiIQuips.

The following are the values obtained by van der Waals in the case of a few
liguids at o° C. approximately :—
Ethyl ether, 1300 atmospheres.
Ethyl alcohol, 2100 v
Carbon disulphide, 2900 atmospheres.
Water, 10,500 atmospheres.
For further values, see a paper by W. C. McC. Lewis, Trans. Faraday Soc., 1911.
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The two columns of figures agree fairly well. A more complete ex-
amination of the equation has shown, however, that in no case can a or
& be regarded as absolutely constant, and hence, although the van der
Waals equa:ion gives an approximate solution, it is recognised that its
applicability is not rigid. These conclusions appear more clearly from
considerations such as the following :—

ComparIsON OF THE Ratio oF RT 10 pv AT THE CRiTiCAL POINT
AS GIVEN BY THE EQUATION AND THAT ACTUALLY OBSERVED.

If one substitutes in the ratio B—T the values of the critical constants

cYc

Po ve and T, as given by the van der Waals equation, it is found that
the ratio simply reduces to the quantity § or 2'67, which should there-
fore be the same for a// substances. It will be seen that the above ratio
is identical with the ratio between the value of pov for a perfect gas
(since thisis RT) and the value of pv for an actualgas. (In other words,
2:67 is the ratio of the density of a gas obeying van der Waals’ (quation
to that of a perfect gas at the same (critical) temperature and pressure.)

The following data (selected mainly from S. Young’s paper, Zroc.
Roy. Dub. Soc., 12, 374, 1910) show the experimentally determined

4

values of the ratio for a number of substances :—

P cvc

RT,

Substance. Pove
Helium . . . . . . . . . . . 313!
Argon . . . . . . . . . . . 32831
Xenon . . . . . . . . . . . 36052
Oxygen . . . . . . . . . . . 33468

Ethylene . . . . . . . . . . 342
n. pentane . . . . . . . . . . 3766
n. hexane . . . . . . . . . . 3831
1. heptane . . . . . . . . . . 3854
n. octane . . . . . . : . . . "3'86s
Isopentane . . .o . . . . . . 3735
Hexamethylene . . . . . . . . . 3'706
Benzene . . . . . . . . . . 3755
Fluorobenzene . . . . . . . . . 3796
Chlorobenzene . . . . . . . . . 3776
Bromobenzene . . . . . . . . . 3809
Iodobenzene . . . . . . . . . . 3780
Carbon tetrachloride . . . . . . . . 36%
Zinc chloride . . . . . . . . . . 3740
Ethyl ether . . . . . . . . 3813
Methyl formate . . . . . . . . 3'022
Ethyl formate . . . . . . . . 3895
Methyl acetate . . . . . . . . . 3°043
Ethyl acetate . . . 3°049
Methy! butyrate . . 3°903

! Onnes, Proc. Roy. Acad. Amsterdam, 1911,
2 Patterson, Cripps, and R, Whytlaw-Gray, Proc. Roy. Soc., A, 86, 579, 1912,
8 Onnes, Proc. Roy. Acad. Amsterdam, 1911,
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RTe

Substance, . 5:;;: )
Carbon dioxide . . . . . . . . . 3'620
Sulphur dioxide . . . . . + . . . 3830

“ Abnormal Substances.”

Methyl alcohol . . . . . . . . . 4°559
Ethyl alcohol . . . . . . . . . . 4026
Propyl alcohol . . . . . e . . . 3908
Aceticacid . . . . . . . . . . 4°992

ft will be observed that the experimentally found value for the ratio

RT..

——*is nearly a constant for a large number of substances as van der
cYe

Waals’ equation predicts, but the actual numerical value 1s approximately

4 times as great as the theoretical value (2'67). This is of course a
very serious dlscrepancy, and up to the present no satisfactory explana-
tion of it is forthcoming. It may be pointed out that the mean experi-
mental value indicates that the actual density for the above ¢normal”
substances at their critical points is approxxmately 3°7 times the density
of a perfect gas. Note that the monatomic gases, argon and xenon—
which from their simple structure might be expected to approximate
most closely to van der Waals’ equation—show much the same discrep-
ancy as other substances whose molecules are much more complex.

BeEHAVIOUR OF MATTER AT EXTREMELY HIGH PRESSURES.

According to van der Waals’ equation the critical volume ., = 34 o1

b= g;_c If a substance be compressed a limit is theoretically reachec

. v

when the volume becomes equal to 4, that is, to —. It has been found,
however, that in the actual cases the limiting volume is approximately
ve . . . . . )
=, ie. matter is more compressible than is predicted by the equation

This ¢ found ” limit is obtained by extrapolation of the Cailletet-Mathias
mean density line to the temperature T = o° absolute, at which point
the density of the vapour is zero and the actual density of the liquid is
double the value given by the mean density line. In this way Guldberg,
and later D. Berthelot (Archives Néerlandaises (2), 5, 446, 1900) founc
the following values for the limiting specific volumes of various sub.
stances i—

O, Clg COq SO, CH,
02787, 02827, 0°2697, 0°2437, 0°2437,
CCl, C.H,,0 CeHj
0'2607, 0°2557, 0'2587,

The mean of these values is ("267,, the value given by van der Waals
equation being 0'33v..
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ACCURATE DETERMINATION OF MOLECULAR WEIGHTS oF (GASES.

Berthelot (compare Kuenen, Die Zustandsgleichung (Wissenschaft Series)), has
modified van der Waals’ equation somewhat, and has employed the resulting expres-
sion in place of the perfect gas law in order to determine with a high degree of
accuracy the molecular weights of gases from density determinations. The method
is discussed in a number of papers in the Fournal de chimie physique.

THE VARIATION OF THE PRODUCT pv WITH p FROM THE STANDPOINT
OF VAN DER WaaLs’ EQUATION.

In the diagrams (Figs. 1o to 14) it has been shown that the isother-
mal variation of the product po with p passes through a minimum, ex-
cept in the case of hydrogen, at ordinary temperatures. The position
of the minimum alters with the temperature, a series of such minima in
the case of CO; being represented in Fig. 14 by the longer dotted line.
It will be observed that this is parabolic in shape, and may be extra-
polated on the upper side until it cuts the pv axis. This simply means
that at and above a certain temperature the isothermal o, p curves on
the diagram will be similar to those of hydrogen at ordinary tempera-
tures, since the minimum is now shifted over to the axis. Let us con-
sider this state of things, namely, that the system is just at the temperature
at which the minimum point is on the gz axis. For any of the minimum
points indicated by the dotted line (Fig. 14) the following relation
necessarily holds :—

o(p7)
o T°
Now, according to van der Waals—
RT a
2= v -6 o
RTz a
d th f = - -
an eretore pv pray Sl
Hence
pr) [RT(w -6 - 1) + 2 2w { - ORT _a_}b_q
p (v - 0)? v Jop (v =062 02y

It is not necessary to work out the expression for g-z—) It is clear

that it will have a real value, not zero. The above expression for

Dg{; v) will, therefore, be zero, 7.e. there will be a minimum point on the

curve when—
_ e
(v 2&) _ ¢ RT.
v a
This relation holds good as a criterion of any of the minima. Now

consider the special case of the minimum point being just on the po
VOL. L 6
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axis. Suppose the temperature is T,. Since p = o, v = . Hence
the above relation becomes—

PRT, = 1, or RT, =

(TR

Now if we write ¢ and 4 in terms of the critical temperature of the gas,
we have the following equations :—

8

™R

and therefore—
T, = %T; = 3:375T

According to van der Waals’ equation, therefore, the temperature,
at which the minimum value of pv on the (p2)p sets of curves is found
just on the pv axis, should be 3°375 times the critical temperature of
the gas—no matter what the gas may be. Let us compare this with
experiment. Employing the data of Amagat in the case of CO,, the
value for T is found to be 636° C., or gog° abs., whilst the critical
temperature is 304° abs. The ratio is 2'98. Other gases have been
examined (Leduc and Sacerdote, Compt. Rend., 124, 285, 1897%), and
the ratio in these cases is also approximately 2°98. We sec once more,
therefore, that the van der Waals’ equation, whilst correctly predicting
the general behaviour and relations, breaks down in the quantitative
conclusions.

THE PRINCIPLE OF CORRESPONDING STATES.

, Consider the van der Waals’ equation—
(p + 5"5)(@ _§) =RT

for any given homogeneous substance—either liquid or gas. Let us
express the p, 9, and T as multiples or submultiples of the critical
values g, 7;, and T ; that is, let us write—

The actual pressure p as mp;
. volume » sy DU
’ temperature T ,, 6T,.

Substituting these values in the above equation, we obtain—

a

(m + W)(gbvc - ) = ROT..

If we write now the values of a, 4, and R likewise in terms of the
critical constants (p. 75), the equation takes the form—

3]’:”02 _ e\ _ 8 pev.
(me + 3555 (90 = §) = 355 o
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which reduces to
(m+ 2)6s - 0 =86

an expression which does not contain the characteristic constants a or &
for any particular substance. This equation, written in conformity w.th
the recommendations of the ¢ International Commission” takes the
form—

' (p, + 5‘7’3)(30, - 1) = 8T,

This equation is known as the reduced equation of state, and should apply
equally to all substances. In other words, if we consider any two sub-
stances whatsoever, either in the liquid or in the gaseous form, and
suppose that we choose the temperature of each substance so that each
temperature is the same fraction of the respective critical temperature,
and if we bring the pressure of each substance to the same fraction of
the respective critical pressure, then it will be found that the volume of
each substance is the same fraction of the respective critical volume
for each.

When the pressures exerted by any two substances are the same
fraction of the respective critical pressures, the substances are said to
be at corresponding pressures. An analogous definition holds for the
terms corresponding temperature and corresponding wolume. When any
two of the variables g, », T are fixed for a series of substances in such
a way that the values are corresponding values, then, as shown above,
the third variable will also be found to correspond for the various
substances, and the substances are said to be in corresponding states.

We may now consider some experimental data collected by S. Young
for the purpose of investigating this principle. The systems were
selected so that the ratio = or g, of the actual pressures of the various
substances to the respective critical pressures is the same for all, and
has the value 0'08846. At the same time, the temperatures were chosen
so that the ratio 8 or T, of the absolute temperatures to the respective
critical temperatures was the same for all, namely, 073 to o'74. The
following table shows the value of ¢ or v, the ratio of the actual
specific volumes to the respective critical volumes. The substances are
all examined under corresponding conditions with respect to temperature
and pressure, and, therefore, if the principle of corresponding states is
true, the observed volumes should likewise be at corresponding values,
i.e. vy should be the same for all. It will be observed that the tempera-
tures and pressures happen to be so chosen that the substances can
exist both in the liquid and in the vapour state. There are, therefore,
two series of specific volumes to be taken into account, namely, ?quid
and v, corresponding to the end points of the horizontal line in the
pv diagram. According as we consider the homogeneous liquid or
homogeneous gaseous state, there is a different numerical value to be
assigned to the ratio of the actual to the critical volume for such sub-
stance. There are, therefore, two columns of figuresin the table. The

6 *
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principle of corresponding states would, however, lead us to expect that
if we compare liquids throughout or gases throughout the values of
v should be the same for all substances, since each system has previ-
ously been brought to the same g, and T,.

SuBSTANCES IN CORRESPONDING STATES (data taken from portion of
table in Young’s Stoichiometry, p. 219).

Pr = 0°08846. T, = o073 t0 0'74.
Uye ¢ v
Substance. -ll%:“"‘d = vrl. —%—;—“ = vrg.
Benzene . . . 0°4065 28°3
Isopentane . . . 0°4085 277
n. Pentane . . . 0°40061 284
n. Hexane . . . 0°4055 29°'1
Fluorbenzene . . 0°4067 284
Chlorbenzene . . 04028 285
Carbon tetrachloride . 0°4078 27°45
Ethyl ether . . . 0°4030 28°3
Methyl formate . . 0°400I 29°3
Ethyl formate . . 04003 296
Ty = Methyl acetate . . 03989 30°15
077 | Acetic acid . . . 0°4100 25°4
ap- Methyl alcohol . . 0°3Q73 approx. 34°35
proxi- | Propyl alcohol . . 074002 30°85
mately. { Ethyl alcohol . . 0°4061 ,, 32'15

The principle of corresponding states is thus in agreement with
experience, although it is noticeable that the correspondence is better
the more clozely the substances are related chemically.

It is of importance to notice that the conclusion to which one has
come on the basis of the van der Waals’ equation in regard to the ex-
istence of corresponding states does not necessarily stand or fall with
the applicability or inapplicability of the equation itself. It is quite
conceivable that other equations would also predict the existence of
corresponding states. It will be done, in fact, by any equation con-
taining three constants, 7z.e. as many constants as there are variables,
p, T, and v. In van der Waals’ equation the three constants are a, 4,
and R. The principle of corresponding states would not be predicted
by an equation such as that of Clausius, which will be considered next,
since this contains four constants, @, 4, ¢, and R, unless some connection
exists between a pair of these constants themselves.

Two methods (due to Amagat and Raveau respectively) of testing
the reduced equation of state are given by Kuenen (Die Zustands-
gleichung, pp. 84-86), also Young’s Stoickiometry, pp. 215 seg. It has
been found that the equation corresponds very closely to experiment
in regions well above the critical point, but shows considerable dis-
crepancies in the neighbourhood of this point.
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I1II. THE EqQuaTiON oF CLAUSIUS.

- We have seen that the terms a and 4 in van der Waals’ formula are
not absolute constants, since they vary with temperature and volume.
Clausius ( Wied. Ann., 9, 337, 1880) suggested, therefore, that the term

a 1
(w+e)2 T
is assumed that the cohesive force varies inversely as the absolute tem-
perature. ¢ is a constant, characteristic of the substance under ex-
amination. The Clausius equation is, therefore—

{f’ i c')z}(” = RL

We now proceed to test the applicability of this equation.
By applying the usual criteria for the critical point, namely, that
2

a/v? should be replaced by the term In this expression it

%—5- = o, and —£ = o, one finds the relations—

v
- RT, . 2a .
@ - 02 T T+ op
2RT, 6a

e @ - o " T+ o -

From these one deduces the following values for the critical con-
stants :—

v, = 30 + 2¢
Peo 1 _1
RT, 84+c¢

2 8 a
T

It will be observed that the Clausius equations contain four constants,
a, b, ¢, and R. The principle of corresponding states (which is borne
out fairly completely by experience) requires, as we have seen, a t/ree-
constant formula. In order to be able to predict the principle of * cor-
respondence” from the Clausius equation it is necessary to assume that
¢ i1s a function of 4, and this function must be the same for all substances.

Thus, according to the principle, the expression RT, should be the
cUc

same for all substances. From the above relations it will be seen

that—

RT, 8(6+ ¢)
Peve 36+ 2¢’

and this can only be constant when & and ¢ are proportional to one
another. Thus, if ¢ = 45, then

RTc _ 8(I + k)
Ve 3+ 24
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where % is supposed to have the same value for all substances—a pure
assumption,

Further, let us apply Clausius’ equatlon to the po, p diagram. The
temperature which has been denoted by T,, namely, that at which the
minimum point of the po curve lies just on the po axis (fe. ¥ = oo,
2 = o), was defined according to the van der Waals equation by

the relation RT, = ‘—;. The Clausius equation gives the relation

RT12 = %. Substituting the values of @ and 4 obtained from the criti-

cal data, viz.—

2 8 a 8 a
Rl = v~ 5 ®
we obtain T12 e= 62 . 281( 1+ &),
or T, = Tc\/%?
1= 3 (1 + A).

Now, we saw by experiment that T, = 2°98T, on the average; and in
order to obtain this numerical relation from the above expression it is.
necessary to write £ = 1°631.
Employing this value for 4 we find that—
t-R——rI—‘-c = 8——-———————(1 + '9 = 3'36
Pve 3+ 2k
This value is nearer the actual mean experimental value, 3°7, than
the value given by van der Waals’ equation (2°67), but it is still too
low. That is, the Clausius equation is also not exact. The equa-
tion has been found, further, to break down when examined in other
directions, and for these reasons we need not further consider it, especi-
ally as it has the disadvantage of containing one arbitrary constant in
addition to those analogous to the van der Waals constants without
possessing a correspondingly greater degree of applicability.

IV. Tue EquaTtioN oF DIETERICL

C. Dieterici (Ann. der Physik [4), B, 51, 1901) has suggested the
following expression :—
A
pw — 8) = RTe RT?

where ¢ is the base of natural logarithms, & has the same significance as
in van der Waals’ equation, and is treated in the first instance as a con-
stant. The term A is a constant characteristic of the cohesion pressure.
The general considerations upon which the above expression is based

may be briefly stated.
In the interior of a gas whose molecules possess cohesive force it
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may be assumed that since the cohesion is effective in all directions
simultaneously, the translatory movements of the molecules will not be
affected by it, and the pressure P, in the interior would be accurately
given on the basis of the kinetic theory of gases. The actual pressure
exerted upon the boundary or walls of the enclosing vessel will be
smaller than P, because of the effective pull towards the interior exerted
upon the molecules at the surface. On these grounds, therefore, we
see that (1) the number of molecules which reach the boundary per
second is smaller than those reaching an imaginary plane in the in-
terior, because some of the molecules will possess too little velocity to
reach the boundary at all, 7.e. they will possess too little kinetic energy
to overcome the backward pull; and (2) those molecules which do
reach the boundary have lost some of their kinetic energy in overcoming
the backward pull, and will therefore possess less momentum, and
hence exert a smaller pressure than the same number would exert in
the interior. Hence, if one denotes by A the work—reckoned per unit
mass of the gas—done against the cohesive pull, the actual pressure p
exerted by the gas at the boundary will be given by the expression—

A

P = PleR.

b
the molecules are not regarded as points but as occupying a certain
volume, such modification being represented by the & term. Substitut-
ing this relation in the first equation, one obtains—

But P, = ;IE—T——, which is the ordinary gas equation, in which, however,

- R Rt
Y/
A RT

or ﬁ = ]Ogaﬁ—(;}—-——_b—).

Dieterici found, however, that the values thus given for A varied with
the volume in the sense that A diminished as o increased. He there-

fore replaced the term by R T thus obtaining the equation—

Dieterici showed that this equation will yield the following results: (1)
A maximum and minimum value for 2 as in the case of isothermals on
the pv diagram below the critical point (compare the theoretical iso-
thermals of van der Waals, Fig. 20, or of James Thomson, Fig. 18);

(2) that at a certain temperature the equation gives a pressure curve on
the pv diagram which contains a point of inflection, z.e. the critical iso-
thermal ; and (3) that at higher temperature the curves for g show
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neither a maximum nor minimum,! and thus correspond to the actual

shape of isothermals above the critical point. These conclusions can

be shown as follows : Let us differentiate the expression with respect to

v, temperature being kept constant and & being likewise regarded as a

constant. The condition for a maximum or minimum point on the v

. 9 . - A .

curve is that 55 = o, that Is, writing RT as a constant ¢, one obtains
the relation—

- RT -5 + RT -5

(v — 6)*° v -0 v?

c I

whence sy =
7

v - b
or v=5<1 i\/l_“f_é).
2 ¢
4

When ¢ is greater than 44 there are two values of z at which 55 = ©

that is, at which p has either a maximum or minimum value. This
corresponds to the James Thomson isothermals below the critical point.
When ¢is equal to 44 the roots of the equation are identical. This
corresponds to the critical isothermal. When ¢ is less than 44 the roots
are imaginary. In other words, there is no real value of v for which

bj = o, 7.e. for which p is a maximum or minimum. This is the case
v

for isothermals above the critical point. We thus see that, qualitatively
at least, this equation is in agreement with the general idea of con-
tinuity of state.

Further, it will be observed that the equation contains three con-
stants. It is therefore in agreement with the principle of correspond-
ing states.

Now let us calculate the values of the critical constants, T, g, v,
in terms of the Dieterici constants. As we have already seen, the cri-
teria of the critical point are represented by the relations—

Carrying out this differentiation of the Dieterici expression, one obtains
two equations by means of which the following relations may be de-
duced :—

vc=2b
A
RT, = 3
A
pc"—-‘ﬂé.eza

2
1 The curves may still show an inflection point, but g;éis only zero at the

critical point, i.e. the tangent is horizontal only at T¢
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From these it follows at once that—

RLe 3o = 3695,

Y25
a value which is in very good agreement with the average experimental
figures, pp. 79, 8o. On this particular point, therefore, the Dieterici
equation is in much closer agreement with experiment than is the
equation of van der Waals.

For the case of the critical isothermal, the Dieterici equation can

be written—

A
p= RT, . m,
v -0
and on substituting the critical constants in place of A and & the equa-
tion becomes—

RT, -%¢
p:v————-———— %7)(;'6 v,

To show the agreement between theory and experiment, this expression
has been applied to the calculation of the critical isothermal in the case
of isopentane.

CriTiCAL ISOTHERMAL OF ISOPENTANE.

T, = 460°8. ?; = 47266 c.c.
vinc.c (nfn?.amlrifrdy). (mpm?ﬁ::::gy). vinc.c (rfmc.“&fé‘lé‘ﬁ‘éi’-). (mi:n(.)g‘?:::\?gy).
2% 42,730 49,080 8 23,400 23,710
2°5 35,310 40,560 10 21,590 22,040
26 32,090 34,980 12 19,850 20,300
2*8 28,390 28,940 15 17,540 17,980
30 26,780 26,460 20 14,560 14,840
32 26,000 25,490 30 10,770 10,950
36 25,420 25,050 40 8,508 8,570
4'0 25,320 25,020 50 7,025 7,068
4'3 25,300 25,005 60 5,978 6,001
46 25,300 25,000 80 4,604 4,614
50 25,240 24,940 90 4,127 4,132
60 24,880 24,840 1co 3,740 3,750

Except in the case of the smallest volumes (high pressure region) the
agreement between calculation and experiment is within 1 to 2 per cent.
Dieterici concludes that the discrepancies which do exist are due to
the fact that 4 is not quite constant, but is a function of 2.

The most serious drawback, however, to Dieterici’s equation is the
fact that it yields the relation o, = 24. When p is infinitely great the
limiting volume becomes identical with &, and therefore, according to
Dieterici, identical with 42,. It has been already shown experiment-
ally, however (p. 80), that the limiting volume is more nearly }v..
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Dieterici’s equation shows therefore an even greater discrepancy as re-
gards this quantity than does the equation of van der Waals, according
to which the limiting volume is }7..

The equation of Dieterici may be put in a somewhat different and
at the same time more general form if the term T be raised to the nth
power, n being characteristic of the substance under investigation.
The expression is then—

p = vR—'-I‘ée—E°

By differentiation it follows that—

dlogp 10 1 o
Yo pw . o-6 TR
4 _b_(b log p) 1% 1<%>2 _ I 2a
an W\ v ) pot P/ T (v - 8)?F T Tro¥
At the critical point each of these expressions is zero; that is—
I _ a d I _ 2a
v =5 Toog " (o = 0 = Tror
Whence v, = 20,
n a
Tc = ZZ)
1
a n
2N -2
_ R<4b> ¢
PC - b ’
and RT. _ (- Dp -21-e2 = 3'69 as before.

PV Ve

THE VARIATION OF pv WITH p FROM THE STANDPOINT OF THE
GENERAL DiIETERICI EQUATION.

The general Dieterici equation yields the following expression for
v —
RTy -=;

pv:w__&e T .

Hence log (pv) = log RT + log v — log (v — &) - Ta’L‘v’
1 3(p2) _ (E T J.)l”
v p  \v ov- +T”zﬂbp‘

The minimum point for each isothermal on the gz, p diagram is

given by the relation—

or
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I 9

) =
. v . . . oo . .
and since % is not zero, it follows that this condition is satisfied when—
.I. -— .__E._ -+ __g'__ = 0
v v-6 Inpt 7
a b
or " o= — -
T b<x v)

For the particular case in which the minimum of the curve lies just
on the g axis (f.e. p = o and v = « ), the temperature T} is given by
the last equation in the form—

n a
T, = A
On substituting the critical constants for a and 4, one finds
Tln v N8/
—=4o0r T)'= T, 4.
Te

Now it has been pointed out, in discussing the van der Waals equa-

tion, that the experimental value of the ratio :f«:-l is 298 for a number of
c

gases (whether this is really a constant or not is still undecided). To

make the above relation conform to this it is necessary to write

/4 = 2°98, whence n = 1°27.

If we regard this number as a constant independent of the nature of
the gas, the general form of the Dieterici equation is likewise a three-
constant one, and therefore the number of constants (a, 4, and R) is
equal to the number of variables (p, 7, and T), and a * reduced equa-
tion” can be written down containing quantities independent of the
nature of any particular substance, and therefore in agreement with the
principle of corresponding states. It will be observed that the first
equation of Dieterici is a three-constant one as it stands.

Many other equations of state have been proposed, but the brief
survey given of those of Ramsay and Young, van der Waals, Clausius,
and Dieterici respectively is sufficient to indicate the nature of the prob-
lem and the limitations exhibited by each. No equation altogether
satisfactory has yet been proposed ; that is, in no case are the “con-
stants” quite independent of temperature and volume. We shall
return to these equations later from the standpoint of thermodynamics
(Vol. II., Chap. III.). In the meantime we may conclude this chapter
by a short account of the attempts made to deal with heterogeneous
systems containing liquid in contact with saturated vapour, these being
characterised by the fact that on compression or rarefaction the volume
undergoes considerable change while the pressure remains constant,
until in fact one or other of the phases has entirely disappeared.
As already pointed out, this horizontal portion of the experimental
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isothermals (below the critical point) is not taken account of by equations
of state, owing to the fact that the actual isothermals are discontinuous
whilst the equations refer only to continuous changes.

EMpPIrRICAL RELATIONS IN CONNECTION WITH SATURATED VAPOURS.

The Ramsay- Young Boiling FPoint Law.—I1f we compare two closely
related substances A and B, e.g. methyl acetate and ethyl acetate, under
equal pressures, it will be found that the following relation holds good,
namely :—

% = —%—,‘—B‘ = a constant |
where T, and T, are the absolute boiling-points of A and B under a
given pressure the same for both, and 1", and T’y are also the abso-
lute boiling points under a different pressure, likewise the same for both.

A more accurate expression is—

T, T ,
T‘%=71‘:: 4+ (T, = T.).

This relation was first discovered by Ramsay and Young in 1885
(Phil. Mayg. 51,20, 515, 1885 ; #bid., 21, 33; 22, 37, 1886). In many
cases ¢ is practically zero, and the simpler expression holds good. The
relation is a valid one from very low pressures up to the critical. Its
utility is evident, in that, if the boiling points of a given substance are
known over a wide pressure range, and if a few similar determinations
be made in the case of a second substance, the remaining values of the
boiling points of the second substance may be calculated over the
pressure range for which the first substance was measured. The con-
stancy or lack of constancy of ¢ may also be used as a test of normality
or abnormality in connection with the molecular state of liquids. For
the connection between the Ramsay-Young Boiling Point Law and
Bertrand’s vapour-pressure formula, the reader is referred to the paper
by A. W. Porter (Phil. Mag. [6], 13, p. 724, 1907).

The Vapour Pressure Formale of Biot, Rankine, Herts, Bertrand,
and van der Waals.—To describe the variation of the pressure of satu-
rated vapour (in contact with a liquid) with temperature, Biot proposed
the following :—

logp = a + ba + ¢f.

Rankine later suggested the expression—

. _B_
log p=a T = T2
where p is the vapour pressure, o, 3, and y are empirical constants to
be obtained by experiment, and T is the absolute temperature to which
p refers.  This type of formula is in frequent use, as it reproduces ex-
perimental values fairly well. A closer approximation may be obtained,
however, by employing the relation due to Bertrand, namely—
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P = G(T—:-,i-:——gy orps = g<1 - ‘-;—,)

G, & a and 7 being likewise empirical constants.

Recently, however, considerable attention has been drawn chiefly
py the work of Nernst and others in connection with the new theorem
of heat (Vol. IL, Chap. XIIL) to the expression first proposed by
Hertz (Wied. Ann., 17, 199, 1882), viz.—

log_/b=x,é1—k210gT-,-'§§.

This has been applied, for example, by Knudsen to the case of the
vapour pressure of mercury (A4nn. der Physik [4), 29, 179, 1909), in
connection with his new method of determination of very small ! vapour
pressures. ‘The expression in this case becomes—

3342°26
T
The values for the constants chosen by Knudsen reproduce the
experimental results particularly well at low temperature, 7. not ex-
ceeding 100° C.  The same formula has been very thoroughly tested by
Smith and Menzies ( Journ. Amer. Chem. Soc., 32, 1434, 1910) who
employ it in the form—

log p = 105724 — 0847 log T —

log = 9'9073436 — 06519904 log T — 3—’31%@

In the two tables on next page are given the results obtained experi-
mentally by various investigators and at the same time the calculated
values obtained by the above formula. The measurements of Smith
and Menzies extend over the range 250° C. to 435° C. and have been
carried out in a particularly accurate manner. Their paper should be
consulted as regards the kind and magnitude of the errors which vitiate
a large number of determinations of vapour pressure. It is obvir
that the above formula may be tested either by calculation ~f
at a given temperature, or inversely by the calculation of
from a given observed pressure. In the first of the tw
page), the pressures are calculated from the temperatu-
the temperatures are calculated from the observed pre:
tables contain only a selection from the available ¢
plete account is given by Smith and Menzies in th

The chief advantage of the formula is the wic
it is fairly accurate.

The empirical vapour-pressure formula of va 4y be

written in the form—
\

be _ oTe _
g’ f(T )

For a still newer method, depending upon the damping of vibration of a quartz
fibre, ¢f. F. Haber, Zeitsch. Elektrochem., 20, 296, 1914.
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VapPoUR PRESSURE OF MERCURY AT VARIOUS TEMPERATURES
BeLow 200° C.

Temperature leuls
Obrved, | FromweOienved | observer | Pimmte Calpiited b
o 00001846 Knudsen 0°000207
7't 0°0003667 . 0°000409
16 0°00I0 Morley 0°000922
30 0°0027 " 000298
50 0°0113 ” 0'01339
70 0°0404 . 0'0529
894 0°'16 Hertz 0°I575
117 071 " 0°6552
154°2 3'49 ” 3°328
1658 5°52 " 5216
177°4 820 ” 7985
190°4 12°89 » I2°54

VaAPOUR PRESSURE OF MERCURY AT VARIOUS TEMPERATURES
BETWEEN 200° C. AND 880° C.

s Temperature Temperature Calcula
Pressite Obterved Obserer Shpzmatwre | Femperstur Celelated
20°35 Hertz 203°0 205°20
51°85 Young 236°9 236°78
82°08 Smith and Menzies 25397 253'91
128'57 ” 27182 27181
210°79 " 29307 293°04
30973 » 310'75 31077
498-01 " 334'16 334°30
732°'13 " 354°85 35487 -
765°44 ” 357°32 357°34
1210°58 ” 38395 38399
1847°35 » 410°05 410°69
212578 ” 420°10 420°07
2624°35 » 43471 43465
3230 Cailletet, Colardeau, 450 44965
and Rivitre
6080 ” 500 499°7
10488 " 550 549°0
16948 » 6oo 599°4
38000 . 700 696°3
77520 » 8oo 8046
123120 . 880 8896
in which g is ¢ Y"3su-e corresponding to the temperature T,

and fis regarde as a unive: =" ronstant.
The following values of / we - calculated from data obtained with
carbon dioxide :—
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Temperature.

centigrade, f/
+ 20 2°90
+ o 2'85
- 10 2°85
- 30 284
- 50 286
- 60 287
- 6313 2°88

It will be observed that f is very nearly constant over this range of
temperature. The following values of f were obtained in the case of a
few typical substances :—

“NORMAL ” SUBSTANCES (MoLECULEs UNPOLYMERISED).

Substance. f Substance. /.
Hydrogen . . 2°10 Benzene . . . 289
Nitrogen . . . 2°27 Argonl! ., . . (2°18) 2°25
Oxygen . . . 2°50 Krypton . . . (2°30) 239
Carbon dioxide . 286 -- 1 hon . . . (2°34) 2°38
Ether . - 3°0I

I

“ ABNORMAL ” SUBSTANCE: MOLECULES POLYMERISED IN LIQuUiD

STATE).
Substance. f
Water . . . . . . . . 326
Acetic acid . . . . . . . . 3°48
Methyl alcohol . . . . . . . 375
Ethyl alcohol . . . . . . . 3°9I

The monatomic substances (Ar, Kr, Xe) appear to belong toa group
by themselves. The value of fis not quite independent of the chemical
nature of the substance under examination, this being especially so in
the case of polymerised substances.

The pressure of saturated vapour depends only on the temperature,
being independent of the volume of either phase as long as the volume
of either phase is great compared with molecular dimensions.

Now the above vapour-pressure formula may be written in the
“reduced” form thus— '

tog 5, = £(x = 1),

1 More recently, Onnes (Proc. Roy. Soc. Amsterdam, 13, 1019) finds that f for
Argon increases from 2°415 (at ~ 140°8° C. and pressure 22:185 atmospheres) to
2:577 (at + 125°49° C. and 42'457 atmospheres), but there is no regularity in the
variation.
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and since the temperature fixes the pressure it follows from the principle
of corresponding states that two bodies at corresponding temperatures,
i.e. possessing the same value for T,, must likewise be at corresponding
pressures, ze. possess the same value for p,. Hence, even if f is not a
universal constant and not even independent of temperature, it follows
that it must have the same numerical value for substances in corre-
sponding states.

MOLECULAR ASSOCIATION OR POLYMERISATION IN PURE LiQuips.

So far we have endeavoured to investigate the behaviour of liquids
and gases from the purely physical standpoint, z.e. from th: standpoint
of distribution of molecules in space. The exceptions and discrepancies
which arise, however, in this method of treatment seem only to have
an explanation if we take into account the possibility of ¢chemical ”
effects such as polymerisation or of dissociation of molecules themselves.
The first point which arises is the question of the molecular weight of
liquids actually ¢z 2ke liguid state. 'The usual methods of determining
the molecular weight of a volatile substance are based upon determin-
ations of vapour density, e.g. the methods of Dumas, Hoffmann or

Victor Meyer (see Young’s Stou. s for details). - It is obvious,
however, that the result one obtain.  ,.gch means is the molecular
weight of the body in the state of vap ~ (In water, for example, the

result is 18, for ethyl alcohol 46, for be ’. 2ne 78. Fortunately, there
are one or two methods available which show the existence of poly-
merisation of molecules of certain liquids at least qualitatively. None of
the methods is particularly sound, but the one most frequently employed
is that known as the Zotvos Ramsay-Shields method. It depends on
a relationship first deduced by Eotvos in 1885 and applied as a practical
method by Ramsay and Shields in 1893. Eo6tvss showed (Annalen der
Physik, 27, 448, 1885) from general considerations based upon the
conception of corresponding states that the expression 7 {y(Mo)8}, that
is the temperature coefficient of the ‘“molecular surface energy” (y
being surface tension,  the specific volume of the liquid, and M the
molecular weight of the liquid as liquid), which could be represented
by a curve of some kind obtained by plotting temperature against
‘“molecular surface energy,” (Mv)? should be the same type of curve
for all substances. Having carried out some determinations with ether,
he found experimentally that the curve was a straight line approximately,

and hence the above expression g-t{y(Mz')ﬂ} was a constant. Eotvos

wrote his relation in the form y(Mo)? = 4(T - T,), where T, is a tem-
perature not very different from the critical, 2 having the value 2-27.
Note that E6tvos did not show theoretically that the expression should
be a constant, What he did was to show that whatever shape the curve
might be for one substance it would be the same for all others.

The experimental work of Ramsay and Shields (see Young’s Szo:-
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ckiomelry), however, while supporting E6tvés’s generalisation in many
cases, such as benzene, carbon disulphide, and series of esters, resulted
in the discovery of marked discrepancies, notably in the cases of water,
acetic and fatty acids in general, and the alcohols. These substances
did not give the constant — 2'1 (Ramsay and Shields’ value of £), but
gave a much smaller number. In working out these calculations the
ordinary molecular weight, 7.e. the molecular weight as given by vapour
density determinations, was employed. Assuming the correctness of the
Eotvés theoretical generahs:a.tlon,1 the most reasonable explanation of
the anomalies which suggested itself was to consider the molecular
weight of the “abnormal’ substances as differing in the liquid and in
the vapour states. As a matter of fact, in order to obtain the constant
— 2°'1 it was necessary to ascribe a higher molecular weight to these
substances in the liquid state than in the state of vapour. That is, a
fraction of the molecules of these abnormal substances in the liquid
state was regarded as associated or polymerised. The method of usmg
the E6tvos formula for the calculation of M consists in writing it in the
approximate form—

'yo(Mi)o)} - YI(M01)§ -

where v, and o, refer to the temperature £, and y,, #; to the tempera-
ture 4. Note that M is considered to be constant between #, and #
(an approximation). The expression for M is therefore—

M = {"" Z;I(fo - fl)}'g'.
Yoo} — Nt

For the experimental details of the determination of the surface
tension, etc., reference must be made to the original paper (Z7ans.
Chem. Soc., 63, 1089, 1893).

Besides observing that the constant obtained differed from - 2°r,
in these associated liquids it was likewise found that its value varied with
the temperature, showing that the degree of dissociation varied with
the temperature, tending towards unity, 7.e. the normal molecular state,
as the temperature rose. If we denote “degree of association” by 7,
Z.e. the number of times the molecular weight is greater than its value
in the state of vapour, we find the following :—

- 2'I

Water. Acetic Acid. Methyl Alcohol. Ethyl Alcohol.

t°C. n t° C. n t° C. n t°C. n
o 1°71 20 2°I3 - go 265 - go 2'03
20 1'64 60 199 + 20 232 + 2o 1'65
60 1°'52 100 1°86 110 2'06 100 1°39
100 1'40 140 172 180 1-86 180 I'15
140 1°29 280 1°30 220 175 220 1°'03

1 E6tvds’s reasoning cannot be regarded as very rigid. See a paper by van der
Waals, Zeitsch, physik. Chem., 13, 713, 1804.

VOL. L
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For a general discussion regarding the constitution of water, from
which it seems fairly certain that ice consists mainly of trihydrol (HyO)s,
together with a little dihydrol (H,0),, and still less monhydrol, H,O—
liquid water at ordinary temperatures being mainly dihydrol with some
trihydrol and some monhydrol, the latter increasing as temperature
rises, the vapour being practically monhydrol—the reader is referred
to the Zrans. Faraday Soc., 6, Part 1., p. 71, 1910. It may be noted in
passing that it is precisely those liquids which are themselves associated
which, when acting as solvents, have the most marked property of
causing dissociation, 7.e. electrolytic dissociation, of many solutes such
as acids, bases, and salts.

It should be noted that the form of the E6tvds expression actually
employed by Ramsay and Shields was somewhat different from that of
the original, an empirical term & being introduced and the expression
written thus :—

y(Mo)i = k(r - - d)

where 7. is the critical temperature, r the temperature of measurement,
and 4 has usually the numerical value 6. The % in this cxpression, as
used by Ramsay and Shields, has the value 2-12.

Recent investigation and discussion has, however, thrown some
doubt on the numerical values of the degree of polymerisation obtained
by the above means, some authors considering that the estimates of
Ramsay and Shields are too high, others that polymerisation is a much
more general phenomenon and that possibly even normal liquids are
not quite free from it.

A recent advance in connection with the relation of surface energy
to molecular complexity is due to Bennett (Zeitsch. physikal. Chem., 48,
475, 1913, and Zrans. Ckem. Soc., 107, 351, 1915), who makes use
of the total molecular surface energy in place of the free molecular
surface energy already employed in the preceding paragraphs. The dis-
tinction between these two terms rests on an application of the Gibbs-
Helmholtz thermodynamical equation (compare Vol. IL., Chap. 1.). In
the case of acetic acid it is shown that the free molecular surface energy
falls slightly as the temperature rises whilst the total molecular surface
energy remains practically constant. The constancy of the latter term
indicates normal behaviour. The conclusion is therefore drawn that
between 15° and 150° C. acetic acid consists almost entirely of the poly-
merised form (CH;COOH),.

The whole problem of molecular complexity is only partially solved
at the present time. A very complete account of the subject is given
by W. E. S. Turner in Molecular Association (Monographs on Inorganic
and Physical Chemistry (Longmans)).
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THE SOLID STATE OF MATTER.

CRYSTAL STRUCTURE AND ITS ErucipaTioN BY MrEans orF X-Ravs.

We are already familiar with the fact that the true solid state is
characterised by the existence of crystalline form. Amorphous solids,
such as glass, are grouped as liquids of high viscosity. A true solid
separates from solution or from vapour in the form of crystals having
definite properties, the melting point, for example. Amorphous solids,
z.e. supercooled liquids, possess no definite melting point. Crystalline
form exhibits many varieties into the details of which it is quite im-
possible to enter in this place. The classification of crystalline forms
1s based on three main considerations : (1) constancy of corresponding
interfacial angles on all crystals of one and the same substance ; (2) the
existence of simple numerical relations between the co-ordinates of all
planes which are possible on crystals of the same substance; (3) the
fact of symmetry. Symmetry is determined with respect to certain
planes called planes of symmetry. A plane of symmetry is an imaginary
plane dividing a crystal into two parts, each of which is the mirror image
of the other. According to the number of such planes which can actu-
ally be drawn in different directions through crystals the latter have been
divided into seven systems. This classification also involves certain
facts about the axes, 7.e. the crystallographic axes or space co-ordinates
in terms of which the geometrical form of the crystal can be describea.
The seven systems are the regular or cubic system; the hexagonal
system ; the quadratic or tetragonal system ; the rhombic system ; the
trigonal system ; the monosymmetric or monoclinic system; the asym-
metric or triclinic system. FEach of these systems is further subdivided
into classes of which there are thirty-two in all. For information re-
garding these systems and classes a textbook of crystallography must be
consulted.! :

For our present purpose it will suffice to restrict ourselves to one or
two examples of the simplest type of crystalline form, namely, the cubic
system, and to indicate how the recent general method of investigation
by means of X-rays developed by W. H. and W. L. Bragg ? may be
employed to elucidate the structure of crystals, by applying the method
to a few simple cases.

Crystals belonging to the regular or cubic system are built up on
three equal axes at right angles to one another. The crystal possesses
in all nine planes of symmetry, namely, three principal planes at right
angles, and six secondary planes which are inclined at 60° to one an-
other. This system represents the highest order of symmetry. Among

1For example, Tutton’s Crystallography and Practical Crystal Measurement,
or the forthcoming work by T. V. Barker on Crystallography in this series of text-

books.
2 X-Rays and Crystal Structure, by W. H. and W. L. Bragg. Also W, H.’

Bragg, Trans. Chem, Soc., 109, 260, 1916.
” *
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well-known substances which belong to this system we may mention
anhydrous chlorides of the alkali metals, the diamond and zinc blende,
ZnS.

It is important to observe that the mere external form or habit which
a crystal exhibits is not the fundamental factor in its characterisation.
A crystal has to be examined and finally classified according to the

w1
100 Y
Fic. 21. (From P. H. Williams’ F16. 22.—~The Cube. (From Tutton’s
Elements of Crystallography, Crystallography, Macmillan,)

H. Holt & Co.)

relative lengths of its axes, their inclination to one another, and the
values of the interfacial angles. Numerous forms externally different
can thus be ascribed to the same system.

As regards the cubic system, several types of crystals are known, the
most important of which are illustrated in the Figs. 22 to 25. What
they have in common are three rectangular axes of equal length as
shown by the dotted lines in Fig. 21. The forms referred to are: the

%

Fi1e. 23.—The Octahedron. (From F16. 24.—The Rhombic Dodecahedron,

Tutton’s Crystallography, Mac- (From Tutton’s Crystallography.
millan,) Macmillan.)

cube, the regular octahedron, the regular dodecahedron, and the regular
tetrahedron.

As actual examples one may cite common salt, which crystallises in
cubes, alum which crystallises in regular octahedra, and the garnet which
frequently crystallises in regular dodecahedra. The particular form.
which manifests itself depends to a large extent upon the conditions
under which crystallisation takes place. The numbering of the faces
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will be considered later. (It may be noted that the numbering refers
to faces nearest the observer, not to the faces indicated by dotted lines.)

Each of the above forms is not equally simple. All can be regarded
as a matter of fact as formed from the regular octahedron. Fig. 26 in-
dicates the relation of the regular tetrahedron to the regular octahedron,
the axes being the same for both.

It was early recognised that the external symmetry exhibited by
crystals is the outward and visible sign of an internal regularity of ar-
rangement of the ultimate particles of matter which compose the crystal.
What these ultimate particles are has recently been demonstrated as a
result of investigation by means of the X-ray spectrometer. It is now
known that the essential unit of matter is the atom itself, atoms being
arranged in definite parallel planes separated from one another by dis-
tances of the order 10 ~% cm. In some cases these planes are all simi-
larly constituted—either containing atoms all of the same kind as in
elements, or containing, in the case of compounds, more than one kind

Fic. 25.—The Tetrahedron. (From F1a. 26.—Relation of Tetrahedron to
Tutton’s Crystallography, Mac- Octahedron. (From Tutton’s Cry-
millan.) stallography, Macmillan.)

of atom—or the planes may consist alternately of the same atoms. Our
present knowledge of the composition of successive planes, and their
distances apart, represents one of the chief results attained by the study
of crystals by means of X-rays.

The existence of planes in various directions in a crystal, parallel to
the sides of the crystal are indicated diagrammatically in Fig. 27.

These planes have a real existence in that they are atom-bearing
planes. We shall have occasion to refer to these planes later, when con-
sidering the part they play in reflecting a beam of X-rays.

Howsoever complicated a crystal may be, as regards its chemical
composition, it is always possible to construct a representative space
model known as the space lattice in which a single pointis used to
mark the centre of gravity of each chemical group or unit. The result-
ing figure consists of a series of points in space which represent the
structure upon which the crystal is based. This idea of the space lattice
developed though not originated by Bravais, is of great importance in
the systematisation of geometrical forms, and it is much simpler to
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deal, not with the crystal itself, but with the space lattice corresponding
to it. ‘

Restricting ourselves to the cubic or regular system, we have now
to consider in more detail the relations of several of the planes to one
another, or what is the same thing, we have to consider the faces parallel
to these planes, for crystal faces represent the possible ways of arranging
points of the space lattice in planes. We shall consider three different
kinds of planes, differing in respect of their position with reference to
the rectangular axes of the cube. Three such planes are indicated in
Fig. 28, namely, the face GEAF, the face CEFB, and the face ABC.

The axes of the space lattice representing the crystal are parallel to
0Y, OX, and OZ, the origin being O. We have now to locate the face
GEAF. Along the OX axis the face is placed at a perfectly definite

;' P P

Fi16. 27. (From Bragg's X-Rays and Crystal Structure, G. Bell & Sons.)

position cutting off the intercept OA. The face is at the same time
parallel to the Y and Z axes. When a face is parallel to an axis its
intercept on that axis is infinite. That is, referring the face GEAF to
the three axes in the order named (z7z. OY, OX, and OZ), we would say
that the intercepts are to one another in the ratio 0 : OA : 0.

It is convenient to express intercepts in terms of the smallest whole
numbers, the unit of length being the side of the fundamental cubic
lattice.!  That is, we write unity in place of the finite distance OA and
express the face GEAF as w:1:. The reciprocal of the intercepts
as thus expressed are known as the indices of the face, and it is usual
in crystallography to locate faces in terms of indices. The indices of
the face GEAF are obviously o: 1:0. The locating of the remaining

! This point is discusred inter alia by Bragg, X-Rays and Crystal Structure,
P- 53 seq.



CRYSTAL STRUCTURE AND ITS ELUCIDATION 103

rive faces of the cube follows the same method. For example, the face
DGFB possesses intercepts OB : o0 : o0, always taking the axes in the
order OY, OX, OZ. The indices of this face are therefore 1 : 0 : 0, and
this face is known as the (1oo) face. This explains the numbering of
the faces of the cube (Fig. 22).

The next plane to be considered is that represented by CEFB.
The intercept along OY is the finite distance OB, the intercept along
OX is infinite for the plane is parallel to OX, the intercept along OZ
being OC, where OC = OB. The intercepts are therefore OB : 0 : OC,
which becomes 1 :00: 1, and therefore the indices are 1 :0: 1, the face
being designated as the (1o1) face. Another plane quite similar to the
CEVFB plane is that denoted by CGFO (not shown in Fig. 28). This
plane has intercepts OB : OA : o0, or 1:1: %, theindices being1:1:0,

\z

C E

v B F

F1g. 28. (From Bragg’s X-Rays and Crystal Structure, G. Bell & Sons.)

the face itself being the (r10) face. The third type of face or plane
is that represented by the area ABC. This face is not parallel to
any of the axes. Instead it cuts off equal intercepts, z7z. OB, OA, and
OC. The indices are therefore 1 : 1: 1, and the symbol (111) indicates
the face itself. This face appears in octahedra (Fig. 23). If the face
lies to the left of, or below the origin of axes, then one or more of the
indices has a negative sign placed above it to indicate with greater pre-
cision the actual position of the face.

In regard to the three faces (100), (110), and (r11), which we have
been considering it is important to bear in mind that we are only con-
cerned with those which really exist, z.e. those which have certain points
of the space lattice lying in them, An actual crystal is built up of a
great number of elementary space lattices; consequently we find repeti-
tion of the same kind of plane, identical planes being parallel to one
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another and lying at a fixed distance apart.. We can imagine the process
of slicing down a crystal, taking plane after plane, and the first point
which arises is the relative spacing of the three types of plane represented
by (100), (110), and (111) respectively.

Let us consider the simplest type of lattice unit, belonging to the
cubic system, namely, a cube with a point—or if we like, an atom in the
actual case—at each corner (Fig. 29a). The length OB is the distance,
which we shall denote by 4, between two parallel (100) faces. The
distance apart of the (1or) faces, such as CEFB, is OP. This is likewise
the distance apart of every (110) face, such as the unmarked one CGFO,
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Fie. 29. (From Bragg's X-Rays and Crystal Structure, G, Bell & Sons,)

since a (101) face is identical with a (110) face as far as distance apart is
concerned. The distance apart of the (111) faces is OQ where OQ is
the perpendicular from O on the face ABC. It then follows as a geo-
metrical necessity that—

I 1 1
- t- .= =1 : 2, .
d(too; d(uo) d(xu) J JS

But the simple cube, with points at the eight corners, is not the
only kind of cubic lattice. It is known that two others, called respec-
tively, the face-centred cubic lattice (Fig. 294), and the cube-centred
lattice (Fig. 29¢) are possible. Each of these unit lattices is twice the



(a)u

Two arrangements, the upper a simple cubic, the
lower a face-centred cubic, which have the same spacings
for the planes parallel to a cube face (roo).

(%)
This and the next figure show that the (110) planes
also have the same spacing in the two arrangements, It

is 1/ /2 of the (100) spacing,

Fic. 30. (After Bragg, Chemical Society Transactions,
1916,)
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(e) .
Comparison ot figs. d and ¢ shows that the (111) spacing for the
face-centred arrangement is twice as great as for the simple cubic.

Fic. 30, (After Bragg, Chemical Society Transactions, 1916.)
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size of the simple cube, 7z.e. the length of each side is double that of
Fig. z9a. A crystal may be built up on either of these structures in
preference to the simple “ corner ” cube structure. The Figs. 296 and ¢
indicate clearly the face-centred arrangement and the cube-centred
arrangement respectively. The reason why these are drawn on twice
the scale of a is simply this. Let us suppose all the possible corners !
filled up with lattice points—each representing an atom—then the
smallest unit should be identical in dimensions with Fig. 29a. This
is only possible if the face-centred and cube-centred wzits themselves
are on double the scale of the simple cube unit. In fact if this “filling
in”" were done, Figs. 4 and ¢ would representa collection of eight actual
units of the simple cube type.

We have now to find out the relative distances apart of the (100),
(r10), and (r11) facesin the case of a crystal built up on the face-centred
lattice and on the cube-centred lattice respectively. Particular atten-
tion is to be paid to the face-centred arrangement as this is the one
met with most frequently in actual practice. We shall consider the
face-centred lattice (Fig. 290) first.

It will be scen that successive (100) planes lie just as far apart as
they do in Fig. 29a. That is, & (100) is the same as before. The
same thing is true of the (110) faces, & (110) being the same as before.
In the case of the (111) faces, however, the distance & (111) is double
that of the simple corner cube arrangement. It is essential to consider
only those planes which actually are point or atom bearing. Fig. 294
has a (111) plane passing through O, embracing points on contiguous
lattices, then one passing through DEF, ze. the plane A'B'C/, the plane
ABC being missing (in that there are no points or atoms upon it). The
distance ¢ (r11) is the perpendicular from O on A'B'C’.  In the case
of the face-centred lattice we must therefore write—

: s D2 =1:,/2: —“—/~3’
d(too) d(uo) d(ux) 2

These conclusions will be rendered clearer by means of the
accompanying plate (Fig. 30), in which the various planes are shown,
the lattice being imagined to be sliced in stages o as to show the atom-
bearing planes one after the other until all are accounted for.

It is to be observed that in Fig. 30(a) the lattices shown in the upper
row contain eight actual units of the simple cube type. The same is
true of Fig. 30(4) and (¢). On the other hand the actual lattice shown in
the lower row of (&) and all in (¢) and (¢) represent the face-centred unit
itself. Further, the actual (110) planes shown in Fig. 30(¢) and (¢) corre-
spond in position with, Ze. are parallel to, the (110) planes referred to
in Fig. 28 as CGFO.

Turning now to Fig. 29¢ which shows a single unit of the cube-
centred type, itis clear that & (100) and & (111) are the same as for
the simple cube lattice Fig. 29a, but & (110) is twice as great as
before. Hence for the cube-centred lattice we have—

1 A corner, in this sense, denotes the position where four lines meet.
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I I .1 - J
d(xoo) . d(uo) | d(xu) 2 ' 3
Having indicated very briefly the various kinds of planes and types
of lattice unit upon which a cubic crystal may be built up, we must
now turn to the question of how the spacing of planes in actual crystals
has been determined by means of the X-ray spectrometer; for it is
obvious from what has been said that a knowledge of such spacing will
give us information regarding the nature of the lattice upon which the
crystal is based. The X-ray method is also capable of telling us what
the chemical composition of the various planes is, and, in short, the
mode of distribution of the various atoms composing the crystal.
X-rays are now known to be light of extremely short wave-length,
and the idea that such short waves might be capable of determining the
structure of a crystal was first suggested by Laue in 1912 (Sitz. XK. Bay.
Akad., June, 1912), who passed a beam of X-rays through a crystal
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Fi16. 31. (After Bragg.)

and examined the diffraction spectra obtained. The results, though
fully substantiating the general correctness of Laue’s suggestion, were
by no means easy to interpret. ‘The advance m.de by the Braggs is
due to the suggestion of W. L. Bragg, namely, to use the crystal as a
reflection grating, the resulting spectra being much simpler and more
amenable to theoretical treatment. Before giving an outline of this
method it is necessary to explain what is mcant by a reflection grating
in the case of ordinary light.

Let us suppose that we have a number of glass plates lying on one
another, with reflecting surfaces indicated by the horizontal lines gppp
(Fig. 31), and further suppose that AA’A”A" denotes an advancing
train of light waves, the light being monochromatic, of wave-length A.

Consider those waves which after reflection all move in the direction
BC. It is obvious that some of the waves travel a different route from
others, though they may all start from the position AA"’ and end at
C, the routes being ABC, A'B'C, A"B"C, and so on. Let us compare
the two routes ABC and A'B’C. It is easily scen that the route A'B'C
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1s longer than the route ABC by the amount ND, which is equal to
2d sin 6, where 4 is the distance between the horizontal faces or the
spacing of the planes, and 6 is the glancing angle. The vibrations in
the wave-front AA™ are all in the same phase, but since they do not
follow the same path they will not necessarily be in the same phase on
arriving at C. They will only be in the same phase when the path
difference 24 sin 6 is one wave-length, or an integral multiple of one
wave-length. When these conditions are realised the waves at C will
reinforce one another and a bright band or spot is produced at C.
That is, it is only when the angle @ has certain values that a reflection
will be observable through a spectrometer eyepiece placed at C.
These values are given by—

A = 2d sin 6§,
2\ = 2d sin 6,
n\ = 2d sin 0,,.

The reflection at the angle 6, is called the reflection of the first
order, that at 6, the second order, and so on. If the difference in the
path is not an even multiple of A, the waves arriving at C will tend to
destroy one another, and if there be many reflecting planes this destruc-
tion will be complete. The special positions of brightness obtained
when the waves reinforce each other can be regarded as the spectra of
the incident light. The value of § can be altered to 6,, 6,, etc., by
turning the pile of plates on an axis.

It is evident that the 7e/ative magnitude of the spacing 4 and of the
wave-length A is of the greatest importance. If & were extremely small
compared with A, no value of § could be found which would satisfy the
relation #\ = 2d sin 6, for sin @ cannot be greater than unity. That is,
no reflection could be obtained in such a case. In actual practice, a
reflection grating is used instead of a pile of plates, and, if sodium light
be employed (A = 00000589 cm.), a suitable value for the spacing of
the lines ruled on the grating is d = o'0coo143 cm., #e. the two
quantitiecs must be of the same order of magnitude.

Now it is known, on the basis of considerations dealing with the
size of molecules and atoms (Chap. 1.), that the average distance of
atoms apart in solids is of the order 1078 cm. A spacing of this order
would be quite without effect on ordinary light or even on ultra-violet
light, but reflection effects could be produced with a light whose wave-
length is of the order 1078 cm. It is known on other grounds that this
1s a very probable value for the wave-lengths of X-rays, and the work
with the X-ray spectrometer has shown that reflections of X-rays, in
agreement with the above relations, regarding difference of path, can
actually be obtained. In place of the pile of plates we simply have a
crystal, the internal atomic layers of which function as the reflecting
surfaces. As a mcans of detecting the various positions of reflection
maxima an ionisation chamber filled with an easily ionised gas, such as
SO, or methyl bromide, is employed, the chamber being connected to
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an electroscope and the ionisation measured in the ordinary way. The
ionisation chamber is mounted on an arm which takes the place of the
telescope in the ordinary spectrometer and the crystal upon which the
X-rays impinge can be rotated. At those glancing angles at which
reflection takes place, the reflected beam passes through an aluminium
window into the ionisation chamber, causing ionisation indirectly, and
the fact of reflection is thus observed by means of the electroscope.
By rotating the crystal one can obtain the reflections—reflection spectra
—of various orders, and, knowing 6, the expression zA = 24 sin §allows
us to calculate 4 in terms of A, or wice versg. Measurements of this
nature may be employed to determine whether a given beam of X-rays
is homogeneous or not, that is, whether it consists of a single wave-
length or of several wave-lengths. Into this problem connected with
the nature of the waves themselves we have not space to go. For our
present purpose we deal with a homogeneous beam impinging on the
surface of a crystal, thereby giving rise to spectra which differ according
to the nature of the face, s.e. whether it is a (100), a (110), ora (111)
face, for as we have scen the spacing & varies in these cases, and con-
sequently the rclative positions of the spectra (reflections), as given by
the gencral relation #zA = 24 sin 6, differ also. The first reflection or
spectrum is defined as we have secn by the relation A = 24 sin 6, the
second by 2A = 24 sin 6,, and so on. Further, in the case of ordinary
light, when the spectra are normal in behaviour, it is well known that
the intensity of successive spectra obtained at the angles 6, 6,, etc,
falls off quite regularly. It is thus possible to make beforchand a dia-
grammatic representation of the kind of spectra which we would expect
from each of the three faces, (100), (110), (111), of a crystal which is
built on the simple cube form. Fig. 32a represents the relative
spacing of the reflection lines in this, the simplest case. The ordinates
denote intensity of reflected beam, and the abscisse the values of
the angle of setting of the ionisation chamber. The successive posi-
tions of the chamber with respect to the crystal, when reflection occurs
ought to be in the ratio of the numbers which we have already obtained
for the relative spacings of the atom-bearing planes, in directions
parallel to the three kinds of faces. Indicating by unity the position of
the first spectrum obtained from the (100) face layers, the position of
all the others may be calculated. For cach face the wave-length and
the spacing of the crystal layers parallel to the face examined are con-
nected by the equation #\ = 24 sin §. Proceeding in exactly the same
way in the case of a crystal, which is built up on the face-centred
lattice, we obtain the relative positions and intensities of the spectra
indicated in Fig. 324.

On examining Fig. 32 a and 4 it will be observed that the (100) and
(110) faces give exactly the same spectra in each case. That is, if we
restricted ourselves to these two faces alone, it would be impossible to
distinguish the simple cube lattice from the face-centred lattice. On
the other hand, a clear distinction manifests itself when we compare the
spectra of the (111) face in the two cases.
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We turn now to a set of measurements of an actual crystal of a
simple substance, belonging to the regular system, namely, sodium
chloride, with the object of determining whether the X-ray spectra ob-
tained are capable of telling us the nature of the lattice upon which the
NaCl crystal is built up. A diagrammatic view of the actual positions
of these spectra is given in Fig. 33. Onexamining this diagram we see
that the position of the spectra obtained from the layers parallel to the
(r11) face undoubtedly leads us to attribute a face-centred structure to
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(b) Diagram of Spectra of Face-centred Cube.
Fi6. 32. (After Bragg, Chemical Society Transactions, 1¢25.)

the NaCl lattice. At the same time we observe certain abnormalities
as regards the relative intensities of the successive spectra obtained from
this, the (111) face. The intensities of the spectra from the other two
faces fall off quite regularly as theory requires. In the case of the (rrr)
face, however, the first order spectrum is abnormally weak, the second
abnormally strong, the third abnormally weak, and the fourth abnormally
strong. As a matter of fact, if we judged by the strong reflections alone
we would attribute a simple cube lattice structure to the substance, but
this would be, of course, an unjustifiable proceeding. It is clear that
we are dealing with a face-centred arrangement, but there is something
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operating which a/fernately enhances and diminishes the intensity of the
successive spectra. It is this alternation in the effect which suggested to
W. H. and W. L. Bragg the real explanation, and at the same time per-
mitted them to take the most important step in establishing the narure
of the actual reflecting particles themselves. To follow the explanation
it is necessary to make use of an experimental fact established quite in-
dependently, viz. that the efficiency of an afom of a substance as a
scatterer or reflector of X-rays is proportional to the atomic weight of
the atom, the heavier the atom the more intense the reflection. The
suggestion in regard to the spectra from the (111) face of NaCl is, there-
fore, that the alternations in intensity are due to alternate layers or
planes of chlorine atoms, separated by layers of sodium atoms. How
this explains the observed results will be clear in a moment. On this
view the real unit of matter, in crystal structure, is the alom ilself, and
crystal planes are atom-bearing planes. The idea of the molecule in a
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(c) Diagram of Rock-salt Spectra.

Fi16. 33. (After Bragg, Chemical Soci?ty Transactions, 1916

crystal is thus done away with, any given sodium atom, for example,
being surrounded by six equidistant chlorine atoms none of which can
be said to belong particularly to the sodium atom. The crystal as a
whole must be looked upon as one huge molecule represented by the
formula (NaCl),. ' A

Let us construct a face-centred space lattice unit for NaCl, denot-
ing the sodium atoms by white spheres, the chlorine by black (Fig. 34 A).

We see at once that the (100) and (110) planes contain both kinds
of atoms, and successive planes parallel to these surfaces are identical
in composition. These planes function, therefore, in a normal manner,
giving rise to spectra, the intensity of which progressively diminishes as_
the ‘“order ” increases. The spacing of these two planes is shown in
Fig. 34 B. When we turn to the (111) planes, however, we see that
these are composed alfernately of sodium atoms only and chlorine
atoms only. Now, as far as the reflection spectra are concerned, the
true distance d(;;,) between successive planes is from like plane to
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like plane, 7. from the first plane containing sodium o7 chlorine atoms
alone to the next one containing sodiums or chlorines alone. Half way
between two like chlorine planes we find a sodium plane. The angle
of the first reflection is given by A = 24, sin 6,, where 4(y;) is the
distance between two chlorine planes, say. If there were only chlorine
planes present the spectra would diminish regularly in intensity. But
in between each chlorine plane we have another reflecting plane, the
sodium plane, which for the first order spectrum or reflection gives rise

e g

F

H T9 G
ATt
o J M
A nCI N N m
A3 B
d /A / A
c/(/ b °
D he C
wo B wo (i)

NaCL NaCL  NaCl  NaCL NaCl NaCL NaCL Na CL Na CL ‘Mo
daooy = @ daoy = af4/2  dany = 2afy/3

Fic. 34. (From Bragg’s X-Rays and Crystal Structure, G. Bell & Sons.)
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to waves just out of step with, Ze. in opposite phase to, the waves re-
flected from the chlorine planes. That is, the intensity of the first re-
flection from the chlorines is partly destroyed, and the same is true of
the third, fifth, and higher odd orders. On the other hand, the second,
fourth, and higher even orders are enhanced, for at these positions the
chlorine planes and the sodium planes reinforce one another, the re-
flected waves from each kind of plane being in the same phase. This
alternate enhancement and diminution in intensity is a well-known
phenomenon in the ordinary diffraction of light when the grating is
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ruled not with even spacing, but with alternate broad and narrow lines.
The whole phenomena connected with sodium chloride X-ray spectra
can be satisfactorily explained, therefore, on the assumption that the
fundamental lattice is face-centred, and that the points of the lattice
represent chlorine atoms and sodium atoms alternately. This explana-
tion is verified by NaBr and KBr respectively.

A very interesting case is that of KCl. The spectra obtained from
a crystal of this substance is apparently identical with those which we
would anticipate on the basis of the simple, not the face-centred, cube
lattice. The great similarity between KCl and NaCl, in almost every
property, suggests very strongly, however, that the fundamental lattice
is the same for both, namely, the face-centred lattice. The explanation
of the apparent anomaly is very simple, and indeed serves to substantiate
the conclusions already arrived at. The atomic weights of chlorine and
potassium are not very different, and the X-rays are unable, so to speak,
to detect any difference between the two kinds of atoms. If we turn to
Fig. 34 A and imagine all the atoms identical, it is evident that the face-
centred arrangement has become a simple cube arrangement. In the
(r11) face ot KCl the atomic weights are so nearly identical that the
reflected intensities are nearly identical also, with the result that the
odd orders are completely cut out, for as we have seen, in the case of
odd orders of the spectra, successive planes oppose cach other’s effects.
This is the reason for the KCl spectrum corresponding apparently to
the simple cube lattice. With KCl the structure is really face-centred,
but the face-centred characteristics are masked by the fact that the two
kinds of atoms composing the substance have nearly the same mass.
It is, of course, only the (111) face spectra which allow us in general—in
cubic crystals—to distinguish between the simple cube lattice and the
face-centred lattice. The (100) and (110) faces give the same effect in
either case as we have seen.

An important general conclusion can now be drawn from the nature
of the spcctra obtained from any face. If the intensities of successive
reflections, f.e. the orders, do not diminish regularly, but exhibit
abnormal values, it may be inferred at once that the successive planes
are different as regards spacing and constitution.

Returning to the case of NaCl, it is evident that if we assume the face-
centred structure, we can calculate the relative spacings between each
atom. Knowing at the same time the density of a crystal and the mass
of each atom, we can easily calculate the absolute distance of the atoms
apart in the various directions. This gives us the quantity 4. From
this we can further calculate the wave-length of the X-ray, the spectra
of which we have observed. For rock salt 4(100) = 2'8 x 1078 cm.

Let us now consider another substance, zinc blende, ZnS, which
likewise crystallises in the regular system. The X-ray spectra obtained
from this substance are shown in the lower portion of Fig. 35.

The crystal is built up on the face-centred lattice, as is shown by
the relative positions of the first order spectra from the three faces 100,
110, and 111, but there are certain peculiarities which require further
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consideration. In the case of the (100) planes, the odd orders are
relatively weak compared with the even; the spectra from the (110)
face are normal in behaviour; and in the (111) planes the second
order is abnormally weak. W. H. and W. L. Bragg have shown that
this behaviour can be explained by the structure shown in Fig. 36 A, in
which the dark spheres represent Zn atoms, the white spheres sulphur
atoms.

Since the (rro) planes are normal, in that the spectra decrease
regularly as the order increases, these planes must all be of the same
kind, that is they must contain equal numbers of zinc and sulphu
atoms. This is indicated in the figure, the sulphur atoms being
placed centrally inside alfernate cubic spaces. If we imagine the
lattice extended it is evident that the sulphur atoms also form a face-
centred lattice pushed into or interpenetrating the zinc lattice. The
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Fi1g. 35. (From Bragg’s X-Rays and Crystal Structure, G. Bell & Sons.)

100 planes yield a very weak first order spectrum, just as do the 11«
planes. That is, there is interference, and we infer that in both cases
we must have alternate planes of zinc alone and of sulphur alone.
This is also exhibited by the Fig. The composition of the planes and
their relative spacing in the case of the three faces 100, 110, and 111
are shown diagrammatically in Fig. 36 B. It will be observed that the
111 planes are of a new type in which the distance between successive
zinc layers is four times that between a zinc layer and the next sulphur
layer. With this arrangement it can be shown that the second order
spectrum will be very much weakened, and the resulting spectra will
agree with those observed from this face.

One further example of the method may be m:ntioned, namely, the
determination of the structure of the diamond. .The spectra obtained
from a diamond are shown in Fig. 35, upper half. They are very similar
to the spectra from ZnS, and we can account for the facts by regarding

VOL. I 8
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the diamond as built up on two intersecting or interpenetrating face-
centred lattices related to one another in exactly the same way as the
zinc lattice and sulphur lattice in zinc sulphide. The structure of the
diamond is therefore represented by Fig. 36 A, carbon atoms taking the
place of both zinc and sulphur atoms. Interference occurs just in the
same places as it occurs in zinc blende, but now that all the atoms are
similar, the interference is not partial, but complete. Thus from the
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100 face, we obtain no first or third order spectra at all. From the
111 face we obtain no second order spectrum. It is a very striking
and interesting fact that the structure attributed to diamond inyolves
the further conclusion that each carbon atom is at the centre of a
tetrahedron, and further that when a sufficient number of carbon atoms
are considered, they form an interlocked arrangement of six-membered
rings analogous to that of benzene. The latter arrangement is shown
in the upper half of Fig. 37. '

Numerous other crystals, such as fluorspar, iron pyrites, spinel,
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calcite, dolomite, etc.,, have been investigated and their structure
elucidated by the X-ray method. An account will be found in the
book referred to, X-Rays and Crystal Structure, as well as in the original
papers.

e

Model of the Diamond. The (110) Planes are Vertical and Horizontal.
Fic. 37. (After Bragg.)

Moseley’s relation in regard to X-ray spectra is dealt with in Vol.
III.
Applications of the Braggs’ work to other physico-chemical problems
have been made by Langmuir (¢/ Chap. X,, this volume).
8 *



CHAPTER IIL

Chemical equilibrium in homogeneous systems (from the kinetic standpoint)—
Gaseous systems—Deduction of the law of mass action—Reactions (in gaseous
systems) involving no change in the total number of molecules—Reactions in-
volving a change in the number of molecules—Effect of change of temperature
and pressure upon the equilibrium constant.

INTRODUCTORY.

THE reason w#/y a chemical reaction proceeds cannot be given in terms
of the kinetic or molecular theory. From very early times the idea of
affinity or chemical attraction between different kinds of matter had
been generally recognised ; the power of one body A to displace an-
other B from a compound BC being attributed to the existence of a
greater “affinity”’ between A and B than that between B and C. A
good account of the historical evolution of the doctrine of affinity will
be found in Mellor’s Chemical Statics and Dynamicst It is only re-
latively recently, however, that a more precise concept of affinity has
been brought forward by van’t Hoff. This will be discussed in some
detail in Vol. II. of this work. For the present we can only state
that the reason why a reaction proceeds is directly connected with the
energy of the system—not simply the kinetic energy of the particles, for
indeed if the temperature of the system be kept constant throughout the
reaction the kinetic energy of the particles will remain constant. We
must defer consideration of the point until we are familiar with the
principles of thermodynamics. It will be seen later that the chemical
change is connected with a certain function of the system called the
“entropy,” the tendency of which is always to reach a maximum. Itis
an equivalent statement to say with regard to a reaction which proceeds
at constant temperature and volume, that the change goes on until the
“free-energy "’ of the system reaches a minimum. Ior the present,
however, we simply accept the facz that a reaction does go until the
final point is reached. When a reaction does not go completely, 7.e.
when the final point corresponds to a state of affairs in which the system
contains some new products (“resultants ”’), as well as some of the initial
substances (“reactants '), this point is known as the “ equilibrium point *
of the reaction under the given conditions of temperature and pressure.
It is our present business to find out what principles govern this equili-
brium in the case of reactions occurring in homogeneous systems. A
homogeneous system is one which consists of a single phase or portion

1Sir William Ramsay's series of *¢ Tﬁextbooks of Physical Chemistry ™.
13
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of matter physically identical at all parts, e.g. a mixture of gases. A
heterogeneous system, on the other hand, is one which consists of two
or more homogeneous parts, e.g. liquid water in contact with water
vapour.

The first important work carried out upon reactions in homogeneous
systems was that of Wilhelmy (1850), (Poggendorf’s Annal., 81, 413, 499,
1850; Ostwald’s Klassiker, No. 29) who measured the rate of the
inversion of cane sugar C;,Hy,0y; in aqueous solution into dextrose and
levulose under the catalytic action of a small quantity of acid (hydro-
chloric or nitric). A “ catalyst” (Berzelius) is a substance which has the
property of hastening on a reaction without itself taking any definite part
in the reaction. In the above case there is just as much acid remaining
at the close of the reaction as there was at the beginning. We may,
therefore, omit consideration of the catalyst as far as the stoicheiometric
equation representing the reaction

Cl2 22011 -+ Hzo -_> C ngo + C leo

dextrose laevulose

is concerned. Cane-sugar solution rotates a beam of polarised light to
the right, that is cane sugar is dextro-rotatory, whereas the mixture of
dextrose and levulose is levo-rotatory. Using a polarimeter Wilhelmy
determined the rate of the reaction from the change in the angle of
rotation at different time intervals. (By boiling the solution for some
time the cane sugar is completely inverted, and the angular reading of
the polarimeter given with this solution indicated the “final” point in
terms of the polarimeter readings.) Wilhelmy made the assumption
that the rate at which the inversion took place, that is, the quantity in-
verted in unit time, is proportional to the quantity of cane sugar still
uninverted in the solution. This important assumption of Wilhelmy is
the basis of the law of mass action. If the time be expressed by # and
the quantity of sugar inverted after any given time be x, the velocity of

inversion is (g This quantity Z% is, according to Wilhelmy, pro-

portional to the quantity of cane sugar remaining, which may be re-
presented by (@ — «), where a is the original quantity of cane sugar
when ¢ = o. Hence Wilhelmy’s equation is—

dx
dlt k((l - )’

where % is a proportionality factor called the “velocity constant” of the
reaction. On integration one obtains—
a I

I a
— log r A= -1
7 O°‘a—-x0 &y 7 Ogma-x

ko=

where 2 = 2°3034,.

Wilhelmy was the first to construct_the differential equation quoted
above for the calculation of a chemical reaction velocity.

Using nitric acid as the catalyst (at 15° C.) Wilhelmy succeeded in
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verifying the above equation experimentally, as will be seen from the
figures in the following table :—

¢ (in Mi Peolarimet Log -2 ky= X loggo —%
(in Minutes). Igea:r(;ixggs?r iy 1=3 0g10 e
o 65°45 — —
45 56°95 00605 0'00134
Qo 49°45 0°I217 0'00135
150 40°70 0°1981 0'00132
210 33°70 0-2880 0°'00137
270 26°95 03851 0'00142

The (approximate) constancy in the values of £, is evidence for the
validity of Wilhelmy’s theory.

The idea of reversibility in chemical reactions which had been sug-
gested by Berthollet was taken up at a later date by Malaguti (1853),
(Annales Chim. et Physique [3], 37, 198, 1853; 51, 328, 1857), who
expressed the fundamental idea that chemical equilibrium—when it
does occur—is due to the balance set up between two opposing reaction
velocities in opposite senses. Malaguti as a matter of fact based his con-
clusion upon a heterogeneous not a homogeneous reaction, though the
existence of equilibrium, as we shall see shortly, is more directly and
conveniently demonstrated by some reactions occurring in homogeneous
systems. Malaguti gave the first satisfactory explanation of a reversible
reaction which had been observed by Marggraf in the eighteenth century,
namely, the partial transformation of barium sulphate into barium car-
bonate and alkali sulphate by the addition of alkali carbonate, and the
inverse reaction, namely, the production of barium sulphate by the
addition of alkali sulphate to barium carbonate. Meanwhile, consider-
able advance had been made upon the subject of heterogeneous equili-
brium in the case of solids in contact with gaseous decomposition
products, notably in the case of calcium carbonate (solid) which on
heating gives lime (solid) and carbonic acid gas, according to the
equation—

CaCO,; = CaO + CO,.

Since calcium carbonate can be produced by bringing carbonic acid
gas into contact with lime, an equilibrium state must be reached.
Denoting the direction of a reaction by an arrow pointing either to left
or right, it is usual to denote that such an equilibrium point is reached
by rewriting the stoicheiometric equation in the form

CaCO,; 2 CaO + CO,.

As early as 1837, Aimée (G. Aimée, reprint Journal! Physical
Chem., 3, 364, 1899) stated that “when a body is decomposed by heat,
it is not the pressure of any gas or vapour chosen at random which can
stop its decomposition ; it is the gas which arises from the decomposition
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which alone can act”. This pressure, which is reached by the gaseous
product (or products) so that the system is in equilibrium at a given
temperature, is known as the ‘“dissociation pressure” of the solid sub-
stance. The further work of Groves,! St. Claire Deville,2 and H.
Debray,® upon dissociation pressures and equilibrium points, yielded
the following important conclusions :—

1. The dissociation pressure of a solid is constant at a given tem-
perature.

2. The dissociation pressure increases with the temperature.

3. The dissociation pressure is independent of the amount of solids
present (as long, of course, as there remains any of the original un-
decomposed solid).

The work which led, however, to the complete acceptance of the
principle of ethbrxum and a clear formulation of the law of mass
action was that of Berthelot and Péan de St. Gilles (4nn. Chim. Phys.,
[3} 65, 385, 1862; 66, 5, 1862; 68, 225, 1863); of Harcourt and
Esson (Phil. Trans., 156, 193, x866; 157, 117, 1867 ; 186, 817, 1895);
and especially from the theoretical standpoint the work of Guldberg
and Waage (1864), (Etudes sur les affinités chimigues, Christiania, 1867 ;
Journ, prakt. Chem. [2], 19, 69, 1879; Ostwald’s Aassiker, No. 104).

ToE Law oF Mass-ActioN (Guldberg and Waage).

The law of Mass-Action states that the rate at which a substance
reacts is proportional to the active mass of the substance ; and further
that when chemical equilibrium is established this is duc to opposing
reaction velocities neutralising one another.

This law can be deduced from a kinetic molecular standpoint as
well as from the standpoint of thermodynamics. We shall confine our-
selves for the present to the kinetic method of deduction.

First of all, the term ““active mass ” requires some explanation. To
obtain a simple idea of this term we must consider it as applying to
reactions between gases in the first instance. (It will be shown later
that it applies to reactions between substances dissolved in a solvent as
well.) By “active mass” Guldberg and Waage understood what is
usually termed the “molecular concentration” of the given substance,
Z.e. the number of molecules in a given volume of the gas or in the more
frequently employed units, the number of gram-molecules per liter, or
any term proportional to this, such as partial pressure.

Consider a simple type of reaction occurring in a homogeneous
gaseous system at a given temperature. Let one molecule of a sub-
stance A react with one molecule of a substance B to produce one
molecule of C plus one molecule of D, all these being gaseous

1Groves, Phil. Trans., 137, 1, 1847.

’Devxlle, Comptes Rendus, 1857 1864, and Legons sur la dissociation, Paris,
1866.

3 Debray, Comptes Rendus, 64, 603, 1867.
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substances. The ordinary or stoicheiometric equation representing the
reaction is—
A+B=C+D.

If the reaction is one which reaches an equilibrium point at some
stage—and all homogeneous gaseous reactions must do so, although in
some cases the position of the equilibrium lies so far over to one side
that the system consists practically of either reactants or resultants alone
—the equilibrium state may be represented on the van’t Hoff notation
by—

A+ BZC+ D.

It is usual to denote the concentrations of these substances by the
symbols C,, Cs, C , C,, or by simply enclosing the chemical symbol in
a square bracket—[A], [B], [C], [D]. These symbols denote concentra-
tion terms in general. Let us suppose the reaction has gone on until
the equilibrium point is reached, at which point the concentration terms
possess ‘“equilibrium values,” and may be denoted by C,,, Ces, Cec, Cen,
or [A],, [B], [C]e, [D]., (e is simply a suffix indicative of equilibrium).

Now the rate at which A and B are combining is taken to be pro-
portional to the product of their concentrations, ze. at the equilibrium
point the rate of combination is proportional to C,, x C.y, oris equal to
4, Cex % Ces, where 4, is a proportionality factor, namely, the velocity
constant of the reaction from left to right. The employment of the
product of the concentration terms and not any other function (such as
their sum, for example) may be justified by considering a simple actual
case.

“Suppose! we have a mixture in equal volumes of hydrogen and
chlorine. A certain number of collisions in which an H, molecule
strikes one Cl, molecule will occur in a second ; and in some of these
collisions combination will take place. Now let the concentration of
the hydrogen be doubled, then twice as many H, molecules will collide
with a Cl, molecule per second, and twice as much HCI will be formed.
If the concentration of chlorine alone be doubled, the same effect will
be produced, so that, if both concentrations are doubled, say, by com-
pressing the gaseous mixture into half the volume, then four times as
many collisions will occur in unit volume in unit time, and the velocity
of the reaction, z.e. the amount of combination per second, will be quad-
rupled.” The velocity therefore with which the reaction takes place
is proportional to the product of the concentration terms.

To return to the reaction A + B 22 C + D, it is evident that A and
B combine (that is, disappear as such and appear as C + D) in equi-
valent amounts, namely, the disappearance of oz¢ molecule of A for one
molecule of B. That is, A and B disappear at the same rate. Hence
we can write in general—

rate of disappearance of A and B = £,Cx x C,

1 Lehfeldt, Textbook of Physical Chemistry.
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or at the equilibrium point—

rate of disappearance of A and B = £,C,, x C,

and this velocity or rate must be identical with the rate of formation of
Cand D. In exactly the same way we see that the rate of disappear-
ance of C and D (to produce A and B) is given by the expression—

£,Cc x Cp

where 4, is the proportionality factor or velocity constant of the reaction
from right to left. At the equilibrium point we have—

rate of disappearance of Cand D = £,C.c x Cy

and this rate is identical with the rate of formation of A and B at the
equilibrium point. Now at the equilibrium point it is clear that just as
many molecules of A and B are disappearing per sccond as are formed
per seccond.  Hence at the equilibrium point we can equate the two
velocity expressions given above. That is—
AFCex x Cp = £Cc x Cop
or S;C_.i_(itz = Ay =K
Cax Ca 4

where K is called the “equilibrium constant” of the reaction. We
may equally well define the equilibrium state by employing the recipro-
cal of K—call it K;—in which—

Kl = C—————CA X C;!-;B—'a
Cec X (JeD

It will be observed that K (or K,) is simply the ratio of two velocity
constants, 2, and 4, that is K is the ratio of the velocity constant of
the reaction left to right, to the vclocity constant of the reaction right
tos left.  Since 4; and 4, always vary with the temperature and not
necessarily to the same extent, it is evident that their ratio K, the equi-
librium constant, may also vary with the temperature. In certain cases
also which will be discussed later in connection with liquid systems, K
varies with the pressure of the system. The problem of the shift of
equilibrium with temperature and pressure can only be satisfactorily
considered, however, from the thermodynamic standpoint. It is
governed by the ‘“ principle of mobile equilibrium,” first introduced into
chemistry by Le Chatelier and by Braun. It should be remembered
therefore that when.we speak of the equilibrium constant of a reaction,
and assign a numerical value to it, it is necessary to state the tempera-
ture for which the numerical value holds.

To return to the equilibrium equation, it is sometimes convenicnt to
express it in logarithmic form, viz.—

log Cec + log Cp — log Cey = log Cep = log K

or, in general—
Slog C =log K
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where C denotes concentration in general, and 3 log C denotes the
algebraic sum of the logs of all such concentration terms.

‘There are some points which still require further consideration.
Thus we must be careful to distinguish between equilibrium concentra-
tion and any other concentration, say, the initial concentration. Let
us consider the same reaction once more. Suppose we start with a
gram-molecules of gas A, and & gram-molecules of gas B in a vessel of

. . . .. a .
volume . Then the zitial/ concentration of A is p and the initial con-

. . b N .
centration of B is -. These are no# equilibrium concentrations (unless
v

indeed we have previously added the requisite amount of C and D to
the vessel so that the initial state is actually made identical with the
equilibrium state). Suppose A and B are alone present in the vessel.
Reaction takes place, and let us suppose that equilibrium is reached
when e molecules of A have disappeared. Since the reaction is a very
simple one, namely, oze molecule of A reacting with o7¢ molecule of B
to give oze molecule each of C and D, it follows that when e molecules
of A disappear, the same number e molecules of B will likewise disap-
pear and ¢ molecules of both C and D will be produced. At the equi-
librium point we have therefore (a — €) molecules of A remaining,
(6 — €) molecules of B, and € molecules of C, and e molecules of D.
Since the volume » remains constant, the equilibrium concentration
terms are—

a — €

for A, < for C,
7
b — ¢

for B, < for D.
v

Hence the equilibrium constant K is given by—

X

€
v v é?
A I R R | =)

v (4

Let us now consider another type of reaction, in which more than
one molecule of A—say two molecules—react with one molecule of a
second substance B, giving rise, say, to two molecules of C and one
molecule of D. The reaction is therefore represented by—

2A +B=2C+D
and the equilibrium point by—
2A + B2 2C + D.

The rate of combination of the 2A and B depends on the kinetic
basis upon the number of effective collisions between these substances
In a given time. In the first reaction considered (A + B — C + D)
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combination could occur when one molecule of A collided with one
molecule of B. In the present case it is necessary that Zwo molecules
of A come into contact simultaneously with oze molecule of B, so that
the reaction from left to right may proceed. The rate of the reaction
will therefore not simply depend upon the product of the concentration
of A into the concentration of B, but will be governed by a somewhat
more complicated function. The simplest way of considering such a
reaction—though it is somewhat artificial—is to rewrite the equation as

follows :—
A+A4+B=C+C+D

and to regard the two A terms as separate entities as far as reactivity is
concerned. The rate of reaction from left to right is therefore given by
£ Cir x Cy x Cg or £C?% x Cs.  Similarly the rate of reaction from
nght to left is £,C%c x CD. Hence the equilibrium constant K is given
by—
A Ci x Cyp
£ C x Cg

In an exactly similar manner we may deal with more complicated
reactions still, the most general type of chemical reaction being repre-
sented by the stoicheiometric equation—

v A, + vAg + ete. = v'A + v'A) + etc.
which corresponds to the equilibrium relation—

K =

Cv‘ X v
eAl 2
C*r x(C? x...
€Ay €Ag

ot in the more convenient logarithmic form—
3y log C = log K.

As already mentioned, one meets with the above mass action ex-
vression in the inverted form. It is purely a matter of convention.

Another point requires a little consideration, namely, the use of the
term ‘““active mass”. It will bave been observed that the essential
nuantity appearing in_the foregoing treatment is concentratlon or mass
per given volume. The use of the term “mass” in the expression
‘““mass action ” is therefore rather unfortunate. The expresswn should
more correctly take the form “concentration action”. This will be
clearly brought out when we come to study heterogeneous equilibrium
such as the dissociation of calcium carbonate, in which it will be seen
that the equilibrium point as measured by the concentration (or par-
tial pressure) of the CO, is absolutely independent of the total mass of
the solid carbonate—in fact that the active mass of a solid is a constant
whether the acfual quantity present be great or small.

Having now considered the principle of mass action from the kinetic
standpoint, we may pass on to consider some gaseous reactions in more
detail,
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HoMoGENEOUS GaASEOUS REACTIONS.—FIRST-TYPE GAS REACTIONS,

f.e. reactions in which there is 70 change in the Z0/a/ number of mole-
cules in the system.

Reactions of this type may be illustrated by the classic case of the
dissociation of hydriodic acid according to the equation—

2HI = H2 + I2

(gas)  (gas)  (gas)
in which it will be seen that there are just as many molecules on the
one side of the equation as on the other. The temperature is supposed
to be sufficiently high so that the iodine is entirely in the state of
vapour.

In purely gaseous reactions it has been found convenient to express
the active mass not as a concentration term directly but in terms of the
partial pressure of each component. The partial pressure of a gas in a
gaseous mixture is proportional to the concentration of the gas. Thus
in the above case if we write pg,, for the partial pressure of the un-
changed HI when equilibrium is reached (. = equilibrium partial
pressure) at a given temperature, then C,y, is proportional to this quan-
tity. That is Coyy = AP Similarly C.yy = Apen,, and Cyy = £p,,
so that the mass action expression is—

K = Cellg X Cexa - kf’eug + ’I"Pdg peHQJjelz
C2¢Hl 'é2p2¢Hl _P €HI

This reaction has been very carefully studied by Lemoine (Annales
de Chuim. et de Phys. [5], 12, 145, 1877), and at a later date and more
thoroughly by Bodenstein and his pupils (Zeisch. phys. Chem., 13, 56,
1893; 22, 1, 1897; 29, 295, 1899). We shall therefore consnder
briefly some of Bodenstein’s data upon this reaction, as these afford
very satisfactory experimental confirmation of the validity of the law of
mass action itself. Evidently the way to set about to verify such a law
would be by carrying out a series of experiments in which the initial
quantities of the reactants are altered, and after allowing equilibrium to
be established in all the cases at the same temperature, one could cal-
culate from the analyses of the mixtures the respective values of the
equilibrium constant and observe if agreement were obtained in the
several cases. Another convenient way of demonstrating the same
point is to carry out one or more experiments of the above kind, and
so obtain a numerical value for the equilibrium constant, and then, by
applying this value, calculate the quantity of some one of the com-
ponents (say the HI), which should exist if the law is valid when equi-
librium is reached in another experiment or series of experiments where
new quantities of the reacting substances have been employed, and
finally compare the found HI concentration with the calculated. The
best method of demonstrating that a state of equilibrium really exists
is to approach it from both sides. Thus, start with pure HI, allow a
steady state to be reached at a certain temperature and calculate K,
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Then start with H, and I, at the same temperature, and again allow the
reaction to proceed until no further change is noticeable, and again cal-
culate K. If the two values of K agree, the principle is proved very
conclusively.

The following illustrates one of the lines of investigation pursued by
Bodenstein in the case of the hydriodic acid decomposition equilibrium.
Let us express the degree of decomposition of the pure HI by x; that
is one grammole of HI is supposed to have reacted to such an extent
that at equilibrium there are (1 — x) moles of undecomposed HI,

’; moles of Hj and ; moles of iodine (vapour). [Note that oz¢ molecule

of HI only gives rise to one-%alf a molecule of H, or I,.] If the volume
of the vessel be 2, and one such gram-molecule of HI had been origin-
ally introduced into it, then the equilibrium concentration termns are—

HI H I,

I — X X x
v 20 27
%2
Hence K = Peng X Dy _ Ceny x Cyy _ 40* _ a2
pzeH[ Cchl (I — x)z 4(I . x)2
o

Let us now consider the reverse reaction, starting from a mixture of
H, and I, say @ moles of iodine, and 4 moles of hydrogen in a volume
v (which remains constant throughout the experiment), and let equili-
brium be finally established when 2¢ moles of HI are formed. At the
equilibrium we have therefore (@ — ¢) moles of Iy; (4 — ¢) moles of
H,; and 2¢ moles of HI. The equilibrium constant K is therefore
given by the expression—

X
K=fﬂgx]’eug= [4 (4 =((l—-é‘)(b—-c)
stm 45.‘ . 4(2

which solved! for ¢ gives—

L tl+b__\/(:z+lz)” b
2(1 — 4K) 4(r = 4K)? 1 - 4K

The following data were obtained by Bodenstein : @ and & denote
the number of cubic centimetres of gaseous H, and I (reduced to o° C.
and 760 mm.) that were contained in the glass bulb of about 13 c.c.
capacity. [a and & therefore represent #nizial concentrations; they do
not represent equilibrium values.] It will be observed that in this

! In solving such equations there is no doubt about the sign before the root, as
only one solution gives a physically possible result. In the above case, for ex-
ample, a + sign would yield values for ¢ greater than a + b, which is, of course,
impossible,
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reaction there is no necessity to determine the volume of the vessel with
any accuracy at all as far as the equilibrium equation is concerned, for
the » term cancels. It is not so, however, in other types of reactions,
as we shall see later. 2¢ denotes the quantity of HI formed expressed
in the same units. Bodenstein actually determined directly the
quantities (a — ¢), (6 — ¢), and ¢ (or 2¢).

Temperature 357° C. (vapour of boiling mercury used as constant
temperature bath).—The value of x was found experimentally to be
0°'1946, the reaction considered being 2HI — H, + I, Hence K is
calculated to be o'o1494. Using this value, 2¢ could be calculated for
the series of experiments in which H, and I, formed the initial mixture,
ie. Hy + I — 2HI

a. b. 2¢ Observed. 2¢ Calculated.

2°59 663 498 5'02

571 622 9'55 9'60
10°40 6°41 11°88 11°68
26°22 " 641 12°54 12°34
23'81 621 12°17 11°98
22°29 6°51 12°71 12°68

Temperature 448° C. (sulphur vapour bath).—The value of x was
found to be 0'2198. Hence K is calculated to be o-0o1984. Note that
at the higher temperature, x, and therefore K, has become larger, that
is, the degree of decomposition of HI increases with the temperature.
Using this value of K, 2¢ is calculated as before.

a. b. 2¢ Observed. 2¢ Calculated.
204 810 5°64 566
5°30 7°94 9°49 952
927 . 807 13'47 13°34
I4°44 812 14'93 I4°82
27'53 802 1554 15'40
33'10 7°89 15'40 15712

Bodenstein’s results confirm the theory in a very satisfactory
manner.

An important feature of the above reaction is that it involves no
volume change, for although the nature of the molecules differs, the
pressure produced only depends upon the number per unit volume,
and this remains constant. In the other type of reaction, in which the
number of molecules changes during the reaction, we can indeed keep
the system at constant volume, but it will be found that the total pres-
sure is not the same at the beginning and at the end. Examples of
this type will be considered later. As further examples of the above
type of reaction, mention may be made of the following :—
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The formation and decomposition of hydrobromic acid and hydro-
chloric acid—
2HBr ZZH,; + Bry

(Bodenstein and Geiger, Zeitsch. phys. Chem., 49, 70, 1904);
2HCI=H, + Cl,

(Dolezalek, Zeitsch. phys. Chem., 26, 334, 1898).
Also the technically important reactions, namely, that dealing with the
fixation of nitrogen from the air—

N, + 0, 2 2NO

(Nernst, Gottingen Nackrickten, p. 261, 1904 ; Nernst, Jellinek, and
Finckh, Zeitsch. anorg. Chem., 45, 116, 1905 ; 49, 212, 1906 ; 49,
229, 19006);

and the well-known water gas?! equilibrium—

CO, + Hy 22 H;0 + CO.

For details of these reactions the reader is referred to Haber’s
Thermodynamics of Technical Gas Reactions.

As already pointed out, a consequence of the absence of volume
change in the above cases is that for all such reactions the numerical:
value of the equilibrium constant is the same, whether we express the
active mass of the components either in concentration terms (gram
molecules per liter) or in partial pressure terms (atmospheres). This
can be seen at once by inspection of the equilibrium mass action
equation, because the proportionality factor £ connecting partial pres-
sure with concentration occurs as often in the numerator as in the
denominator, and therefore vanishes. On thesother hand, suppose
one considers a reaction in which there is a change in the total
number of molecules as the reaction proceeds, thereby causing a change
in volume (if the external pressure be kept constant), the numerical
value of K will not be the same when expressed in concentration and
partial pressure terms respectively. Thus, take the case of the decom-
position of nitrogen peroxide—

‘ N,O, Z 2NO..

In concentration terms—

K —_ C2¢N02'

C(NQO‘
Now CeNOg = kpeNOa and Cmgo‘ = kpmgo‘-
Therefore K= P enoy = A2 N0z
9 kfmgo‘ j’t“aot
Writing Llnos L g,
p!NgO‘

we have K = ZK,;.

1¢“Water gas" itself is produced by passing steam over heated carbon, there-
" by forming a mixture of CO,, CO, Hy, and H,O vapour. This mixture can be used
as a gaseous fuel, since it gives out considerable heat when burnt with air,
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Note.—Instead of writing K with the significance attached to it above,
another convention has been adopted by Haber (on the ground that it gives more
convenient numerical values), in which the equation of the reaction is so written
as not to include any molecular number greater than unity, though at the same
time this necessarily means the introduction of fractional molecular numbers.
Thus the decomposition of hydriodic acid would be represented by HI = §H, + 41,
and—

3 )
CeHg X Cdg
Cenr

which is evidently the square root of the previous K.

KHaber =

Let us return to the case of first-type gas reactions. One of the
most important consequences of the characteristic absence of change in
the total number of molecules is brought out when we consider what is
the effect of diluting (i.e. expanding) or concentrating (i.e. compressing) such
a system.

Suppose a certain mass of HI is brought into a vessel, and equili-
brium is reached when the partial pressures are p HI, p.ly, pHy respec-
tively, the total pressure being, say, 1 atmosphere, so that

Pau + Peny + Py = 1
the equilibrium constant K is—

Deny X Pery
Pl
Now suppose we compress the system so that the fo/a/ pressure is now
two atmospheres. This is the same as doubling the concentration,
since the volume is only one-half its original size. Momentarily, there-
fore, in this case the partial pressures take on double their former
values, and the expression becomes—

ZPEHQ X 2.1)«12
42%m

which is identical with the former value. There is therefore no
necessity for any ‘““chemical” change to take place in the system in
order that K may retain its former value. The state of things reached
‘“ momentarily ” (f.e. at an imaginary period of time infinitely close to
the moment when the alteration in the pressure of the system took
place) is still an equilibrium state.

The fraction of HI dissociated or the degree of decomposition is there-
Jove not altered in the slightest by the compression, nor would it kave been
altered, as may be easily seen, had we expanded the system, thereby de-
creasing all the partial pressures. ‘

(In the second type of gas reaction, however, where there is a change
in the number of molecules, it will be found that the ‘momentary
state ” is not an equilibrium state, but that some chemical change must
take place in order to maintain K at its former numerical value.) In
the hydriodic acid case no chemical change takes place on compression -
or rarefaction. The reasonableness of this conclusion may be demon.
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strated on the basis of the kinetic theory, as toliows: “. . . before H,
or I; can be produced, two molecules of HI must meet, and before
the HI can be reformed a molecule of hydrogen must encounter a
molecule of iodine vapour. The chances of each kind of encounter will
be equally affected by a change in the concentration, so that the equili-
brium established for one concentration will hold good at any other
concentration. Although, therefore, the velocities [fe. the g%c terms,
not the velocity constants] of the opposed reactions are altered by
alteration in the concentration, they are altered to the same extent, and
the position of equilibrium is unaffected” (Walker1). This has been
proved experimentally by Bodenstein. Thus at 448° C. Bodenstein
found the following values for x, the degree of dissociation ;—

Total pressure (in atmospheres) o-s, I'o, I°s, 2°0
x 0'2019, 0°2143, 0°2225, 0°2306

According to the theory, x should remain constant, and this is seen to
be approximately the case. The apparent rise in x is very probably
due, as Bodenstein has suggested, to adsorption of the HI by the walls
of the vessel.

ErFect oF TEMPERATURE UPON THE EQUILIBRIUM CONSTANT.

It has already been mentioned that K varies with the temperature.
This, as will be seen in the thermodynamic treatment of the problem,
is essentially due to the fact that heat is evolved or absorbed by the re-
action. It may also be regarded from the kinetic standpoint as due to

the fact that the velocity constants 4; and %, (K = %‘) vary with the
2

temperature, and not necessarily to the same extent. To illustrate the

extent of the variation of K in the case of the HI decomposition, a few

of Bodenstein’s values may be quoted. x again represents the degree
2

of decomposition of the HI, so that K = ————
4(1 - x)

o C. T abs. x. K.

280 553 0°'17803 0°0I172
360 633 0°19700 001504
460 733 0'22535 0'02115
520 793 0'24483 0'02625

EXPERIMENTAL METHODS OF MEASURING HOMOGENEOUS EQUILIBRIA
IN GAsEs.—FIRsT-TYPE GAs REACTIONS.

The methods may be divided into three classes: (1) static methods,
(2) dynamic methods, and (3) indirect methods.

1 Professor James Walker’s Introduction to Physical Chemistry,

VOL. L 9
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(1) As an illustration of the static method, one may quote the
following account of Bodenstein’s measurements in connection with the
HI, I,, H; reaction.

A number of glass bulbs, each of about 15 c.c., are filled with HI
gas at various pressures (4, 1, 14, and 2z atmospheres) at room tem-
perature, and the bulb sealed off. They were then heated in baths at
known temperatures between 100° C. and 518° C. for given intervals of
time. The bulbs were then removed, cooled as quickly ? as possible,
and opened under caustic potash, which dissolved the HI still remaining,
as well as the iodine, the hydrogen remaining undissolved. Bodenstein
then determined the volume of the bulbs, and hence the weight of HI
originally contained in them. By measuring the quantity of hydrogen
one could calculate the amount of I,, and likewise the amount of HI
decomposed. In another series of experiments, the bulbs were filled
with known amounts of H, and I,, reaction allowed to take place, the
analyses being carried out in an analogous manner. The results of the
two series of experiments—those in which the starting point is pure
HI, and those in which the starting point is Hj; + I;—are shown
in the figure (Fig. 38). The abscissa represent the duraticn of the
experiment, ordinates the fraction of HI present on opening and
analysing. Note that the points marked on the curves do 7ot represent
equilibrium values (until the horizontal portion is reached), but simply
the quantities of HI present at arbitrarily chosen time intervals. The
curves show that in the early stages the reaction proceeds rapidly, but
gradually slows down as the equilibrium point is approached. Notice
that the two curves eventually coincide, that is, the same position of
equilibrium is reached 2 from both sides. At 448° C. the equilibrium
point corresponds to a 22 per cent. decomposition of the HI.

(2) The dynamic methods of measuring equilibrium are particularly
suitable for reactions occurring at a high temperature. The methods
consist in allowing the reacting gas mixture to stream through a vessel
kept at the required temperature, on passing out of which the gases are
cooled as rapidly as possible. The chief difficulty is to get sufficiently
rapid cooling. Since the gases are not, as a rule, in contact for a long
time in the heated chamber, it has been found of the greatest advantage
to employ some catalytic material in the heating vessel. If the catalyst
is working properly, it has the property of hastening on a reaction with-
out altering the equilibrium point, that is, the catalyst increases the
velocity constants £, and %, of the direct and opposed reactions equally.
The walls of the vessel have been shown by Bodenstein to act to a
certain extent as a catalyst. Certain metals of the platinum group—

1This is known as chilling or freezing the equilibrium, It is assumed that the
equilibrium ratios corresponding to the high temperature of the experiment have not
;md tit:ine to alter owing to the decrease in velocity as the temperature is quickly
owered.

2 The effect of temperature on the rate at which equilibrium is reached is very
marked. In this reaction at 440° C. the time is measurable in hours, at 350° C, in
days, and at 250° C. months are required.
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especially platinum itself in a finely-divided form—have been found to
be of great service as catalysts. In order to be certain that the com-
position of the emitted (and analysed) gas mixture really corresponds to
the equilibrium in the reaction chamber, one must vary certain of the
conditions as much as possible, e.g. the arbitrarily chosen composition
of the initial mixture, the velocity with which the gas mixture is caused
to stream through the hot chamber, and the duration of the experiment.
The temperature of the hot vessel is, of course, kept constant. The
verification of equilibrium having really been reached and determined,
is best carried out by approaching the equilibrium point from both
sides, as Bodenstein did in the case of the HI, H,, I, reaction.

1-003
080
075
N
o
0 &0 {20 minutes
T'ime
. F1c. 38.

(3) The indirect method of determininy equilibria—which, how.-
ever, is less frequently resorted to than the direct—consists in measuring
the reaction velocity constants 4, and 4, of the direct and opposed
reactions, the equilibrium constant K being simply the ratio of these.
These measurements have to be carried out at the earliest possible stage
of the respective reaction. The reason of this will be clear when we
come to discuss the chemical kinetics of opposed reactions.

SECOND-TYPE GAS REACTIONS,

i.e. those in which there is a change in the total number of molecules
in the system during the reaction.
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The simplest examples of this type are cases of gaseous dissociation.
It is observed that while many gases and vapours give normal vapour
densities—densities from which one can calculate molecular weights
which are in agreement with the percentage composition of the sub-
stances as determined by analysis—many others give abnormal values,
which can only be explained on the assumption that a certain number
of the molecules have broken up into individuals of smaller molecular
weight, thereby increasing the total number of individuals (s.e. increas-
ing the volume if the pressure be kept the same), while the total mass
of course remains the same. On raising the temperature of such a gas
the density will naturally diminish, but it is found to diminish more
rapidly than is to be expected on the kinetic theory when the rise in
temperature only affects the distance of molecules apart without affect-
ing their number. As illustrations of second type reactions, one may
cite the decomposition of the halogens—

I, 221 Bry 2> 2Br Cl, 22 2ClL.

The dissociation of iodine vapour has been much studied, especially
by Victor Meyer (Ber., 13, 394, 1880), and recently by Starck and
Bodenstein (Zeitsch. Electrockem., 16, 961, 1910). A similar reaction is
the dissociation of nitrogen peroxide

(E. and L. Natanson, Wied. Ann., 24, 454, 1885; 27, 606, 1886).

At still higher temperatures the NO, molecules partially dissociate
into NO and O,, according to the equilibrium equation—

2NO, 2 2NO + O,

(Richardson, Journ. Chem. Soc., 51, 397, 1887).
Further, carbon dioxide dissociates at high temperatures, giving rise
to an equilibrium represented by the equation—

2C0, =2 2CO + O,

(Le Chatelier, Zeitsch. phys. Chem., 2, 782, 1888 ; Nernst and v. Warten-
berg, Zeitsch. phys. Chem., 88, 534, 1906).
This reaction is of great importance in smelting furnace work.
Other examples are: The dissociation of water vapour—

2H,0 22 2H; + O,

(G. Preuner, Zeitsch. phys. Chem., 42, 50, 1903 ; Nernst and v. Warten-
berg, bid., 56, 534, 1906 ; Lowenstein, ibid., 54, 715, 1906 ; Lang-
muir, Journ. Amer. Chem. Soc., 28, 1357, 1906) ;

the dissociation of phosphorus pentachloride—

PCl, == PCl; + Cl,.

For the literature dealing with this reaction and the others men-
tioned, see Mellor’s Statics and Dynamics.

In addition there are processes of great technical importance such
as-—
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(@) The Deacon process of chlorine manufacture—
O, + 4HCI 2 2H,0 + 2C],

(Vogel v. Falckenstein, Zeitsck. phys. Chem., 59, 313, 1907; G. N.
Lewis, Journ. Amer. Chem. Soc., 28, 380, 1906).
(6) The contact process of sulphuric acid manulacture, which de-
pends essentially upon the reaction—

2802 + 02 Z 2803

(Bodenstein and Pohl, Zeitsch. Elektrockem., 11, 373, 1905).
(¢) The synthesis of ammonia—

Ng + SHg = 2NH3

(Haber and v. Qordt, Zeitsch. anorgan. Chem., 43, 111 ; 44, 341, 1905 ;
also Haber and Le Rossignol, Ber., 40, 2144, 1907%).
As an illustration of the gaseous dissociation of an organic substance
one may cite that of ammonium carbamate, which dissociates at 60° C,,
according to the equation—

NH,COONH, ZZ 2NH; + COq

For details of the technically important reactions referred to, the
reader should consult Haber’s Z7%ermodynamics of Technical Gas Reac-
tions.

Owing to the change in the number of molecules occurring in
reactions such as the above, vapour density determinations have been
frequently employed, since these show abnormal values from which the
fraction dissociated and the dissociation constants can be obtained.
Thus let us consider a gas which can undergo dissociation enclosed in
a suitable vessel at constant temperature and suppose the density A
measured. Suppose that we know the density § of the gas if it were
undissociated. This can be obtained by measuring the density at a lower
temperature at which the gas is practically not dissociated at all. From
this one can calculate by Gay-Lussac’s Law, what the density would be
at the higher temperature if no dissociation took place. Suppose, how-
ever, that each gram-molecule dissociates at the higher temperature to a
fraction o, then instead of one individual in a given volume we have
(1 + a), supposing that the dissociation is of the simplest *binary”
type, A = B + C, on¢ molecule giving rise to #wo smaller molecules or
atoms. Now density is mass per unit volume, and the volume depends
upon the number of individuals present, pressure being kept constant.
Hence the density terms, z.e. the calculated and the observed, are in-
versely as the volumes containing the same mass. If A is the observed
density at the higher temperature in question at which is the calcu-
lated or theoretical density, it follows that—

A 1 8- A
1+ %" A

Now suppose one gram-molecule of the undissociated gas has been

initially introduced into a vessel and the temperature raised, then when
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dissociation has taken place there are (1 — a) moles ! of A, a moles of
B, and o moles of C in a volume 7, say, the corresponding concentra-
I —a oo a

v 0
The equilibrium mass-action equation is therefore—

tion terms being

a 2
CGC X Ctg (5) _ ag
C.. =I—a-(1—-a)v=
0 .

K..

The “dissociation constant” K. can therefore be calculated from a,
which in turn is obtained from density determinations.

It is sometimes convenient to express the dissociation constant in
terms of another easily measurable magnitude, namely, the total pres-
sure P exerted by the system when equilibrium is reached. The ex-
pression also involves the 8 and A terms.

Thus, taking the simple binary dissociation A —> B 4 C as before,
since the partial pressure of each molecular species depends upon the
number of these particles in a given volume (7.e. the concentration), it
will be seen since g, is identical with ps —these being equal partial
pressure terms—that—

I —a
v I -
&orl.)f_;- — 0..
}’a Pe a a
k4
Pa I —a I —a

Hence

pA+PB+pC=I_a+2a I+a..

But g, + ps + pc = sum of all the partial pressures = total pres-
sure P.

I—-
Hence ‘Z%=I+Z,
I —a
or = P .
Pa T a

This expresses the partial pressure of the undissociated molecules in
terms of the total pressure of the system. It is clear from this expres-
sion that the degree of dissociation varies with the total pressure of the
system. Writing a in terms of 8 and A, one obtains—

A
pA = P("""‘g‘ bl I>-
Similarly 25 = pc = 2, (I = a) = P- :_ - = P(I - %)

1 The term mole stands for gram-molecule.
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The dissociation constant K,—the constant obtained when partial
pressure terms are employed instead of ordinary concentration terms
(moles per litre), and which, as already pointed out, differs from K, by
a proportionality factor 2—is given by the expression—

P X pec _ P8 = A)

K = " Seac oy

Expression for the dissociation constants K, and Ky in terms of the
total pressure P when dissociation is small.—Consider the reaction—

2H202 2H2 + 02

and suppose that a volume v contains altogether ~ moles of water vapour
of which a number »x are decomposed into hydrogen and oxygen.
That is, the degree of dissociation is x. The concentration of the un-
dissociated water vapour molecules is—

n-nx n(1 —x).
v . 7

Now from the above reaction equation it will be seen that two molecules
of H,0 give on dissociating two molecules of Hy; + one molecule of

O;. Hence nx molecules H,O give rise to zx molecules of Hy + nx
2

molecules of Oy Therefore the concentration of the hydrogen is n?x’

. nx
and that of the oxygen is v Hence—

nx? « nx
~2 - —
K. = __ﬂg_)f CsOg _ v? 27 nxd
c = 3 =3 Y = .
Chio (1~ %) 2o(n - )
2

The total pressure exerted by the system in equilibrium is P. Suppose
that the partial pressure of each constituent obeys the gas law, and let
us further assume, as is the case in the dissociation of water vapour even
up to very high temperatures, that the degree of dissociation x is very
small. Then Py = #RT, since there are approximately » molecules

#RT
of water vapour present. Hence v = 5 and therefore—

Pad Pad
Kc = e —— O Kc = Z—R—T

neglecting « compared to unity.
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peﬂz X ng - (RT)2 CeHa X RTC(OQ

Further K, = -
,17 €HyO (RT) Ctﬂgo
= RT x 9‘%"—9—"2 - RT x K,
eHyO
= RT x Pas Pas

2RT(1 - 2)? 2(1 = 2)°

Suppose as a special case that the total pressure of the system is
one atmosphere, and that x is small compared to unity, then—

a3
Kp=';-

The dissociation constant can thus be calculated very 51mp1y from
the degree of dissociation when the latter is small.

ExaMPpLES OF SECOND-TYPE (GAS REACTIONS.

It will be convenient now to consider a few of the reactions already
mentioned in order to see how far the law of mass action is confirmed
by the results obtained. A simple case is the dissociation of iodine
vapour according to the equation I 22 21, recently investigated by Starck
and Bodenstein (Zettsch. Electrockem., 16, 961, 1910), who have shown
the existence of definite equilibrium points at various temperatures, and
have measured the equilibrium constants very accurately. The apparatus
employed consisted of a quartz bulb fitted with a quartz manometer
working on the same principle as the Bourdon gauge. The temperature
range over which the measurements were carried out varied from 800°
C. to 1200° C. The following are some of the values obtained :—

22

K, =L Temperature (° C.).
P €lg

0°0II4 800

0°0474 Qoo

0165 1000

0°492 II00

I°23 1200

It will be observed that the dissociation into atomic iodine rapidly
increases as the temperature is raised.! A similar phenomenon is
exhibited by first-type gas reactions, ¢.g. the decomposition of HI.

1Starck and Bodenstein also calculated by thermodynamics the heat effect
involved in the reaction, and showed that the thermal effects were in agreement with
Nernst’s heat theorem (see Vol. II., Chap. XIIL), which was not the case if one
used V. Meyer’s earlier data upon this reaction,
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EFFECT OF PRESSURE ON THE DISSOCIATION IN SECOND-TYPE Gas
REACTIONS.

At one and the same temperature the degree of dissociation, say,
of iodine vapour, has been shown by experiment to be dependent upon
the total pressure exerted by the vapour. The degree of dissociation
increases the more dilute the system, z.e. the lower the pressure. It
will be remembered that in first-type reactions (those involving no
change in the total number of molecules) the effect of pressure upon
the degree of dissociation was zero. This is the characteristic difference
between first- and second-type reactions. The observed change of
degree of dissociation in reactions involving a change in the total
number of molecules is likewise satisfactory confirmation of the law of
mass action, for such behaviour is predicted by the law. We may also
anticipate the effect from the standpoint of the kinetic theory of gases.
If we start with a given mass of gas occupying a certain volume under
a given pressure, and increase the pressure, thereby reducing the volume,
it seems reasonable to believe that this change does not affect the num-
ber of molecules of I, which dissociate per second, since each molecule
dissociates, so to speak, of its own accord. The number of combina-
tions per second of the separate iodine atoms will, however, be affected,
for here each atom must meet a similar one in order to reform the
original molecules of undissociated gas, and the number of times such
combinations can take place will depend upon the collision frequency,
this in turn upon the distance of the individuals apart, this again
depending upon the volume occupied by the given mass of gas, and
this finally depending upon the pressure. If therefore equilibrium is
set up with a certain degree of dissociation under a given pressure, then
on increasing the pressure (keeping the temperature constant, of course),
the rate of combination of atoms will be favoured, the rate of dissocia-
tion of the molecules being left unchanged, with the result that the
degree of dissociation will be diminished. The same conclusion is
reached on the basis of the law of mass action. In the reaction
I; 2= 21 the dissociation constant K, is given by the expression—

(concentration of iodine atoms)?
¢ ™ concentration of iodine molecules

Now if the pressure on the system be diminished, 7e. the volume
increased, to such an extent that the concentration of the iodine atoms
sinks to half its former value, the concentration of the iodine molecules
would have simultaneously to sink to one-fourth their original value in
order that K, may remain constant. This means that the concentra-
tion of iodine molecules must decrease to a greater extent than the
concentration of iodine atoms; in other words, some of them must
cease to exist in the molecular form, f.e. the degree of dissociation is
increased by diminishing the pressure.!

1 The effect of pressure in the above case is therefore to alter the degree of
dissociation. In such gaseous reactions the equilibrium constant as defined above
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This alteration in the degree of dissociation with pressure is
characteristic of all reactions of the second type.

Data obtained in the case of Nitrogen Peroxide.—The application of
the vapour density method to the dissociation of NyO4 into NOg has
yielded the following results. Temperature 49'7° C.

A Observed and
P. Referred to Air a. K,.
as Standard. ?

0’0 mm, — 1°000 —
26'80 ,, 1663 0'g30 106
9375 » 1788 0°789 112
182°69 ,, 1894 o°6go 124
26137 1°963 0'630 130
497°'75 » 2°'144 0°493 121

The value of K, if theory is correct should be constant. This is
roughly the case; the variations being irregular.

The Deacon Process of Chlorine Manufacture.—The reaction involved
in this process is represented by the equation

O; + 4HCl 22 2H,0 + 2Cl,.

A careful experimental investigation has been carried out by Lunge
and Marmier (Zeitsch. angewandte Chem., 105, 1897). A mixture of
hydrochloric acid gas and oxygen—the oxygen being sometimes replaced
by air—was led over broken bricks which had been soaked in cupric
chloride solution, then dried and heated to about 450° C. As a rule the
gas mixture was originally dry, 7.e. it contained no water vapour. The
equilibrium was approached from one side only, ze. the HCI + O, side,
not from the chlorine-water-vapour side. The equilibrium equation in

terms of partial pressures is—
2 2
]5 €HoO X ]’ ecly

4

p902 X Peﬂcl

or writing it as Haber does—

b b
éﬂﬁ__"i«_cl_z = K’y where K’y = #/K,.

%
ptOg X chcl

is not altered numerically, because concentration terms depend directly upon (i.e.

may be written in terms of) pressure terms, There is, however, an alternative mode

of writing an equilibrium constant of a gaseous reaction which does vary with the

pressure (cf. Vol. 11, Chap, V.). Had the system been a liquid solution in which the

pressure exerted upon the system bore no relation to the concentration terms of the

substances reacting in the solution, then, as will be seen later (Vol. II., Chap. V.),

in accordance with the principle of “mobile equilibrium” the equilibrium constant

itself would alter numerically with alteration in externally applied pressure, provided"
the reaction is one which involves a volume change in the (liquid) system as a

whole, no matter whether the reaction actually involves a ““change in the number

of molecules ”’ or not, since volume changes in liquid systems are due to a variety of
causes not effective in gaseous systems,

=KP’
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If a fraction x of each mole of HCI is decomposed when equilibrium

is reached, this fraction will give rise to Jz—c moles of chlorine, so that the
ratio of the concentrations of these two constituents is, if v is the volume

of the system—

- x - peclg
x 2(1 = %) P

IHE

14

Multiplying the equilibrium equation above and below by 2, , one

obtains—
'?i‘i? 2 3Ha0 r K’
St S wal P
PGHCI psclg pw,

Now if we start with dry Oy + HCI, we know from the stoicheiometric
equation Oy + 4HCl = 2H,O + 2Cl,, that just as much HyO vapour
will be formed as chlorine vapour, so that the partial pressures of these
two constituents will always be identical at any stage in the reaction,
and therefore identical at the equilibrium point. Hence the term—

b
Loy

— = I
* H
PGC]-Z
and, therefore,
- x 1

b= T
2(1 - x) pfog

This formula shows how relatively little the equilibrium point is in-
fluenced by the oxygen concentration or partial pressure, since it only
occurs in the equation under a fourth root. Lunge and Marmier found
that at the temperature at which they worked—in the region 400° to
500° C.—that the decomposition of HCI gas was large. When the
initial mixture, for example, contained 85 per cent. HCl and 91°5 per
cent. Oy, the fraction x of the initial HCI decomposed was o°83, z.c. 83
per cent. A difficulty met with in the experiments was the decomposition
of the catalyst, the cupric chloride, at the higher temperatures, thereby
interfering with the calculated chlorine content. The catalyst certainly
volatilises in the region of 470° C., and traces go over at even lower
temperatures. In experiments carried out above 500° C., it is evident
that some of the catalyst will be distilled into the cooler parts of the tube,
and as the gas mixture passes over it in this region it will cause to some
extent a change in the composition of the gas mixture (which has already
reached equilibrium in the hottest portion) to another equilibrium state
corresponding to the temperature of the cooler portion of the tube.
Owing to this effect, it was found that the equilibrium constants, cal-
culated from the results of experiments, carried out between 500° and
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550° C., were not very different from those obtained at somewhat lower
temperatures. This difficulty was got over later by Vogel von Falcken-
stein, who worked even up to 600’ C., by using platinum chloride as
catalyst at the higher temperature. The following table contains a few
of the results of Lunge and Marmier at the temperature 430° C., starting
with dry HCl + O,.

Initial Mixture.
Total Pressure 3 =% I
in mm. * pt‘Og. Kpﬂz(l“x).T )
Per Cent. HCL. | Per Cent. Os. ? e0q
737 85 9r'6 083 097 2'51
733 157 843 084 , 096 274
736°5 163 837 083 095 2°57
737 2ro 790 082 0°93 2°'45
729 34°I 659 081 088 2°42
735 51°1 489 0°77 081 2°07
729 674 32°6 058 0'71 1°00*
725 83°x 1679 0°39 0'55 o'58*

The average value for the equilibrium constant K’ at this tempera-
ture is 2°4 approximately. It will be observed that some values—those
marked with *—are considerably less than this. This is easily accounted
for if the reaction had not yet reached the equilibrium state in the ex-
perimental vessel. The important point to observe is that the discrep-
ancy manifests itself when the HCl percentage in the mixture becomes
large. One would expect this to be the case, because, in order that a
heterogeneous catalyst such as pumice saturated with CuCl, may hasten
the reaction, the reactant molecules must come into contact with the
surface of the catalyst, a process which evidently depends on the actual
extent of catalysing surface, and further, the greater the quantity of HCI
to be decomposed, the longer the time required for every molecule to
come into contact with the catalyst. In Marmier and Lunge’s experi-
ments with large quantities of HCI, the time presumably was not
sufficient to allow the reaction to proceed to the equilibrium state, and
hence the low values for the equilibrium constant. On using air instead
of oxygen a similar discrepancy was observed when the HCI percentage
was considerable, this being due to the dilution of the oxygen with the
inert gas nitrogen, which also acted so as to slow down the rate at which
equilibrium could be reached. To get the highest percentuge of HCI
decomposed, the conditions are small absolute quantity of HCI, and
large absolute quantity of oxygen for a given quantity of catalyst ata
given temperature. Thus in the first values given in the table the
initial mixture contains only 8'5 per cent. HCI, and with it a large excess
of Oy, with the result that equilibrium is rapidly attained, the fraction of
the HCl decomposed being large, namely, 0'83. Under the experi-
mental conditions realised in the experiments referred to, equilibrium is
evidently reached until the initial mixture contains 35 per cent. or more
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of HCI, provided pure oxygen is present to make up the remaining per-
centage composition of the mixture. If oxygen, however, is replaced by
air, then even at 26 per cent. HCI in the initial mixture, the equilibrium
is not yet reached at the conclusion of the experiment, the constant being
somewhat low, namely, 2°'14. Also in this latter case the fraction of the
HCI decomposed is only o-71, while it was as high as 0'81-0-82 when
pure oxygen was used in place of air. The values of K'; vary, of course,
with the temperature. Thus Marmier and Lunge found that at 480°
the average value for K’y was 2'o. The results in this case were much
more concordant than in that previously quoted. This is no doubt due
to the higher temperature, since it is known that the velocity of reactions
increases markedly with the temperature. In a homogeneous reaction,
i.e. one occurring in the gaseous state or in solution, the general rule is
that a rise of 10° causes the velocity constant to be doubled or even
trebled. The equilibrium point is therefore more rapidly reached at the
higher temperature. It should be observed, however, that the numerical
value of K’y has diminished, with rise in temperature, and this means
ceteris paribus that the quantity of chlorine formed from a given quantxty
of HCl is less than at lower temperatures. At the temperature 480°
quite measurable quantities of chlorine were produced by decomposition
of the catalyst. To obtain the optimum conditions for Cl; formation,
one has therefore to take into account several factors such as prevention
of decomposition of the catalyst, sufficient reaction velocity to reach
equilibrium in reasonable time, and the temperature coefficient of the
equilibrium constant itself. The results quoted will also serve to bring
out how many factors go to determine the true realisation of the equi-
librium point.

As already mentioned in the experxments referred to, the equlhbrlum
point was only approached from one side. Vogel von Falckenstein
(Zeitsch. phys. Chem., 59, 313, 1907 ; Zeitsch. Elektrochem., 41, 1906) has,
however, carried out experiments in which it is approached from both
sides, z.e. starting with a mixture of Cl; + H,O (vapour) as well as with
a mixture of HCl + Op.  The following data were obtained, the *“ direct ”
process referring to those expenments in which the initial mixture con-
sisted of HCl 4 O, the “reverse’’ process referring to the Cly + H,0
mixtures.

L d
3 « 3
K’ =pGH20 Peclg-
S
Temperature, Peon * P uict Mean K7,
‘ Direct.” ‘ Reverse,"

°C.
450 2°31 2°22 2°26
600 0°98 1°04 1'01
650 0-804 0'789 0796
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(The values for 600° C. are not based upon so many experimental
determinations as those at the other temperatures.) The agreement
between the values of K'; obtained by the different processes is very
satisfactory.

THE “ CoNTACT” PROCESS OF SULPHURIC ACID MANUFACTURE.

The essential reaction involved here may be represented by—
250, + O, 22 2S0;.

The equilibrium constant is—

p{z(SOs — Kﬁ
PZGSOQ X .plOg
Peso;, ’
or —Lew _ g,

J)esoz X ]”eo,

The ‘‘contact” process derives its name from the fact that the
SO; + O, gas mixture is passed over a solid catalyst—finely divided
platinum—in contact with which the above reaction proceeds. A fairly
full account of the literature will be found in Haber’s Z#hermodynamics
of Technical Gas Reactions. It is only necessary here to refer to some
work of Bodenstein as illustrative of how such a reaction is investigated
from the technical physico-chemical standpoint. Bodenstein’s method
consists in passing a mixture of SO, + air over hot platinised asbestos,
contained in two quartz vessels. Combination takes place in the first
vessel, thereby liberating a large amount of heat, which alters the
temperature of the catalyst, and consequently tends to set up an equi-
librium corresponding to this higher (unknown) temperature. The
mixture when equilibrium is almost reached is transferred to the second
vessel, and since the amount of transformation yet to be undergone is
small, the heat effect is likewise small, so that the true equilibrium point
corresponding to the temperature of the enclosure is realised. Tempera-
ture changes have a most marked effect upon this reaction. Some data
will be given in the section dealing with the variation of K with the
temperature. The advantage of using platinum in some form lies in
the accelerating influence it exerts on the reaction, so that at tempera-
tures below 500° equilibrium is reached sufficiently quickly to allow of
the employment of rapid currents of gas, which is, of course, a highly
important technical point where time is a factor which must always be
considered. Without a catalyst the reaction is extremely slow below
500°% and if we raised the temperature sufficiently so as to allow of fairly
rapid realisation of equilibrium, it would be found that the equilibrium
point now corresponds to considerable dissociation of SO;, 7.e. only a
relatively small amount of SO, 4+ O, combines at high temperatures. It
will be seen at once therefore how much the technical success of such a
process depends upon the use of a good catalyst, which causes the re-
action to go at a satisfactory rate under temperature conditions which
are favourable to high percentage yield of the desired product. The
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above process, for example, was at first of no technical importance—
compared with the older chamber process—owing to the want of a suitable
catalyst, and later, even after platinum was in use for the purpose, the
process again lost favour owing to some alteration of the platinum on
continued use, which rendered it ineffective as a catalyst. This has been
traced to the presence of impurities in the SO, which must be carefully
eliminated before the gas mixture comes into contact with the catalyst,
as otherwise a process known as ““ poisoning the catalyst” takes place.
As a matter of fact, practically nothing is known as to what this poison-
ing really 1s——probab1y because we are still much in the dark regarding
the mechanism of the catalysing effect itself. Recently it has been
stated in connection with the SOy production that a certain rise in tem-
perature will get over the difficulty of the poisoning without causing the
formation of SO; to diminish too much.

VARIATION OF THE EQUILIBRIUM CONSTANT WITH TEMPERATURE.

Just as inthe first-type gas reactions, so in those of the second-type,
the numerical values of K. and K, or K’y vary with the temperature.
Some instances have already been given in connection with #se Deacon
process. A few more for the same reaction are here added for the sake
of completeness.

Temperature. K'P Found. Experimenter. K , C};Lc;ll:.ted by

°C,

352 402 G. N. Lewis 457

386 302 » 340

419 2'35 » 262

430 2°50 Lunge and Marmier 2°42

450 2°26 v. Falckenstein 2°'10

480 2°0 Lunge and Marmier 173

600 1°02 v. Falckenstein 0°'go

650 0794 ” 0728

The values of K'; found were obtained by dynamic methods. As
an indirect method one may call attention to the column of values
headed K’ calculated, which were obtained on a thermodynamical basis
from certain energy relations applied to the separate reactions—

2H2 + 02 Z 2H20
and 2H, + 2Cly 22 4HCI

which on subtraction yield the Deacon equation. The ideas involved
in this calculation cannot be understood until the reader has familiarised
himself with the principles of Thermodynamics (Vol. II., Chaps. I.
and IL.). The temperature effect, as already pointed out, is of great
technical significance. It is clear from the above data that the position
of equilibrium becomes more favourable for the preparation of chlorine,
the lower the temperature. In this process, therefore, the highest
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percentage transformation of HCI into chlorine would theoretically be
obtained by working at as low a temperature as possible. A lower limit
is, however, set to the temperature by the fact that with decrease in
temperature the velocity of formation likewise diminishes. Technical
work has shown that the best results are obtained if the reaction is
carried out in the region of 400° C.

The data available in connection with the contact process of suiphuric
acid manufacture are interesting as showing an exceedingly marked
temperature influence. Haber (/c.) gives the following table of K’
values based on Bodenstein’s data, the constant K'; standing as before
for—

P!SO’
]’cso; X P ?0-).

Temperature. K’p-

°C.

528 31°3

579 138

627 5°54

680 3'24

727 1586

789 0°956

832 0627

897 0358

At 450° Haber calculated from Knietsch's observations that K', was
as much as 18767, whilst it is only 0°358 at 897°. A large constant
indicates large formation of SOj, hence the lower the temperature the
better the yield. It should be remembered that equilibrium values are
always the maximum values for a given temperature which can possibly
be obtained in any process, and hence the importance of studying these
technical problems from the physico-chemical standpoint-by means of
which it is possible to say quantitatively—not empirically—when the
limit of yield has been reached under given conditions. The condition
of low temperature in the above case must, however, not be carried too
far, for here again the question of time comes in, as it is of little benefit
to know that a large yield may be obtained if expenditure of time be too
great for its realisation.

ExpPERIMENTAL METHODS OF DETERMINING EQUILIBRIA IN SECOND-
TYPE GAS REACTIONS.

The methods may be divided as before into (1) static, (2) dynamic,
(3) indirect (velocity constant measurements). We have already dealt
with several instances of the first two methods. One point requires to
be emphasised. Among static methods we find frequent use made of
density determinations. This method is quite characteristic of second-
type gas reactions, for it is only possible by this method to tell anything
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about the course of a reaction if the reaction itself involves a change in
the total number of molecules and therefore gives rise to “abnormal ”
density values. To first-type gas reactions the density method is quite
inapplicable. Dynamic methods on the whole are more generally in use,
especially as many gas reactions are carried out at high temperatures,
for which. such methods are well suited. The experiments quoted in
the case of the Deacon process and the contact sulphuric acid process
are examples of dynamic methods. The indirect method of determina-
tion of equilibrium points by means of the velocity constants of the
“direct” and ‘ reverse ” reaction is quite analogous to that employed
in first-type gas reactions. As an example, the reader is referred to
Nernst and Jellinek’s determination of the equilibrium constant of the
reaction—

N2 + 02 Z 2NO
(Zeitsch. anorg. Chem., 49, 229, 1906),

which is of great technical importance in connection with the problem
of the fixation of atmospheric nitrogen.

THE EFFECT OF ADDING VARIOUS SUBSTANCES TO SYSTEMS ALREADY
IN EQUILIBRIUM.

Two important cases arise in this connection :—

First, what is the effect of adding an indifferent gas (s.e. one which
does not react chemically) to a gas system already in equilibrium, (a)
the addition of the indifferent gas being made at constant volume, (&)
the addition causing an increase in volume at constant pressure ?

Secondly, what is the effect of adding one of the components of the
reaction to a system already in equilibrium, (a) the volume being kept
constant, (4) the volume being allowed to increase ?

As regards the first question, both types of gas reaction may be
considered simultancously. On adding an indifferent gas to a gaseous
system representing, say, a dissociation equilibrium (N,O, 2 2NO, or
2HI 55 H, + I,) and keeping ¢Ae volume constant, it is evident that the
total pressure must increase. FExperience has shown that the percentage
dissoctation or decomposition is not altered thereby. This is in agreement
with what one would expect on the basis of Dalton’s Law, for by this
law the presence of a foreign inert gas does not influence the partial
pressures exerted by the reacting components. This holds equally well
whether the reaction itself involves a change in the total number of
molecules or not. This behaviour must not be confused with the effect
of increased pressure on second-type gas reactions, which we have already
discussed, and in which we found that increasing the pressure or decreas-
ing the volume caused a certain amount of recombination to take place.
In the case of compression simply, the point to be noticed is that the
increase in pressure was carried out in such a way that the partial
pressure of eack component was increased, while in the case of the addi-
tion of the inert gas the fo/al pressure is increased (at constant volume)

VOL. I 10
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while each partial pressure remains unaltered. Now we come to the
second part of the first question, »iz. what happens if we add an indif-
ferent gas to a gas system in equilibrium in such a way that the volume
of the system increases while the #soZa/ pressure remains the same?
Here we have evidently diluted the system. Now it has already been
seen that in first-type gas reactions the equilibrium is unaffected by
volume (e.g. HI, H,, I,), and therefore there is no change in the fraction
dissociated in such a case, though, of course, the absolute values of the
partial pressures have fallen since the same mass of each component is
now distributed throughout a larger volume. In the case of second-type
reactions the result is different. The increase of volume at constant
pressure causes, as we have seen, an increase in the dissociation products.
By the addition of the indifferent gas we have—just as in first-type
reactions—decreased the partial pressure of each reacting component,
and in second-type reactions the fraction dissociated depends on the
total pressure exerted by the components, which is now less than before
although the total pressure of the system remains constant. Hence the
effect of dilution is to cause dissociation of second-type reactions to
tncrease.
We may summarise the above effects as follows :—

If volume is kept constant: no chemical change in both
first- and second-type reactions.
Addition of | If volume increases: no chemical change in first-type re-
inert gas. actions. Increase in dissociation (the dissociation con-
stant remaining the same, of course) in the second-type
reactions.!

ErrecT OF ADDING ONE OF THE REACTING CONSTITUENTS, THE SYSTEM
BEING KEPT AT CONSTANT VOLUME.

DivisioN A.—FIRST-TYPE REACTIONS.

These must be further subdivided into: (1) Reactions in which oze
kind of chemical substance gives rise to one other kind; (2) one kind
of substance yields two or more different kinds; (3) two or more kinds
give rise to two or more different kinds still. It will be convenient to
work with concrete examples.

Subdivision (1).—No examples are known. Isomeric changes would
belong to this group, but none are known in gases.? Let us take the

1 Dissociation is a particular kind of a second-type reaction, In general one
may say that diluting a second-type reaction—the total pressure being kept constant
—causes the reaction to go toward the side of the equation which contains the
greater number of molecules, i.e. in the reaction, 1A + 2B 22 3C + 4D, the effect of
dilution in the above manner will be to cause an increase in C and D.

2 Perhaps the active modificat'on of nitrogen, recently discovered by Strutt on
Eassing electric sparks through nitrogen, may belong to this group, but nothing is

nown regarding this point.
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N

hypothetical case 1A 2> 1B for which the equilibrium constant is —él",
€A

what is the effect of adding some B, keeping the volume constant?
The pressure obviously will be increased. A simple way of finding out
what is likely to happen in all these cases where some constituent is
added, is to imagine the state which is reached ¢ momentarily” on
adding the gas in question. That is, we imagine the gas added so
quickly (yet without any heat effects) that the rest of the system remains
as it was during this moment even if it should ultimately alter. The
method is perhapsa little artificial, but it allows one to predict what will
happen assuming the applicability of the law of mass action. If experi-
ence inall cases is in agreement with the prediction, it obviously affords
very conclusive proof of the validity of the law.

Let us consider now what happens on increasing the concentration
of B by adding it to the system at constant volume. “ Momentarily”
we have A at concentration C,, and B at concentration C’s, and the

C's
Ce
have a constant at all, it is clear that a chemical change must take
place in the system whereby the concentration of B decreases and A
increases, ze. the reaction goes thus, B — A.

Similarly, had we added excess of A, the reaction would have gone
in the opposite direction. The effect therefore of adding excess of
either of the components in this case is to cause part of this excess to
be used up in the production of some of the other component. The
net effect therefore is that the comcentration of both components is
increased. In spite of this, however, the fraction decomposed of A, say,
is not altered from the former state, because the ratio of the concentra-
tions of A and B must remain constant, and this can be written in the
form—

expression is therefore greater than before, and hence if we are to

SHESY

-
|
R

4

(where x is the fraction of one mole of A which disappears to give rise
to B), an expression which is obviously independent of the dilution v
(and therefore of the concentration which is the reciprocal of ) since

constant and therefore x

this quantity o cancels out, leaving —

constant.

Subdivision (2).—An example is the familiar reaction 2HI 2= Hy+ I,.
What is the effect of adding excess of Hj to this system when in
equilibrium, keeping the volume constant? According to the law of
mass action—

Peny, X Deng
e L L
yar

I0
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is constant (at a given temperature). * Momentarily ” we shall have
the pressure of the Hj increased, say, to p'ny, and the expression—
f ug X Pds
Pl

would now be too large, so that in order that the equilibrium constant
may retain its original value, part of the Hg and I must unite to give
some HI, 7. the decomposition of HI is thrown back. Evidently just
as much HI will thus be formed as corresponds to I, disappearing in
the process. Analogous results would have been obtained had we
added excess I; vapour instead of H;. We may therefore generalise by
saying that the degree of decomposition of HI is diminished by the addi-
tion at constant volume of either of the products of decomposition. By
preferentially adding only one of the products of decomposition we
bring about a state of things which might be called “an asymmetrically
decomposed system,” because the products are not present in equivalent
quantities. Such an asymmetric state never occurs as a result of spon-
taneous action, but can be brought about in the manner above described.
When we speak of ‘‘the degree of decomposition” in such a case as
the above, it is not quite the same as the ordinary decomposition into
equivalent amounts of Hy and I,. By adding H, we have decreased I,
and accordingly increased the HI. Hence the ratio I——Iﬁ has decreased,
and if we add a large amount of H, we can make the I, almost vanish.
It is 24is degree of dissociation which decreases, ze. dissociation with
respect to the constituent which has zo# been artificially increased.
This does not contradict the conclusion to which we came earlier,
namely, that the degree of dissociation of any first-type reaction is in-
dependent of the volume or concentration of the system, for then we
were only thinking of symmetrical decomposition into equivalent
amounts of Hy and I,. This can be seen at once if we imagine the
effect which will be produced if we add H; and I, simultaneously in
equivalent amounts. In order to keep the equilibrium constant the
same, Hy and I, will combine to a certain extent, the uncombined por-
tions necessarily remaining in equivalent quantities. The result of such
a proceeding will be to increase the concentration of all the constituents,
namely, the HI, H,, and I,, but the degree of decomposition will be
absolutely unaltered, for evidently we could have arrived at the same
state not by adding H, and I; in equivalent quantities, but by simply
compressing the system. Clearly, the same reasoning applies if we add
HI to the original system. In this case the expression—

Pcﬂg X pdg
2
HI
would momentarily be too small, and hence some of the HI will de-

compose, but this it can only do symmetrically into equivalent H, and
I3, so that, although each concentration or partial pressure term is
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increased, the fraction decomposed is unaltered. If, however, we make
the composition of the system asymmetric by preferential addition of
one of the products of decomposition as already stated, the degree of
dissociation with respect to the other product is decreased. In this
type of reaction the student must be careful not to make the statement
that the addition of any constituent will alter the degree of decomposi-
tion, for, of course, HI itself is a constituent, and we have seen that
the addition of this does not alter the degree of decomposition. The
whole matter may be simply put thus: if symmetrical change is caused
in the system at constant vo'ume (by addition of HI), the degree of de-
composition remains unchanged; if the system becomes asymmetric
by the addition of one product of decomposition, the degree of decom-
position with respect to the other product is decreased. The difference
between subdivisions (1) and (2) is now clear, because under no cir-
cumstances can we make the reaction of subdivision (1) asymmetric.
The student must also bear in mind that we are discussing first-type
reactions only.

Subdivision (3).—This includes reactions such as that represented
by the equation—

A+BZ2C+ D
or more generally—
”IA + ﬂzB Z 713C 4 ”4D

where n o+ ny = ny+ n,

and the substances A, B, C, and D are all different. Each substance
can be added in turn, so that concentration asymmetry can be intro-
duced into the system from either side of the equation. This dis-
tinguishes such reactions from that of subdivision (2z), in which
asymmetry could only be brought about from one side (i.e. in the
hydriodic acid decomposition by addition of either Hy or I;). As an
illustration we may consider the water gas reaction—
CO; + H; 2 H,0 + CO
for which the equilibrium constant K¢ is—

C(HQO X Ceco
CeCOg X Cex—lg

If one adds at constant volume e:s#4e7 water vapour or carbon mon-
oxide, formation of some CO; + Hj results. Similarly, addition of
either carbon dioxide or hydrogen causes the production of some
H,O + CO. We can no longer speak of degree of decomposition in
such a case, since all the substances are different, and a single substance
does not of itself produce any other substance. In so far as investiga-
tion has gone in gaseous reactions, no exception has been met with as
regards the law of mass action.

DivisioN B.—SecoND-TYPE Gas REACTIONS.

We have now to consider second-type gas reactions as regards the
effect of adding components to a system already in equilibrium, the
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system being kept as before at constant volume. It is not necessary to
make any subdivisions here. It will be remembered that these reactions
are characterised by the fact that the degree of dissociation—when the
reaction happens to be simply a dissociation such as NyO, — 2NOy—
alters with the dilution of the system. The following statement holds
good : If to a second-type reaction system in equilibrium we add at
constant volume any one of the constituents the degree of dissociation
is thereby altered. This happens whether the dissociation is made
symmetrical or not. Consider the simple type of reaction represented
by the dissociation of molecular iodine into atomic iodine, according to
the equation I, 22 2I. The equilibrium constant—
C2¢I
Cay

If we could imagine iodine afomms added, the pressure rises since the
volume is kept constant, and consequently we get formation of I,
molecules, but, for reasons given when discussing the effect of external
pressure in such a case, not only is the absolute concentration of each
constituent increased, but at the same time the degree of dissociation
of the iodine molecules is decreased. The degree of dissociation would
be simply—

K, =

concentration of I
concentration of I,

and it is clear that this cannot be constant, since it is the expression—

(concentration of iodine atoms)?
concentration of iodine molecules

which remains constant. The degree of dissociation, as well as the
absolute concentration terms of each constituent is likewise altered by
addition of molecular iodine—this being the only practical addition we
can make.

Further, take the case in which two different products are formed
by dissociation, e.g. the dissociation of phosphorus pentachloride,
PCl; 2 PCl; + Cl,. The temperature is supposed to be such that
all the constituents are gaseous. The equilibrium constant is—

Ccrcl;; X C!C]g _ Dercly X Pecly
CEPC15 PGPC];

Suppose some chlorine is added, the * momentary ” state is evi-
dently not one of equilibrium, the above expression being now greater
than before. Partial combination of PCl; and Cl; occurs, giving rise to
some PCl,. The system is also at a higher pressure now than it was
previous to the addition, and hence the degree of dissociation of the
PCl, is less. The addition of one of the products of dissociation there-
fore throws back the degree of dissociation, just as in first-type re-
actions ! at constant volume. Also if some PCl; be added, the above

K, = or K,

! The system being thereby made * asymmetric ",
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expression is momentarily too small, and hence some of the PCl; added
dissociates. The total pressure (due to the sum of the partial pres-
sures) has increased, and therefore the degree of dissociation of PCl;
is once more decreased. An exactly similar effect would of course
have been produced by adding PCl; 4+ Cl; in equivalent quantities.
In first-type reactions, however (HI, H,, I,), the degree of decomposi-
tion of the HI is not affected by addition of HI, although of course the
absolute concentration value of each constituent is increased if the
volume be kept constant. For second-type reactions (“ dissociations ”)
it is therefore quite correct to say that addition of azy constituent at
constant volume will decrease the degree of dissociation ; for first-type
reactions it is only by adding cerfain constituents, so as to set up a state
of “asymmetric decomposition,” that the degree of decomposition is
thrown back (with respect to the constituent not artificially increased).
Further, let us consider the Deacon process—

02 + 4HC1 Z 2C12 + 2H2O
which gives a constant—

Kp — P‘zeclg X pZeHgo
Peoz x p4¢ncl

This might be considered as a second-type reaction analogue of the
water-gas reaction CO, + Hy, 22 Hy;0 + CO. The behaviour of the
Deacon reaction resembles the water-gas reaction in that the addition
of any oze of the constituents causes a general increase in the con-
centration of all the constituents, in order to keep K, constant, the
volume having been kept unchinged. There is the following marked
difference, however. If one adds in the Deacon reaction some
Cly + H,O in the correct stoicheiometric quantities required by the
reaction equation (one mole of each), some HCl + O, will be pro-
duced, 7.e. the absolute values of the concentrations are increased, and
since the addition has been made at constant volume, the pressure has
risen, but the »azios of the numerator terms to the denominator terms
must not remain the same as before, for if this were the case it is ob-
vious that raising some of them to different powers as they appear in the
equilibrium equation would not when thus raised yield the same value
for K. In the water-gas reaction, however, the addition of H;O + CO
in stoicheiometric quantities leaves the equation in such a state that the
ratios of the numerator terms to those of the denominator, 7.¢.—

4@0;/’_290;@

?Coz ])Hz ])HQ

are just the same as they have been previous to the addition. The
absolute values of the concentration terms are, of course, increased.
We may now pass on to the final part of the problem, namely :—
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ErFects PRODUCED IN FIRST- AND SECOND-TYPE GAS REACTIONS BY
THE ADDITION OF DecoMposiTiION Propucts AT CONSTANT
PARTIAL PRESSURE OF THE ADDED CONSTITUENT.

The volume of the system evidently increases to a greater or less
extent under these conditions. The case is scarcely so important as
the preceding, but it is, nevertheless, of interest to see what behaviour
the law of mass action predicts. We shall not trouble to treat the two
types of reaction separately. Instead, we shall simply consider one or
two special cases.

(i) The reaction involves the dissociation of one kind of molecule
into two new kinds, e.g. the dissociation of phosphorus pentachloride,
PCl, 2 PCl; + Cly.  The condition for equilibrium is that—

X

QIR
QIR

= constant, K,

L]
]

Q

where x is the mass of chlorine or phosphorus trichloride (in moles)
present in the volume  (liters), and (1 - x) is the mass of phosphorus
pentachloride. « is therefore the degree of dissociation or fraction of
one mole of PCl; dissociated. Now suppose 7 liters of Cl; or PCl,
are added at the same partial pressure as that at which these substances
exist in the mixture. Consider the “momentary ” state. The volume
increases to (# + 1) liters while the total pressure of the system re-
mains the same as before, since the Cl, or PCl; has been added at its
original partial pressure. The original partial pressure of Cly or PCly
corresponded to a concentration of x moles in  liters. By adding 7o
liters under the same conditions we have added #zx moles of chlorine
(say), so that the total mass of chlorine is now (% + 1)x moles, and
this is “ momentarily ” distributed throughout a volume (z + 1)o, so
(7 + 1)x

During the “momentary” state therefore we have the following
concentration relations :—

that its concentration is

x (7 + 1)x
(n+ 1) (n + 1)
I - x
(7 + 1)v

which is evidently identical with the former expression—

X 4
- X -
2 ?
I - X

v



ADDING ONE OF THE REACTING CONSTITUENTS 153

In other words, the “ momentary” state in this case turns out to be an
equilibrium state. Hence the addition of either Cl, or PCl, at ke
same partial pressure as that already existing in the equilibrium mixture,
so that the system increases in volume while the total pressure likewise
alters, has no influence on the degree of dissociation of the PCl,,
This conclusion should be compared with that when Cl; or PCl; is
added, the system being kept at constant volume, in which case the
degree of dissociation is thrown back.

(ii) The reaction involves a dissociation wherein oz¢ molecule of a
substance gives rise to t4ree molecules, fwo of which are identical, e.g
the dissociation of ammonium carbamate into ammonia and carbon
dioxide—

NHgCOONH4Z 2NH3 + COg.

The equilibrium constant is given by—
<x>2 x
— x —
v v
I - x
v

K =

where x is the fraction dissociated of one mole of NH,;COONH,.
First of all, suppose we add zv liters of CO, at the same partial pres-
sure as that already possessed by the CO;in the equilibrium mixture.
‘I'he volume increases to (z + 1)v liters. The total mass of CO, is
(7 + 1)x moles and the above expression becomes—

{ } N (2 + 1)x x? o X
AP b — . x =
(n + )2 (n & I)v which is equal to (n+ 1)v Z
I —x I - X
(7 + 1) v

And this is no longer equal to the original mass action expression.
The numerator has decreased, and in order that the constant K may
remain as such, the numerator terms, that is, the dissociation products,
must increase. Hence the effect of adding the COq under the above conds-
tions is to cause the carbamate lo dissociate further.

Now consider what happens if NH; be added instead of CO,.
Suppose 7 liters of NH; added at the partial pressure already obtain-
ing in the equilibrium mixture. The mass of NHj is now (z + 1)x in
the volume (7 + 1)z, and hence the mass action expression is at the
momentary state—

(T )
N o

which is identical with the original value. Hence the degree of dis-
sociation of the carbamate is in this instance unchanged. If NH; + CO,
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were added, each at the correct partial pressure, it will be seen on setting
up the equation that the degree of dissociation of the carbamate will be
thrown back.

(iii) Finally consider the reaction zHI 22 Hy + I,. The condition
for equilibrium is that—

X
x2

or
(x = ap

HIQR
Rlaly

14

shall be constant.
If v liters of hydrogen be added at the correct partial pressure the

momentary state will be represented by—

(n + 1)x x
(n + 1) X (2 + 1)2 ; (7 + 1)x?

Geml O
n 1)

The numerator is now too large, and in order that the equilibrium con-
stant may retain its original value the decomposition of the HI must be
thrown back.

The behaviour of systems which undergo volume increase by the
addition of one or more of the reacting constituents differs from case to
case, but it can in general be foretold by applying the law of mass
action.

It may be pointed out that writing the volume increase as the sum
of the original mixture and added gas only holds in certain cases when
equilibrium is finally reached. If we take those cases in which no
change is produced in the degree of dissociation by the addition, then
the equilibrium volume is actually the “ momentary ” volume, In other
cases, however, in which the addition causes the dissociation to alter, it
will be found that finally, 7.e. at the equilibrium state, the volume is not
simply the sum of the original plus added gas, but has some othes
value. " If the degree of dissociation is thrown back there will be an
actual disappearance of molecules, and the final volume will be less
than the momentary volume in order that the total pressure may be
constant. The opposite effect occurs when the dissociation has been
increased by the addition.  'The device of the ‘“momentary ” state is of
great use, however, in telling us qualitatively at any rate what will
happen.




CHAPTER 1IV.

Chemical equilibrium in homogeneous systems (continued)—Liquid mixtures—-Solu-
tions—Properties of solutions.

THE systems to be considered may be divided into (1) liquid mixtures
and (2) solutions. The terms are not employed very rigidly, the term
solution being not infrequently applied to include liquid mixtures as
well.  The distinction, such as it is, refers to the relative quantity in
which the various constituents of the system coexist. The term *‘liquid
mixture”’ applies strictly to a homogeneous liquid system in which no
single constituent is present in very large excess compared to the other
constituents. The separate constituents are at the same time liquids.
A (liquid) solution, on the other hand, is a liquid system in which one
liquid—called the solvent—is present in large excess. The constituents
dissolved in the solvent are known as ‘solutes”. Solutions may be
produced by dissolving solids, liquids, or gases in a given solvent. The
latter functions as the medium in which the reaction takes place and
may in certain cases take a definite part in the reaction. In other
cases—and these are the most frequently occurring—no definite 7d/e
can be assigned to it, zZe. it does not appear in the stoicheiometric
equation representing the reaction, but apparently functions as an
inert medium. The properties of solutions and the types of equilibria
which are found vary much according to the chemical nature of the
solvent, for this determines to a certain extent the nature of the in-
dividuals produced by dissolving a given solute.

It has already been shown that the law of mass action is a satis-
factory guide as far as gaseous reactions are concerned. Reaction there
takes place between molecules, between atoms, and between molecules
and atoms. We did not have to deal with electrical effects.!  In liquid
systems, however, besides reactions between molecules similar to gaseous
molecules, we sometimes find instances of reactions between electrically
charged particles called *‘7ons,” which are atoms or radicles carrying
clectricity proportionate to _their valency. Ions occur most frequent]y
in aqueous solutions of substances known as “elecfrolytes,” notably
inorganic acids, salts, and some bases, e.g. solutions of caustic potash,
hydrochloric acid, sodium chloride, etc. Ions also occur, though to a

11n the case of a gas which has been ionised by electrical discharge, or by the
rays of radio-active substances mentioned in Chapter I., the rate of combination
of electrified particles to yield a neutral gas appears to follow the mass action
principle.

155
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much less extent, in solutions of similar substances in acetone, methyl
alcohol, ethyl alcohol, and in a few other organic solvents. Solutions in
which liquids such as hydrocarbons (aliphatic and aromatic) act as
solvents do not contain ions, or at most only a very few. Ions may be
of two kinds, according to the sign of the electrical charge carried,
namely, positive ions or cations and negative ions or anions. Solutions
are, however, in all cases electrically neutral, as the anions and cations
are always present in equivalent numbers.

In addition to reactions between ions, we also find reactions occur-
ring between (uncharged) molecules and ions.  As a matter of fact, when
ions are produced some molecules are likewise present, though in certain
cases to a very small extent. Reactions in liquids may therefore be
more complicated in nature than those which occur in gases. The law
of mass action has, however, been applied to equilibrium in liquid
systems with considerable success. In such cases we take as a measure
of the active mass of a constituent its concentration reckoned in moles
per liter of solution, whether the constituent is electrically charged
or not. ‘

For the purpose of systematising our study we may classify reactions
into (1) reactions in liquid mixtures, and (2) reactions in solutions.
Reactions in solution are those which, as already mentioned, take place
in a suitable liquid medium—the solvent—which is present in large ex-
cess, but which does not take part apparently in the reaction. Though
the equilibrium relations can be satisfactorily studied in many cases
without taking the solvent into account except as an inert diluent, it
would be rash to suppose that it actually plays no part, since the nature
of the solvent frequently determines the nature of the dissolved particles
of solute. In certain solvents the solute may give rise to ions, that is
to say, the solute may suffer ‘““electrolytic dissociation”; in others,
even the same solute will be quite unable to ionise. In other cases
- still, a definite stoicheiometric part is played by the solvent as in the
hydrolysis of salts in aqueous solutions. For convenience we shall con-
sider equilibria involving ions in the next chapter, under the head of
the “electrolytic dissociation theory,” since this forms by far the most
important branch of reactions in liquid systems.

1. Liguip MIXTURES.

Our present purpose is to see how far the law of mass action has
been established for reactions between uncharged liquid molecules
when these are not suspended in a solvent—inert or otherwise—but
are simply spatially distributed in the manner peculiar to the liquid
state.

As an example, we may consider the ckange of ammonium thiocyanate
tnto thiourea, according to the equation—

NH,CNS 2> (NH,),CS.

At ordinary temperatures both these substances are solids and each
may be kept for an indefinite time without alteration. This is due to
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the fact that reactions in the solid state are always very slow. The
change, however, has been studied in the liquid state by working at
~a higher temperature, 152° to 153°C., at which the system is in a state
of fusion. Experiments have been carried out by J. Waddell ( Journ.
Phys. Chem., 2, 523, 1898), beginning with each substance in turn.
The same equilibrium point corresponding to the above temperature
was reached from both sides, the equilibrium mixture being z1°2 per
cent. thiocyanate and 78'8 per cent. thiourea. A little doubt exists
regarding the numerical accuracy of the above numbers owing to the
fact that the materials were not absolutely pure.l The results show
quite definitely, however, that an equilibrium point is actually reached.
The difficulty of applying the law of mass action, however, in such a
case lies in what one means by ‘ concentration” and whether concen-
tration (moles per liter) is a true measure of the active mass. A similar
type of reaction is met with in the conversion of y-hydroxybutric acid
into y-butyrolactone.?

CH,0H.CH,;.CH,. COOH ZCH,.CH,.CH,.CO + H;0O
investigated by P. Henry (Zeitsch. physik. Chem., 10, 98, 1892). Start-
ing with 1823 moles of the acid, it was found that equilibrium was

reached when 13°28 moles had been transformed. There were there-
fore 495 moles of acid left. If the volume of the system is v liters,

the concentration of acid at the equilibrium point is 5—’-9-5, that of
v

1328

lactone or water being , and the equilibrium constant

28)2
K = QB_EE)_ The experiments being carried out for a different

purpose, Henry did not investigate the constant further. Fairly good
velocity constants were obtained, however, and this is evidence that
mass action is effective in bringing about the state of equilibrium.

The most thoroughly investigated case of equilibrium in a liquid
mixture is that furnished by the action of ethyl! alcokol upon acetic acid,
according to the equation—

C;H;O0OH + CH;COOH 2= CH;COOC,;H; + H,0.

This reaction was studied by M. Berthclot and Péan de St. Gilles
(dnn. Chim. Phys., 65, 66, 1862; 68, 1863). The reaction goes
slowly at ordinary temperatures, several days being required to reach
the equilibrium point. It may, however, be reached in a few hours by
sealing up the mixture of alcohol and amd in a glass tube and heating
to about 100° C. The stage reached after any interval of time may
be determined in this case by titrating the acetic acid present. This
method is only allowable if the reaction is a very slow one, no measurable

1 See Mellor, Statics and Dynamics, p. 86. 2 Ibid., p. 82.
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change in the state of the system, Ze. no fresh acid being produced,
during the time taken for titration. In reactions which go more rapidly
this method would be quite inapplicable; in such cases we must have
recourse to the measurement of some physical property which can be
made without altering the relative concentrations of any of the reacting
substances. Berthelot and St. Gilles established the fact that the samc
equilibrium point is reached whether we start with alcohol and acid or
with ethyl acetate and water. Employing one mole of each substanc:
to start with, on allowing the respective pairs to react the same equili-
brium point was reached in both cases, namely: } mole acetic acid,
3 mole ethyl alcohol, § mole ethyl acetate, 4 mole water. After the
lapse of several years these ratios were found to be absolutely un-
changed.

Let us now calculate the equilibrium constant for the above case.
Suppose the volume of the system is v liters.

Equilibrium concentrations are :—

Acetic acid. Ethyl alcohol.  Ethyl acetate. ~ Water.
. 2
E)

v

Q {
(=]
Q | s

v
Cc ester X CEH)O

cacetic X Ce alcohol
DA

The equilibrium constant K = ~

It will be observed that the above reaction is one which does not
involve a change in the number of molecules. The v term, therefore,
vanishes. If the system were gaseous, change of pressure would have
no effect upon the numerical value of the degree of decomposition of the
acid or alcohol.

Even in a reaction such as the above, however, where there is no
change in the number of reacting molecules there may be slight volume
change owing to the different cohesion attractions or repulsions pos-
sessed by the molecules of the different species produced in the liquid
state. If there is absolutely no change in volume as the reaction pro-
ceeds, change in external pressure can have no effect upon the value of
the constant K. If, on the other hand, there is a slight volume change
of the system as a whole, produced as a result of the reaction, then the
value of K will be slightly affected by alteration in the external pressure.
Usually the effect is so very small that it may be neglected; theoreti-
cally, however, it is present, being analogous to the change of K with
temperature, both effects being instances of the principle of ¢ mobile
equilibrium ”.

Returning to the equilibrium equation, it will be seen that it may
be put in a somewhat more general form by supposing that the initial
mixture consists of 1 mole of acetic acid, 7z moles ethyl alcohol, and that
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equilibrium is reached when x moles of ethyl acetate (or water) are
formed. Then
a2
TG =x)(m - %)

Employing the numerical value of K obtained from the experiment
already quoted, we can calculate x for any other case and compare it
with the value given by experiment. The following table (recalculated)
is due to van’t Hoff (Ber., 10, 669, 1877), the values being based upon
Berthelot and St. Gilles’ data.

Initial Quantity of Initial Quantity of

Ar egc yy cid.y Alcczohol. y x Calculated. x Found.

1 mole 0°'05 mole 0°'049 mole o005 mole
. o018 ,, o171 o'I7r
" 0.33 " 0.301 " 00293 iR}
» 0°50 0°423 07414 »
” 100 ,, 0667 ,, 0'667l ”"
” 200 ,, 0'850 ” 0.858 "
" 800 ,, 0970 0966,

An examination of the data indicates that the law is approximately
obeyed.  This agreement, however, is to a certain extent illusory. In
the first place the experimental values in the above case are barely ac-
curate enough to allow us to distinguish between an apparent and a real
agreement. In the second place, a much more fundamental point must
be taken into consideration. It will be shown in the concluding section
of this chapter that it is only legitimate to apply the law of mass action
to a dilute system, that is one in which the concentration of the partici-
pating substances is low. This is most conveniently realised by em-
ploying a large quantity of an inert solvent. In general when the
concentrations of all the substances in a reaction mixture are large, the
law of mass action cannot be expected to hold good. Thus in regard
to the above reaction, in a particular case in which there were @ moles
of ester already present in an equimolecular mixture of alcohol and acid
the equilibrium values of x and the corresponding values of K are as
follows :—

a. x experimental, K.
005 . . . . 0639 . 34
043 . . . . 0589 . 36
16 . . . . o'52I 48

The values of K in this case show a decided trend, not to be ex-
plained on the ground of experimental error.
Another illustration of mass action equilibrium in liquid mixtures is

1This result was used for the calculation of K in the first instance, hence the
agreement in the last two columns is necessarily exact.
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afforded by the action of amylene upon organic acids to form amyl
esters (Nernst and Hohmann, Zeitsch. physikal. Chem., 11, 352,
1893). Again we find an approximate constancy in the value of K
but the experimental error appears to be somewhat large.

The Berthelot-St. Gilles’ reaction has recently been reinvestigated
by Jones and Lapworth (Zrans. C. S., 99, 1427, 1911), using hydro-
chloric acid as the catalysing agent to hasten the course of the reaction.
Their results are very important from the standpoint of the mechanism
of such catalysis, for they consider they have succeeded in showing that
part of the HCI unites with part of the Hy0, thereby virtually removing
part of the latter from active participation in the Berthelot reaction, with
the result that calculations made of the equilibrium constant on the
basis that all the water present is ac/7ve lead to a series of different values
for K—*“apparent ” values denoted by the symbol yy—according to the
amount of HCl in the system. Berthelot and St. Gilles did not employ
a catalyst. The following account of Jones and Lapworth’s experiments
is given in their own words.

[H,0][CH; . CO, . CyHy)
[C,H; . OHJ[CH,. COH]

is known to be approximately 4 for the homogeneous liquid system over
a very wide range of temperature, its value being but slightly affected
by the addition of small quantities of catalysts, by alterations in the
relative amounts of the constituents, or by the use of various indifferent
solvent media.

Whilst the activity of hydrogen chloride in alcohol is greatly
diminished by small amounts of water, it is but imperceptibly affected
by acetic acid or by ethyl acetate; hence, if the variations in the avail-
ability of hydrogen chloride are, in fact, due to combination of the latter
with water, then hydrogen chloride, when passed into an equilibrium
mixture of water, ethyl acetate, alcoho), and acetic acid, should unite
almost exclusively with the water when the latter is there in considerable
quantity. The experience of Berthelot and Péan de St. Gilles with in-
different solvents would lead to the conclusion that the value of K,
corrected for the quantities of the four constituents removed by the
hydrogen chloride and rendered inert, would still remain nearly con-
stant. The present paper, ze. that of Lapworth and Jones, describes
measurements of this kind, which show that as the ratio of the amount of
water existing in equilibrium to the amount of hydrogen chloride falls,
the value of y (the apparent value of K calculated on the assumption
that the water in the system is entirely in the free state) rises from 4 to
8 at least, indicating clearly that some of the water present combines
with the hydrogen chloride. Further, assuming that this apparent vari-
ation in the “constant” is, as suggested, due to hydrate formation, it
may be calculated that, roughly, two molecules of water associate with
each molecule of hydrogen chloride present, although the existence of
higher hydrates in a partly dissociated condition is not excluded.

The procedure in each of the experiments was as follows. Ordinary

The equilibrium constant K =
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test-tubes were subjected to the action of a current of steam, dried,
constricted near the open end, and weighed. By means of narrow
thistle-funnels passed through the constriction in the test-tube, quantities
of ethyl acetate and hydrochloric acid were introduced. The tube was
weighed after each such addition, and then sealed off at the constriction,
when it was immersed in a bath, kept at 25° * 0°20° and frequently
shaken. The mixture became homogeneous after about one to two
hours when 7:268N-hydrochloric acid was used, and the tubes were
broken and their contents analysed after forty to fifty-eight hours ; in
experiments Nos. 1 and 4, however, thirty-five days elapsed before they
were removed from the bath. When o°'1185N-hydrochloric acid was
employed, complete admixture did not occur until after nearly three
weeks, and in such cases the tubes were not removed before thirty-six
days. The dried tubes were finally broken in excess of carefully
neutralised sodium acetate solution, which was then diluted to a liter,
portions of 100 c.c. being taken and titrated against standard baryta
solution, with phenolphthalein as indicator. The amount of hydrogen
chloride which remained was checked by means of standard silver
nitrate. The results of the experiments are summarised in the table.

In line A are given the numbers of the experiments.

” » weights of ethyl acetate taken.
" ,» weights of 7:268N-hydrochloric acid.
" ,, weights of o'1185N-hydrochloric acid.
" ,»» amounts of hydrogen chloride taken in gram-
molecules.
" »» amounts of hydrogen chloride found at the
end of the experiment.

w » G ” , total titre (acetic acid plus hydrogen chlor-

ide) in c.c. of normal acid.

In lines H, K, and L are given the total apparent number of gram-
molecules of acetic acid (and alcohol), of water, and of ester, respec-
tively, found at equilibrium.

In line R are given the ratios [H,O (total)]/[HCI] in each case.

In line S are given the values of y.

4 = [HiO (t0a)[CH; . CO, . C;Hy]
[CH, . CO,H][C,H; . OH]

The apparent value, ¢ = 4°35, experiment No. 14, corresponds with
the formation of 0'6761 gram-molecule of ethyl acetate and of water
from 1 gram-molecule of acetic acid and of ethyl acetate. Berthelot
and Péan de St. Gilles (%oc. ci2.) found that, at 9°, 1 gram-molecule of
ethyl alcohol and of acetic acid combined to form 0665 gram-molecule
of ethyl acetate and of water, in the absence of hydrogen chloride
([H;O)/[HCl] = infinity).

No appreciable amount of ethyl chloride is formed under the con-
ditions of the experiments.

The apparent value for the equilibrium constant varies from 4 to
over 8 as the concentration of the hydrogen chloride increases.
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A I. 2, 3. 4. 5. 6. 7. 8.
B | 12:3121 [11°7921 [11'3334 |10°4887 |11°1817 | 80458 | 7°0384 |10°1819
IC; 20154 | 1'9992 | 3°9524 | 3'9337 | 4°6554 | 61489 | 4°2332 | 6°4593
E | oor272| o'01265| 0°02494| 0'02482| 0°02938| 0'03880| 0'02671| 0'04076
F | o'0129 | 0'01264| 00255 | 0°0255 | 00300 | 0'0397 | 0°0273 | 0'0419
G | 4004 39°30 63°68 62°05 7127 7881 5820 87°32
H | 0702732 002665| 0°03874| 0°03723| 004189 0'04001| 0°03149| 0°04656
K | 005866 0'05884| 0°1303 | 0°1306 | 0’1571 | 0'2230 | 0'I49I | 0°'2295
L | o'xxz5 | 0'1073 | 0°09goo | 0°0820 | 00851 | 0°05142| 0'04849| 00690
R| 461 4°65 5°22 526 535 575 5°58 5'63
¥ | 883 890 781 773 7°62 717 7°29 7°30
A 9. 10, II, 12, 13. 14. 15.
B | 7'4224 5811 5°3922 56624 3'9716 11°5222 110326
C | 58523 76946 9°3930 11°0293 8-6004 —_ —
D —_ —_ —_ — — 4°4614 6-0886
E | 003693 | 0°04855| 0°05926| 0'06958| 0°05423| 0000528 0°000720
F | 00371 0°0490 | 0°0610 0°0706 0'0542 —_— —
G [ 74'42 84:35 96-02 1098 8343 57°38 6304
H | 003749 | 003580 | 0°03676 0°0402 0°02917 005685 0°'06232
K| o'2127 0°2933 03648 0°4316 03386 0'18g8 0°2744
L | 004684 | 0°03032| 0°02452| 0°024I4| 0'01596| 00741 0'06304
R | 576 6°04 6°16 6°20 624 3597 3810
¥ | 709 694 662 6°45 635 4°35 445

The apparent diminution in the active mass of the water corresponds

with the formation of a compound having approx1mately the formula
HC], 2H,0, or of compounds having that mean composition.

Another example of equilibrium is afforded by the action of
ammonia upon ethyl acetate, acetamide and ethyl alcohol being pro-
duced according to the equation—

NH; + CH;COOC,H, 2 CH;CONH, + C,H,OH.

This has been investigated by Bonz (Zeitsck. physik. Chem., 2, 865,
1888), who showed, however, that the actual process is a more compli-
cated one, for he succeeded in isolating ethyl ammonium acetate, ethyl
acetamide, and water, in addition to the above.

A similar sort of difficulty was believed to exist in connection with

the action of sulphuric acid upon ethyl alcohol, which on the simplest
assumption should correspond to the equation—
Cy;H;OH + H,SO, Z C;H;HSO, + H,0.

The results obtained led Zaitschek (Zeitsch. physik. Chem., 24, 1,
1897) to conclude that the sulphuric acid existed in solution in the
form of ortho sulphuric HgSOg. This conclusion is by no means con-
vincing, and recent results of R. Kremann (Monatskefte, 31, 245, 1910)
go to show that the reaction is the simple one after all, the equilibrium
constant— .

Ce acid X Ce alcohol
Ce ester % CeHgo

K =
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having the value 174, and this happens to be practically independent
of temperature (from 22° C. to 96° C.). The course of the reaction
can scarcely yet, however, be regarded as definitely settled.

PHysicAL PROPERTIES OF LiQuiD MIXTURES.

When two completely miscible liquids, which do not visibly react
with one another, are mixed together in any proportion, the physical
properties of the mixture are found in general to differ from those cal-
culated according to the simple mixture law. This divergence has been
ascribed to changes in the state of aggregation of the molecules of one
or both liquids, to the formation of a definite compound between the
two liquids, or to both these causes combined.

In spite of considerable investigation the problem of correlating in
a quantitative manner the physical properties of a binary mixture with
the chemical composition of the mixture is still largely unsolved. This
is true not only of mixtures which contain at least one constituent which
by itself is known to exhibit association (compare Chap. II.) but is even
true of the much simpler case in which both constituents are normal, or
nearly so.

The first attempt to deal in a quantitative manner with this prob-
lem was that of Dolezalek (Zestsch. physikal. Chem., 1908, also Dole-
zalek and Schulze, 74., 1913). A further attempt is that of Dennison
(Zrans. Faraday Soc., 8, 1912), whose theoretical considerations have
been recently tested in a number of cases by Hartung (Zrans. Faraday
Soc., 12, 66, 1917). The systems examined are : nitrobenzene + ether;
aniline + ether; aniline + methyl alcohol; aniline 4+ carbon tetra-
chloride. With the exception of methyl alcohol, these are normal or
nearly normal liquids. The physical properties measured are : density
and molecular volume, specific and molecular heats, and the heat effect
on mixing. The conclusion arrived at by Hartung is that no single-
solvate theory will suffice to explain the experimental results. In the
great majority of cases the molecular condition of a mixture is very
complex.

A systematic study of physical properties, including density vis-
cosity, heat of reaction, heat capacity, and freezing point, in the case of
a number of binary mixtures of phenols and organic bases has likewise
been carried out by Bramley (Z7ans. Chem. Soc, 109, 424, 1916).
Much more data of equal accuracy must be accumulated before any
satisfactory theoretical advance is to be expected.

With regard to the general and often tacit assumption that devia-
tions from the simple mixture law indicate chemical interaction, H. M.
Dawson (Annual Reports on the Progress of Chemistry, 13, 17, 1916)
remarks : ‘It would seem very doubtful whether any of these properties
can be made use of in a general way in the elucidation of the constitu-
tion of binary liquid mixtures ”. “ This is not entirely or even mainly
due to the disturbing influence of changes in the molecular complexity
of the components, but to the incorrectness of the assumption that the
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simple mixture law is characteristic of mixtures in which there is neither
chemical combination nor molecular dissociation. As a basis for the
interpretation of property-composition curves, the straight line law is
perhaps attractive on account of its simplicity, but this must not be
confused with the plausibility of the hypothesis. The degree of plausi-
bility will depend on the property considered, but in actual practice the
hypothesis has been used in the interpretation of curves obtained by
plotting all kinds of properties against the composition with practically
no regard for the physical meaning of the curves. These methods of
dealing with experimental observations are bound to reveal inconsis-
tencies, and in many cases to lead to fallacious conclusions.” This is
perhaps an extreme view to take, but it is well to point out the care
which must be exercised in a problem of this kind.

2. SOLUTIONS.

It will be assumed that the reader is familiar with some of the
ordinary physical properties of solutions, such as, the phenomena of
saturation and super-saturation, diffusion of the dissolved substance or
substances from places of high concentration to those of low, distilla-
tion and separation of constituents in certain cases by this means, as
well as by freezing out part of the solvent, and so producing a more
concentrated system. We may, therefore, pass on at once to consider
the most important phenomenon exhibited by a solution, namely, the
osmotic pressure of the solute or dissolved substance.

This is intimately connected with the diffusion or osmosis of the
solute, since diffusion from high to low concentration is considered to
take place in virtue of the existence of a force which when reckoned per
unit area is called osmotic pressure. The earliest account of the phe-
nomenon was given by the Abbé Nollet, who found that if a glass vessel
be filled with spirits of wine, the opening tightly covered with a bladder,
and the vessel immersed in water, then the volume of the contents of
the vessel increases, so that the bladder is expanded and often burst.
This experiment was repeated years later by Parrot in 1815, who came
to the conclusion that all miscible liquids show a tendency to wander
the one into the other, when they are brought into contact, and this
process continues until the liquids are perfectly evenly distributed. For
many years experiments were always made with animal membranes, until
in 1867 Moritz Traube (Archiv. f. Anat. und Physiol., p. 87) showed
how chemical membranes could be made in the laboratory by precipita-
tion. Traube showed that certain dissolved substances are able to pass
through these membranes, whilst other substances cannot, but Traube
did not measure the pressure effects produced by the phenomenon.
Pfeffer, in 1877 (Osmotische Untersuckungen, Leipzig), was the first to
carry out measurements of osmotic pressure. His apparatus consisted
of a porous clay vessel, the walls of which served to support a precipi-
tate of copper ferrocyanide—the precipitate is obtained embedded in
the walls of the cylinder by placing a solution of potassium ferrocyanide
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inside and copper sulphate solution outside, and allowing both to
diffuse into the walls, the precipitate being formed at the surface of
contact. A cell of this kind allows water to pass freely through it, but
prevents many dissolved substances, such as cane sugar in water. The
arrangement is represented dlagrammatlcally in the figure (Fig. 39).
The cell is filled quite full with the solution of known strength, a man-
ometer attached, and then the cell is immersed in pure water. It is found
that water passes into the cell, thereby causing an increase in the pressure
“as indicated by the rise of mercury in the longer limb of the manometer.
This goes on to a certain point until equilibrium is reached, at which
the pressure! exerted downwards prevents any further water passing
into the cell—more correctly, at this stage just as much water enters as
leaves the cell per second. Very large pressures are often indicated,
sometimes amounting to many atmospheres.
The noteworthy fact in this connection is that
the pressure registered, P, when equilibrium is
attained depends on the concentration of the
solute, being, according to Pfeffer, directly pro-
portional to the concentration, provided the
solution is not too strong. That is to say, that

Manometer

= constant, an expression which is quite

analogous to Boyle’s Law for gases. Pfeffer
also observed that P varies directly as the
absolute temperature, this behaviour being
analogous to the Gay-Lussac-Charles ILaw.
Further, it was observed that in many cases,
i.e. when the solutes were non-electrolytes, the
osmotic pressures produced by equimolecular " Fio. 39.
concentrations of different substances were the
same, indicating that Avogadro’s principle was also applicable to dis-
solved substances. The laws of osmotic pressure are so important from
the standpoint of the theory of solutions, that it is necessary to give
some more detailed account of them, and in this connection the best
method will be to quote a number of passages from a paper published
by the late Prof. J. H. van’t Hoff, which appeared in Germany in 1887,
summarising the results given in a number of papers presented to the
Swedish Royal Academy of Sciences, in October, 1885. The English
translation of this classical paper appeared in the Philosophical Magazine,
1888, where it is easily accessible to English readers. For the present .
we must restrict ourselves to the experimental side only. The thermo-
dynamic treatment of the subject, which formed probably the most
striking feature of van’t Hoff’s work, must be postponed.

“ During an investigation which required some knowledge of the
laws regulating chemical equilibrium in solutions, the conclusion has
gradually been evolved that a deep analogy—indeed, almost an identity

1 Hydrostatic pressure due to the column of mercury and water.
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—exists between dilute solutions exerting osmotic pressure on the one
hand, and gases under ordinary atmospheric pressure on the other.
The following pages contain an attempt to explain this analogy, and the
physical properties of such systems will form the first subject of dis-
cussion.

“ Osmotic Pressure—the nature of the analogy due fo this conception.

‘“In order clearly to realise the quantity referred to as osmotic pres-
sure, imagine a vessel A (Fig. 40) completely full of an aqueous solu-
tion of sugar, placed in water B. If it be conceived that the solid walls
of this vessel are permeable to water, but impermeable to the dissolved
sugar, then, owing to the attraction of the solution for water, water will
enter the vessel A up to a certain limit, thereby increasing the pressure
on the walls of the vessel [inside]. Equilibrium then ensues owing to
the pressure resisting further entry of the water. This pressure we have
termed osmotic pressure. It is evident that this state of equilibrium
might have been attained in A without entry of water if the vessel had
been constructed with a piston compressing the solution with a pressure
equal to the osmotic pressure (Fig. 41). It follows, moreover, that by

[ B

F1a6. 41.

increasing or diminishing the pressure on the piston the state of con.
centration of the liquid [solution] can also be altered owing to the pas.
sage of water through the walls of the vessel in an outward or inward
direction. Such osmotic pressure has been experimentally investigated
by Pfeffer [/c.]” We are already familiar with his experimental
arrangement, “ As an example of the results obtained it may be men-
tioned that a 1 per cent. solution of sugar (which, owing to its consider-
able mass, was not appreciably diluted on entry of water) exerted at 6-8°
C. a pressure of 505 mm. mercury—about %th atmosphere. The
porous membrane such as that described will be termed in the following
pages a ‘ semi-permeable ’ membrane ; and the conception will be made
use of even when experimental verification is lacking. The behaviour
of solutions may thus be studied in a manner strictly analogous to that
employed in the study of gases, inasmuch as what is known as ¢ osmotic
pressure ’ corresponds to the pressure, or as it is commonly but incor-
rectly termed, the ‘tension’ of a gas. It is right to mention that this
is no fanciful analogy, but a fundamental one.” Van’t Hoff restricts
his conclusions to 7deal solutions, that is to say, solutions so dilute that
the action of the dissolved molecules upon one another, as well as their
actual volume comparcd with that of the space they inhabit, is so small
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as to be negligible ; that is to say, an ideal solution is analogous to an
ideal gas. In practice, of course, we can only work—even in the most
dilute cases—with approximation to this ideal state.

“ Boyle's Law for Dilute Solutions.—The analogy between dilute
solutions and gases acquires at once a quantitative form, if it be noted
that in both cases alteration of concentration exercises a similar influ-
ence on pressure, and is in both cases proportional to the pressure.
This proportionality, which for gases goes by the name of Boyle’s Law,
may be proved experimentally for liquids [z.e. solutions] as well as de-
duced theoretically.

“ [Direct] Experimental proof. (Determination of osmotic pressure
for solutions of various concentrations.)

“Let us first adduce Pfeffer’s determinations (/¢., p. 71) of the
osmotic pressure P in sugar solutions at [approximately] the same
temperature (13-2° to 16°1° C.) and with varying concentration .

3

c P. .

I percent. 535 mm. 535
2 . 1016 ,, 508
274w 1518 ,, 554
4 " 2032 ,, 521
6 " 3075 » 513

The approximately constant quotients g point conclusively to this

proportionality between pressure and concentration.

“ Comparison of Osmotic Pressures by Physiological Methods.—Ob-
servations of de Vries (Eine Methode su Analyse der Turgorkraft, Pring-
sheims Jahrbuch 14) show that equal changes of concentration of
solutions of sugar and of potassium sulphate and nitrate exercise equal
influence on the osmotic pressure. This osmotic pressure was com-
pared, by physiological methods, with that of the contents of a plant
cell ; the protoplasmal envelope contracts when it is immersed in solu-
tions possessing great attraction for water. By a systematic comparison
of the three bodies mentioned, using the same cells, three isofonic liguids
(.e. liquids [solutions] exhibiting the same osmotic pressure) were ob-
tained. Cells of a different plant were then made use of, and so four
isotonic series were constructed [by the help of four different plant cells]
which showed a similar proportion in their concentrations ; this is ex-
hibited in the following table, where the concentrations are expressed,
first in gram-molecules per liter, and then referred to potassium nitrate

as unity.”
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Series, KNOa. clgHggoll. Kgso;. K N03 =1, Clg Hg 1011. KQSO‘.
I 012 — 0°09 X — 0°75
II. 0°'13 0°2 o'x X 1°54 0'77
111, 0°'105 03 0’15 1 1'54 077
Iv. 026 0'4 — I 1'54 —

If van 't Hoff’s idea held quite generally for all dissolved substances,
one would have expected that the second half of the table would simply
consist of a series of the same number, namely, one.

Reasons for the discrepancy—which is 7#of due to inherent error in
van 't Hoff’s conception—will be given when we come to study electro-
lytic dissociation. The above results show, however, that the effects
are independent of the nature of the membrane, since different plant
cells were employed, and this is in agreement with van’t Hoff’s view.

Theoretical Proof.—* These observations render highly probable the
existence of proportionality between osmotic pressure and concentra-
tion, and the theorem may be completed by a theoretical proof which is
indeed almost self-evident.” * Regarding osmotic pressure as due to a
kinetic cause (7.e. as produced by impacts of the dissolved molecules
[upon the inside of the semi-permeable membrane]), there must exist a
proportionality between the number of impacts in unit time and the
number of molecules in unit volume. The proof is therefore exactly
the same as that for Boyle’s Law.” “If, on the other hand, osmotic
pressure be regarded as the outcome of an attraction for water mole-
cules, its value is evidently proportional to the number of attracting
molecules in unit volume, provided (and this is taken for granted in
sufficiently dilute solutions) the dissolved molecules exercise no attrac-
tion on each other, and each one exerts its own special attractive action
uninfluenced by its neighbours.” Such a view would equally lead to
the conclusion that a law analogous to that of Boyle should hold for
dilute solutions. Granted that such a force is acting outwards (provided
the selution be placed ¢nside the porous pot and semi-permeable mem-
brane), it is clear that the solution tends to increase in volume, and this
it can do if the opportunity be given for water to stream in from the
outside through the membrane. By this process the solution tends to
dilute itself, z.e. the water concentration tends to become identical on
both sides of the membrane. If there were no membrane present, or if
the membrane were equally permeable to solute and solvent, the solute
would diffuse out until finally the whole system would be equally con-
centrated with respect to solute, and therefore equally concentrated
with respect to solvent. It seems reasonable to suppose, therefore, that
when diffusion of a solute does occur in a given direction, it is due to
the osmotic pressure acting as the driving force. Of course we cannot
speak of the osmotic pressure of the solvent, but simply of the solute,
since the concentration of the solute corresponds to gas concentration,
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“ Gay-Lussac’'s Law for Dilute Solutions.—While the proportionality
between concentration and osmotic pressure is self-evident so long as
the temperature remains constant, the proportionality between osmotic
pressure and absolute temperature, the concentration being maintained
constant, is not so manifest. Yet proof can be furnished from thermo-
dynamic considerations ; and experimental data exist which are highly
favourable to the results predicted on thermodynamic grounds.

“ Experimental Proof. (Determination of the osmotic pressure at
different temperatures.)—Pfeffer (/c. pp. 114-115) found that the
osmotic pressure increases with rise in temperature. It will be seen
that although his results do not furnish a conclusive proof of the correct-
ness of the theorem, yet there is a most striking correspondence between
experiment and theory. If we calculate from one of two experiments
at different temperatures the osmotic pressure to be expected in the
other by the help of Gay-Lussac’s Law and compare it with the experi-
mental result, we have the following series :—

I. Solution of cane sugar.

Pressure at 32° C. found . . . 544 mm.
Pressure at 14'15° C. calculated . 512,
’ ’ found . . 510
IL Solution of cane sugar. .
Pressure at 36° C. found . . . 567
Pressure at 15°5° C. calculated . . 529
’ ,, found . . 520'% ,,
I11. Solutlon of sodium tartrate.
Pressure at 36°6° C. found . . 1564
Pressure at 13°3° C. calculated . . 1443
,, found . . 14316 ,,

IV. Solutlon of sodmm tartrate.
Pressure at 373" C. found . . 983 ,
Pressure at 13°3° C. calculated . . 907
v ’ »  found . . go8

“ Comparison of the Osmotic Pressure by Physiological Methods.—
In the same manner that support has been lent to the application of
Boyle’s Law to solutions (z7z. that different substances in Zsofonic solu-
tions retain their equality of osmotic pressure, so long as their respective
concentrations are reduced to the same fraction), so the application of
Gay-Lussac’s Law receives support by the fact that this isotonic state is
maintained during equal alterations of temperature. It has been proved
by physiological methods by Donders and Hamburger (Onderzockingen
gedaan in ket physiol. Laborator. der Utrechtsche Hoogeschool 3], 9, 26),
making use of blood corpuscles, that solutions of potassium nitrate,
sodium chloride, and sugar, which at o° C, are isotonic with the con-
tents of these cells, exhibit the same isotonic state at 34° C.; this is
seen in the annexed table :(—
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Temperature o° C. Temperature 34° C.
KNO,; . | 052 to 1°03 per cent. | 1°052 to 1°03 per cent,
NaCl . | 062 ,, 0ob0g ,, o062 ,, 06og ,,
C1sHgaOyy - | 5°48 ,, 538 m 5'48 ,, 5°38 ”»

“ Experimental Proof of Boyle's and Gay-Lussac’s Laws for Solu-
tions.—Experiments by Soret (Arckhives des sciences phys. et nat. [3), ii.,
p- 48; Annales de Chim. et de Phys. [5], 22, 293).

‘““The phenomenon observed by Soret lends a strong support to the
analogy between dilute solutions and gases in respect of the influence
of concentration and temperature on pressure. His work shows that
just as in gases the warmest part is the most rarefied, so with solutions
the warmest portions are the most dilute; but that in the latter case
a much longer time must be allowed for the attainment of equilibrium.
The experimental apparatus consisted of a vertical tube, the upper
portion of which was heated while the lower portion was kept at a low
temperature.

“Soret’s latest experiments lend a quantitative support to our anal-
ogy. As with gases, it is to be expected, that when the isotonic state is
produced the solution will exist in equilibrium; and as the osmotic
pressure is proportional to concentration and absolute temperature, the
isotonic state of different portions of the solution will occur when the
products of the two (absolute temperature and concentration) are equal.
If we therefore calculate on this basis the concentration of the warmer
part of the solution from data obtained from the colder, the values
compare with those found as follows :—

‘““1. Solution of copper sulphate. The portion cooled to 20° C.
contained 17°332 per cent. The hot portion at 80° C. should contain
14'3 per cent.; found 1403 per cent.

‘2. The portion cooled to 20° C. contained 29'867 per cent,
The portion at 80° C. should contain 24'8 per cent.; found 23-871
per cent.

“It must be stated that previous experiments by Soret gave less
favourable results; yet perhaps too much importance should not be
attached to them, owing to the difficulties of experiment.” In addition
to the experimental evidence cited by van 't Hoff mention may be made
of an optical method of determining isotony of solutions by Tammann
(Wied. Ann., 34, 299, 1888). The method is based on the use of the
Topler apparatus for detecting small changes in the refractive powers of
liquids or solutions. A Pfeffer cell is set up containing a solution of
some substance inside and immersed in a solution of another sub-
stance. If the concentrations are such that the solutions are isotonic,
no solvent will pass from one side to the other. If the solutions are
not isotonic, solvent will pass either inward or outward, causing thereby
a change in concentration or “streaming ” near the wall which can be
detected by the change in the refractive index. It is thus possible to
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adjust one liquid to the other in respect of concentration of solute so
that no change in refractive index is observed. Tammann used copper
ferrocyanide and zinc ferrocyanide membranes. He compared copper
salts and zinc salts against potassium ferrocyanide. In the following
table are given data which show that the e/ of the isotonic concentra-
tions does not change much with increasing dilution. On van’t Hoff’s
assumption it should not change at all as long as the solutions in all
cases may be described as dilute.

Isotonic Solutions.
Concentration in Gram-molecules

per 1000 Grams Hy0. Concentration of CuSOy

Ratio Concentration of K;Fe(CN)g'

CuSOq. K4Fe(CN)s.

0°842 0°313 27
0675 0'240 2'8
0°339 0°'117 2°9
0°204 0°'079 2°6
o°170 0°066 26
0'094 0036 26

The method can be further extended by adding to one of the
solutions, say the CuSO,, some third substance and then finding what
concentration of ferrocyanide is isotonic with the mixed solution. That
part of the osmotic pressure which is due to the substance added can
then be calculated on the supposition (the accuracy of which it would
be possible to establish by the experiments themselves) that the osmotic
pressure of the mixed substances is the sum of the pressures of each, z.e.
Dalton’s Law.

Avogadro’s Hypothesis applied to Dilute Solutions.—Avogadro’s hy-
pothesis states that one mole of a gas at a given temperature and pres-
sure occupies the same volume as one mole of any other gas at the same
temperature and pressure, provided, of course, that abnormal effects
such as dissociation are absent. Having found that Boyle’s and Gay-
Lussac’s Laws hold for dilute solutions, van’t Hoff was led to the as-
sumption that Avogadro’s hypothesis would likewise hold for dilute
solutions, 7.e. under equal osmotic pressures and at the same tempera-
ture equal volumes of different solutions would contain equal numbers
of solute molecules, or equimolecular solutions at the same temperature
should exert the same osmotic pressure; and further, if a solution
exerts an osmotic pressure, say, of P atmospheres at a given temperature,
there are just as many so/ufe molecules in a given volume of the solu-
tion as there would be gas molecules in the same volume of gas,
supposing the gas also exerted P atmospheres pressure at the above
temperature.

The well-known formula expressing both Boyle’s and Gay-Lussac’s
Laws for gases—

pv = RT
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is, In so far as these laws are applicable -to liquids [solutions], also ap-
plicable as regards osmotic pressure; with the reservation, also made
in the case of gases, that the space occupied by the molecules must be
so great that the actual volume of the molecules becomes negligible. If
Avogadro’s hypothesis be also introduced, it may be expressed in the
above equation by giving to R a certain numerical value, namely, 1°98
(or 2°o approximately), the unit of energy being the calorie, the unit of
mass of gas considered being one mole. It is to van’t Hoff that we
owe the idea that this gas equation is directly applicable to solutions,
the value of R being identical with its value for gaseous bodies.

“ First Confirmation of Avogadro’s Hypothesis in its application to
Solutions— Direct Determination of Osmotic Pressure.—It is to be ex-
pected that Avogadro’s bypothesis deduced as a consequence of Henry’s
Law for solutions of gases, will not be restricted to solutions of sub-
stances which usually exist in a gaseous condition. This expectation
has been realised, not merely from a theoretical, but from an experi-
mental standpoint. Pfeffer’s determinations of the osmotic pressure of
solutions of sugar furnish a remarkable proof of this extension of the
hypothesis.

“Pfeffer’s solution consisted of 1 gram of sugar dissolved in 100
grams of water; 1 gram of the sugar therefore exists in about 100°6 c.c.
of the solution.”

The number of moles of sugar in 1006 c.c. is therefore 5} (since

I X 1000
—_— 1
342 X 1000
0'02906 mole per liter. Let us now calculate what pressure would be
exerted by hydrogen gas, say (molecular weight 2) at o° C. and at the
above concentration. One liter of hydrogen gas weighs 0°08956 gram
at o° C. when its pressure is one atmosphere. That is, its concentration

C12Hg0,, = 342). The concentration is therefore or

in moles per liter is @29—59, or 0'04478. Since gas pressure is pro-

portional to concentration, it is evident that at a concentration of
o'029o6 mole per liter the hydrogen would only exert a pressure of
002906
0'04478
the pressure will be 0'649 (1 + 0'003674). Placing these results be-
side Pfeffer’s, we obtain the following agreement :—

, Or 0649 atmosphere at o° C. Similarly, at any temperature ¢

Temperature ¢, Os>motic Pressure. Gas Presgl.xg“egu(r:d:ro?:oxgg?(;‘)?ndxtxons.

68 0°664 0'665
137 0691 0681
14°2 .0°671 0°682
15°'5 0684 0°636
22°0 0'721 0’701
32'0 0'716 : 0°725
36'0 0°746 0'735
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The directly determined osmotic pressure of a solution of sugar is thus
seen to be equal to the pressure of a gas at the same temperature, con-
taining the same number of molecules in unit volume as the sugar
solution.

¢ Starting from cane sugar, this relation can be calculated for other
dissolved substances, such as invert sugar, malic acid, tartaric acid,
citric acid, magnesium malate and citrate, all of which from de Vries’
physiological researches (Eine Methode sur Messung der Turgorkraft)
exhibit equal osmotic pressure, when they contain an equal number of
molecules in a given volume.”

Besides the evidence for the applicability of the gas laws cited by
van’t Hoff, one may mention Tammann’s results (/¢.), in which it was
found that in aqueous solutions of cane sugar, salicin, ethyl alcohol,
urea, propyl alcohol, equimolecular solutions possessed the same os-
motic pressure within the limits of experimental error. Tammann
further pointed out that solutions with the same osmotic pressure
possess the same vapour pressure—a statement which we shall come to
presently in van’t Hoff’s paper.

The most accurate verification of the applicability of the gas laws to
dilute solutions at various temperatures is furnished by the work of Morse
and Frazer and their collaborators (Journ. Amer. Chem. Soc., 1907-
1912). In the work of 1908 the osmotic pressures of aqueous solu-
tions of sucrose were determined at 10° C. and 15° C., solutions of
dextrose at 20° C. Considerable difficulty was met with in the pre-
paration of satisfactory semi-permeable membranes, and the success of
the work really lay in overcoming this. The results are accurate to the
first place of decimals. Previous measurements had led to the belief
that the osmotic pressure at o° C. was substantially the same as at 20°
C., but it was shown in the paper referred to that there is undoubtedly
a temperature coefficient of osmotic pressure, and that this coefficient
is pracucally identical with the temperature coefficient of gases. This
work is especially remarkable for the elaborate care with which it was
carried out, and consequently the trustworthiness of the results, some of
which are here tabulated (see next page).

If van’t Hoff’s assumptions held rigidly, the ratios just given should
be unity. Though not unity, they are at least constant.

In 1909 the experiments at 20° and 25° C. were published. The
values of the ratio, mean osmotic pressure to gas pressure, were I'069
at 20° C. and 1°064 at 25° C.

The results obtained more recently! (1g9r2) show that the o'r N
solution between 30° C. and 60° C., and the o'z N solution between
50° C. and 60° C. obeys Gay-Lussac’s Gas Law strictly.

It has already been mentioned that the ratio of mean osmotic to gas
pressure, which should be unity if Boyle’s Law held at the same time, is
a little larger than unity. This tends, however, towards and eventually

1H. N. Morse, W. H, Holland, C. N, Myers, G, Cash, J. B. Zinn, Amer,
Chem. Fourn., 48, 2), 1912,
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OsMOTIC PRESSURE OF SUCROSE SOLUTIONS.

!

Temperature.

Concentration (Weight Normal, ¢.e. Gram-molecules of

Solute per 1000 grams of Solvent), .
0° C. [4°tos5°C.| 10° 15°.

atmos. | atmos., | atmos. | atmos.

o'r 2°42 2°'40 244 248
02 479 | 475 | 482 | 401
03 711 7'07 7°'19 7°33
0’4 935 | 943 | 958 | 978
o5 1175 | 11'82 | 12°00 |I12°'29
0'6 14'12 | I4°43 | I4'54 | 14'86
o7 16°68 | 1679 | 17°09 |I7°39
08 19°15 | 19°3X | I9'75 |20°09
0'9 21°89 |22°15 |22'28 |22'94
1’0 24'45 |24°53 |25°00 | 2542

pressure due to one mole solute per 1000 grams | | 23'95 | 24°12 | 24°50 | 24°98

Mean ‘“ molecular osmotic pressure,” i.e.}
solvent.

Mean ‘“ molecular gas pressure,’ i.e. pressure
due to one mole of gas in a volume equal to
that occupied by 1000 grams of water at the
temperature in question.

2229 | 22'65 |23°'09 |23°50

1°074 | 1°065| 1061 | I°064

Ratio : mean osmotic pressure to gas pres-}
sure.

becomes unity at higher temperatures, z.e. the solutions at higher
temperatures become more ‘“ideal”’. Boyle’s Law, for example, holds
exactly in the following cases :—

Up to o'2 N solutions at 50° C.
s 04N ’ 60° C.
12 0.7 N ” 700 C'
s, I0ON ” 80° C.

The work carried out by Morse and his collaborators may be re.
garded as completely satisfactory proof that dilute solutions do obey
the gas laws. Investigation upon more concentrated solutions has
shown, on the other hand, that the simple gas laws do not hold at all
accurately just. as they do not hold for highly compressed gases.

We have been considering the direct evidence for van’t Hoff’s
assumption regarding the applicability of the gas laws (including the
Avogadro hypothesis) to solutions. The next point taken up by
van'’t Hoff is the * Second confirmation of Avogadro’s hypothesis in its
application to solutions. Molecular lowering of vapour pressure” We
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must digress a little at this point in order to consider some of the
experimental results obtained in connection with the lowering of the
vapour pressure.

It was known for many years that water which contains some non-
volatile substance dissolved in it boils at a higher temperature than pure
water. The boiling point is simply the temperature at which the vapour
pressure of the liquid is equal to atmospheric pressure; and since the
vapour pressure always increases with rise of temperature, the existence
of a raised boiling point (in the case of a solution) indicates that the
presence of the solute has lowered the vapour pressure of the solvent.
The first generalisation made in this connection is that of von Babo
(1848), who found that the relative lowering of vapour pressure, namely,

Lo =2y [where p, is the vapour pressure of the pure solvent at a given

0
temperature, and p, the vapour pressure of a solution (having the same
solvent, of course) at the same temperature], is independent of the
temperature provided the solution is dilute.

Wiillner (Poggendorff’s Ann., 103, 529, 1858; 105, 85; 110, 56,
1860) came to the conclusion that the lowering of the vapour pressure
of water by non-volatile solutes is proportional to the concentration of
the solute. The later work of Tammann showed that the law of pro-
portionality was not strictly accurate. It is important to note that the
substances examined by these investigators were salts, z.e. electrolytes,
in aqueous solution. A great deal of apparent contradiction and lack
of uniformity was removed, however, when Raoult! commenced his
classic work on the beh"mour of non-electrolytes, organic substances,
dissolved in organic solvents. Raoult employed the barometric method
for determining the vapour pressure.

Employing ether as solvent, Raoult was able to conﬁrm von Babo’s

Law, namely, that the fractional lowering of vapour pressure bo =2

is independent of the temperature. He also found that for solutlons
of medium concentration the fractional lowering of vapour pressure is
proportional to the concentration—which is Wiillner’s Law. The most
important advance, however, made by Raoult lay in the introduction of
the “molecular lowering ” of vapour pressure, ze. he compared the
lowering produced by equimolecular quantities of different solutes in
the same solvent. If M is the molecular weight of the solute, x the
mass of solute in grams dissolved in 100 grams of ether, then e
“molecular lowering” ¢ was found lo be a constant for the solvent em-
ployed, namely, ether. ¢ is given by the expression—

c.__ﬁO—Pl M
1] = T— . =
]50 X

1Comptes Rendus, 103, 1125, 1886. The work was actually begun in the
’seventies and continued for a number of years without publication.
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The following table contains some of Raoult’s data (solvent
ether) :—

Solute. M. 1.
Carbon hexachloride . 237 071
Turpentine . . . 136 071
Methyl salicylate . . 152 071
Cyanicacid . . . 43 0'70
Benzoic acid . . . 122 071
Trichlor acetic acid . 163°5 071
Benzaldehyde . . . 106 0°'72
Caprylic alcohol . . 130 073
Cyanamide . . . 42 074
Aniline . . . . 43 071
Antimony trichloride . 228°5 0°67

Some of these solutes scarcely correspond to the condition of non-
volatility even at ordinary temperatures—the solvent ether happened to
have a considerable vapour pressure in comparison, however. The
molecular lowering of vapour pressure, 7.¢. the lowering produced by
one mole of any solute in a given amount of solvent, is independent of
the nature of the solute. The lowering of the vapour pressure depends
therefore on the number of solute molecules present, not on the kind
of molecule. When, however, aqueous solutions of salts are examined,
one no longer obtains a constant as in the above, unless, indeed, we
compare salts of closely analogous type, e.g. CuSO,, ZnSO,, etc., in
which case an approximate constant is obtained having a different
numerical value from that given above. This circumstance no doubt
prevented earlier observers from arriving at Raoult’s generalisation.
Raoult also discovered the following relationship in 1887 (C. R., 104,
1430), that the lowering of vapour pressures of different solvents is the
same when the ratio of the number of molecules of solute to molecules
of solvent is the same.

In connection with the * molecular lowering” mentioned above it
will be well to give at least one instance of the results obtained by
Raoult (Zeitsch. physik. Chem., 2, 353, 1888) as evidence of the same
law put in a slightly different form. Thus if # is the number of solute
molecules dissolved in N molecules of solvent, then the concentration
of the solute molecules expressed as a fraction of the total molecules

present may be written , which for dilute solutions (N large com-

n
N+ #
pared to 7) may be expressed as % Raoult found the following relatior

to hold—
bo=t _ ™
y2) N+~
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This expression gives the relation between the fractional lowering
of vapour pressure and the concentration of the solution, the concen-
tration being expressed in molar fractions. The degree of agreement
between the two sets of values is shown in the following table in which
the solute is aniline and the solvent ether :—

” po - P " - N

100 m- 00 ““;0"‘-“ 100 N_'_{:""" 100 2o .
3'85 4°0 20'5 19'7
77 81 49'6 42°4
14'8 15°4 687 59°0

The relationship discovered by Raoult may be used to determine
the molecular weight of the solute, assuming the molecular weight of
the solvent is known. That is, if a certain mass of solution is known
to contain N moles of solvent, we can calculate ~ if we measure the
lowering of vapour pressure due to the presence of the solute. If m
grams of solute are actually present and M is its molecular weight

m

in solution, evidently » = W whence M can be calculated. As a

matter of fact, the method of measurement of lowering of vapour pres-
sure has been very little used for the determination of molecular
weights until recently Menzies has improved the technique (see Vol. II,
Chap. VI.). The usual methods for molecular weight determination
are those which are closely allied to the lowering of vapour pressure on
theoretical grounds, namely, the “lowering of freezing point” and the
“ rise of boiling point ” methods.

Returning to van’t Hoff’s argument, it will be remembered that he
considers the numerical data obtained in the case of the ¢ molecular
lowering of vapour pressure” as the second confirmation of the ap-
plication of Avogadro’s law to solutions. He does this by showing by
means of thermodynamics the relationship which must exist between
the osmotic pressure of the solution (z.e. of the solute in the solution)
and the lowering of vapour pressure of the solvent owing to the presence
of the solute. Instead of following the thermodynamical reasoning
(which will be taken up in Vol. II., Chap. VI.) we shall consider
the problem from the kinetic standpoint by a method first proposed
by Arrhenius in 1889 (Zeitsch. physik. Chem., 3, 115, 1889). Sup-
pose we have a tube! having a semi-permeable membrane fixed at

!The tube is not a capillary one, nor is the surface of the solution curved as
in the case of the somewhat similar arrangement due to Lord Kelvin for the de.
termination of the change of vapour pressure of a pure liquid with curvature,

VOL. L ' 12



178 A SYSIEM OF PHYSICAL CHEMISTRY

the lower end and partly filled with a solution of cane sugar in water,
the tube dipping into pure water as shown in the figure (Fig. 42).
Water enters the tube until the solution forms a column of height 2.
Suppose equilibrium is attained at that point, #e suppose that the
hydrostatic pressure of the column of solution which tends to drive
solvent downwards through the membrane just balances the osmotic

pressure P of the solution which has caused the entry of
m water upwards. Let p be the mean density of the solu-

tion, this being practically the density of the solvent if
the solution is dilute. Let ¢ be the mean density of
the vapour over the range 4. In the actual case the
density of the vapour alters with the height. We are

3 dealing with a simplified case which is only approximately
‘:p': 3| true. Let gy be the value of the vapour pressure over
[={Q| the solvent and p, that over the solution. The hydro-
AEE] static pressure of the liquid column acting downwards is
1 ":%: kpg. At the equilibrium this is balanced by P. That is—
S | P = /pg.
T But considering an imaginary column of vapour also

of height /4, the hydrostatic pressure of the vapour is Zag,
and this must be identical with the difference of the
vapour pressures at the top and bottom of the column,

namely, 4y ~ 1.

Fiag. 42.

Hence Do — 1 = thog.
Therefore Po—-p1 =P (;: .

. m . .
Now ¢ may be written —, where # is the molecular weight and »
v

is the molecular volume of the vapour, z.e the volume of one mole.
Suppose as a first approximation that the vapour obeys the gas law, Ze.

m m
92=RT or ¢ = Z = S
2y G a
Then after substitution one obtains—

Po=—t1 . Pm
2 pRT
Since at a given (constant) temperature pRT is constant (as long as
the d:fferen} solutions do not vary too much in concentration, Ze. as
long as their densities are approximately that of the solvent), one may
write—
b=t p
‘ Do
f.e. the fractional lowering of vapour pressure is proportional to the
osmotic pressure. Now van’t Hoff’s theory may be expressed in the
equation—
P = RT¢
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where ¢ is the concentration of the solute or the reciprocal of the dilu-
tion. If there are z» moles of solute dissolved in V litres of.solution,
7

‘(=g It follows that—
Po—2b _ Ym _mn _ »n ”n
Py PRIV VTN
m

. \% . .
since %— = N, the number of moles of solvent in which ~ moles of

solute are dissolved. The above result is Raoult’s relation. The fact
that the application of Avogadro’s hypothesis to dilute solutions permits
of the deduction of Raoult’s experimental relation, is evidence for the
applicability of the hypothesis.

As already mentioned, closely connected with the phenomenon of
the lowering of vapour pressure is that of the “elevation of boiling
point”. The elevation is directly proportional to the lowering of the
vapour pressure, and since it has been found fairly easy to make accur-
ate determinations of changes in boiling point by Beckmann’s method,
this may be used to calculate the molecular weight of the dissolved
substance. In this phenomenon, the application of Avogadro’s hypo-
thesis leads to the statement that equi-molecular concentrations of
various solutes in the same solvent cause the same elevation of boiling
point. This has been verified experimentally, and may be likewise de-
duced on thermodynamic grounds. The discussion of the deduction
and its use in the determination of molecular weight must be post-
poned.

We now pass on to van't Hoff’s “ tkird confirmation of Avogadro’s
Law in its application to solutions. The molecular depression of freezing
point of the solvent,” due to the presence of the solute. We shall look
for a moment at some of the earlier researches. The earliest investiga-
tion of the subject was carried out by Blagden in 1788 (P%il. Trans.
Roy. Soc.,'(8, 277), who showed that the depression of freezing point
of aqueous solutions of a given substance below the freezing point of
water was proportional to the concentration of the substance in solution.
Blagden’s work did not attract any attention. His generalisation was
rediscovered independently by Riidorff in 1861, but it was only in 1871
that attention was drawn by Coppet to the earlier work. In the case
of the solutions thus investigated, and those which we are about to
mention in more detail, it is important to remember that when freezing
takes place it is the pure solid solvent which crystallises out. This is
likewise the case considered by van’t Hoff. If the solute separates
out simultaneously with solvent to form a Zomogeneous mass called a
“solid solution,” or “ mixed crystal,” or, on the other hand, if solvent
and solute separate out to give a heterogeneous conglomerate (crystals
of both lying side by side), such being known as a cryohydric mixture,
we can no longer—on theoretical grounds—expect the simple relation-
ship to hold. For the verification of the van’t Hoff assumption we

-
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must deal only with those solutions from which pure solvent separates
out on freezing. It happens that this includes by far the larger number
of cases so far investigated. It should be mentioned that the work of
Coppet and Riidorff referred to, while supporting Blagden’s general con-
clusion, also brought to light many examples of apparently abnormal
behaviour, e.g. in the case of strong acids, bases, and salts in aqueous
solution, which served to show that the phenomenon was rather a com-
plicated one, and it was not until the theory of electrolytic dissocia-
tion was put forward by Arrhenius (1883) that an explanation of many
of these abnormalities was forthcoming. The work of Raoult, begun
several years previously and published in 188z (Compt. Rend., 94, 1517,
1882 ; #bid., 95, 188, 1030, 1882), in which organic substances were
employed as solutes in aqueous solution, served to bring out the im-
portant relationship zkat the molecular depressions of freezing point were
nearly the same for the various solutes when dissolved in one and the same
solvent, e.g. water. Raoult extended his investigations to other solvents,
and again obtained a series of new constant molecular depressions.
(Raoult had also noticed certain abnormalities in the case of water when
this was the solvent.) The results of his work were published in detail
in the Annales de Chim. et de Physigue (5], 28, 137, 1883 ; #id. [6], 2,
66, 1884. Defining the molecular depression of freezing point as the
lowermg produced by one gram molecular weight (one mole) of the
solute in 100 grams of solvent, we find that the following data (taken
from the very extended tables given by Raoult), bear out his state-
ment :—

SoLuTIONS IN BENZENE. SoLuTIONS IN WATER,
Solute. pclecular Solute. Depression.

Methyl iodide . . 504 Urea . . . . 172

Nitrobenzene . . 480 Acetamide . . . 17°8

Naphthalene . . 50°0 Ethyl acetate . . . 17'8

Anthracene, . . 5I'2 Tartaric acid . . . 19°'5

Acetic acid . . . 19'0

........................ Cane sugar | ' : 185

Ethyl alcohol . . 2872 Ethyl alcohol . . . 173
Methyl alcohol . . 253
Phenol . . . 32°4

Acetic acid . . . 25'3 Hydrochloric acid . . 391

Benzoic acid . . 254 Nitric acid . . . 358

Caustic potash . . 35°'3

Potassium chloride . 33°6

Sodium chloride . 35°1

A glance at the table shows that for one and the same solvent we
may divide solutes in respect of molecular depressions of freezing point
into at least two sets—indicated by the dotted lines. An abnormally
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small depression could be brought about by association of some of the
solute molecules together, for the depression is proportional to the
number of solute particles present in a given volume, and so, although
we may have added a mole of solute in grams, owing to a number of
these being associated say to produce molecules of double the normal
molecular weight, there are fewer individuals present than we would
normally anticipate, and hence the depression produced is abnormally
small. This is true, for example, in the case of solutes containing
hydroxyl groups, alcohols, acids, etc., or cyanogen groups when dis-
solved in benzene.! On the other hand, abnormally great depression
was attributed later by Arrhenius (Zeitsch. physik. Chem., 1887) to
electrolytic dissociation, which had suggested itself to him some four
years previously, and according to which a molecule of an electrolyte
can give rise to two or more electrically charged atoms or ions, #.e.
individuals are present in greater number than would be normally ex-
pected from the mass of substance dissolved, thereby causing the
abnormally great depression. This is characteristically the case with
inorganic acids, bases, and salts in aqueous solution, such solutions
possessing at the same time the property of conducting the electric
current, the solute being therefore called an “electrolyte”. Substances
which do not conduct current are known as ‘non-electrolytes”.
Arrhenius’ explanation was, however, necessarily unknown to van'’t
Hoff when he first brought out his osmotic theory of solution ; so that
quantitative support to his theory could only be obtained from some of
Raoult’s values, namely, those which are now regarded as “ normal,” in
which the solute molecules are neither associated nor dissociated. It
is the great merit of Arrhenius’ theory of electrolytic dissociation that
it offers an explanation of the abnormally great depressions observed
with inorganic acids, bases, and salts in aqueous solution, which is in
quantitative accord with the osmotic theory of solution.

The striking feature in favour of van’t Hoff’s argument as regards
the phenomenon of molecular depression, is that he actually calculated
by thermodynamic means what the normal constant should be for sub-
stances dissolved in a given solvent. The formula obtained by van’t
Hoff applies equally well to the molecular rise of boiling point, provided
corresponding meanings are attached to the symbols. The expression
referred to may be written—
‘ 0'02T?

L

where 8 stands for the molecular lowering of freezing point, or mole-
cular rise of boiling point.
T is the absolute temperature of freezing or boiling of the solvent.
L is the latent heat of fusion, or latent heat of vaporisation per
gram of the solvent.
- Van’t Hoff goes on to say: ¢ This theoretical deduction receives

&=

I'This can be shown, for example, by applying Nernst’s theory of the distribu-
tion of a solute between two immiscible solvents (¢f. Chap. VIL),
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ample confirmation from experimental data. The following table ex-
hibits the molecular depression of freezing point experimentally de-
termined by Raoult, along with the values calculated by means of the
above formula :—

& Calculated, | Molecular De.
Freezing Point, Latent Heat of 0r T2 pression Ob-
Solvent. To gbs. Fusion, L t.e. 8 = 00214 served by
L Raoult.
Water . 273 79 cals, 189 18°5
Acetic acid 273 + 167 43°2 388 386
Formic acid 273 + 85 556 ,, 28°4 27°7
Benzene 273 + 4°'9 29°T ,, 53 50
Nitrobenzene 273 4+ 5°'3 22°'3 , 695 707"

This part of the subject has been extended at a later date by
Eykmann (Zeitsch. physik. Chem., 3 and 4, 1889).

NoTe.—It may be well at this juncture to point out that a connection between
lowering of freezing point, rise of boiling point, and depression of vapour pressure
had been established prior to van’t Hoff’s work, though not upon so general a
basis. In 1878 Raoult (Compt. Rend., 87, 167, 1878) showed empirically with regard
to 18 salts, which he had examined with respect to their effect on the freezing point
and boiling point of the solvent, that the effects were proportional to one another.
The relation thus empirically established by Raoul!t had been deduced theoretically
some years before by Guldberg (Compt. Rend., 70, 134), 1370) by a thermodynamic
‘method. The merit of showing the interconnection of these phenomena with
osmotic pressure rests with van’t Hoff. It should be clearly understood that
although we have followed van't Hoff’s paper in which his theory is put forward,
we have necessarily restricted ourselves to experimental evidence only. As a
matter of fact, however, the great value which attaches to van't Hoff’'s work rests
on its thermodynamical basis, for although thermodynamics had been introduced
into chemistry some years previously by Horstmann (1869), van’t Hoff’s conception
of osmotic pressure and the application of the laws of thermodynamics to *‘ osmotic
work,” have laid the foundation of the greater part of physical chemistry as it exists
to-day.

Before leaving this part of the subject it is of interest to discuss
briefly tkhe application of Awvogadro’s hypothesis to aguecous solutions of
inorganic acids, bases and salls.

The generalisation which van’t Hoff found to hold true for dilute
solutions of numerous substances—principally organic substances—in
various solvents may be written—

P = RTe¢

where P is the osmotic pressure produced by the solute the concentration
of which is ¢ (stated as a rule in moles per liter, or sometimes per 1000
grams of solvent). For inorganic acids, bases, and salts! in aqueous
solution this simple osmotic law does not hold if we ascribe to R the
value it has in the case of gases. P is greater, twice or thrice as great
in some cases, as the expression RTe.  This has manifested itself in the
allied phenomena of lowering of freezing point and rise of boiling point.

1The salts may also contain an organic acid radicle, e.g. sodium acetate.
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To get over the difficulty van’t Hoff suggested the inclusion of an
empirical factor Z, which he regarded in the first instance as a constant.
The osmotic law of van’t Hoff for solutions of these substances takes
the form P = /RTec. The factor 7 was shown later by Arrhenius, on the
increase as the concentration of the solute diminishes. The following
table contains a few of the data given by Arrhenius in 1888 (Zeitsch.
prysik. Chem., 2, 496, 1888). They refer to determinations of lowering
of the freezing point—denoted by Az—for since the lowering is pro-
portional to P it is likewise proportional to 7RTe. When a “normal ”
solute such as cane sugar is used, ze. one for which 7 = 1, and the
simple expression P = RT¢ holds good, it is easy to calculate what the
normal values of Az ought to be, and the ratio of the observed Az to the
calculated value gives ¢ directly.t

SoLuTioNs OF SopiuM CHLORIDE IN WATER.

¢ in Moles per Liter. At Observed. 1.
0°0467 - or117° 2°00
0’117 — 0°424 1°93
0'104 - 0687 1'87
0°324 - 1'135 186
0°539 - 1'804 1'85

SOLUTIONS OF SODIUM SULPHATE IN WATER.

¢ in Moles per Liter. At Observed, A A
0'0280 0'14I 2°66
0°'0701 0°326 2°46
0°'117 0°515 2°33
0°'195 0817 2°21

The important point to note is that these substances, which on being
dissolved give rise to solutions with abnormally great osmotic pressure,
are electrolytes. This makes usat once suspect that there is some close
connection between the two sets of phenomena. This will be taken up
in the succeeding chapter. Before going on with the phenomena of
electrolytic dissociation, however, it is convenient to discuss briefly one
or two instances of reactions between the molecules of the solvent and
the molecules of the solute present together in the solution.

In dealing with solutions it has already been said that many of the
reactions which occur in them may be treated without special reference
to the solvent itself. In some cases, however, the solvent actually
plays a definite 76/, though it must be remembered that even where the

1 This mode of procedure is open to serious criticism (¢f. Vol. II., Chap. VIIL).
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solvent is not considered it is by no means to be inferred that it is
perfectly inert. In general, as a matter of fact, there must be some
kind of interaction between solvent and solute, even in cases where it is
not easy or even possible to demonstrateit. The type of reaction to be
considered at this point is, howeyer, one in which it has been possible
to show that the solvent is taking a definite chemical part, although so
far the methods employed to investigate this sort of phenomenon have
not been particularly fruitful except in certain cases. An instance of
these reactions is the formation of molecular hydrates (assuming the
solvent to be water), that is, compounds formed between a molecule of
the solute and one or more molecules of the solvent. Similarly there
is evidence to show that ions (present, say, when an inorganic acid,
base, or salt is dissolved in water) may in certain cases be hydrated.
There is likewise the widespread phenomenon of hydrolysis of salts dis-
solved in water. Reactions involving ions will be considered in the
following chapter. For the present we shall only consider by way of
illustration,! a mixture of ethyl alcohol and water from the standpoint
of possible union between the molecules to give compounds. Reference
may, first of all, be made to the work of Mendeléef, who determined
the density of numerous mixtures of alcohol and water of different per-
centage composition, and concluded from the irregular nature of the
curve as we pass from 100 per cent. water to 100 per cent. alcohol
that several complexes, 7.e. molecular compounds, exist in solution.
The work of Jones (Zeitsch. physik. Chem., 13, 419, 1894), however,
who carried out a series of freezing point determinations at various
concentrations, afforded no evidence for any complex formation. The
variation of other physical properties with composition of the solution
or mixture has been employed to try and settle the question. Thus the
viscosity of alcohol-water mixtures reaches a maximum at a point cor-
responding to the composition C,H;OH,3H,0. Such evidence alone
must not be taken, however, as actually proving the existence of the
complex (C;HzOH,3H,0), for we have no a prio»i reason for believing
that the formation of a complex will necessarily increase the viscosity,
and still more when we take into account the further experimental fact
that the position of the maximum, 7e. the composition of the mixture
which possesses maximum viscosity, vazies gradually with the temperature.
Now the criterion of a true compound is that its composition should not
show any gradual change with change of conditions, such as tempera-
ture and pressure. The results of viscosity measurements afford little
conclusive evidence, though they are sufficient to show that the system
is behaving in a rather remarkable fashion. More definite are the recent
results obtained by Dorochewski and Roshdestwenski (Journ. Russ.
Phys. Chem. Soc., 40, 860, 1908), using the electrical conductivity
method. They showed that the electrical conductivity passes through
a minimum (as we alter the concentration progressively) at about 50 per

1 This subject is treated in a very interesting manner by Arrhenius in his book,
Theories of Chemistry.
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cent. alcohol, and, according to Kohlrausch—who has given reasons for
believing that a compound does not conduct so well as a solution—
this should really indicate formation of a compound having the com-
position (C;Hz;OH,3H,0). Of course, an obvious difficulty crops up,
in that we are accustomed to regard water and alcohol as non-conductors.
This is approximately correct, but they give rise to a few ions. The
resistances met with in these Russian investigators’ experiments were very
large indeed. Mention must also be made of the work of Hess (4nnalen
der Physik, 27, 609, 1908), who found that the volume contraction
resulting from the addition of alcohol to water showed a maximum at
about 5o per cent. water, 7.¢. at a composition corresponding approxi-
mately to (CoH;OH,3H,0). It is probable, therefore, that this hydrate
exists to a very large extent, but the most correct view to take of the
whole question is to look upon these complexes as labile compounds, or
rather to consider that there are a very large number of different hydrates
present, some of which are more stable than others, and exist in larger
quantity and therefore affect certain physical properties. These hydrates
are in equilibrium with one another at a certain temperature, but with
change in this condition there is a corresponding shift in the equilibrium
points, so that those which predominate at one temperature may no
longer do so at another. It is hopeless, however, to try and apply the
principle of mass action to a system so complicated as this.

Another typical instance of complex formation is met with in
mixtures of sulphuric acid and water. A study of the physical be-
haviour of this system, in spite of much conflicting evidence, has yielded
the result that the hydrates (HySO4H,0) and (H,SO,,2H,0) fairly
certainly exist in comparatively large quantity, the first being the more
stable. This conclusion has been reached asa result of Jones’ (Zeitsch.
plysik. Chem., 13, 419, 1894) investigations upon the freezing points of
mixtures of sulphuric acid and water.

Before leaving the subject of molecular complexes attention should
again be drawn to the care which must be exercised in taking some
abnormality in a physical property as evidence for the existence of
a compound. Thus take the phenomenon of boiling. It is well known
that constancy of boiling point is one of the best tests of the purity of
a substance, zZ.e. evidence that we are dealing with a single substance
and not a mixture. Chemists were so familiar with this test that they
concluded that the constant boiling mixture of water and hydrochloric
acid, which corresponds in composition to the formula HCl + 8H,0,
was actually a true compound. It was shown, however, by Roscoe
(Journ. Chem. Soc., 12, 128; 6., 13, 146, 1860) that this view is not
correct. Roscoe dlStllled aqueous squtlons of HCI at different pres-
sures, namely, at 5, 70, 80, and 150 cms. mercury. The composition of
the mixture possessing a maximum boiling point—and therefore boiling
at constant temperature when once this stage was reached—was found
to differ according to the pressure at which the distillation was carried
out. Thus at 76 cms. mercury the mixture possessing the maximum
boiling point contained 20°24 per cent. hydrochloric acid, while the
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corresponding mixtures at the pressures mentioned contained 232,
204, 20°2, and 18'2 per cent. HCl respectively. Now since a chemical
individual must possess the same composition under different conditions
(Dalton’s Law), Roscoe concluded that the constant boiling solutions of
H,O + HCI were not compounds but mixtures, and that therefore the
constancy of boiling point affords no proof at all in the above case that
a compound HCI + 8H,0 exists.

The simplest type of hydrate formation which could exist is that
represented by the equation—

A + n(H,0) = A(H,0),

f A be the only solute present. Suppose that the above reaction occurs

and that equilibrium is reached—as is usual in such cases—practically

instantaneously. Let ¢ be the concentration of the hydrated molecules

A(H,0), in moles per liter, ¢ the concentration of non-hydrated mole-

cules of the solute A, and ¢, the concentration of the water molecules.
Applying the law of mass action, the relation follows—

¢ X 52”
c

= a constant = K.

Now as long as the solution is dilute, the concentration of the water
may be regarded as constant, and this term may therefore be brought
over into the constant K, which now takes on a new value, K,, in
which—

a
Kl = -,
¢

That is to say, the concentration of the hydrated molecules bears a con-
stant ratio to the unhydrated molecules ; in other words, the fraction of
solute molecules hydrated, or the ‘“degree of hydration,” is independent
of the actual concentration of the solution, z.e. the degree of hydration is
the same in a decinormal solution as it is in a centinormal one, though,
of course, in the first case, the actual concentration of hydrated and
unhydrated molecules is much the greater. Nernst, in his text-book,
has pointed out that this conclusion respecting degree of hydration
is often overlooked. It is, however, a logical consequence of the ap-
plication of the law of mass action to dilute systems of this kind.

THE LAw oF Mass AcTioN IN DILUTE SOLUTIONS.

The law of mass action, as expressed in the equilibrium constant, is
shown in Vol. II., Chap. V., to depend upon the osmotic pressure of each
of the constituents participating in the reaction. Further, it is shown
that the law can only be expected to be accurately true for chemical
equilibria in systems in which the osmotic pressure of each constituent
obeys the gas law PV = RT. We have already seen that the gas law
only applies to dilute solutions. It follows, therefore, that we are only
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justified in applying the law of mass action to dilute solutions. = From
this standpoint the reactions considered in the early part of this chapter

"can only be expected to show an approximate agreement with the law

of mass action. To investigate the law under legitimate conditions it is
necessary to deal with a reaction which bas attained equilibrium in a
dilute solution, the solvent being regarded as inert in the sense that it
does not enter explicitly into the stoicheiometric equation of the reaction



CHAPTER V.

Chemical equilibrium in homogeneous systems (continued)—Mechanism of electro-
lytic conduction in solutions—The theory of electrolytic dissociation applied to
aqueous solutions—Electrolytic dissociation in non-aqueous solutions.

ELECcTROLYSIS. FarRADAY’S Law.

THE first fact in connection with electrolytic solutions or solutions con-
taining one or more electrolytes is that such solutions obey Ohm’s Law
just as metallic conductors do. The second fact is that in solutions
the transfer of electricity differs from that in metallic conductors in that
the passage of the current is accompanied by a transference of matter
towards the electrodes. The matter so transferred may or may not be
“discharged ” or set free at the electrode. Thus the electrolysis of an
aqueous solution @f copper sulphate, using copper electrodes, causes
metallic copper to be precipitated upon the cathode (the negative elec-
trode), an equivalent quantity of copper dissolving off the anode (the
positive electrode), the positive electrode being that at which current
enters the electrolysis bath, the negative electrode that at which it
leaves. Using platinum electrodes in the same solution metallic copper
is again precipitated upon the cathode, while at the anode oxygen gas
is liberated. The oxygen is formed by the discharge of a number of
OH' ions, which are already present as a result of the jonisation of
water, thus, H,O = H* + OH'. Faraday introduced the idea of “ foxs,”
that is to say, electrically charged atoms or radicles. The solution as a
whole is electrically neutral, and therefore there must be exactly as
many positive ions as negative ions. The process of electrolytic dis-
sociation of molecules into ions may be represented in the case of
potassium chloride by the equation—
KCl—= K* 4+ CI-

Potassium Chlorine
ion. ion.

or, in the more usual form, KCl - K* + Cl'. These ions, Faraday
considered, conduct the current, the positive ion (K') travelling towards
the cathode, the negative ion (Cl') travelling towards the anode. Fara-
day discovered two quantitative laws of electrolysis which now bear his
name. They are:—! '

(a) The voltametric law, which asserts that the amount of electro-

1Compare Lodge, Brit. Ass. Report, 1885, p. 756,
183



ELECTROLYSIS. FARADAYS LAW 189

chemical decomposition is a precise measure of the amount of elec-
tricity conveyed.
(6) The law of electrochemical equivalence, which asserts that when
a current is sent through a series of different substances, the mass of
each substance liberated (or decomposed, or dissolved, or whatever
happens to it) is proportional to its ordinary chemical equivalent.
These laws may be summed up in the expression—

w = zcl

where 2 = weight of a constituent (say, copper in the CuSO, case)

precipitated on the cathode.

z = the electrochemical equivalent of the copper, 7.¢. the quan-
tity precipitated by unit current flowing per unit time.
The electrochemical equivalent of any element is = the
electrochemical equivalent of hydrogen x chemical equi-
valent of the element in question.

¢ = current.

¢ = time.

It is not necessary to go into the fundamental phenomena in any
further detail, since this is assumed to be familiar to the reader; we
may therefore pass on to the theory which professes to account for the
conducting property possessed by solutions of electrolytes, namely, the
theorv of electrolytic dissociation, especially in regard to its bearing on
osmotic phenomena and the van’t Hoff empiric factor.!

To understand Arrhenius’ argument more clearly, it is necessary
to refer to the work of Kohlrausch on the subject of conductivity, and
especially his law of 1876 regarding the equivalent conductivity of acids,
bases, or salts at infinite dilution being made up of two separate parts,
one referring to the anion, the other to the cation.

The usual method adopted for measuring the resistance (or its re-
ciprocal, the conductivity) of an electrolytic solution consists in employ-
ing an alternating current from a small coil and using a telephone in
place of a galvanometer. The object of the alternating current is to
do away with polarisation effects on the electrodes, 7.e. changes in re-
sistance and E.M.F. due to chemical effects which accompany the pro-
cesses occurring at the electrodes when a direct current is used. The
principle adopted in the measurements is simply that of the Wheatstone
Bridge, which is represented diagrammatically in Fig. 43.

R is the known resistance; X the resistance of the solution; AB is
a metre wire, and the connection with the telephone D is made by a
sliding contact to the wire C, which is moved about until no sound is
any longer heard in the telephone, balance between R and X having
then been obtained. Frequently the arrangement is slightly different,
i.e. telephone D and coil E are interchanged. The advantage is a
practical one, in that full current is always passing through the bad

1 Any who wish to study from the historic standpoint the subject of electrolysis
and the theories put forward, should consult the Report of the Electrolysis Com-
mittee of the British Association at their 1885 meeting,
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(sliding) contact C. The proper balance is obtained when no current
flows through the telephone, z.e. A vid E to B, in the alternative ar-
rangement to that shown in the figure. In both cases the relationship
holds :—

R X BC

X(_: = B“C or X = R. ‘K—C.

The specific conductivity / of an electrolyte = the current which
flows when the electrolyte is between electrodes 1 square cm. area, 1
cm. apart, with a P.D. of 1 volt between the electrodes.

“For! one and the same electrolyte this specific conductivity is
naturally very much dependent on the concentration, since, as it varies,
wne amount of the electrolyte, contained in the 1 centimetre cube be-
tween the electrodes, must vary. The study of the specific conductivity
can therefore give directly no means for finding out in what way the

Fi1aG. 43.

molecule of the substance changes its capacity for conducting electricity
with varying dilution. Such a means is gained, however, from the
specific conductivity, if we reduce the same by calculation to one and
the same concentration—for instance, to one equivalent in the centi-
metre cube.” That is to sery, if we divide the observed specific con-
ductivity of the unit cube of liquid by the concentration of the solute
in gram equivalents per c.c. we get a quantity to which the name equi-
valent conductivity is applied. It is the same thing to say that the
equivalent conductivity 1s equal to the specific conductivity observed
multiplied by the volume which contains one gram equivalent of the
solute at the particular dilution in question. In this way we are always
dealing with the conductivity due to the same mass of solute, and any
variation in the numbers obtained must be due to some change in the
nature of the solute individuals in the solution. Ostwald imagines the
same state of affairs to be reached by picturing electrodes which remain
at a fixed distance apart, 1 cm., but which with increasing dilution of

1 Quotation from Abegg's Electrolytic Dissociation Theory.
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the electrolyte always increase in area, so that the volume of liquid in-
cluded between the electrodes always contains just one equivalent of
the electrolyte. The conductivity of one equivalent (ie. the “equi-
valent conductivity ) at various dilutions is evidently a magnitude
capable of giving information as regards change in the molecular con-
dition in so far as this influences the conductivity. Since the specific
conductivity is the observed conductivity of the unit cube, it is evident
that as we increase the dilution we cause fewer individuals to exist be-
tween the electrodes in the cell, and though these individuals may alter
somewhat in their molecular condition, z.e. may give rise to ions to a
greater extent, their number has decreased so much that the observed
conductivity also decreases. The specific conductivity therefore de-
creases as we increase the dilution. On the other hand, the equivalent
conductivity (z.e. the specific conductivity reduced always to what it
would be if one gram equivalent of the electrolyte was pushed between
the electrodes, and supposing further that the molecular condition re-
mained just as it was before the imaginary compressing process took
place)—the equivalent conductivity was found by Kohlrausch to in-
crease with increasing dilution, and in many cases reached a limit at
very great dilution—such cases being solutions of the good electrolytes,
viz. inorganic acids, bases, and salts in general. The limiting value
here indicated is known as the equivalent conductivity at infinite dilu-
tion, and is represented by the symbol A_. Now conductivity had
been long ascribed to positive and negative ions. Further, the work of
Hittorf has shown that these ions move under the same potential
gradient with different velocities in aqueous solutions, H* and OH’
being by far the fastest. Koklrausckh’s relation of 1876 is known as the
law of the independent migration of the ions. He found that A could
be written as the sum of two effects, one due to the anions, the other to
cations. He called these the mobilities of the cation and anion re-
spectively, and denoted them by U and V, de. A, = U 4+ V. He
based this relationship on the purely additive character of the equi-
valent conductivities which he observed.!

His law means that the mobility of Na’, for example, should have
the same value whether derived from chlorides or nitrates, etc. He
verified it by showing that the following held true :—

{A_NaCl = A_KCl} = {A,NaNO; — A,KNO,}.

We see that the law is in agreement with this experimental fact, be-
cause—

A_NaCl = Una + Ver
A_KCl = Ug. + Ver

A_NaNO, = Una: + Vyoy

' AwKNoa = Ukg. + VNO's

1 For a discussion of the mechanical friction of the solvent see a paper by Kohl-
rausch, Proc. Roy. Soc., 71, 338, 1903.
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and therefore
AwNaCl - AwKCl = Una + ch - UK~ - ch = UNa' - Uk
AmNaNos - A,,KNOa = Uya + VNO'a - Uk - Vo,
= Una: - Uk )
The following numerical data are taken from the extended list given
by Kohlrausch (Kohlrausch and Holborn, Zeitvermigen der Elekirolyte).
The value of A was found to have reached its limit when the concen-

. N
tration of solute was —.
1000

Salt, A Therefore, assuming Kohlrausch's Law to be true—
KCl. . . 129'1} _ -
NaCl . . 1081 Uk = UNa = 21'0
KNO; . . 1255 o
NaNO;. . 1046 » = 20°9
KIOs . . 97 '6 _ )
NalOQ, . . 767 ” = 20°'Q
3K,S0, . 1335) e
'&Nazso.; + IIO’§ ” 3

The constancy of (Ug. ~ Uy, is borne out by these results, To
show, by way of illustration, how equivalent conductivity varies with
concentration, finally reaching a limit, one may take Kohlrausch’s values
for KCl at 18° C. (data of 1883) :—

Concentration of Salt in Gram A Difference Between Suc-
Equivalents per Liter. * cessive Values of A.

X 982 137
oI 111°Q 106
0°ox 122°5 51
0001 127°6 19
0°0001 129°5
I 131°2
o (extrapolated)

Now let us turn to the work of Arrhenius. His fundamental idea
is that electrolytic dissociation is a function of concentration. That is
to say, it is partial at ordinary concentration, and increases as we increase
the dilution (i.e. as we decrease the concentration), becoming practically
complete at infinite dilution. It will be seen how this at once gives a
new significance to the rather empiric mobilities of Kohlrausch. The
limiting value of the molecular or equivalent conductivity is simply
reached, according to Arrhenius, when the dissociation into ions is
practically complete. Not only did Arrhenius state these generalisations,
but he also quantitatively made use of conductivity measurements to
determine the degree of electrolytic dissociation of the solute at any
given dilution. He assumed that the conductivity due to the solvent
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was practically nil, and ascribed all the effects to the ions of the solute.
This is in agreement with experiment, in so far at least as observation
goes on the conductivity of pure water, which is extremely small.

CaLcuLAaTIiON OF DEGREE OF DissociaTioN BY COMBINING ARRHENIUS'
THEORY wWITH KoHLRAUSCH’s Law.

- By the degree of dissociation (a) is meant the fraction of each gram-
molecule of solute which is decomposed into ions. Suppose that at a
certain dilution we say the degree of dissociation is o*5. This simply
means that one-half of the solute is still in the undissociated molecular
state, the other half having given rise to two or more ions according to
its nature, Ze. according to the number of atoms composing the mole-
cule, although it must not be understood from this that the ions pro-
duced are always as numerous as the atoms from which they might be
produced. Thus Na,SO, gives three ions, Na*, Na’, SO,”. (Note the
double charge in the ion which corresponds to the valency of the group.
The solution as whole, however, is electrically neutral.) On the other
hand, H,SO,, at certain concentrations, gives mainly H* and HSO,,
while at greater dilution we get increasing quantities of SO,”". To show
how a may be calculated we proceed as follows: In a given solution
into which two clectrodes dip—the electrodes being 1 square c.m. area
and 1 cm. apart—a certain e.m.f. E is maintained between them by some
external means. The current which flows is given by Ohm’s Law, z.e.

C= 11%, or E/, where /, is specific conductivity at this dilution, and is

the reciprocal of the specific resistance. We may also view the process
of current from the actual ionic effects taking place. Suppose the
solution contains 1 gram-equivalent of a salt such as KCl dissolved in

I. . . .
v c.c,, then ;s the concentration, and supposing the gram-equivalent

of the salt to be fractionally dissociated to the extent a into two sorts of
ions, viz. Cl' and K", we have therefore (1 — a) undissociated gram-
equivalents, and « equivalents of anions and « equivalents of cations.
Let #, be the absolute velocity of the cation under a potential gradient
of one voit/cm., then under E volt/cm. the velocity is E#. Similarly
let 2, be the velocity of the anion. Let F be the charge associated with
each univalent gram ion, then F will be likewise the charge carried by
one equivalent of any ion. The current transported per second across
an imaginary plane of unit area parallel to the electrodes is made up of
the sum of the parts due to cationand anion respectively. The quantity
carried per second by the cation is :—

2 aFEu,
v
in one direction, while in the opposite direction the anion transports—
}' G.F Eva
v

VOL. I 13
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and therefore the total current is—
éaFE(uc + 2,)

and this must be equal to E/,.

Suppose now we work at a very great dilution, so that there is com-
plete dissociation, @ = 1. Then under the same conditions of applied
e.m.f. E to the same cell the current is—

vi FE(x, + v,) or EZ,.

Hence

I
Elv 7 aFE(uc + va)

E_ =
® _7;‘_ FE(x + v,)

=]
: ly x v
or o=
o X 7
but /, x v = the equivalent conductivity at dilution » = A,
I xu, = » " infinite dilution = A,
A,
a =
A

This is Arrhenius’ equation, and by its means he carried out a long
series of calculations upon Kohlrausch’s data for many sorts of electro-
lytes at various concentrations.

We are now in a position to appreciate how Arrhenius was able to
explain the behaviour of those substances which had been found by van’t
Hoff to be at variance with the simple osmotic law P = RT¢, and for
which he had introduced the empirical form P = 7RTe. It will be more
satisfactory to use Arrhenius’ own words. For that purpose, portion of
a paper of his which appeared in 1887 is here inserted, in which the
subject of the osmotic pressure of electrolytes is discussed on the basis
of the theory which he had put forward in 1883.

TRANSLATION OF PORTION OF A PAPER BY ARRHENIUS “ON THE
DissocIATION OF SUBSTANCES DissOLVED IN WATER .1

“In a paper presented to the Swedish Academy of Sciences on
October 14, 1885, van 't Hoff demonstrated, both theoretically and by
experimental results, the following extremely important generalisation
and extension of Avogadro’s Law :—

“+The pressure which is exerted by a gas at a given temperature,
when a certain number of molecules are distributed throughout a given
volume, is numerically identical with the osmotic pressure which would

1 Zeitsch. fiir physik. Chem., 1, 631, 1887,
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be exerted under the same circumstances by the majority of substances
when these are dissolved in any liquid.’

“This law van’t Hoff has demonstrated in a manner which scarcely
allows any doubt to exist as regards its general correctness. However,
a certain difficulty, which still remains to be removed, is that while the
law holds good ‘for the majority of substances,’” at the same time a re-
markably large number of the aqueous solutions which have been
examined form exceptions in the sense that they exhibit a much greater
osmotic pressure than is predicted by the above law.

“Now, when a gas exhibits anomalous behaviour of this kind with
regard to Avogadro’s Law, an explanation is usually found in the as-
sumption that the gas is in a state of dissociation.

““ A well-known example of this is afforded by the behaviour of Cl,,
Bry, and I, at high temperatures, under which circumstances these
bodies are considered to be split up into simple atoms.

““The same explanation naturally suggests itself in regard to the ex-
ceptions to van’t Hoff's Law. This has, however, not yet been ac-
cepted, probably on account of its novelty, and on account of the many
known difficulties and objections which would be raised against such an
explanation on chemical grounds. The object of the following paper is
to show that the assumption of dissociation in the case of certain sub-
stances dissolved in water, is supported to a very great degree by the
conclusions which can be drawn from the electrical behaviour of these
substances, and further, on closer inspection, the objections on purely
chemical grounds are seen to be much diminished.

“One must assume with Clausius (Pogg. Ann., 101, 347, 1857;
Wiedemann’s Elektricitat, 3, 941), in order to explain electrolytic phen-
omena, that a fraction of the molecules of an electrolyte is dissociated
into ions, which possess the property of independent movement and
migration. Since now the osmotic pressure, which a dissolved substance
exerts against the walls of the containing vessel, must be considered in
agreement with the modern kinetic theory, as arising from the impacts
whick the smallest individual parts of this body cause by their movements
against the sides of the vessel, so one must further assume, in order to be
in agreement with this, that a molecule completely dissociated in the
above manner, exerts against the side of the vessel a pressure identical
with what would be exerted by its ions in the free state. If one there-
fore could calculate, how great a fraction of the molecules of an elec-
trolyte is dissociated into ions, one could also calculate the osmotic
pressure by means of van’t Hoff’s Law.

“In an earlier paper ‘On the Conduction of Electricity by Electro-
lytes,” I have applied the term ‘active’ to those molecules whose ions
are free to move independently of one another, and the term ‘inactive’
to those molecules whose ions are firmly bound together. Further, 1
have suggested the probability that in extremely great dilution all the
inactive molecules of an electrolyte are converted into active (Bikang
der Stockholmer Akad., 8, No. 13, 14. Two parts, June, 1883). Tshall
make this assumption the groundwork of the following calculations.

3"
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The ratio of the number of active molecules to the sum of active! and
inactive molecules is denoted by the term activity coefficient. The
activity coefficient of an electrolyte at infinite dilution is therefore taken
to be unity, For less dilution (7.e. greater concentrations), it is less
than unity, and according to the principles on which my work referred
to is based, in the case of not too concentrated solutions (that is to say,
solutions in which disturbing conditions such as changes in internal
friction, etc., can be neglected) the coefficient can be put equal to the
ratio of the actually observed value of the molecular [or equivalent]
conductivity to its limiting value, towards which it tends on continually
increasing the dilution.

“If this activity coefficient (a) is known, one can ca/cula?e the values
of the coefficient () tabulated by van’t Hoff. The coefficient () [or
in English, as it is more frequently called, ¢van’t Hoff’s Factor’] is the
ratio of the osmotic pressure actually exerted by a body to the osmotic
pressure it would have exerted had it simply consisted of inactive (non-
dissociated) molecules. '

“ Evidently ¢ is equal to the sum of inactive molecules plus the number
of ions, the sum being divided by the number {active molecules * plus
inactive molecules}. Thus if there are » inactive molecules and # active
molecules present, and 2 represents the number of ions into which one
active molecule can dissociate, then—

m + kn
m+ n’

“ For KCl, 2 = 2, namely K* and Cl’; for BaCl,, 2 = 3, namely Ba™,
Cl', Cl'; and so on.

“ Since the activity coefficient a is evidently equal to Pogrgen)

we have i=1+ (k- 1)

number of individuals actually present

number of individuals which would be present if no
dissociation had taken place.

in short, i =

“ The figures in the last column of the following table have been
calculated by the aid of the above formula.

*On the other hand, one can calculate 7 according to van’t Hoff
(as follows from the results obtained by Raoult on the freezing points
of solutions), namely, by taking the lowering of freezing point of water 2
—say £ C.—brought about by dissolving 1 gram-molecule of a given
substance in roo grams of water and dividing #° by 18'5°. The values

1 Note that active molecules have no real existence as molecules; they re-
present the part which has been changed into ions.

2 Note the distinction between active molecules and ions. Thus in the case of
KC], two ions (K* and CI’) can be produced from one active molecule, As already
stated, the existence of active molecules is imaginary,

VIIIa)This mode of treating freezing-point data is criticised later (Vol. II., Chap,
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. ¢ . . .
for § = 18- 2re given in the following table. The values given below

are calculated on the assumption—as was actually fulfilled in the experi-
ments of Raoult—that 1 gram-molecule of the substance under examina-
tion is dissolved in 10 litres of water.” ! The following table contains
only a few of the data collected by Arrhenius. It is to be understood
that the values of “a” are all obtained by the electrical conductivity

method, 7.e. o = Ki

0

Bases DissoLVED IN WATER.

Substance, a i= ;53% t=1+(k -1
Barium hydroxide . . . . . .| 084 2°69 2'68
Strontium hydroxide . . .« .| 0386 2°61 272
Sodium hydroxide . . . . .| 0383 1'9I 1-88
Potassium hydroxide . . 093 1°79 1°93
Ammonium hydroxide . . 0°0I 1'00 o)

Methylamine (methyl ammonium'hydréxidej 003 1°'09 1'03
Aniline (anilinium hydroxide) . .| oo0 [1] (1]

Acips DissoLVED IN WATER.

Substance, @ 1= I8L5 t=1+(k - 1)a.
Hydrochloric . . . . . .| o9o 198 1'g0
Hydriodic . . . . . .| ogb 2'03 1°96
Nitric . . . . . . . .| o092 1'04 1'92
Sulphuric . . . . .| o6o 2°06 2°20
Sulphurous . . . . . . .| o1q 1°03 128
Hydrogen sulphide . . . . .| o0 I'04 1°00
Boric . . N . . . .| oo0 I'II 100
Acetic . . . . . . . .| owor 1°03 1'01
Oxalic . . . . . . . .| o025 1'25 1'50
Tartaric . . . . .| o006 1'05 1'12

1 There appears at first sight to be some confusion regarding the concentration
of the dissolved substances. One mole of solute in 100 grams of solvent is in many
cases quite unrealisable in practice owing to solubility limitations. The solution
examined is much more dilute, the lowering of freezing point actually observed
being altered by simple proportion to the value it would have supposing 1 mole of
solute were dissolved in 100 grams of solvent, the solute remaining in the same
molecular condition as in the dilute case. ‘
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SaLts DissoLveDp IN WATER.

Substance. a i= fB—.ts i=1t+( - a
Potassium chloride . . . . .| 086 1°82 1'86
Sodium chloride . . . . . .| 082 1°go 1-82
Lithium chloride . . . . . .| 075 1°99 1'75
Ammonium chloride . . . . .| 084 1-88 1'84
Potassium iodide . . . . . . 0'92 1°go 192
Sodium nitrate . . . . . .| 082 1°82 1°82
Sodium acetate . . . . . .| o9 1'73 1'79
Potassium formate . . . . .| o083 1'90 1°83
Silver nitrate . . . . . .| 086 1'60 186
Potassium sulphate . . . . .| 067 2°11 2°33
Potassiuin oxalate . . . . .| 066 2°43 2°32
Barium chloride . . . . . .| o777 263 2°54
Strontium chloride . . . . .| o5 276 2'50
Lead nitrate . . . . . .| 054 2°02 2°08
Copper sulphate . . . . . 0°35 097 1'35
Zinc sulphate . . . . 0°38 098 1°38
Magnesium chloride . . . . 0°70 2°64 2°40
Mercuric chloride . . . . .| o003 I'II 1'03
Cadmium sulphate . . . . .| 035 075 1°35

Arrhenius himself remarks that some of these data are not very
accurate. Also, in some cases the temperature was not the same in the
determinations of the last two columns. Nevertheless, there can be
no doubt that a very marked parallelism exists between the figures of
the two columns. This shows a posterior: that in all probability the
assumptions upon which the calculation of these figures is based are in
the main correct.

These assumptions—employed by Arrhenius—are ;—

1. That van’t Hoff’s Law is valid not only for the “ majority ”” of
substances, but for a// substances, even for those which had been
previously regarded as exceptions (electrolytes in aqueous solution).

2. That every electrolyte (in aqueous solution) consists partly of
“active” molecules (in their electrolytic and chemical bearing) and
partly of inactive molecules. These latter as the dilution increases
become gradually transformed into active molecules so that at in-
finitely great dilution only ‘“active ” molecules are present.

[Remember that active molecules have no physical existence ; they
represent the fraction of the molecules which have dissociated into ions. ]
Arrhenius concludes his paper by answering certain objections to the
possibility of electrolytic dissociation.

INFLUENCE OF THE SOLVENT UPON THE MOLECULAR CONDITION OF
THE SOLUTE.

Let us take as a typical group of solutes the organic acids and
examine their behaviour in various solvents, In benzene solution,
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and at not too low concentrations, these acids are mainly in the form
of double molecules; in ether, ethyl acetate, acetic acid, and similar
solvents, they possess their normal molecular weight; when dissolved
in water their molecular weights are slightly less than normal, 7.e. they
are slightly electrolytically dissociated. No accurate quantitative result
is known in connection with the associating or dissociating power of
different solvents. Nernst and Thomson have, however, independently
striven to connect the dissociating power of a solvent with its déelectri
constant, the relation being known as the Nernst-Thomsonrule.! Water
has a high dielectric constant, and is at the same time a remarkably
good dissociating solvent. The introduction of a substance of large
dielectric constant would certainly tend to weaken the attraction be-
tween two oppositely charged electrified particles separated by the
substance in question, since the electric force between two charges—
suppose they are equal and have the value e—is given by the ex.
pression—

&2

2

where 7 is the distance between the charged particles, and °K is the
dielectric constant. Provided ions were formed at all, therefore, it will
be seen that a solvent with large K would tend to cause electrolytic
dissociation of the solute to be marked (Nernst even considers that the
attractions between molecules may be considered in an analogous
manner). While the Nernst-Thomson rule holds in many cases,
numerous exceptions to it have been discovered, so that it must only
be regarded as a qualitative generalisation. The dielectric constant of
water is 81 (air = 1), and a few other liquids have also very large
dielectric constants, eg. liquid HCN, K = 95; H30p K = 92-8;
formamide, K = 84 ; formic acid, K = 57. Ordinary organic solvents
have considerably smaller K values. Great dissociation is to be
expected on the basis of the Nernst-Thomson rule in the case of the
solvents hydrocyanic acid, formamide, and formic acid. Relatively
little is known regarding this point, but it appears from the work of
Walden (Zrans. Faraday Soc., 6, 71, 1910) that the question is not
simply one of the value of the K for the solvent, but likewise depends
upon the nature of the solute, 7.e. whether it be acidic, basic, or neutral.
Water is, nevertheless, usually regarded as the typical dissociating
solvent.

While this is so, reference ought to be made to some recent in-
vestigations by Meldrum and Turner (Z7ans. Chem. Soc., 97, 1805,
1910), who, instead of working with acids, bases, and salts have
investigated 2 the molecular state of a series of amides in aqueous
solution in which it is shown that these bodies are actually associated
or polymerised to a certain extent, instead of possessing normal mole-
cular weights as one would expect since they are non-electrolytes.

F =

1 Zeitsch. physik. Chem., 13, 531, 1894,
2 By the rise of boiling-point method.



200 A SYSTEM OF PHYSICAL CHEMISTRY

The point has been further investigated by Peddle and Turner (Z7ans.
Chem. Soc., 99, 685, 1911) in the case of certain acids. The authors
believe that the apparent association may really be due to dissociation
of the solvent molecules, since liquid water is known with considerable
certainty to exist partly in the form of (H,0); and (H,0); molecules.
Previously evidence had been brought forward by Jones and Getman
(Amer. Chem. Journ., 32, 329, 1904), using the freezing-point method
to show that acetic, oxalic, and succinic acids form associated molecules
in water. There is no doubt that the question of possible association
of solute molecules in water has been somewhat overlooked, but so far
no definite conclusion has been reached. It should be pointed out that
solutes which contain OH or CN groups are very liable to association
when dissolved in organic solvents, especially such solvents as benzene,
diphenyl-methane, carbon disulphide, chloroform, and ethylene di-
bromide, z.e. liquids which themselves consist of #z-polymerised mole-
cules. It is somewhat remarkable that the polymerisation of the solvent
molecules goes hand in hand with their dissociating power in respect of
solutes dissolved in them, while normality in the so/vent molecules
entails normality or even polymerisation of the so/ufe molecules.

FURTHER EVIDENCE FOR THE THEORY OF ELECTROLYTIC
Di1ssocCIATION.

The most general conclusion to be drawn from the theory is that
the properties of solutions of electrolytes—say, salts—should be capable
of being represented as the sum of effects due to the ions, the additivity
being more marked the more complete the dissociation, 7. the more

~dilute the solution. The following illustrates certain properties of
solutions from this point of view.

1. We have to deal first with the fact that such solutions conduct
current at all, and further Kohlrausch’s Law of independent migration
of ions, and his expression for equivalent conductivity at infinite dilu-
tion. We have already considered this law, ziz. A, = U + V, where
U and V are magnitudes characteristic of the anion and cation respec-
tively, and we have seen that it is very satisfactorily borne out by
experiment. The experimental fact that equivalent conductivity in-
creases up to a limit as the dilution increases is the basis of the above
expression.

2. Osmotic Pressure—The factor 7, which may be found, for
example, by direct pressure measurement or by freezing- point measure-
ment, is not connected with the specific chemical properties of each
acid, base, or salt, but depends essentially on whether the substance is
a binary electrolyte (one which can give rise to 2 ions, eg. NaCl,
KNO;), ternary (one which can give rise to 3 ions, e.g. NaySO,),
quaternary, etc., and also on the particular concentration employed.
We have already given a table of values of 7. It will be seen that at
comparable equivalent concentration the osmotic pressures exerted by
silver nitrate and sodium chloride are practically identical, being binary
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electrolytes (though these substances are very different in their purely
chemical effects). Also the ternary electrolytes, sodium sulphate,
potassium sulphate, and strontium chloride, exhibit much the same
values at comparable concentrations.

3. Molecular Lowering of Freezing Point and Rise of Botling Point.
—Closely connected with osmotic phenomena we may similarly group
electrolytes as regards the magnitude of their molecular depression of
freezing point or elevation of boiling point according as the compounds
are binary, ternary, etc. There is again no specific chemical effect
characteristic of each individual. The lowering of vapour pressure
comes into the same category.

4. Specific Gravity of Solutions.—It has been found by experiment
that aqucous solutions can be represented fairly closely by an expression
such as—

p =po+ ac+ ay?

where p = density of the solution;

Po= ,,  solvent;

¢ = concentration of solute—say in gram equivalents/liter ;

o and a; are constants determinable by experiment.
For ordinary purposes it has also been found that this simple expression
gives sufficiently close values, viz. ~—

p = py t ac

Suppose now we have a solution containing two substances, A and
B. For solutions which contain A as solute alone the expression
holds—

p=pyt+ aq
and for the solution of B alone—
p=po+ B

then on mixing the two solutes so that the solution is ¢; normal with
respect to A, and ¢; normal with respect to B, we get—

P=P0+M1+B€2.

Now if we assume electrolytic dissociation to be true, and take a
very dilute solution of a salt which is presumably practically completely
dissociated, e.g. sodium chloride into sodium ions and chlorine ions, we
may look upon these ions as corresponding to the two substances A and
B, always present, however, in equivalent concentration. Now let us sup-
pose we had four solutions, v:z. a solution of sodium chloride, possessing
a density value pNaCl; sodium bromide, density pNaBr; ammonium
chloride, pNH,Cl; ammonium bromide, pNH,Br. Further, let a be
the coefficient (in the density expression) for Na® ion; and similarly
let B refer to Cl'ion; vy to Br'ion; & to NH, ion.

Then if we take as a special case o'1 normal solution of these four
salts, we have the relations (p, = 1)—
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pNaCl =1 + o'1 (a + )
pNaBr =1 + o1 (a + )
pNH,Cl =1 4+ o1 34 B)
pNHBr =1 + o1 (8 + ¥)

and consequently—
pNaCl - pNaBr = pNH,Cl - pNH,Br,

that is, provided we are dealing with an additive property—the above
equations being a typical way of expressing such a state of things.
Experiment (eg. Valson, C. R., 73, 441, 1871; 77, 806, 1873) has
shown the above expression to be in accordance with fact, and hence
we have support for the dissociation theory, since it likewise requires
the property in great dilution to be an additive one.

5. Optical Refractivity of Solutions.—The refractive index of the
solvent—water—is first determined. It is then found possible by a
suitable choice of moduli or coefficients which are supposed to be char-
acteristic of the ions, to calculate what the refractive index would be for
a solution of any given concentration. Experiment goes to show that
the property is an additive one, the agreement between calculated values
and those experimentally obtained being moderately good.

6. Optical Activity or Natural Rotatory Power of Solutions.—Some
organic compounds are capable of rotating the plane of polarisation of
light passed through them. If therefore a series of salts containing an
optically active anion and inactive cations be examined, then equivalent
quantities of all the salts should have equal rotatory power, if the dilu-
tion is sufficiently great to allow dissociation to be practically complete.
This has been confirmed, for example, in the case of the salts of quinic

acid, the anion of which salts is active. A series of = solutions ! give

the following molecular rotations :—

Potassium quinate, 48-8 Barium quinate, 466
Sodium » 489 Strontium ,, 487
Ammonium ,, 479 Magnesium ,,  47'8

It should be noted particularly that the molecular rotation of the active
free acid itself—not the anion—is 434, a number which differs from the
constant value obtained for the salts.

Quite similar results are obtained with the camphorates (7.e. Na, K,
Li, Ba, Ca, Mg, NH, camphorates). It has been observed that as we
increase the dilution, the molecular rotatory power of all these salts
tends to the same constant limit, namely 39°. This relation is known
as Oudemann’s Law. The value found for free camphoric acid in
dilute solution is a quite different matter, however, namely, 93°. It is,
therefore, impossible to try and explain the convergence of the values
for the salts as being due to the progressive dissociation into acid and
base (as used to be believed), for if so one would expect to reach the

1 A better test of the theory would have been afforded had these solutions been
much more dilute,
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value 93°, since the base is quite inactive. The fact that we reach
quite a different value, /2. 39° is extremely strong evidence in favour
of the electrolytic dissociation theory, for according to this, dissociation
does 7ot take place into acid and base, but into electrically charged
cation and anion. The value 39° therefore, is due to the 707 of cam-
phoric acid, whilst 93° is due to the molecule of camphoric acid, since
camphoric acid is scarcely dissociated at all. The theory thus affords a
very satisfactory explanation of Oudemann’s Law.

7. Absorption Spectra of Solutions.—When one passes a beam of white
light through a prism so as to spread it out into a spectrum containing
all the colours continuously from red to violet, it has been found that
by interposing a vessel containing a solution, it very frequently happens
that certain of the colours are now absent, 7.e. have been absorbed by
the solution. This naturally must occur with coloured solutions, since
the colour is due to absorption, though it should also be remembered
that what we call colourless solutions may also show absorption for
different wave-lengths other than those contained in the relatively short
range which the eye can detect, and which we call the visible spectrum.
At present, however, we are considering visibly coloured solutions. A
very striking confirmation of the electrolytic dissociation theory was
afforded by the work of Ostwald (Zeitsch. physik. Chem., 9, 579, 1892)
on the permanganates in aqueous solution. By photographing the
spectrum thus produced, on the same plate, one obtains spectral images
of different solutions, which contain the same coloured anion in equiva-
lent quantities with various cations. A number of absorption bands were
produced by the interposition of the solutes, and the important point
1s that when the solutions were dilute o'coz N, the bands for each
salt (e.g. sodium permanganate, potassium permanganate, ammonium
permanganate, etc.) fell at exactly the same place. The spectrum was
independent of the nature of the cation, except in a few cases where
deviations occurred, and could be attributed to disturbing secondary
effects. The identity of the spectra could be expected from the theory
of free ions,

It should be pointed out, however, that Ostwald’s conclusion in this
connection has been recently criticised by Merton,! who photographed
the absorption spectra of various permanganates in various solvents.
He found that the position of bands in any single solvent is the same
for permanganates of potassium, sodium, calcium, barium, zinc, etc.,
and he therefore suggests—since some of the solvents employed could
only possess very slight ionising power—that the absorption is due to
the MnO, group, and is not much influenced by ionisation. Chemical
reaction between the solvents and the solutes prevented determinations
of concentration. Naturally, if Merton’s view is correct as regards the
unimportance of dissociation, it is clear that Ostwald’s results cannot be
urged as positive evidence in favour of the electrolytic dissociation
theory. [For a very complete discussion of optical properties from the

1 Trans. Chem. Soc., 99, 637, 19IT.



204 A SYSTEM OF PHYSICAL CHEMISTRY

chemical standpoint, the reader is referred to E. C. C. Baly’s Spectro-
scopy (Sir William Ramsay’s series of textbooks).]

In connection with the phenomena of colour it should be mentioned
that the application of indicators in acidimetry and alkalimetry is based
upon the colour changes involved (directly or more probably indirectly)
in passing from the undissociated to the dissociated state, or vice versd,
or rather the theory of electrolytic dissociation has been shown to give
a rational explanation of the reactions referred to.

8. Specific Catalytic Effects attributed to Jons.—It has been observed
that many reactions in solution take place very slowly if the substance
or substances are alone present in the solvent, while the rate of reaction
is increased by the addition of certain substances which apparently take
no definite stoicheiometric part, z.e. they do not appear in the ordinary
form of writing the reaction equation. This action, which apparently is
merely due to the presence of the substance, is called catalysis, the
accelerating substance being called a catalyser or catalyst. There are
two sorts of catalysis—homogeneous and heterogeneous. We are only
dealing with homogeneous- at present, z.e. the catalysis due to some
substance which itself dissolves in the solution in which the reaction is
taking place. The typical example of a reaction which can be catalysed
is the conversion of cane sugar into dextrose and laevulose in aqueous
solution. At ordinary temperatures this takes place very slowly, the
reaction equation being—

CyeHg0;; + HyO — CeH ;04 + CgH 404

When, however, we add acids such as HCl, HNO,, H,SO,, the reaction
goes much faster and, further, the speed depends on the concentration
of the catalyst. For dilute solutions of the acid the reaction velocity
is practically proportional to the equivalent conductivity of the acid
(Ostwald, /. prakt. Chem., 28, 449, 1883 ; 29, 385, 1884 ; 30, 93, 1884).
Now the only thing these and other acids have in common is the H
atom, which on the electrolytic dissociation theory becomes H® ion,
and the catalysis is considered to be due to this. Further, on the theory

. S . A .
the concentration of the H® ion 1s the ratio KL’ and since A, as

shown by Kohlrausch, has very much the same value for all acids, it
would follow that the relative catalytic effect of different acids should
be proportional to the equivalent conductivity.

Ostwald obtained the numbers given in the following table for
A and % (the velocity of inversion of the sugar). [We shall study
velocity of reactions later on by themselves, and see then the exact
meaning of %Z.] The equivalent conductivity of HCl (in 1 normal
solution) is set equal to 100 (though this is not its value when expressed
in the usual units) ; and the velocity of inversion, caused by the same
acid (in o's N solution) is also set equal to 1oo0.
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Acid, A. k1. kg,
HCI. . . . . 100 100 100
HNO; . . . . 100 100 92
H,s80, . . . . 59°5 54 55
Trichloracetic . . . — 75 68
Dichloracetic . . . 33°0 27°1 23
Monochloracetic . . 641 4'84 4'3
Acetic . . . . 067 04 0°34

The values denoted by 4, are the velocities of saponification of an
ester in presence of o0'67 normal solutions of the acids mentioned.
There is a marked parallelism in the values for the velocities and
equivalent conductivities, More accurate determinations were carried
out later by Arrhenius (Zestsch. physik. Chem., 4, 244, 1889) and
Palmaer (Zeitsch. physik. Chem., 22, 492, 1894). This work showed
that at a high dilution the velocity of inversion and the fraction of the
acid dissociated are directly proportional. The above effects are con-
sidered as due to the H' ions. We likewise have examples of catalytic
effects due to other ions, ¢g. OH’ ions.

9. Mixtures of Salts in Solution.—A striking fact in connection with
the chemical properties of salts in solution is that the acidic and basic
portions generally exhibit exactly the same reactions, independent of the
particular salt of which they originally formed the constituents. Thus,
a/l soluble barium salts give with all soluble sulphates exactly the same
reaction, namely, the formation of barium sulphate. Similarly, AgNO,
will form a precipitate of AgCl by interaction with any soluble chlonde
KCl, NaCl, CuCl,, BaCl,, etc. This is qulte characteristic of inorganic
salts in aqueous solution, so much so that it has been found possible to
draw up a scheme of analysis whereby the constituents of a solution may
be detected and recognised simply by applying this conception of the
specific effect of each constituent. It will be obvious how simply this
is explained on the assumption of free ions. Our systems of qualitative
and quantitative analyses are based essentially on reactions of ions.
There are cases, however, which appear to contradict these simple
statements. Take, for example, a silver salt and add KCN solution.
At first a white precipitate is formed which redissolves on adding excess
of KCN, and this solution no longer gives the ordinary reaction for silver
(ion), say, on adding KCI. It has long been assumed that a complex
was formed, and by mtroducmg this idea into the ionic theory we arrive
at the concept of a complex ion. Migration experiments, 7.e. measure-
ments of the motion of ions in an electric field, have conclusively shown
that such ionic complexes do actually exist. In the particular case cited
it has been shown that the direction in which the silver has moved (by
ultimately analysing the liquid at different places) is toward the anode
(the + pole). The silver must therefore be present as a complex anion
instead of in its ordinary state as Ag® cation. As a matter of fact,
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experience has shown that in excess KCN solution the silver is present as
the anion (AgCNy)’, the cation being K*. This explains the absence of
the ordinary reactions due to Ag", for this no longer exists in appreciable
amount in the solution. Similar instances occur when AgCl is dissolved
in NH;; when NHj is added to solutions of copper salts; and when
mercuric iodide Hgl, is dissolved in KI solution. The idea of simple
ions and complex ions has been found sufficient to afford an explanation
for all the reactions of aqueous solutions. In the case of organic bodies
in solution, however, we generally find these to be non-electrolytes.
We therefore assume that no ions are present; and hence any system of
analysis of organic substances in solution comparable with our systems
of inorganic analysis is impossible.

A question which has frequently arisen is—What happens when two
salts, say K,CO4 and Na,SO,, are mixed together in aqueous solution ?
Accordmg to the electrolytlc dissociation theory, these salts would be
very largely split up into their ions. That is to say, the solution would
contain on the simplest assumptions, Na’, K°, CO;", SO,”, and it is
clear that it is quite impossible to tell to what salt these ions originally
belonged, for in the solution they have become independent of the con-
stituent originally combined with them. The dissociation theory is
thus in good agreement with these obscrvations. A further point to
notice is that the dissociation takes place with immeasurably rapid
velocity, Z.e. it is instantaneous to all intents and purposes.

10. Physiological Action of the lons.—This has been developed to a
very great extent recently, notably by Arrhenius in his Zmmuno Chemistry.
We shall only consider a single illustration—the poisonous property.
The results of investigation showed that all potassium salts have nearly
the same poisonous effect in solutions of equal concentration. This, of
course, does not hold when the anion is likewise poisonous, as in the
case of KCN. Kahlenberg ( Journal Physical Chemistry, 4, 553, 1900),
and Loeb (Pfiger's Arckiv, 69, 1897; 71, 457, 1898), as well as Paul
and Kromg (Zeitsch. physik. Chem., 21, 414, 1897), have mvestxgated
the action of salts on bacteria and spores, and the results are in general
what would be expected on the basis of the dissociation theory.

11. Heat of Neutralisation of Acids and Bases—The reaction in a
typical case of neutralisation is usually represented thus—

HCI 4+ NaOH = NaCl + H,0.

According to the dissociation theory (assuming it to be true), when
we add acid to the base we have in solution the following ionic
reaction :—

H* + CI' + Na’ + OH’ = Na' + CI' + HOH.

It will be noted that we have not written H' 4+ OH’ in the last
term. We know from conductivity experiments that water is almost a
non-conductor, that is to say, the quantity of H* and OH’ present is
extremely small.

When neutralisation occurs, therefore, practically all the H* and OH'’



HEAT OF NEUTRALISATION 207

unite to form undissociated water. But it will be noticed in the above
ionic reaction that Na® and Cl’ appear in exactly the same condition on
both sides of the equation. Eliminating these common terms, we get
as the nucleus of the total reaction—

H' + OH' - H,0.

The heat of neutralisation of a practically completely dissociated
acid with a similarly dissociated base is simply due to the formation of
water from its ions. For all strong acids and bases the heat should,
therefore, be the same for the same amount of water formed. This has
been found to be the case, vsz. approximately 137 centuple calories
(1 centuple calorie = 100 gram-calories) per gram-molecule of water
produced. Dilute solutions of the following acids were neutralised with
caustic soda also in dilute solution :—

Heat of neutralisation.

HCl . . . . . 137 centuple calories, K

HBr . . . . . 137 » ’
HI . . . . . 137 " ”
HC103 . . . . 138 ” ”»
HBrO, . . . . 138 ’ ’
HIO; . . . . 138 ” ”
HNO;, . . . .I37 0, "

A similar table for the heat of neutralisation of strong bases by a
strong acid (HCI) is given :—

Heat of neutralisation.

Li hydroxide . . . . 138 centuple calories, K

Na " . . . . 137 " "
K ”» . . . . 137 ”» "
Tl ’ . . . . 138 v ”
Ba ” . . . . 139 ’ ”
Sr " . . . . 138 ’ ’
Ca " . . . . 139 ” "
Tetramethylammonium hydroxide 137 ” ’

When, however, we work with weaker acids or bases, z.e. those
which are not completely (or nearly completely) dissociated at the
dilutions employed, the results are different. It seems reasonable to
ascribe this to the (positive or negative) heat of dissociation of the weak
acid or base. Using caustic soda as base (practically completely
dissociated) and neutralising with weak acids, the following results were
obtained :—

Metaphosphoric . . . . 143 K
Hydrofluoric . . . . . 163 K
Acetic . . . . . . 134 K

while for weak bases neutralised by the strong acid HCI, the following
figures have been obtained :—
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Ammonia (ammonium hydroxide) . . 122 K
Methylammonium hydroxide . . . 131K
Diethylammonium hydroxide . . . 118K
Triethylammonium hydroxide . . . 8K

Note that some of these numbers are above 137 K, some below. As
regards the reaction here occurring, the weak acid or base must dissoci-
ate more and more in order to keep itself in equilibrium with its ions,
one of which is disappearing to give H;O. We might look upon the
process as first of all involving a dissociation of the weak acid or base,
and this means a heat effect. Also it is important to remember that
salts containing a weak acid or base, or both, suffer more or less exten-
sive hydrolytic decomposition owing to action of the water (the solvent),
e.g. sodium acetate in water undergoes a partial decomposition accord-
ing to the equation—

CH;COONa + H,0 = CH;COOH + NaOH.

Thus we find a little free acetic acid and free alkali in the solution.
Owing to the dissociation of acetic acid being extremely small, and that
of caustic soda being practically complete, the result is that the solution
reacts alkaline.  Alkalinity or acidity is very characteristic of hydrolysis,
but we shall not consider the point at this stage. The important thing
for the present to note is that we can have acetic acid and alkali co-
existing (to a small extent) without further formation of salt, 7.e. the
neutralisation process which occurs when we add NaOH to acetic acid
does not go quite completely, and hence, owing to this cause, there is
not the normal heat evolution of 137 K per equivalent but something
less than this. The effect here considered is in general very small,
indeed negligible in most cases. The theory of free ions affords the
best explanation we have yet got for both the normal values and the
abnormal. It may be mentioned that from electromotive force measure-
ments the heat evolved in H,;0 formation can be even calculated and
comes out about 137 K.

12. LEvidence from the Measurements of Electromotive Force of Cells.
—The great advances which, since 1888, have been made in the study
of the electromotive force, and especially the conception or a *re-
versible electrode,” could not have been rendered possible without the
dissociation theory.! The evidence of these phenomena must, however,
be postponed until we are in a position to consider the matter from the
standpoint of thermodynamics.

It has been claimed more than once that the abnormal osmotic
pressures exhibited by strong electrolytes can be explained by the
hypothesis of a hydrolytic decomposition into acid and base, for in-
stance—

NaCl + H,0 = Nég)H + HCL

! Especially results such as those obtained‘ ft@jﬁﬁgravity and centrifugal cells,
Cf. Tolman, Proc. Amer. Acad., Sept., 1910, o
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This assumption is shown to be quite inadequate, in the first place, by
the fact that the acid and base which in their turn caznot undergo a
hydrolytic change of the above nature also show, like the salt, abnormal
osmotic pressures ; secondly, if theabove were true, the heat of neutral-
isation should not be a constant quantity for strong acids and bases,
"nor should it come out to be (as it is) identical with the heat of forma-
tion of water; thirdly, results such as those of Oudemann on the
optical rotary power of salt solutions (say, of camphoric acid), at great
dilution, in which the limiting value for the rotation differed quite
markedly from that of the free acid, contradict any such hypothesis.
The conception of free ions, however, affords, as already shown, very
satisfactory explanation of all these phenomena.

Having now reasonably established the existence of ions, we may go
un to study some of the consequences of the electrolytic dissociation
theory. Let us first of all consider the motion of the ions in an electric
field.

SoME CONSEQUENCES OF THE ELECTROLYTIC DissociaTioN THEORY.
THE ¢ MosBiLiTY” oF THE IONS AND THEIR ABSOLUTE VELO-
CITIES UNDER A GIVEN POTENTIAL GRADIENT.

We have already discussed (p. 191) the generalisation known as
Kohlrausch’s Law, namely, that the equivalent conductivity, say of a
binary electrolyte such as KCI, at infinite dilution (ze. at a dilution so
great that dissociation is complete) may be represented as the sum of
two independent quantities called the mobility of the cation and an‘on
respectively—

Ao = U; + V,
We have likewise shown that (p. 194)—
Ao = F(u; + va)
where F = one Faraday = 96540 coulombs.
#, and 7, = absolute velocity in cms. per second of each ion under a
potential gradient of 1 volt per centimetre.
Hence it follows that—
Uc = F U d Uc _
V, = Fg, 3¢ ¥V, To,"

If we could measure U, or V,, we could calculate %, or 7,, and wice
versd ; and having got one of these quantities, we could apply Kohl-
rausch’s Law to get the corresponding values of any other ion.

We shall first of all deal with the work of Hittorf who measured the

. . U
ratio Y (or g-‘) for several cases. If we increase the fraction \—/—” by
a. a

\Z

unity, we get I—J—c—v—t—y—‘—‘, and to the reciprocal of this expression, viz.
a
V. ( /A ) .
or Hittorf gave the name ‘¢ Zransport number of the
U+ V, U: + U, ’ & 7

VOL. L I4
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.5 . . Uc S U )
anion”. To the corresponding expression, T+, (or vt v) he
gave the name * T¥ansport number of the cation”. His method of
measurement of transport numbers consisted essentially in allowing a
known quantity of electricity to flow for a time through the solution in
question. He then analysed the liquid in the region of the anode and
cathode, and determined the change in concentration of the corre-
sponding ions, which had taken place owing to the wandering of the
ions during the electrolysis. If the transport number for, say, the
cation of any given salt were to come out
unity, it would mean that the entire current
had been carried by this ion. This is quite
an imaginary case, since it would require
one of the ions to move infinitely slowly
compared with the other under the same
conditions as regards electric field. The
transport number o'5, which is what one
finds nearly reached in many cases, would
mean that half the current is carried by the
cations, half by the anions. The most exact
measurements of transport numbers yet
made refer to KCl, which give o°497 for
the K- cation at 18" C. We may there-
fore regard the transport number, say, of
the cation, either as the ratio of its velocity
to the sum of the absolute velocities of
anion and cation, or as the ratio of the
mobility of the cation to the sum of the
mobilities of cation and anion, or as the
fraction of the total current carried by the
cation, for evidently the greater the mobility
or velocity, the greater the number of cou-
Fic. 44.—Apparatus for mea- lombs transferred in a given time, and if we

suring the Transport Number introduce a proportionality factor to indicate
%;:’fe sso‘}“l’:i'onm“ in Silver the connection between the two quantities,
' it will be seen that the factor vanishes

in the ratio ——-—I-JL-—-, the sum U + V, being proportional to total
U+ V,

current, and U, proportional to the fraction carried by the cation.!

A very simple type of apparatus for measuring transport numbers is
shown in Fig. 44. A is an electrode of silver, C an electrode of plati-
num or silver. The vessel is supposed completely filled with silver
nitrate solution, and current is passed through the cell from left to right.
The Ag ion moves from left to right towards the cathode C. The

1 The mechanism of current conduction and the movement of the ions is con-
sidered in some detail in a paper by S. W. J. Smith, Proc. Phys. Soc., 28, Part 111,

148 (1916).
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NO'; ions move in the opposite direction. Q units of electricity pass
through the cell, this current being measured by means of a copper
voltameter placed in circuit. Silver dissolves off A corresponding to
the quantity of electricity Q. If the Ag" ions did not move at all, the
solution in the long limb would have increased in Ag* ion concentration
by an amount electrochemically equivalent to Q. But since Ag’ ion
does move, it will be found by analysis of the contents of the anode
compartment that the increase in the mass of silver (in the ionic form,
of course) is not as great as that which corresponds to Q. The differ-
ence between the mass of silver which should have been finally present
in the compartment had no movement of the Ag® ion taken place, and
the mass actually present represents the quantity transported. This
mass of silver divided by the mass of silver which corresponds to Q, is
the transport number of the silver ion.! This quantity subtracted from
unity gives at once the transport number for the anion. At ordinary
temperatures the transport number of Ag® is not very different from that
of NO'3, the latter being the greater of the two.

We may now advance a step further by combining the- transport
number U Ue Uor V. with the equivalent conductivity at infinite dilution,

c

taking Kohlrauschs Law into consideration. Thus, in the particular
case of potassium chloride, experiment shows that at 18° C. the trans-
port number of the cation, viz.—

Also As = I30°I (the units bemg the reciprocal ohm and con-
centration in equivalents per c.c.)
= Uc + Va.
Hence 1301 = 0°497,

and hence U, = 64'67 under a gradient of 1 volt per cm. By sub-
traction one finds V, = 65°44 under the same gradient.

Further, these mobxhty terms are connected with the absolute
velocity of the ions (under unit potential gradient) by the relation
U, = Fu,; Vo = Foy,. Therefore, in the above case, since F is always
96,540 coulombs, it follows that the absolute velocity #; of the cation
under a potential gradient of 1 volt per cm. is 6°7 x 107 cms. per sec.,,
the corresponding value for the anion v, being 6:78 x 10~* cms. per sec.
It will be observed that the ions under unit gradient move very slowly.
In the following table are given the values of the mobility and absolute
velocity of a number of ions in aqueous solution at 18° C., under a
potential gradient of 1 volt per cm. It will be observed that H® ion is

1 For a concrete case showing the details of calculation, the reader should con-
sult a textbook of practical physical chemistry, e.g. Findlay’s Practical Physical
Chemistry.

b I



212 A SYSTEM OF PHYSICAL CHEMISTRY

the most rapidly moving ion, OH' commg next at about one-half the
value of the H" ion.

Temperature 18° C,
Ion. Absolute Velocity in cms. per Mobility.
: Second.

H* . . . . 32°50 X 10~* 318
K- . . . . 670 ,, 64°67
Nat. . . . 45T, 43°55
Lie . ... 347 » 33'44
Ag. . . . 570 5402
OH’ . . . 1780 , 174
cr . . . . 678 ,, 65°44
NOy . i 640 ,, 6178
CH, COO’ . . 3'20 35

NoTte.—At 25° C. the most probable value for the mobility of H* ion in very
dilute aqueous solution is 347°2 (¢f. Kendall, Trans. Chem. Soc., 101, 1283, 1912).

One can see, therefore, that the equivalent conductivity at infinite
dilution of acids must be greater than bases, and these greater again
than salts under the same condition. Of course this is arguing back-
wards, for it is from the value of A, that the mobility and velocity

F16. 45.

values are obtained as a rule. Besides this indirect method, however,
we are indebted to Lodge for the first direct determination of the
absolute velocity of H' ion (Brit. Assoc. Rep., 1886, p. 389). The
apparatus is represented dnagrammatlcally in Fig. 45.

The horizontal tube contains set gelatine impregnated with a little
phenolphthalein and sodium chloride, to which has been added a trace
of NaOH, just sufficient to colour the phenolphthalein red. When
current is passed, H" ions from the acid move in a certain direction,
decolorising the jelly tube as they move, and by reading the shift of the
colour boundary at certain time intervals, the velocity of the H" ion is
got directly for the particular potential applied between the electrodes.
One can easily calculate from this the velocity under 1 volt per cm.
Lodge’s first experiment gave the result 29 x 10™* cms. per second
under 1 volt per cm. ; later experiments gave 26 x 10™*and 24 x 107*
respectively. It will be seen that these—especially the first—are in
fairly good agreement with Kohlrausch’s indirectly-found value 32 x 104
Lodge also employed the gelatine tube method for other ions. He
found, for example, that SO,” travels at about one-third the speed of
H’ ion.
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At a later date Whetham?! introduced a modification of Lodge’s
method which is applicable to coloured ions, say, cupric ion Cu™ in
copper sulphate solution. Above the layer of copper sulphate solution
there was carefully poured a colourless solution of a salt with the same
anion, having the same specific conductivity as the copper salt, this
being necessary to keep the potential gradient the same along the tube.
On applying the potential in the proper direction, the Cu® ions moved
into the colourless solution so that the position of the surface of de-
marcation moved, and the extent of this movement in a given time
could be measured. This ‘“moving boundary method” was further
extended notably by Stecle? to colourless solutions, the movement of
the boundary being measured by the change in refractive index which
occurs as the boundary passes through the field of vision of a refracto-
meter. A source of error in this type of measurement due to the
movement of the solvent itself along the walls of the tube, a process
known as ‘“ cataphoresis ” or “electrical endosmose,” was pointed out
by Abegg and Gaus,® who also showed how this could be corrected for.
This work was extended by Dennison,* whose paper should be con-
sulted as well as that of Lash Miller.} G. N. Lewis (Journ. Amer.
Chem. Soc., 32, 863, 1910) has pointed out the necessity of correcting
the distance through which the boundary moves for any displacement
of the liquid caused by electrode effects. Miller (Joc. cit) and Lewis
(loc. cit.) have further shown that, when thus corrected, the moving
boundary method gives a quantity identical with that obtained by the
Hittorf method. We may refer to this quantity as the Hittorf Trans-
port Number.

In addition to the methods already mentioned, another has been
developed by Washburn (Zecknological Quarterly, p. 386, 1908 ; also
Journ. Amer. Chem. Soc., 37, 698, 1915). This method depends upon
the use of a reference substance, a non-electrolyte such as sugar, which
remains stationary during the passage of the current. The necessity
for introducing such a substance is as follows. In the Hittorf method
it is assumed that the water itself is stationary. If, however, the ions
are hydrated, and this appears to be generally the case, their movement
will involve the transport of water owing to this cause. This movement
of the water will not be the same in both directions, for it is unlikely
that the anion and cation would be hydrated to an extent that just left
the water concentration virtually unaltered. Tbe net result is that
water accumulates in one compartment, and hence, since the con-
centration of the ion is referred to the quantity of water present, a
slightly erroneous value for the actual ckange in concentration of the
ion—as a result of the passage of the current—is obtained. Using a
substance such as sugar, which is assumed to be really stationary, one
can readily observe, say by means of a polarimeter, the apparent change

1 Phil. Trans., 337, A, 1893 ; 507, A, 1895.

31bid., 198, A, 105, 1902; Zeitsch. physik. Chem., 40, 689, 1902,
3 Zeitsch. physik. Chem., 40, 737, 1902.

41bid.; 44, 575, 1903. 8Ibid., 69, 436, 1909.
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in the sugar concentration which has been caused by the drift of the
water accompanying the migrating ions (as water of hydration). In
this way the correct change in the concentration of the ion (referred to
the water) may be calculated. The resulting value is known as the
True Transport Number of the ion considered. In very dilute solu-
tions the Hittorf Transport Number and the True Transport Number
are practically identical.

Washburn ( Journ. Amer. Chem., loc. cit.) has shown that this method
likewise gives us the 7elative degree of hydration of the various ions.
In the table below are given some of Washburn’s values for the True
Transport Numbers of the cations in the following salts :—

Electrolyte Concentra- Hittorf Trans. True Trans- Transport No. at
tion = 1°3 normal, port No. port No. Infinite Dilution.

HCl . . . 0'82 0°'844 0833

CsCl . . . 0°485 0°491 0°491

KCl . . . 0°482 0°495 0°495

NaCt . . . 0°366 0°383 0°'396

LiCl . . .| o278 0°304 0°330

The Hittorf Numbers and the True Numbers quoted above refer to
the concentration 13 normal of the salt. It will be observed that
concentration has a slight effect upon the Transport Number. The
Transport Number also varies somewhat with the temperature. As the
temperature increases all the Transport Numbers so far measured tend to
approach the value o'5. This means that at high temperatures each
ion tends to carry the same fraction, one-half of the current.

Of course the validity of the reference-substance method depends
upon the assumption that the reference substance is really stationary.
In the case of solutions of hydrochloric acid there is evidence that
sucrose combines with the H' ion to a certain extent and will therefore
move with this ion, so that sucrose could not be employed justifiably
with this electrolyte. With KCI and other salts sucrose appears to be
stationary. With a suitable choice of reference substance this method
is the most satisfactory one yet proposed.

ExAMPLES OF THE EXTENT oF ELECTROLYTIC DISSOCIATION.

It has already been shown that the degree of dissociation or ionisa-
tion, a, can be obtained from the expression a = Ay/A_. The validity
of this expression depends upon the supposition that the mobilities of
the ions do not vary with the concentration. It is known, however,
that aqueous solutions of acids, bases, and salts at moderate concentra-
tions exhibit a viscosity or internal friction which is slightly different
from that of pure water. In some cases the solution has a smaller
viscosity than that of the solvent, but in the majority of cases a greater
viscosity. Since this means that there is a change in the resistance to
the movement of the particles through the liquid, it is to be anticipated
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that the mobility, and therefore the conductivity, of an ion will decrease
(increase) at least approximately in the same proportion in which the
viscosity increases (decreases). This was first suggested by Arrhenius
(Zedtsch. phys. Chem., 9, 495, 1892). To allow for this effect, it is
necessary to reduce the observed conductivity to the value which it
would possess if the viscosity of the solution were identical with that
of the solvent. This correction is carried out by writing—

_Aom
Aao ) Mo
where 7, is the viscosity of the solvent, », the viscosity of the solution
under examination. It is convenient to take the viscosity of the
medium as unity, and express 7, in terms of this unit. As a matter of
fact this correction is usually small, and in many cases negligible, when
the concentration of the solute does not exceed o'5 normal. Thus, up
to this limit, solutions of NaCl, KCl, and many other salts do not ex-
hibit any very sensible change in the value of a when the viscosity
" correction has been applied. A few salts, however, are characterised
by possessing higher viscosity in solution than the majority. Such a
salt is lithium chloride. This salt is therefore to be regarded as rather
an extreme case. The magnitude of the correction will therefore be
appreciated by comparing the values of a corrected and uncorrected in
the case of aqueous solutions of this salt.

LitHium CHLORIDE AT 18° C.

Concentration of Salt in A,,/ Ay my,
Equivalents per Liter. Aco. Ao ,_,;
o'5 0'715 0°766

0’2 0787 0'812

oI 0333 0846

0°05 0870 0878

o°or 0931 0°'932

Naturally the application of the viscosity correction requires some
justification. ¢ This is most clearly shown in the case of temperature,
the effects of which on the viscosity of water and on the mobility of
ions in dilute aqueous solution are approximately the same” (Noyes
and Falk, Journ. Amer. Chem. Soc., 34, 454, 1912). This was first
pointed out by Kohlrausch (Proc. Roy. Soc., 71, 383, 1903). ‘

The form of the viscosity correction has been discussed by Washburn
(Journ. Amer. Chem. Soc., 33, 1464, 1911), who suggests, in place of
the simple proportionality correction, the slightly modified and at the
same time wholly empirical form—

ko

0
where 7 never differs from unity by more than o'2. For all general
purposes the simple corrected formula is sufficiently exact.
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We may now give some examples of the extent of ionisation as
measured by the conductivity-viscosity expression of Arrhenius—
A, Ny

a = -—
Aoo No

A. Strong Electrolytes (good conductors of electricity).

Noyes and Falk (loc. cit.) have made a valuable compilation of the
most accurate data available (up to 1912) of the equivalent conduc-
tivities of a large number of acids, bases, and salts. The following
examples are taken from their tables. The data refer to the tempera-
ture 18° C.

SopruM CHLORIDE.

Concentration in n A n A M
Equivalents per Liter. Ay 1’/ n, v L Ll Vo o

1°0 74°31 1°086 807 0°741
o5 80°89 I°041 8421 0°773
02 8767 1'0167 89°13 0818
o'1 91°96 1°0086 92°75 0852
0°05 95°66 1°0046 g6°'10 0°882
0°02 99°55 1°'0018 99'73 0916
o‘or 101°88 1°0009 101°Q7 0°936
0°005 103°71 unity 103°71 0°953
0°002 105°48 " 10548 0-g6g
0°00I 106°42 ' 106°42 0°'977
0°0005 107°I1 " 107°I1 _

0°0002 107°75 " 107°75 —

0°0001 108°03 » 108°03 _—

0°0000! 108'9 = A " 1089 1000

PorassiuMm CHLORIDE.
ncentration i n A, A
EquC:'a‘l:ents ple(:nlji‘:er. Ay v/ L v U/ n, *= v"o/ Aw

1'0 9822 0°982 965 0°742
(33 102°36 0'9898 - 101°3 0779
02 107°90 0'9959 107°5 0827
o°'x 111°97 0°gg82 1r1°8 0°860
0°05 11569 0°gg9gt 1156 0-889g
0°02 119°'go 0°'g9g96 119°9 0°922
0°01 122°37 unity 122°37 0041
0005 124°34 ” 124°34 0°956
0°002 126°24 s 126°24 0°g71
07001 127°27 m 127°27 0°979
0°0005 12804 ' 128°04 —

0°0002 12870 'y 12870 —

0°0001I 129°'00 ' 129°00 —_

0°0000 130°0 = A, " 130°0 1°000

! Naturally the zero here does not actually mean total absence of salt ; it means
a concentration less even than o‘ooor normal,



SILVER NITRATE.

Concentration in Av. Ny / . Avn, / . . _ﬁ:_ ?ll
Equivalents per Liter. L L2 Ao 7,
10 67°6 1°057 71°5 0617
o5 77°5 1°'020 79°L 0683
02 — — — —
o1 04°33 unity 04°33 0814
0°05 99°50 " 99°50 0859
0'02 105°I " 105°L o-go8
0°'0I 10780 ' 107°80 0°93I
0005 110°03 . 110°03 0°950
0°002 112°07 " 112°07 0°968
0°001 I113°I4 " 1I3°I4 0°977
0°0005 113°88 ’ 113°88 —_—
0°0002 114°56 ' 114°56 —_—
0°0001 115°01 ' 115°01 —_
070000 1158 = A, v 1158 1°000

It will be observed that the viscosity of moderately concentrated solutions of
NaCl and AgNO, is greater than that of water; the viscosity of KClI solution is less
than that of water.

HyprocHLORIC AcID.

n ration in A . n . Aym . Av"v
qui%aclggtts pe(; Lliter. v v/ K ’ v/ "o a= Aw o*
01 351°4 unity 3514 0°925
0°05 35874 — 3584 0'944
0°02 365°5 — 365°5 0°962
o‘or 369°3 — 3693 0°972
0°005 372°6 _ 372°6 0981
0°002 375°3 — 375°3 0°988
0°00I 3759 — 3759 0°'gg90
0°0005 37770 — 3770 -
0°0002 3778 —_ 3778 —_
0°000I 378t — 3781 —_
0°0000 3800 = A, — 3800 1°000
PorassiumMm SULPHATE.
P Av .
Equient po her. | Av "/ng "/ -
1°0 716 I°I01 788 592
0°5 78°4 1°'049 822 ‘618
02 877 I1°02I 89's5 673
o1 94°9 I'0IIX 960 .722
0'05 101°g 1°006 102°5 771
0°02 110°3 10033 110°7 832
o-o1 1158 1°0014 116°0 872
0°005 120°3 unity 120°3 *go5
0°002 1246 v 1246 *G37
0°001 126°9 ’ 126°9 ‘954
0°'000% 1285 . 128°5 —_
0°0002 1300 . 1300 —_
0°0001 130°7 ’ 130°7 —_
0'0000 133 = A, m 133 1000
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BariuM CHLORIDE.

Concentration in 1,/ . A n

Equivalents per Liter. Ay Y ", v v/ n, o
1'0 70°14 I1°107 776 ‘642
05 77°29 1'052 81°3 672
02 8518 1°021 870 *720
o'x 9078 1'01I 918 *759
0°'05 96°04 1°005 96°5 798
0°02 102°53 1°002 102°7 850
0°01 10667 1'00I 106°8 883
0°001 1156 unity 115°6 956
0°0005 117°0X ” 117°01 —
0°0000 120°9 = Ay ” 120°9 1'000

CoPPER SULPHATE.
. . n A n

Equaionts per Lier Ay ng v g -
1’0o 2577 1371 3573 ‘309
0°2 37°66 1°064 40°L 351
o'x 4385 1'032 45°3 *396
0°'05 51°16 1°016 52°0 '455
0°02 62°40 1'008 629 *550
0'01 7174 1°004 72°0 *629
0°005 8098 1°002 81°1 *709
0°002 9I°'04 1001 g2°o 804
0°00I 9856 unity 98°56 862
0°0005 103°56 ' 103°56 —_
00002 107°95 ” 10795 -
0°0001I 109°95 m 109°95 —
0°0000 1144 = A, » 114°4 1°'000

It will be noticed that salts, acids, etc., containing monovalent
atoms tend to give rise to the greatest dissociation into ions ; divalent
solutes, z.e. electrolytes containing a divalent radicle, dissociate less, and
trivalent still less. It is convenient to remember that salts of mono-

valent ions, e.g. the alkali salts, when at a concentration of II:IS, are dis-
sociated to approximately 85 per cent., while divalent salts are not
higher than 70 per cent. and may be much less (e.g. CuSO, IIS; solution
dissociation is only about 4o per cent.). Trivalent salts exhibit

I . N .
about 50 per cent. dissociation or less in P solution (Noyes’ Rule).!

1 Recent investigations by G. N. Lewis seem to point to smaller values of a
than those quoted (Fourn. Amer. Chem. Soc., 34, 1631, 1912).
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It will be seen, however, when wé compare these with the dissociation
of some typical weak electrolytes in the next table, that the two sets are
not even of the same order of magnitude. The examples given are
typical, but it must be remembered that there is no sharp dividing line
between strong and weak electrolytes, there being quite a continuous
series of substances from one group to the other. -

B. The Extent of Dissociation in the case of Weak Electrolytes (those
which conduct current badly).

A typical example is that of Acetic Acid in water. The following
data were obtained by Kendall (Z7ans. Chem. Soc., 101, 1283, 1912)
for this acid at 25° C. :—

100 a.

Dilution v in Liters.

A,

(Percentage
Dissociation.)

13°57 6°086 0°0I570 1°570
54°28 . . . 12°09 0°03118 3°118
108°56 . . . 16°98 004380 4380
434°2 . . . 33°22 0'08568- 8568
868°4 . . . . 4613 0°'I1gO 11°QO
1737°0 . . . . 6360 0'1641 16°41
infinite dilution . A, = 3877 1'000 100°0

) o N . .. .
It will be observed that at a dilution fo0s the fraction dissociated is

only about 12 per cent., while in the case of HCl it is 100 per cent.
An interesting point is how the value 3877 for A_ for acetic acid
is arrived at. It is evident that throughout the range of the dilutions
=mployed, even up to 1737, the A shows no sign of reaching a limiting
value as it did in the case of the strong electrolytes mentioned. The
true value for A when dissociation is complete cannot as a matter of
fact be obtained directly for weak electrolytes, because at the dilution
which would have to be employed—it would be several millions of liters
—the observed conductivity would be practically identical with the
value for the water, for even the best conductivity water contains, under
ordinary conditions, slight traces of impurities, e.g. CO,, which give to
it a certain amount of conductivity quite sufficient to mask any effect
due to the acetic acid were the solution so dilute as to allow of the
acetic acid being completely dissociated. The method of determining
A is based on Kohlrausch’s Law of the independence of the mobility
values of the ions. It is a remarkable fact that even although an acid
—as acetic acid—may be extremely weak, its potassium or sodium salt
is dissociated to practically the same extent in water as an inorganic
salt like NaCl. We can therefore easily observe the equivalent con-
ductivity of sodium acetate when the dissociation is complete, and
knowing previously the mobility of the sodium ion we get by subtraction
the mobility of the acetanion CHz;COQ'. Now if we add to this the
already known mobility of H", we get as a result the A for acetic acid.
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This is how the number 3877 was obtained above. Since H® itself
contributes the value 347, it is evident that it has the predominating
influence, so that practically all acids have approximately the same value
for A_.

As a typical base which is a weak electrolyte one may instance
ammonia. The following values hold for 25° C. :—

v A. a.
8 3°20 0°0135
16 4'45 0°0188
32 6-28 0°0265
64 8-go 0'0376
128 12°63 0'0533
256 ) 17°83 0°'0754

Ao =237

The base here considered is NH,OH, which gives rise to NH{" and
OH' ions to the extent indicated by a.

-

An N solution of NHj is therefore about 1°5 per cent. dissociated,
10

while NH,Cl is 85 per cent. dissociated—a very striking example of the
phenomenon alluded to above, z:z. that the sa/¢ formed from a weak
acid or weak base is itself a strong electrolyte. This is even true in the
case of ammonium acetate where bot% acid and base are weak.

THe FUNDAMENTAL EQUIiLiBRIUM EQuAaTiON FOR IONS. OSTWALD'S
“ DiLutioN Law”,

Let us take a substance AB, which in solution partially dissociates
into 2 ions, A* (cation) and B’ (anion), according to the equation—

AB = A" + B'.
Now, knowing that substances in solution behave in an analogous

manner to gases, we apply the law of mass action, and find the equili-
brium constant K given by—

[Alx [B] _ g
[AB]

(Where square brackets denote concentration terms. The equili-
brium is reached instantaneously.)

Since the reaction is a dissociation it is more usual to call K the
dissociation constant. Further, the concentrations of cation and anion
are equal, since the solution must be electrically neutral. If we con-
sider the care in which one mole of the original solute has been dis-
solved in o liters, and has undergone dissociation to the extent a, 7.
there are (1 — a) undissociated molecules and a cations and a anions,
the mass action expression becomes—
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o
K a
I—a=(I—a)7)=
(4

K should be independent of v (the dilution), but, of course, dependent
upon temperature.

2

QIR

Now writing o = %1, the above expression may be put in the

form—
A2
A (A, — Ao
This equation in a slightly different form was first put forward by
Ostwald in 1888 (Zeitsch. physik. Chem., 2, 36), who gave to it the
name of the di/ution law. It was investigated at greater length by Ost-
wald in a later paper (#id., @, 270, 1888) as regards its applicability to
acids in aqueous solution. The following example, already given in
part, is taken from Kendall’s paper, Zoc. cit. :—

= K.

Aceric Acip At 25° C.

Volume of Solution v (liters) al
containing one gram-mole- A. a X 100. G K.
cule of Solute,

13°57 6°086 1°570 0°00001845
27°'14 8591 2°216 1851
5428 12°'09 3'118 1849
108°56 16°98 4380 1849
217°L 2381 6'141 1851
434°2 3322 8568 1849
8684 46°13 11°'g0 1850
1737°0 63°60 16°41 1854
34740 8671 2236 1855
6948-0 116°8 30°13 1870
© 3877 - —

Mean value of K = 0-0000185

To obtain measurements at such great dilution as 6948, z.e. one gram-
molecule of acetic acid dissolved in 6948 liters, it is essential that the
water employed as solvent shall be extremely pure. The specific con-
ductivity of the water employed in the above measurements by Kendall
was o0'go X 10~ % reciprocal ohms.

The constancy of K is very good, the value being independent of .

Reference may also be made to earlier papers upon the same sub-
ject (Ostwald, Zeitsch. physik. Chem., 2, 270 ; ibid., 3, 170, 241, 360,
1889 ; Bredig, #:id., 13, 289, 1894).

Ostwald succeeded in confirming the dilution law for 250 acids.
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These were all weak acids. Similarly, Bredig found the law applicable

in the case of 50 bases investigated by him.
By way of illustration, Bredig’s results for ammonia and methyl-

amine at 25° C. are given here :—

AMMONIA.
v liters. A. 100 x a. K.

: %

8 3'20 1°35 2’3 X 10—5
16 1 4°45 1-838 23

32 628 2°65 23

64 8:90 376 23
128 12°63 5°33 23
256 17°88 7°54 2'4

Ay =237
Mean 2°3 x 10"
METHYLAMINE.
v liters, A, 100 X a. K.

8 14'1 627 52 x 10—4%
16 19°6 871 52

32 270 12°0 51

64 36°7 163 5°0
128 49°5 22°0 49
256 65°4 29°1 4'7

Apy = 225
Mean 50 x 10—4

Bredig remarks that the probable source of the decrease in K in
the last case is due to some CO,, which, of course, affects the result
the more the greater the dilution. It will be noted that the K for
methylamine is twenty times greater than that for ammonia, .e. methyl-
amine is the stronger base. At similar dilutions the CH3;NH, (.e.
CH,;NH;OH) is more dissociated than ammonia (¢f. the a column).
For these substances, which are only slightly dissociated, #ke ratio of the
degrees of dissociation of the substances at the same dilution is given by the

ratio of the square root of the dissociation constants.
o2

Thus KN}L;OH =

(r = a)o

and since a is very small compared to unity, we may write—

2

a

N b
Kmon .
v
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2

. e a
Similarly, Keugnuon = —;jl—,
a K
and hence, — = Af NHOH
a KCHgNHsOH

Besides the investigations of Ostwald and Bredig, a large number of
other substances have been investigated (notably by Walker and his
pupils), with the result that the dilution law, which is simply the law of
mass action applied to the equilibrium of undissociated molecules and
ions, has been verified in several hundred instances (see Lunden, A%r»ens
Sammlung, vol. 14).

An interesting phenomenon was noticed and explained by Ostwald
in connection with the dissociation of the dibasic organic acids, e¢.g

CH,COOH
malonic acid CH,(COOH),, succinic acid | , etc. Thesecon-
_ CH,COOH

tain two carboxyl groups, and there is the possibility, therefore, of dis-
sociation giving 2 H" ions. It was found, however, that the ordinary
dilution law, which only assumes a binary dissociation, X’ and H", holds
good for these dibasic acids up to very considerable dilution. It follows,
therefore, that both H atoms are not split off as ions with the same
ease, but that after one has left the molecule the remaining one is re-
tained until the dilution is great. Ostwald finds an explanation of this
in the presence of the negative charge on the univalent anion which
makes more difficult the addition of a second negative charge, owing to
the electrostatic law that like charges repel one another. In the fol-
lowing table some examples are given of the dissociation of such acids,
the final column containing the values of the degree of dissociation a,
which are reached before the ordinary dilution law begins to break
down, 7.e. to no longer give a constant, thereby indicating the splitting
off of the second H* ion. The position of the (COOH) groups in the
molecule is of great importance, for it is evident that the electrostatic
action must be greater the nearer are the negatively charged carboxyl
“rests ” to one another, so that in those cases in which the carboxyl
groups are close together the second-stage dissociation takes place only
at very high dilutions. Thus, in the case of maleic acid the carboxyl
groups are contiguous, and the dilution has to be carried to the region
at which the first-stage dissociation is practically complete (about 93 per
cent.) before the second-stage dissociation begins to manifest itself.
Compare this with fumaric acid, in which the carboxyl groups are farther
apart, and the second-stage dissociation begins to be noticeable when
the first stage has reached 50 per cent. Of course, one must assume
that the second stage does commence even at the higher concentrations,
but is negligibly small.
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Dilution v in liters at which | Degree of first-stage Dis-
Acid. second-stage Dissociation | sociation reached at Dilu-
manifests itself, tion v.
Malonic— 256 0°46-0°'58
CH,(COOH),
Tartaric— 128 0°30-0°40
CHOHCOOH
I
CHOHCOOH
Maleic— >1024 >o04g3
H—C—COOH
I
H—C—COOH
Fumaric— 256 0°40-0°50
H-—-C—COOH
Il
COOH-—-C—H

It will be observed that on the average the first-stage dissociation
proceeds to the extent of 50 per cent. before the second-stage dissocia-
tion becomes apparent.

“ THE ANOMALY OF STRONG ELECTROLYTES.”

The electrolytes referred to in the previous section are all weak
electrolytes. 'The most remarkable phenomenon in the equilibria rela-
tions of electrolytes in aqueous solution is that all (or nearly all) strong
electrolytes—throughout the range of dilution ro-rooo liters—do not
even approximately obey the dilution law. A few appear to do so, at
least over a certain range of dilution, notably, amongst acids, dichlor-
acetic acid, cyanacetic acid, and maleic acid, but these instances are
relatively few in number.! All the ordinary inorganic salts (with the
exception of cadmium and mercury (#c) halides, mercuric cyanide, and
one or two ferric salts), all the ordinary inorganic acids and bases (with
the exception of weak acids, such as H,S, H;BO,;, CO,; HNO,, SO,,
phosphorous acids, and NH,;) dissociate in such a manner that when
one calculates the ¢ constant” for each dilution,?2 it is found that
the resulting numbers scarcely remain even of the same order of magni-
tude.

Thus taking the case of NH,Cl at 18° C., which we have already
cited, a calculation of the ‘“constant” gives the following values for
““ K ” —

1 For further instances of acids see Abegg’s Electrolytic Dissociation Theory.
3¢t g " being calculated from conductivity data,
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NH,CIL.
v, A. a. Ostwald, “ K.”
I o'y 0'750 2°2
2 94°8 0784 1'4
10 103°5 0°856 0o'51
20 107'8 0'892 0'37
100 114°2 0°945 0'16
500 1180 0'976 0'o8
1,000 1190 0°985 0065
5,000 1204 1°000 —
10,000 120'9}1\ ” —_
50,000 120°Q v —

The “constant’ increases rapidly as the concentration increases.
If, therefore, we assume that the law is obeyed at very great dilution
(¢.e. when v = 1000), we could conclude that some effect comes in
which causes the dissociation to be too great at the greater concentra-
tions. This may not be the case, however. The values for “a” were

obtained by the conductivity method a = %‘“9—. The problem therefore

resolves itself into this—is the law of mass action in error (z.e. not wide
enough in its scope in its present simple form), or does the ratio of the
equivalent conductivity at » to A_ not give a fzue measure of the dis-
sociation? This point has not yet been settled.!

In general the values of a obtained from cryoscopic (freezing point)
or ebullioscopic (boiling point) measurements agree fairly closely with
those obtained from conductivity measurements, where such comparison
is possible. It should be remembered, however, that the degree of
accuracy reached by the freezing or boiling point method is much less
than it is in the case of conductivity measurements.

On the other hand, there is nothing in the derivation of the dilution
law which would lead us to suppose that it would hold only for the
limiting case of very small dissociations, e.¢. weak electrolytes. One
would have expected it to hold for strong electrolytes as well. Abegg,
in his Ele:/rolylzc Dissociation Theory (p 126) favours the view that the
dilution law, 7.e. the law of mass action, is in essence correct, and a
constant would be obtained in the case of strong electrolytes as well as
for weak, if we possessed the true values of the dissociation. He con-
siders that the discrepancies are due to secondary efforts entering in,
such as complex formation among the ions themselves (which is known
to exist, for example, in the case of cadmium salts), or, on the other
hand, to the formation of ion hydrates, 7.e. combination of the solvent
with the ions.

For a critical review of the question the reader should consult a
paper by Noyes (S?. Louis Congress Report, 1904), which also appeared
in Science, 20, 577, 1904.

1 This question is taken up again in Vol. IL., Chap. VIII,
VOL. I. 15
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One point still remains to be mentioned in connection with the con-
ductivity method of determining the dissociation. Driicker (Zestsch.
Dhysik. Chem., 49, 563, 19o4) was the first to emphasise that the
principle may be correct, but the results in error because of error in the
value for A_, and he also showed that a relatively small change in this
value has very marked effect. He illustrated this with dichloracetic
and trichloracetic acids. Jahn took up the same point (Zestsck. physik.
Clem., 50, 129, 1904), illustrating it by the alkali salts.! Thus, taking
Kohlrausch’s value for the A_ for KCl, vss. 129°07, and using this to
calculate a and “K,” the following results are obtained :—

KClL

Concentration (C)

Actual Concentration WK
grammoles per liter. *

the Ions = C X a.

o'x 08680 0°'08680 0'571
0°05 0'8968 0°04484 0°390
0'02 0°9295 0’01859 0°245
001 0°9486 0°'009486 0'175
0°005 0°g638 0'004819 0°128
0°002 0°g785 0°001957 00895
0°00I 0°g866 0°0009866 0°0726

It is only necessary, however, to alter the value of A from 12907
to 127°65 (a quite empirical change, of course) to bring at least the
most dilute solutions into approximate accord with the dilution law;
thus—

C. a. Cxa. K.
o'o1 0°g591 0°009591 0°225
0°005 0°g746 0°004873 0°'187
0°002 09895 0°001979 0187

The same conclusion holds for other strongly dissociated salts.
Jahn corroborated this conclusion, using the freezing-point method with
great care and accuracy. His results were published (Zeitsch. physik.
Chem., 59, 31, 1907) after his death in a paper edited by Nernst. It
thus appears that Ostwald’s Dilution Law holds in the limiting cases both
when the dissociation is very small and when it is extremely great. For
intermediate values it appears to break down—though its failure may
after all not be inherent in itself. In this connection the reader should
consult a recent paper by Washburn and his collaborators (/. Amer.
Chem. Soc., Jan., 1918) in which it is shown that Driicker’s method is
incorrect. At the same time it is shown that a strong electrolyte such
as KCI does actually obey the law of mass action at dilutions greater
than 10,000.

1See also Flugel, Zeitsch. physik. Chem., 79, 586, 1912,
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Although Ostwald’s Dilution Law does not hold in general for strong
electrolytes throughout the ordinary range of dilution (» = 10 to
v = 1000), two other dilution laws have been found to give a constant
for binary electrolytes. These, however, differ essentially from that of
Ostwald, in that they are absolutely empirical, 7.e. they are not deduced
from the law of mass action. One is due to Rudolphi—and hence
called Rudolphi’s Dilution Formula (Zeitsch. physik. Chem., 147, 383,
1895). It has the form— ‘

ol
————= = constant.
(1 - a)Wo

It thus differs from Ostwald’s expression in having ,/o substituted
arbitrarily for v. The constancy of the K is illustrated for the case of
ammonium chloride at 18° C.—

a2

> - ano
10 1°55
20 1°'56
100 1°47
500 1°46
1000 1'47
1667 160
5000 1'53
Mean 1'51

A second empirical formula is due to van’t Hoff (Zeitsch. physik.
Clem., 18, 301, 1895). It may be written—
o
——= == constant

(1 - o) N2

ad

(1——_5)2_7) = constant

or

that is—

(concentration of eizker of the ions)3
(concentration of undissociated substance)?

It will be observed that Ostwald’s Dilution Law states—

= constant,

(concentration of either of the ions)?

- z : = constant,
(concentration of undissociated substance)

The following table indicates the values of the van’t Hoff constant
for a few strong electrolytes at 18° C.

15 *
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v, KNOs. MgSOq. HCL KCL NaCl. KBr.
2 1'63 — 4°41 2°49 1'87 2°44
4 1'67 0°'162 487 2°23 I°7I 2°55
8 168 0'156 443 2°1 16 2°28

16 172 0'I51 4'72 I'94 14 2'38

32 182 0'I51 529 187 143 2°41

-64 1'88 0°'158 —_ 172 1°38 2'72

An attempt to give an approximate *physical ” significance to van 't
Hoff’s formula was made by Kohlrausch (Zeitsch. physik. Chem., 18,
662, 1895). Denoting by C; the concentration of each of the ions, by
C; the concentration of the undissociated substance, van 't Hoff’s formula

3 .
may be written-g—’—2 = constant, and therefore S constant = kg, say.

s C_g!
This may also be put in the form—
Ci_ A
Co c¥

Now Ct is the “linear density ” of the undissociated molecules, or
C;™} is the mean distance apart of the undissociated molecules. Calling
this distance 7, the above expression may be written—

“(’:‘f = k2r s
S
constant x the
concentration of either ion distance  of
OF Concentration of undissociated substance | the molecules

apart.

It must be borne in mind that there is no theoretical reason why
either the Rudolphi or the van’t Hoff expression should yield a con-
stant at all. Other expressions, also empirical or semi-empirical, have
been proposed from time to time. Attention may be drawn to two of
these which have a certain amount of theoretical basis, first, that pro-
posed by Partington (Z7ans. Chem. Soc., 97, 1158, 1910), vizg.—

ol

G-+
where a denotes the degree of dissociation at the dilution 2, and p is a
constant which has to be determined by experiment; and, secondly,!
the expression proposed by Kendall (Z7ans. Chem. Soc., 101, 1283,
1912), Viz.—

2 1 —
G%Iﬁ=k+‘ g

where ¢ is a constant which has also to be determined by experiment.

1 Partington has shown that Kendall’s formula is a particular case of his own
expression (Proc. Chem. Soc., 1914).
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Partington’s expression holds only very approximately for strong
electrolytes, the constant passing through a maximum. . Further, Par-
tington’s expression reduces to that of Ostwald in the limit when a is
small compared to unity. It leaves the question still open, however,
whether the law of mass action in principle is applicable to electrolytic
dissociation when the latter is large.

IsoHyDRIC SOLUTIONS.

When we mix two electrolytic solutions together, we cannot in
general calculate the conductivity of the mixed solutions from those of
the components by the simple mixture law, since each dissolved sub-
stance affects the dissociation of the other, and thus alters the total
number of ions present. There must be, however, certain solutions
for which the mixture law does hold, 7.e. the dissociation of each solu-
tion is not altered on mixing. These are called isohydric solutions.
The experimental method of testing for isohydry is by determining the
conductivity (@ or 4) of each solution separately, and likewise that of
the resultant mixture (A). Isohydry obtains if the mixture law holds
good, z.. if the observed value—

K/ Uy
A=a—2_ 49
Vg + Uy Vg + U

where 7, and v, are the volumes of each separate solution, and the
dilution is sufficiently great to warrant writing the final mixture volume

. . N .
as simply #, + 2;. A solution of, say, T concentration would comply

with such a condition, and at the same time the degree of dissociation
would not necessarily be complete—for weak electrolytes, the dissocia-
tion at this concentration would be very small indeed; for strong
electrolytes, it might be about 8o per cent.

Now what is the theoretical condition for isohydry—that is, what
is the condition that on mixing two solutions no change in the dissocia-
tion of each may arise—a state of things which is shown to exist by the
mixture law holding for the conductivity ?

Let us take two solutions, one containing one mole of the acid HA,
the other containing one mole of the acid HA;. Let the volume of the
first be ,; and that of the second be »,. Suppose the degrees of dis-
sociation are respectively a, and a,.  If both acids are weak, they obey
Ostwald’s dilution law. That is to say, for HA we have—

f’-u2
(f’:’"m = /éa . . . . (I)

and for HA, we have—

ap?

(r = ap)vs

= A . . . . (2)
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Now let us assume that these solutions are actually isohydric, that is to
say, that on mixing them it is found that the mixture law holds for the
observed specific conductivity when this is expressed in terms of the
separate conductivities of each, assuming that their respective degrees of
dissociation are the same before and after mixing. Since the solutions
are supposed to be fairly dilute, there will be no contraction or other
chemical effect coming in, and the total final volume is 7, + v;.

Under these conditions the mass of hydrogen ion is a, + as and
applying the dilution law to the case of the acid HA in the mixture,
we get—

(aa + ab)aa
= k . . » .
= o) + 05) P (3)
Dividing (3) by (1), we get—
(aa + ab)va .
(va + vb)ag
[+ %3 + ap Ua + vb
or =
. ag va
whence 2%
ag Va
or 22
Up Ua
But ap concentration of H® ion in the solution of the acid HA,
u v by itself,
likewise %2 concentration of H® ion in the solution of the acid HA
HEWISE 2e = | by itself.

Therefore, we find that when solutions are isohydric they each contain
the common ion—in this case the hydrogen ion—at the same concen-
tration. We may apply this conclusion of the electrolytic dissociation
theory in the reverse sense, 7.¢. if we make two solutions containing a
common ion so that the common ion has the same concentration value
in both, then the dissociation of each of these solutions will be unaltered
upon mixing them together in any pgroportions.

We thus are dealing with what at first sight is rather a remarkable
phenomenon, v7z. that although the volume of the system—say the HA,
solution—is increased by addition of HA, solution, the dissociation of
each of these acids is unchanged. Here we have apparently an instance
of degree of dissociation being independent of dilution. It must be
remembered, however, that there is in reality no disagreement with the
principle of dissociation progressing with dilution, for by dilution in the
ordinary sense is meant increase in volume due to addition of pure
solvent alone. Further, it does not matter what amount of the second
solution we may add, provided the solutions are isohydric. The first
investigation upon isohydry and the demonstration that such exists is
that of Arrhenius.{ Wiedemann's Annalen, 30, 54, 1887). His work
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was extended in a later paper (Zeisch. physik. Chem., 2, 284, 1888),
from which the following table is taken. A number of solutions of
different acids were prepared of such concentrations that the specific
conductivity: of any mixture of two was given quantitatively by the mix-
ture law. Arrhenius then calculated from the conductivity of each
separate solution what the degree of dissociation was, and thence the
hydrogen ion concentration in each case. The values for the hydrogen
ion concentration of each of the single acids at various dilutions (these
dilutions being such that the mixture law applied to them when mixed)
are given in the horizontal columns, and it will be seen that the solu-
tions contain almost the same amount of hydrogen ion. In the table
the concentration terms are milligrams per liter.

C4HgO M Val
HCL (COOH),. Tartaric HCOOH. | CH3COOH. for LHL
1515 152'6 — — —_ 152°1
42°3 351 — — — 387
2203 21°37 19°07 —_ —_ 2082
448 4°09 417 4'42 3'96 4'18
133 1'24 1'25 1°44 1°33 1°32
0°379 0°397 0'381 —_— 0°402 0°390

Again, it will be remembered in deducing the equivalence of the
concentration of the common ion in the case of isohydric solutions as
a consequence of the electrolytic dissociation theory, we only made
use of general volume terms v, and 3. The formation of isohydric
solutions, therefore, should not depend upon the addition of any par-
ticular volume of the second solution to the first. That is to say, the
mixture law should be obeyed for any case when once it has been
shown to hold for the special case, viz., a mixture formed of equal
volumes (v, = ). Arrhenius (/c., 1887) has verified this in a number
of instances. He found, for example, that a solution of HgPO,, specific
conductivity (in reciprocal mercury resistance units) 2237 x 1078, is
isohydric with a solution of HCI, specific conductivity 167°4 x 1078 (by
the method of trial and error, using equal volumes of each acid, so that
the specific conductivity, as calculated by the mixture law, took the
simple shape A = a———: b). He now mixed these in different volume

proportions, with the following result :—

l Specific Conductivity.

Observed. Calculated.

209°9 X 10~%
1956 X 108
181°2 x 10-8

209°'5 X 10~8
195°T X 10~8
181°7 x 1078

7°5 c.c. HyPO, solution + 2°5 c.c. HCI selution
50 c.c. ” »” + 50¢c o, ”
2'5¢c " + 7'5C.C ”
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‘The calculated conductivity is the result given by the mixture law
expression— '

Va 2}(,
[a + 5 ]
Va + 0 Va + U

The agreement between the last two columns bears out the theoreti-
cal conclusion. Even closer agreement was obtained in the case of
mixtures of oxalic acid and acetic acid, as likewise for mixtures of acetic
acid and hydrochloric acid. A few of the data obtained in the latter
case are given here.

It was found (by mixing equal volumes and altering the concentra-
tion of the acids singly) that a solution of acetic acid, specific conduc-
tivity 1218 x 1078, was isohydric with a solution of HCI, specific
conductivity 14°54 x 1078, These solutions were then mixed in
different volume proportions, as follows :—

Specific Conductivity.

Observed. Calculated.
10 c.c. CH;COOH solution + 1 c.c. HCl solution | 12°37 x 10-8 | 12°39 x 10-%
10 c.C. ' » + 4cc ” 1287 x 1078 | 12'85 X 10-8
10 c.C. s » +7cc . 13°18 x 1078 | 13°15 x 108
IO C.C. " ' + 15¢C.C ’ 13'58 x 108 | 13°59 x 10—
5 C.C. " o + 10c.c. ,, » 1381 x 108 | 1376 x 10-8
1 c.C. . ’ + 10 C.C. v 1434 X 10~8% | 14°33 x 1078

It is rather remarkable that the above independence of volume, which
~ was theoretically predicted on the basis of the dilution law (7.e. the law
of mass action) which holds for weak electrolytes alone, should have
been also verified for mixtures containing strong acids such as hydro-
chloric.

We may now draw attention to a result which is indeed almost self-
evident, namely, that solutions which are isohydric with one and the
same solution are isohydric with one another. Arrhenius verified this
in the case of a number of acids.

While it is in general possible to prepare isohydric solutions—the
criterion for isohydry being that the conductivity in the case of the re-
sulting mixture obeys the mixture law—it is occasionally found impos-

sible to do so. Thus let us take a solution of HCI% (Arrhenius, e,

1887), and we require to find the corresponding isohydric acetic acid
solution. Arrhenius had previously found that 1N acetic was isohydric
with ;15N HCIL. The acetic sought for in the present case must be
still stronger than 1N. Experimentally the following differences were
found between the observed conductivity A for the mixture and the
value calculated by the mixture law :—
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1N acetic gave a difference - 190

2’5 " ”» = 24’4
5 ” ” - 333
Io » ” — 50

On increasing the acetic acid content, therefore, instead of reaching
a point where the above difference will vanish, we find this difference
steadily increasing. The conductivity of acetic acid goes through a
maximum and then falls instead of increasing continuously with the
concentration. This effect is due to the increased friction owing to the
large number of undissociated molecules which are present along with
the ions at the higher concentration. It is found impossible to
reach a high enough value for the specific conductivity in the case of
the acetic acid solution such that the value given by the mixture law
when the mixture is made approximates to the observed conductivity.
Even the maximum value of the acetic acid is too low. The remarkable
fact, however, is that we must suppose it quite possible that solutions

of CH;COOH of the same H' ion concentration as _I% HCl can be
4

prepared, and that, therefore, isohydric solutions can be obtained if we
look upon equality of the H* ion as the criterion of isohydry. The
apparent anomaly is due to the fact that the conductivity of con-
centrated CH;COOH solutions is not the correct measure of the H" ion

concentration, z.e. we cannot write a = —_¥, since the mobilities are no

A,
longer the same at the dilution z as they are at infinite dilution.

We now pass on to the application of the principle of isohydry to
solutions which consist of mixtures of several substances in equilibrium.
We introduce the idea of an imaginary septum or imaginary septa by
which we can suppose the mixture divided up into isohydric solutions
of the constituent electrolytes. Thus, if we take a dilute mixture of
NaCl and KCI, these substances are dissociated practically to the same
degree at the same dilution, so that we might imagine the septum divid-
ing the solution into two equal parts, one part containing only KCI, the
other only NaCl, the solutions being isohydric. In the case of the
mixture of a solution of sodium acetate (which is largely dissociated), and
acetic acid (which is only slightly dissociated), the septum would no
longer be placed so as to divide the whole solution in half in order
to get the acetanion CH,COO’ concentration equal on both sides, but
would lie far over towards the acetic acid side.

It is evident that we can regard any mixture of the two acids as
composed of such quantities of each pure acid solution as are isohydric
with one another. This case may be treated in the following way ! :—

In the mixture suppose ¢; to be the total concentration of the acid
HA,, ¢, that of HA,, [H"] the total concentration of H" ions (determined,
say, by their catalytic effect upon the inversion of cane sugar), and

1In this discussion I have followed closely the treatment given by Abegg,
Electrolytic Dissociation Theory, p. 63 seq.



234 A SYSTEM OF PHYSICAL CHEMISTRY

finally o, and a, the degrees of dissociation of the acids (which are
supposed to obey the dilution law). We have then the following

relations :—
2 HAAY Bl _ g
kl [HA]_] (I - 0.1)[1 [ ] I — tl]_'
Similarly, )
H'][A,] . ayly H’ ag
by = L1[A] _ rpy
2 [HAg] [ ](I - a2)¢‘2 I - a2

from which we obtain—
o E e, [H]
ay kl ag kg
The sought-for concentrations x, and x, of the pure solutions, whose
degrees of dissociation are also a; and ay, are given by the relations—

2
a*x I — a
kl = 17 or x; = kl 3 1
I — ag ay
2
ay? X I -~ ay
kz = 272 or xy == kz 3 2.
I — ay ay

On substituting in these two equations the values for 4, and 4, found
above, we obtain—

x = [H] St [H]_.
I - al (11 aj
and Xy = [H']_,
aq
or, on substituting #, and £, respectively—
o2
s = (] {x + ) = gy BT
ky 1

12

~ mfr + N oy o [HE

Ay by

in place of which, for small % values, the approximation usually
suffices—

_ [HF HJ? [H ]2
X, I and xy b
x1 kz
or =

That is, two acids upon being mixed will not affect each other’s
dissqciation provided their separate concentrations are such as to be
inversely proportional to their dissociation constants.

CONSIDERATION OF THE CASE IN WHICH THE ACIDS DO AFFECT
THEIR MUTUAL DEGREE OF DISSOCIATION.

The effect of addition of an acid to the solution of another.—Let
us denote the first acid by HA, and the second by HA,.  Let the cor-
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responding dissociation constants be £, and £, (measured for each acid

separately).
Let ¢, and ¢, be the total concentration of each acid in the mixture,

and when in the mixed state let the degrees of dissociation be respec-
tively o, and a,.
In the mixture—

The concentration of the H® ions = ay¢; + ayy
” » A1 n = 00
”» » A, , = Ayty
and therefore we have, applying Ostwald’s Dilution Law—
Ey(1 = a)a = a6y(ayey + ayty)
k(1 = ag)ey = agey(are; + agey).
Now if the acids are both weak and at moderate dilutions, a, and

a may be neglected compared to (1 — «)) and (1 - a,), Ze. (1 — q)
= (1 — a,) approximately. Hence in this case—

A w
k2 ag

That is to say, the actual degree of dissociation which eack possesses
when mixed 1s proportional to the respective dissociation constant.

Hence the acid with the larger dissociation constant will be dissoci-
ated to the larger extent in the mixture. The most interesting case is,
however, when we add a strong acid—say, HCl—to a solution of a
weak acid—say, acetic—and investigate what happens. Calling %, the
dissociation constant of acetic acid, then with the same notation as
before we obtain—

kl'—'-‘

a
. _1 o ((1,16'1 + 0.26'2).

Further, we can write, as before, (1 — «;) = 1, with even greater exact.
ness, for now, owing to the addition of the strong acid, we have added a
large quantity of H® ions, and therefore have thrown back the dissociation
of the weak acid. This must necessarily happen if the weak acid obeys
the dilution law, for the product of the concentrations of the two ions
divided by the concentration of the undissociated molecules, must be
constant under all circumstances. For the sake of simplicity, let us
assume in the above case that the dissociation of the HCI is complete,
i.e.0y = 1. Then we have—

ko= ay(eey + ) = a’e + ayey. :
Now a, (the degree of dissociation of the weak acid) is a small number,

much less than unity. The higher power may, therefore, be neglected
compared with terms containing the first power, that is—

k= ayy

Ol' al = —
2
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In words, the degree of dissociation (a,) of the weak acid in the
mixture is directly proportional to its dissociation constant, and inversely
as the concentration of the strong acid. By adding a large quantity of
HCI, therefore, to acetic acid solution, we can cause the acetic acid dis-
sociation practically to vanish, 7.e. there is practically no acetanion in
the solution. The same behaviour is noticed in the case of bases, and,
further, instead of adding strong acids (or strong bases), we may also
add salts which are likewise strongly dissociated. Thus, in analytical
chemistry, the case occurs in which we add NH,CI to NH; solution be-
fore employing it to precipitate certain hydroxides. The effect of the
NH,Cl is to drive back the dissociation of the NH,OH so that extremely
little OH" ion exists in solution. Owing to the very slight solubility of
the hydroxides of metals such as Fe, Al, Zn, ¢ven the small quantity of
OH’ thus left is sufficient to yield hydroxide in excess of the solubility,
but the OH' ion is not sufficient to form Mg(OH), in quantities
sufficiently great to exceed its much greater solubility, and hence this
base is not precipitated, separation of magnesium being thereby
effected.! 'This problem belongs, however, to heterogeneous equili-
brium and will be dealt with later.

As an illustration of the phenomenon of throwing back the dissocia-
tion one may give a few measurements made by Arrhenius (1889) of the
velocity of inversion of cane sugar by means of the H* ion of acetic
acid, when varying quantities of sodium acetate are added (which, being
a salt, is largely dissociated, and hence gives rise to large quantities of
acetanion CH,COO', and this, in accordance with the principle of mass
action, causes the H" ion from the acid to be diminished).

025 N Aceric Acip + C NorMAL SODIUM ACETATE.

-

C=o. 0°0125. 0°025. 0°05. 0°125. 0°25.
Velocity of }
reaction— 1075 x 10%| 0'122 X 10% | 0°070 X 10% | 0040 X 10% | 0°019 X 10% 00105 X 103
observed
Velocity of
reaction— }0'74 X 10%(0°129 X 103 | 0°070 X 10%| 0'038 x 10%| 0'017 X 103 | 0°0100 X 10%
calculated?

! There is a certain amount of complication here as apparently a complex am-
monium magnesium chloride is formed at the same time.

? This initial calculated value of the velocity constant is obtained as a result of
other experiments on the catalytic effect of H* ion, which show that with moderate
approximation the velocity of catalysis is directly proportional to the H* ion. At
the date of Arrhenius’ measurements the catalytic effect of the undissociated
molecule of acid was scarcely considered sufficiently. In the case of acetic acid,
however, the effect of the molecule is small.
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THEORY OF THE DISTRIBUTION OF A BASE AMONG Two OR MORE
Acips.

Let us consider the distribution which takes place when a szrong
base BOH is added to a mixture of two wea/ acids, HA, and HA,, the
quantity of base being insufficient to neutralise both acids completely.
In 1 liter of solution suppose there are—

& moles of BOH

o »  HA
¢y »w  HA,
G+ >0

NoTEe.—These terms do not represent actual concentration values, since reaction
proceeds immediately the base is added. They only serve, therefore, to express the
tomposition which the mixture would have if no reaction took place.

Suppose, further, that a fraction x of each mole of the base reacts
with the acid HA,, then (1 — x) is the fraction of one mole of base
which is left for the acid HA, In the mixture we have, therefore, as-
suming complete dissociation of the salt :—

bx gram-molecules of salt BA; or éx moles of A"

o(r—-x ) »w BAgsordé(t — x) ,, Al
also (¢p = bx) moles of nearly undissociated acid HA,
‘g — b(I - x) ’ it tH) HA2

If £, and 4, are the respective dissociation constants of the acids,
we have—
5o [IAY [
! HA,] ¢ - bx
by = [H')[A] = [H'][6(xr ~ )]
[HA,] [z = 6(x = %))

so that o 2 6= 00 -4
by 1 -x ¢ — bx
or in words :—
x _ concentration of salt BA; 4 x concentration of acid HA,

I — x  concentration of salt BA, = kg x concentration of acid HA,

is thus a function of the dissociation

The distribution ratio

constants of the competing acids.
The value of x is given by the following equation—

x=<’§l— 1>b+-k—1£1+c2

2 ky
A k 2 k k
i\/RZi - 1)& + écl + 4‘2] - 4[5 - IJk_;bcl

2("2—; - 1)&.
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The above relations can be simplified in certain cases. Thus, when
we add one equivalent of the base to a mixture containing one equiva-
lent of each acid, then 4 = ¢ = ¢;, and—

A _ = bx B
&y x—x'b(l—x) (1 - x)?

or '
1 -« \/k2

To determine the distribution ratio, therefore, we have to determine
the dissociation constant of each acid—if such a constant exists. The
most usual method of determining £, or %; is by means of the electrical
conductivity. -~ Catalytic methods of estimating H" ion concentrations
may also be employed. :

In the case of s#rong acids which possess no dissociation constant,
the preceding formula is inapplicable. In this case the most direct
method is to actually carry out a distribution experiment according to
the method of Thomsen (thermo-chemical method) or that of Ostwald
(volume method). We may briefly consider these.

In order to compare the strengths of two acids, the comparison
must be made under the same conditions, the essential condition being
secured when the reacting system is a single homogeneous phase, ¢.g. a
solution. Thus it is known that HCI is a stronger acid than H,SO,,
yet by evaporating almost to dryness a solution of a chloride with H,SO,
present, it will be found that practically all the HCI has been expelled
and replaced by H;SO, in the salt, 7.e. a sulphate is formed. The HCI
is expelled, however, not because it is a weaker acid than H,SO,, but
because it is more volatile, and escapes during the heating process. To
compare the strengths or “ avidities ” of two acids, we have to measure
the distribution of a base between them, the base being insufficient for
complete neutralisation of both.

The Thermochemical Method of T/zomsen.—When one equivalent of
H,S0, is neutralised by caustic soda in dilute solution, there is heat
evolved, say a cals. When one equivalent of HCI is neutralised by the
same amount of NaOH, there is a quantity of heat, say 4 cals., evolved
(¢ is not very different from e, being a little smaller than @). Now take
a solution containing one equivalent of Na,SO,, and add one equivalent
of HCl. Thomsen noted a small heat absorption of ¢ calories., If
there had been no chemical action at all, there would have been no heat
evolved or absorbed. If the HCI had completely expelled the SO, and
formed NaCl, there would have been a heat absorption of (¢ — &) cals.
Thus, we might think of the process occurring in two stages—first a de-
neutralisation or liberation of a// the H,SO,, which would be accom-
panied by a heat adsorption of a cals., and, secondly, a neutralisation of
the HCI, which would be accompanied by an ezolution of b cals., the
process yielding a nett heat effect of (¢ — &) cals. But a smaller heat
“absorption was noted, #/z. ¢ cals., where in this case ¢ was about }} of
(@ ~ 8). If we assume that the amount of action is proportional to the
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heat effect, then the quantity of Nay,SO, which was transformed into
NaCl was -——f——-, or about 11, A correction must, however, be intro-
a-b 13

duced, because the H,;SO, liberated combines with some of the Na,SO,
to give bisulphate. Special experiments were carried out to measure
this; it was found to Ee accompanied by an absorption of heat, so that
the total heat absorbed in the previous experiment had been too great.

When the correction is applied it is found that c————~:;"fd;d -2 approx., or
that HCl has appropriated % of the base, leaving § to the H,SO,. So
that under the same conditions exactly, HCI is twice as strong as
H,;SO,.

Ostwald’s Volume Method.—A solution of copper nitrate! had a
volume 3847°4 c.c., and an equivalent solution of copper sulphate had
a volume 38403 c.c. Solutions of nitric and sulphuric acids had re-
spectively the volumes 1933'z c.c. and 19368 c.c. If no action oc-
curred on mixing the CuSO, solution with the HNO; solution, the total
volume would be 3840°3 + 1933'2 = 5773'5 c.c.; if complete transfor-
mation into copper nitrate and H,SO, took place, the total final volume
would be 3847°4 + 1936°8 = 57842 c.c. The actual volume found after
mixing Cu(NO;), + H,SO, solutions was 57803 c.c., and by mixing the
CuSO4 + HNO; solutions, 5781°3 c.c. The mean of the two (they
should be identical if disturbing effects such as formation of acid salts
were absent) is 57810 c.c. If complete transformation from CuSO, +
HNO; into Cu(NOj); + H,SO, had taken place, the volume increase
would have been 5784°2 — 5773'5 = 10'7 c.c. The observed volume
increase was 5781 — 5773°5 = 7°5 c.c. Hence there is a preponderat-
ing amount of Cu(NOj;), formed, or, in other words, HNO; is a stronger
acid than H,ySO, in the ratio of 7°5:3°2; or nitric acid takes 70 per
cent. of the base and sulphuric 30 per cent. Corrections analogous to
those introduced into the thermo-chemical method alter this numerical
result, the final values being that HNOj takes 6o per cent. of the base,
H,SO, 4p per cent.

Ostwald’s volume method is also applicable to the direct determina-

tion of for weak acids, and hence allows of verification of the re-

1 —-x
lationship already obtained, since the numerical values of £, and 4, can
be obtained independently. This was carried out by Arrhenius, the
following table containing a few of his results.

Distribution Ratio of a Base between two Acids. (Observations of
Ostwald, 1878 ; theoretical calculation by Arrhenius, Zeitschr. phys. Chem.,

5, 14, 1890) i—

1The data are quoted from Walker's Introduction to Physical Chemistry.
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Observed Value.1 Calculated Value,
HNO, : CHCL,COOH . . . . 076 0°70
HCOOH : CH,COOH. . . . 076 077
HCOOH : C, H sCOOH . 079 081
CHj, COOH : C H.,COOH (normal auu) 0'53 0°'53
CCl COOH : HCOOH . . 0°'97 0°gb
CClsCOOH CI,CHCOOH . . . 071 070
CCL,COOH : CH,CICOOH . . . 0°92 0°92

Further, if strong acids possessed dissociation constants, the numerical
values of such constants would be large, since large dissociation means
a large value of & Hence, when dissociation constants do not exist, an
approximate idea of relative strength may be obtained from equivalent
conductivity, since this gives a measure of a, the term A_ being very
nearly the same for all acids. Another method would be by comparison
of the catalytic power of various acids upon a reaction sensitive to H’
ion.. That these effects are really proportional to one another was shown
by Arrhenius. In the following table are given values of the equivalent
conductivity and catalytic power referred to HCl set equal to 100. The

relative avidity of any two acids, z.e. the value of T 18 simply the

ratio of the equivalent conductivities or catalytic effects of the acids
considered.

Acid Velocity Constant of Equivalent Conduc-
‘ Catalysed Reaction. tivity.

Hydrochloric . . 100 100

Nitric R . . g6 996
Sulphuric. . . 54 651
Oxalic . . . 18 197
Acetic . . . 0’4 04

Hybprovysis.

L)

In the foregoing study of solutions we have regarded the water as
simply inert. In reactions known as hydrolytic reactions water takes a
stoicheiometric part in virtue of its ions H* and OH', which are present
in extremely small but nevertheless, for certain cases, not negligible
quantities. The electrolytic dissociation of water takes place according
to the reaction :—

H;0 2 H" + OH'.

It is thus quite analogous to the dissociation of a weak electré)lyte.

1 These numbers denote the fraction of the base taken by the stronger acid, i.e.
the acid first mentioned. Thus HNO, takes 0°76 of the base, CHCI,COOH getting
0°24 of the base,
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The Ostwald constant in this case should be :—

[H J[OH']
where the terms in brackets denvte ethbnum concentration values, and
% is the true dissociation constant of water. Since, however, in water
by itself, or in dilute solutions in general, the concentration of the water
molecules is sensibly constant, it is customary to transfer this constant
term [H,O] into the term £, and write as the so-called dissoc’ation con-
stant of water, or better * the ionic product ” :—

= [H'][OH'].

In pure water, or absolutely neutral solutions of salts, obviously [H-]

= [OH’], and we find for such cases that the concentration of either ion

Jfionic product. As will be shown later, the numerical value for the
concentration of either H* or OH' in neutral solution is 1 x 1077 gram-
moles per liter. K, is therefore of the order 10714,

We might now consider for a moment the ordinary dissociation of a
weak acid—say, acetic acid, taking into consideration the dissociation
of the solvent, According to the ordinary form of Ostwald’s Dilution
Law—

H'J[A]
k H == -[———————- . . . . I
acid [H A] ( )

That is to say, in the aqueous solution of this acid we have the
concentration of H® ion possessing the value [H'], which is in general
considerably larger than 10”7 gram-moles per liter, its value in pure
water. But since we are considering a dilute solution, it follows that
simultaneously we must have the following relationship satisfied :—

Ky.= [H][OH"] . . . . (2)

Since [H'] is much greater than 10~7 moles per liter, and K, is con-

stant, it is obvious that [OH’] is much less than 1077,

Further, since the system is on the whole electrically neutral, it
follows that the sum of the (+) ions = the sum of all the (- ) ions.

Therefore [H] = [(i){H'] + [AT] -] . . - (3)
: . w 4acia [HA
or [H)? = Ky + A.a[HAJ

This is the strictly accurate form of the dissociation or dilution
law. K, however, is in general negligible compared to £xcia X [HA],
eg. in a normal solution of acetic acid [HA] is practically unity, owing
to the small dissociation of the acid, £, = 1'8 x 1075 while K,, is
much smaller, viz. 1°2 x 10714, Neglecting. K in the above expression,
we get—

. [H.P = Kacid [HA]
_ H]?
or & ~ (HA]
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which is the ordinary form of Ostwald’s Dilution Law. We have not
yet dealt, however, with a hydrolytic reaction. The phenomenon of
hydrolysis comes in when we are dealing with a solution of a salt (not
the acid or base by itselt), the acidic or basic or both components of
which salt are weak. Let us consider a solution of sodium phenate.
It dissociates into the jons—

C¢H;ONa - C;H,O' + Na".

Sodium hydroxide is, of course, a strong base, and it must be borne
in mind that almost all salts dissociate very largely, whether their con-
stituents are strong or weak. In, say, a normal solution of the above
salt, we have thus “momentarily ” a very large concentration of C¢H,0’
ions, probably o'75 N. Now phenol is an acid which dissociates ac-
cording to the equation—

CsH,OH > CH;0' + H'

NI [C,H,O'][H] . ) ~10
and the dissociation constant [C,H,OH] is only 1°3 X 10

which means that only an extremely small quantity of CgH;O' ions can
exist in presence of H® without uniting to give undissociated C¢H;OH.
As a matter of fact, in the above case of sodium phenate solution, which
“momentarily ” gives rise to almost normal concentration of C4H;0O’
ions the concentration of H* from the solvent is too great to allow these
ions to remain uncombined with one another—since they must conform
to the equation giving 1°'3 x 10710 as the dissociation constant of the
acid. What happens is that undissociated C4H;OH is formed, thereby
using up H' and C4H;O’ simultaneously, until the expression—
[H] x [CeH;0]
[CeH;OH]

has attained the necessary value. But the disappearance of H’ neces-
sarily means the further production of OH’ ions from the water, since
the product of [H*][OH’] is constant, and hence the solution as a whole
reacts alkaline—alkalinity being due to excess OH'. This is the
mechanism based on the theory of electrolytic dissociation to account
for the alkalinity of solutions of sodium phenate. The same behaviour
is exhibited by sodium carbonate or KCN solutions, because CO, and
HCN are extremely weak acids. In the case in which we deal with a
solution of a salt containing a weak base—say, aniline hydrochloride,
or AIlCl;—the resultant reaction is acid, for here the OH’ of the water
is used up in combining with the Al"** ions to give some undissociated
Al(OH);, which is so weak a base, 7.e. possesses so small a dissociation
constant, that the product of the Al""* ions and OH' ions in the present
case would exceed the necessary value for equilibrium, and since
[H] x [OH] is always constant, it follows that more H- is produced
from the water, as OH' is used up to form Al(OH),;, and H' remains
in the solution as such, thereby giving the acid reaction. A very in-
teresting case now presents itself, v/z. a solution of a salt made up of
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two weak components, ¢.g. aluminium acetate, aniline acetate, or am-
monium acetate. In this case H' ion is removed from the solution
along with acetanion to give some undissociated CH;COOH. Simul-
taneously OH' is removed from the solution along with NH, or Al'*",
to give undissociated NH,OH or Al(OH);, and therefore, although the
extent of the hydrolysis is very great, the solution is not so acid or so
alkaline as in the previous cases. In fact, ¢f tke dissociation constants of
the acid and the base were identical, we would have hydrolysis, and yel the
solution would be neutral. The student must therefore be on his guard
against assuming that absence of neutrality means absence of hydrolysis.
This case, however, is extremely rare; and whenever acidity or alkalinity
exhibits itself in a solution of a salt we can infer hydrolysis.

The earlier manner of representing a hydrolytic reaction was as
follows :—

KCN + H,0 = KOH + HCN

Completely Practically
dissociated. undissociated.

There is here excess OH’ and hence the solution reacts alkaline,
Or again AlCl; + 3H,0 = AI(OH); + 3HCI

-Practically Largely dissociates.
undissociated.  Hence large amount
of H* and therefore

acid reaction.

In this particular case, however, it is probable that we have progres-
sive hydrolysis (Denham, Z7ans. Chem. Soc., 93, 42, 1908).

The mechanism of the reaction, however, in all cases involves the
ions of water rather than the undissociated molecules of water. The
above method of writing the reaction though convenient, is erroneous.
It will be seen that the essential thing about hydrolysis is the formation
of one or more undissociated products, and this depends on the weak-
ness of the acid and basic constituents. In the case of NaCl solution,
for example, hypothetical hydrolysis might be represented by—

NaCl + H;O = NaOH + HC],

but BoTH the acid and base are practically completely dissociated, 7.e.
there is a large and equal quantity of H* and OH/, and the product is
much greater than K,, and hence there is a combination of these ions,
leaving the solution neutral, and no undissociated acid or base exists.
The reaction may be represented in the ordinary way—

NaCl 22 Na* + CI.

We now turn to the question—

How does the extent of the hydrolysis vary with the dilution of the
system ? '

Case I.—Let us take the case of a salt consisting of a strong acid
and weak base or vice versd, Adopting the older notation the reaction
is either—

16*
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AB + H;0 = BOH + HA

Practically Largely
undissociated. dissociated,

or AB + H,O0 = BOH + HA

Largely Practically
dissociated.  undissociated.

Applying the law of mass action to the above stoicheiometric equation,
we obtain—

[BOH] x [HA]
[AB] % [H,0]

= constant,

and since [H,0] is constant,
[BOH] x [HA]
[AB]
Suppose we have dissolved 1 mole of salt AB in v liters of water and
x is the fraction hydrolysed, then—

= a constant, called the Aydrolytic constant.

x2 9 o x?
22 1 - x r(1-—.%)7;

= constant,

so that as o increases so must x, z.e. tke Aydrolysis increases with the
dilution. It must be observed that this conclusion is not always true
(see Case I1.). The only sound treatment is to consider the effect from
the standpoint of ions, for hydrolysis only exists in virtue of the fact that
water gives rise to the ions H* and OH".

We shall therefore look at the question from the standpoint of the
ions of water rather than the undissociated molecules. Let us take as
a specific case the hydrolysis of KCN.

If we start with 1 mole of KCN in v liters we find at equilibrium
the concentration terms are as follows :—

= moles per liter HCN + ZKOH + (‘ = ") KCN.
(/) v

Neglecting the dissociation of HCN (especially in presence of CN’
ions from the completely dissociated KCN; the CN’ concentration =

(_I_:__vx)) we may put the concentration of wadissociated HCN as 2,
v

From the ionic product of water we have

Kw

K, = [H']JOH'] or [H] = o5

el&lgq

because the KOH present is completely dissociated, and this is the main
source of the OH' ions.
Further, writing the dissociation constant of the acid as 4,

~HIJCN] g (1-a)p
we find - [HCN] | —



HYDROLYSIS 245

2
Hence Ky x

7o (1 — %)
Denoting the hydrolytic constant by

lytic constant = K,

a
It will thus be seen that the hydrolytic constant is greater the
smaller is 4, Z.e. the weaker the acid. For HCN %4, = 1'3 x 107% and
by = 1'2 X 10714,
Solving for x in the above equation, we get

- 9K, + ?_2. (Kw)" + 2K w

2ka ~ N 4\ 4 fa

(T—gfx—);;’ it follows that the hydro-

X ==

In the cases in which —= is small compared with unity, z.e. when £,

a
is considerably larger than K,, the expression reduces to

Ko . -
x = ,\/?J, .e. xc /v as before.
ka
The hydrolysis of a salt consisting of one weak constituent can be
calculated if we know the ionic product of water and the dissociation
constant of the weak constituent.

ILLusTrATION.—HYDROLYSIS OF PoTassium CyanNipg, KCN.
(Shields, 1893.)

Concentration of

KCN in Moles per Fraction of each Mole of KCN 3
liter = :_; Hydrolysed. @ -2
0°947 0°'003I Or 0°3I per cent. o'g X 10-%
0°235 0°0072 ,, 0'72 " 122 X 1075
0°095 0°'0II2 ,, I'I2 " 116 x 10-%
0°024 0'0234 ,, 2'34 ’ 1°'3 X 10~°

Mean 1°x X 10-3

Case II.—Now consider the hydrolysis of a salt containing éot% a
weak acid and weak base, e.g. urea acetate or aniline acetate. If we
start with 1 mole of the salt in # liters, and a fraction x is hydrolysed,

then the equilibrium corresponds to 2= % moles of salt practically
completely dissociated,

. I -
t.e.

X . ’ .
= the concentration of A" or B
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likewise‘g denotes the concentration of the acid (very slightly dis-
sociated),
and % moles base (very slightly dissociated).

We must take into account the dissociation constants 4, and 4, of
the free acid and base. From the dissociation of water we have the
relationship

[HOH] = K.
For the acid ’[[EH]E{]{] = Aa.
B'J[OH’
[[B]([)H] )4

Since the dissociation of the acid and base is very small, we may
write the concentration of the undissociated acid thus:—

For the base

[HA] = ';-c, and similarly, [BOH] = '.z

[

Hence ka

X

"R

[OH'][‘ - x]

and ky =

X

3

L2 2

whence ko X By = [H‘][OH']':I " x] = K, : pe x:l .

concentration of acid x concentration of base

concentration of unhydrolysed salt)*
y y
2

x .
pressed by G-a7 is a constant, namely =

, which is ex-

In words,

w
N
In such a case, therefore, when both constituents of the salt are
weak the o term vanishes. That is to say, #4e extent of the hydrolysis is
independent of the dilution. This behaviour is essentially different from
that of the previous case, in which it was shown that x is proportional
to ,/#.1 The above conclusion was verified by Arrhenius and Walker in
1890 in the case of aniline acetate (“ anilinium ” acetate, compare Den-
ham, Zc.).

1 This result shows the error of ascribing hydrolysis to the water molecule. Had
the latter been the effective agent we would have expected even in Case I1, that the
degree of hydrolysis should vary with the dilution.
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v = | 12°5 25 50 100 200 400 8oo

100 = | 546 | 558 | 564 | 551 556 | 554 | 569 | Mean 557

It has been recently pointed out by Tizird (Z7ans. Chem. Soc., 97,
2477, 1910) that the concentration of H" ion and therefore of OH’ ion
in a solution of a salt (made up of two weak constituents) is constant
whatever the dilution may be. Thisis seen to be a necessary deduction
from the equations given, for

5]

ka = X
v
x K
1) = kg ——— = kg [ = & g .
or [H"] AT /"\//w’a/»’b a constant

Experimental evidence in favour of this is put forward by Tizard,
based upon colorimetric measurements. Tne addition of a few drops
of aniline acetate solution to a neutral so'ution of methyl orange causes
the same rise in colour as the addition of a large quantity of aniline
acetate.

MgTtHODS OoF DETERMINING HyYDROLYSIS AND THE HyYDROLYTIC
CONSTANT.

It might be thought that this would be a very casy matter, simply
involving a titration of the excess H' or OH’, but this is quite out of
the question, for if we commence to neutralise, say, the free acid in the
case of aniline hydrochloride, the equilibrium is disturbed and new
equilibrium states are successively set up. This goes on until the
whole of the HCl is neutralised. A solution of aniline hydrochloride,
therefore, behaves towards alkali exactly like a solution of HCl of the
same equivalent concentration. Exactly the same thing happens, say,
in the case of Nay,CO; solution, which reacts alkaline owing to the free
OH’. This cannot be titrated with acid, as otherwise the neutrality
end point is only reached (using methyl orange as indicator) when the
whole of the carbonate has disappeared as such, 7.e. the solution behaves
like an NaOH solution of the same equivalent concentration. It is
evident that recourse must be had to some method of investigation
which permits us to measure the hydrolytically produced H* or OH’
without altering the equilibrium. The methods employed are essentially
physical. The most important are—

(1) Measurement of the catalytic effect of the H* or OH' determined
by the rate of inversion of sugar, decomposition of diazoacetic ester,
hydrolysis of methyl acetate, or other catalysable reaction.

(2) Electrical conductivity measurements.
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(3) Determination of the lowering of freezing point.
(4) Distribution of one of the products of hydrolysis of the partially
hydro.ysed salt between two solvents. (3) and especially (4) are typicai
instances of heterogeneous equilibrium, and will be considered later on.
) From electrometric measurements, #.e. measurement of the
E.M.F. of celis fitted with hydrogen electrodes. From the values ob-
tained one can determine the concentration of the H’ ion in a partially
hydrolysed solution, and hence the extent of the hydrolysis. This will
be taken up in the section on electrochemistry (Vol. 1I., Chap. VIL.).
(6) Indirect methods : calculation of the hydrolytic constant from
known values of K, %a, £
At present we shall only briefly discuss methods (1), (2), and (6).
(1) Method based upon the inversion of Cane Sugar.—H. Ley (Zeitsch.
physik. Chem., 30, 222, 1899), employing this catalytic method, ob-
tained the following values for the hydrolysis of AICl,; assuming a
“first-stage "’ hydrolysis only, se. AlICl; + H,O — AICI,OH + HCIL
Temperature 99°7° C. :—

v (Liters) Containing
One Equivalent
of Salt.

Velocity Constant &,

Per Cent. Hydrolysis
= 100X,

Hydro!yticQConstant
¥

= (-

32 0°0422 804 2'2 X 10-4
64 0'0346 13°2 3'14 X 10-4
128 00258 197 378 x 10—4
256 00185 282 4'33 X 10—4
512 00136 41°4 571 x 10—4

Ley knew by experiments with acid present alone what concentra-
tion of H* ions corresponded to a certain velocity constant (£). Hence
by simple proportion he was able to calculate the quantity of H® ion
which must have been present in the various salt solutions by observing
the rate of inversion in the presence of these salts. Knowing the
[H- ion] we get the quantity of salt which must have undergone hy-
drolysis in order to produce this H' ion. The source of error in the
method is that the neutral salts themselves have probably a catalytic
effect on the rate of inversion of the sugar, though to a much smaller
extent than the H* ion. It will be observed that the hydrolytic constant
is not very constant, rising steadily as dilution increases. This may be
ascribed to a second or even third stage hydrolysis coming in in the
above case, viz.—

AICl; + H;0 - AICI,OH + HCI first stage
AICI,OH + H,0 — AICI(OH), + HCI second stage
AICI(OH); + H,0 — AlI(OH); + HCI third stage

Ley carried out a similar series of experiments with many other
metallic salts.
The determination of hydrolysis of salts by means of the catalytic
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saponification of the methyl acetate by means of H* ions follows exactly
the same general principle as the above. One may also mention the
extremely delicate catalytic reaction, v:z. the decomposition of diazo-
acetic ester by means of H' ions (Bredig and Fraenkel, Zeitsch. Elektro-

ckem., 11, 525, 1905) whereby [H'] down to ??55 are determinable, but

the presence of neutral salts has a disturbing effect.

The following table (taken from a report by R. C. Farmer, Br:i#isk
Association Report, 240, 1901) contains the values of the percentage
hydrolysis of certain salts at decinormal concentration at 25° C. :—

HyproLysis oF HYyDROCHLORIDES OF WEAK BASEs as measured by
the catalytic decomposition of esters.

Base. Per Cent. Hydrolysis. Base. Per Cent. Hydrolysis.
Glycocoll . . 19 Urea . . . 9o
Asparag'ne . . 25 Acetamide . . 98
Acetoxime . . 36 Thiourea . . 99

Hyprovrysis oF ALkALl SALTS OF WEAK AcIDS as measured by the
catalytic saponification of esters.

Acid. Per Cent. Hydrolysis. Acid. Per Cent. Hydrolysis.
Hydrocyanic . I'12 p. chlorophenol 162
Acetic 0°008 p. cyanphenol 0°29
Carbonic 3°17 p. nitrophenol 0°16
Phenol . 3°05

Hyprovrysis oF HyDROCHLORIDES OF WEAK ORGANIC Basks as measured
by the rate of inversion of cane sugar.

Base, Per Cent. Hydrolysis, Base. Per Cent, Hydrolysis.
Pyridine . . 12 Urea . . . 81
Quinoline . 12 Acetamide . 78
Aniline . . 2'6 Asparagine . 21
! -
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Hvprorysis or THE CHLORIDES OF CERTAIN METALS as measured
by the rate of inversion of cane sugar.

Base. Per Cent. Hydrolysis. Base. Per Cent, Hydrolysis.
Zinc . . o°'r at ro0° C. Aluminium 27 at 77° C.
Lead . . . 02 ,, ’ Cerium . . 0'3 ,, 100° C,
Beryllium . . 18, ' Lanthanum . . oI ,, "
Aluminium . . 61 ,, . Iron (Ferric) . 10 ,, 40°C.

(2) T%e Conductivity Method.—1f a salt—say, aniline hydrochloride
—is hydrolysed to the extent x, then for a solution the total concentra-
tion of which is known and the specific conductivity of which is ob-
served, the following relation holds, 2. :—

= (1 — 2)A + xAya
where A stands for the apparent equlvalent conductivity, z.e. the product
of the observed specific conductivity into the volume containing one
equivalent of the salt. The hydrochloric acid may be regarded as
completely dissociated, and its conductivity is therefore constant.  Such
a solution does not obey Kohlrausch’s Law for the mobilities of the
ions. (Inthe above expression we have neglected the conductivity due
to the practically undissociated base or basic salt formed by hydrolysis.)
Solving for x in the above equation, one obtains—
. A - A,
AHcl - Av

We can set Ayq, the equivalent conductivity of HCI, at infinite
dilution,! as equal to 383 at 25°. A, stands for the equivalent con-
ductivity the salt wox/d have possessed had no hydrolysis taken place.

This can be evaluated by the method of Bredig (Zeitsch. physik.
Chem., 13, 214, 1894), namely, by the addition of a sufficicntly great
excess 'of the free base to the hydrolytic salt solution until we reach the

condition that—
A=A,ie.x=0

which must be obtained when A observed fas become independent of the
quantity of free base added. The applicability of this method obviously
depends on the validity of assuming that the conductivity of the base
itself i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>