pages missing in the
book
text cross in the book

text cut book

fly book



UNIVERSAL
LIBRARY

OU_148306

Advddl
TVSH3IAINN












OSMANIA UNIVERSITY LIBRARY
Call No. 5%/ " Accession No,

Author NI{_QT /Vt"r% ]é -
Title M@,@ ‘

This boo/should be returned on or before the date last marked belor






THEORETICAL CHEMISTRY



K- S—

MACMILLAN AND CO., LIMITED
LONDON « BOMBAY * CALCUTTA
MADRAS + MELBOURNE

THE MACMILLAN COMPANY
NEW YORK « BOSTON ¢ CHICAGO
DALLAS » SAN*FRANCISCO

THE MACMILLAN CO. OF CANADA, Ltp.
TORONTO



[HEORETICAL CHEMISTRY

FROM THE STANDPOINT OF

AVOGADRO’S RULE & THERMODYNAMICS

BY

Pror. WALTER NERNST, Pu.D.

OF THE UNIVERSITY OF BERLIN

REVISED IN ACCORDANCE WITH THE
SEVENTH GERMAN EDITION
BY

H. T. TIZARD, M.A.

mmccam—--
¥FELLOW OF ORIEL COLLEGE, OXFORD

MACMILLAN AND CO., LIMITED
ST. MARTIN’S STREET, LONDON
1916



First English Edition published in 1895.
Second Kdition, 1904
Third Edition, 1911.
Fowrth Edition, 1916



TRANSLATOR’S PREFACE

TaE fourth English edition of Nernst’s Theoretical Chemistry corresponds
to the seventh German edition. The character of the wark is slowly
changing, since it is no longer possible in a book of this size to describe
fully all modern developments of theoretical chemistry. The Jew
matter in this edition is therefore concerned mainly with Nernst’s own
researches : for example, there is a very interesting and clear account
of the modern theory of solids, but, on the other hand, practically no
mention of the recent advances in radio-activity and the atomic theory.
These inevitable restrictions will hardly detract from the value of the
book.
H. T. TIZARD






PREFACE TO THE FIRST GERMAN EDITION

THE following presentation of Theoretical Chemistry is a development
of an “introduction” which I wrote two years ago for the Handbuch
der amnorganischen Chemie, edited by Dr. O. Dammer (vol. i pp.
1-358). In keeping with the broader requirements of an independent
text-book—not merely an introduction to a special work—it has
been considerably rearranged and extended. The necessity for this
was further made clear on consideration of the latest investigations,
which, without causing any material change in the more recent theories,
have nevertheless developed them to a surprising extent.

I believe that at present there has come a period of quiet but
fruitful toil for the investigator of physical chemistry. The ideas are
not only at hand, but they have attained a certain maturity, New
theories of value are always fruitful, in that they are followed by
a period of enthusiastic activity ; thus at present we see the powers
of investigation of many civilised nations occupied with rare unanimity
in the hearty and successful development of the general system of
theoretical chemistry.

At such times there is especial need of a statement of the guiding
ideas which shall give instruction to the student and advice to the
investigator. As is well known, this need was completely satisfied in
every respect by Ostwald’s two excellent treatises, the short Outlines
and the larger Manual of General Chemistry (Lehrbuch der allgemeinen
Chemie), the latter of which has passed to a new edition.

Therefore I enterfained serious doubts as to the advisability of a
new work on the same subject from essentially the same point of view.
But the saying that “When many come, much comes” seemed
applicable, and my scruples were finally completely removed by the
direct encouragement of Professor Ostwald in the preparation of this
separate edition of the introduction to Dammer’s Handbuch; and I

vii
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was supported in this undertaking both by the editor, Dr. O. Dammer,
and by the publisher, Mr. F. Enke, of that work.

In a treatise on theoretical chemistry, widely different chapters of
physics and chemistry must, of course, find their place ; it must contain,
in fact, all that the physicist must know of chemistry, and all that the
chemist must know of physics, unless both are content to be specialists
in their own science. The development of physical chemistry as a
special branch of natural science means, therefore,—and I would lay
particular emphasis on this—not so much the shaping of a new science,
as the uniting of two sciences hitherto somewhat independent of each
other. In the selection of the material with which physical and
chemical investigation has provided us, I have been guided less by
the aim to make this as complete as possible—a task to which I
did not feel equal—as by the wish to describe in detail only those
experimental data which either possess universal importance, or show
promise of attaining it; only those hypotheses which have already
proved themselves helpful ; and finally, only those applications capable
of being used systematically, whether their nature is that of calculation
or of experiment. The latter aim necessitates the description and
illustration of several important pieces of apparatus for the laboratory.
I have attached great importance to the incidental description of some
simple lecture experiments, which I have tested for several years in
my capacity as teacher of physical chemistry. As I have sought to
represent the science as it is at present, not the process of its evolution,
—to give it, in fact, a form unobscured by the accidents of historical
development—the historical element has necessarily been suppressed,
and recent literature more particularly considered. I trust that this
method of treatment will not be taken as implying any lack of respect
for those remarkable men who, by their work, laid the foundations
upon which we build to-day.

In carrying out this plan, it continually became clearer to me that
the theoretical treatment of chemical processes—the most important
part of my task—depended firstly, on the Rule of Avogadro, which
seems to me an almost inexhaustible “horn of plenty” for the mole-
cular theory ; and secondly on the Laws of Enérgy, which govern all
natural processes. I considered that this view should be emphasised

in the title of my book. . . .
: W. N,

GOTTINGEN, April 1893,
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INTRODUCTION

TO SOME FUNDAMENTAL PRINCIPLES OF
MODERN INVESTIGATION

Empirical Facts and their Hypothetical Generalisation.—As
the most common and immediate aim of physics and chemistry, we
may propose to answer as thoroughly and as simply as possible, and
for as many cases as possible, the question, what events will take
place in a given system of limited dimensions, and what will be the
condition of this system after the lapse of a definite time? - For the
solution of this problem it appears necessary, first of all, to realise
and to trace out the history of that system whose future we would
follow. With what success this problem is to be attacked depends’
upon the skill and the resources of the observer, and results will grow
with the art of experimentation.

But the infinite variety of interesting systems occurring in nature
on the one hand, and on the other the unlimited pains which human
endeavour must take in a thorough investigation of any one changing
system, would effectually deter the discouraged investigator from a
systematic examination of natural phenomena, had he not another
resource besides the direct impression of his senses. This resource is
the theoretical value of conclusions drawn from different systems, and
consists simply and solely in transferring to a second system, by means
of analogy, observations already obtained from any given system. If
we have studied the case of the falling of a heavy body at one point
of the earth’s surface, then it is at once possible to transfer some of the
observed phenomena to other systems; for example, to the falling of
a heavy body at other points of the earth’s surface. The successful
scrutiny of the student of nature reveals itself in finding out that
which phenomena, apparently very diverse, have in common, and the
results are the more brilliant as the parallelised  phenomena appear at
the outset more diverse.

1 B



2 THEORETICAL CHEMISTRY

The transference of observations from one case to another is
naturally at first attended with uncertainty, but when it is repeatedly
confirmed by experience, takes place with ever-increasing certainty,
until it finally attains the position of an empirical law of nature. The
discovery of such a law invariably indicates great and undoubted
progress, as it embodies many empirical facts and allows the anticipa-
tion of many new ones previously unknown.

The history of the exact sciences teaches us that we may discover
new laws of nature in two essentially different ways, one of which
may be designated as the empirical, the other as the theoretical. In
the first way we endeavour, by means of suitable observations, to
collect abundant material, capable where possible of mathematical
expression, concerning the occurrences between which we suspect a
connection, and then to approach our end by combining (again purely
empirically) the results so obtained ; in this way, for example, were
found certain relations hetween the properties of the elements and
their atomic weights, The second way, on the other hand, leads from
a thorough conception of the nature of certain phenomena by means
of pure speculative thought, to new knowledge, the correctness of
which must then be tested by experiment ; thus, by kinetic considera-
tions of the combination and dissociation of substances reacting on
each other, the law of chemical mass action was discovered.

The first of these two methods, the empirical, can be proposed in
all cases, and will invariably lead to definite results, after work which
is indeed usually very tedious. The value of a law of nature so won
will be mainly determined by its applicability, and our admiration
for it will be the greater, the more numerous and varied are the
phenomena concerning which it affords information. For these reasons
the most brilliant example of an empirically derived law of nature is
undoubtedly afforded by the doctrines of thermodynamics, which are
applicable to every process occurring in nature, and therefore demand
attention in the scientific investigation of each single natural pheno-
menon. On the other hand, to be sure, the comprehension of such a
far-reaching law of nature will be the more difficult, and its treatment
will require more practice, the more universal it is, and in the given
cases the difficultics of a correct and complete application to a
particular phenomenon are often so great that the successful trans-
ference of the general principles to a special case denotes an undoubted
scientific advance, although the result so obtained, considered as an
application of a more general law, offers really nothing new.

Although this purely inductive method has always had and will
always have great significance for the advancement of the natural
sciences, yet we undoubtedly penetrate more deeply into the mnature
of the phenomena under consideration when by means of the second
way, i.e. on the ground of conclusions exhaustively arrived at and
their subsequent theoretical extension, we arrive at a new law of
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nature ; therefore this way miist always be the mgre enticing.
Obviously it is only by a proper choice of those conceptions which
serve as a basis for our theoretical considerations that we can use this
method successfully. But now the nature of the case often prevents
us from submitting the truth of these fundamental conceptions to the
direct test of experiment, so that the investigator who uses the method
too rashly is in constant danger of being led astray by the ignis
Jatuus of unhappily chosen first principles.

Conceptions of this sort, incapable of direct proof by experiment,
are called hypotheses: as, for instance, the assumption of a space-
pervading luminiferous ether which, because of its imponderable mass,
is imperceptible to our senses ; or the assumption that all matter con-
wists d.! very small but not infinitesimal particles, incapable of further
subdivision, and, on account of their smallness, intangible to the
senses. 'The introduction of these hypotheses, as above observed, has
become necessary in order to obtain a deeper knowledge of natural
phenomena, which in turn leads to new and legitimate. results.
These are accessible to experiment, and good results prove, not the
correctness of the hypothesis itself indeed, but its utility ; while
a miscarriage shows beyond a doubt not only the unsuitableness, but
also the incorrectness, of the conceptions from which we have started.

In suitable ways the hypothesis is a very important assistance to"
science ; it has no self-interest at all, at least not for the student of
the exact sciences, but must rather adduce proof for its own right of
existence, like a bridge uniting known empirical facts with ome
another, or leading us to new ones. The advantage of a good
hypothesis consists essentially in deepening and broadening our know-
ledge of natural phenomena, i.c. in doing the same as an empirical law
of nature, That the human mind has turned’ with predilection at all
times, though in different dégrees, to the elaboration of hypotheses, is
to be ascribed to the circumstance that the mental satisfaction afforded
in finding a new law of nature is greater when it is inferred deductively
from universal generalisations, than when inferred inductively from
knowledge tediously acquired.

We may say then that the speculative activity of the investigator
must be directed, not only to observation and measurement of pheno-
mena, but to the discovery of the most general laws and the most
useful hypotheses. 'When these theorems are put into words or
formulae others than the discoverer can take part in testing them ;
and any really sound new theorem brings the power of foretelling a
whole sheaf of detail. “He who learns the law of phenomena gains
not only learning, but the power of entering into the course of nature
and of working on it further according to his will and need. He gains
insight into the future course of these phenomena. He gains indeed
faculties that in superstitious times were looked for in prophets and
magicians ”- (Helmholtz, Goethe Lecture, 1892).
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At present we possess some empirical laws and hypotheses which
are of the widest application; which must be considered in the
didactic treatment of every branch of natural science, and which
demand very particular consideration in showing the present condition
of theoretical chemistry. The law of the indestructibility of matter
was first clearly demonstrated by chemical investigation. The law
of the indestructibility of energy has called into being a special branch
of chemistry, thermochemistry; and the fruitfulness of the law of
the convertibility of heat into external work has perhaps never had
a more brilliant illustration than in -its application to chemical pro-
cesses. Finally, the atomic and molecular hypotheses appear to
be indispensable for a comprehension of the nature of chemical
compounds.

Range of Validity of a Law of Nature.—It has often been
assumed in the past that any real law of nature must be absolutely
true ; at present this can no longer be accepted, at least everything
points to the conclusion that there are no such laws at all, but that all
so-called laws of nature are more or less exact, but never completely
so, and that a limit can be reached in every case where the law
entirely fails. To take one example, we have very decided grounds
for believing that the second law of thermodynamics no longer holds
when applied to very small masses of substances. It would be absurd,
however, in this and similar cases, to deprive at once the principle in
question of the rank of a law of nature; in fact, we can say that the
question whether a law of nature is absolutely true or not, never
arises ; what we have to consider is the range of its validity.

This conception is not without importance for the question of
the certainty of scientific progress altogether. It is common to speak
of the inadequacy of human inquiry, simply because many a long-
recognised law has had to undergo revision to meet the requirements
of the progress of knowledge. If we consider the matter more closely,
it is obvious that the law in question has retained its validity over a
wide range, but that the limits of its applicability have been more
sharply defined. It can even be said that since the development of
the exact natural sciences, there is scarcely one law established by an
investigator of the highest rank which has not preserved for all time a
wide range of applicability, i.e. which has not remained a serviceable
law of nature within certain limits. We cannot say, for example,
that the electro-magnetic theory of light has completely overthrown
the older optical theory put forward by Fresnel and others. On the
contrary, now as formerly, an enormous range of phenomena can be
adeguately dealt with by the older theory. It is only in special cases
that “the latter fails; and further, there are many relations between
optical and electrical phenomena which certainly exist, but of which
the older theory takes no account. Hence the electro-magnetic theory
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implies a great advance, but by no means nullifies the sugcesses of the
older theory.

So scientific theories, far from dropping off like withered leaves in
the course of time, appear to be endowed under certain restrictions
with eternal life; every famous theoretical discovery of the day will
doubtless undergo certain restrictions on future development, and yet
remain for all time the essence of a certain sum of truths,

Measurement.—It must be the constant endeavour of the in-
vostigator to give his observations a quantitative form. A description
of phenomena. is usually unintelligible and misleading, repetition of
observations is made greatly more difficult, when data as to the
magnitudes concerned are not given,

The choice of units was at first quite arbitrary ; various practical
or historical accidents led to the fundamental units of length, time,
mass, and temperature. Similarly other quantities that arise in our
growing knowledge of nature give occasion for new units, many of
which are in use; for example, the “atmosphere,” “candle-power,”
“ horse-power,” * calorie,” etc.

It was consequently a great advance when Gauss (1832) and Weber
(1852) showed in the case of magnetic and electric units that this
arbitrariness could be, if not quite done away with, at least mueh
restricted. Their method was to use the laws of nature to define new
units.

Thus instead of comparing electric currents in any arbitrary way,
and so restricting themselves to relative measurements, they made use
of the electrodynamic action between currents to refer current strength
to the fundamental units, and defined the unit current absolulely as
such that two portions, each 1 cm. long, and at a great distance L
apart on the same axis, exercise a force 1/L2% The unit of resistance
thus follows immediately as that in which unit current produces in
unit time an amount of heat equivalent to the unit of work; and
electromotive force is defined by means of Ohm’s law, so that the
potential difference between the ends of a conductor of unit resistance
is unity, when unit current flows through it.!

This method of referring new units to old, and comparing new
quantities by reference to those previously known, is not free from
arbitrariness ; in the foregoing case, the unit of current might equally
well be defined by means of elements of a different shape or position ;
or, as Gauss and Weber pointed out, electrostatic forces instead of
electrodynamic might be made the basis of the system of measurement.
Still the arbitrariness is much reduced by the principle of Gauss and
Weber, But it is even more important that the absolute system does
away with the numerical factor in the expression of many laws of
nature, so that they assume an extremely simple form ; thus this

1 Further details in F. Kohlrausch, Leitfaden der prakt. Physik, Anhang.
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system, like a good theorem, gives the physicist a quantity of detailed
knowledge of the art of measurement, and of the .most, varied
character.

The Indestructibility of Matter.—Numerous investigations
have shown that neither by physical change of a substance, as, for
example, by pressure, heating, magnetisation, etc., nor by chemical
decomposition, does there occur a variation of its mass, as measured
by the attraction of the earth (Lavoisier). Innumerable chemical
analyses and syntheses speak for the correctness of this law ; in spite
of the mighty chemical processes occurring in the sun, its attraction of
the planets remains unchanged—an extraordinarily sharp proof that
in these processes the total mass of the sun itself remains unchanged.

The question whether the weight of a product of reaction is equal to that
of the reacting bodies has lately been tested by H. Landolt, with great
accuracy (Zestsch. f. phys. Chem. [1893], 12. 1; Sttzungsber. d. Preuss. Akad.
d. Wissensch., 1908, p. 364). It appeared that in the 15 cases investigated
.the change of weight due to chemical reaction was at most a millionth part,
probably much less, and in no case was greater than the probable error in
weighing (003 mg.).

The Transmutability of Matter.—The properties of a sub-
stance vary with the external circumstances under which we study it ;
but, nevertheless, for a slight change of external conditions (especially
of pressure and temperature) there corresponds only a slight change
in the physical properties of a substance. On the other hand, if
we bring together different substances, as, for example, sugar and
water, or sulphur and iron, even when the same external conditions
are maintained, there often occurs a deep-seated change in their
properties, producing substances which on comparison with the original
are very different in many respects. Thus it is possible for the same
substance under the same external conditions to assume entirely
different external properties : the substance is convertible into
another.

But according to our experiments hitherto, the convertibility of
matter is limited to certain conditions. The law of the indestructi-
bility of matter furnishes the first limitation, that in any event
this change in .physical property concerns only identical masses of the
substances [i.e. that in the change there is neither gain nor loss
of mass]. Further experience gained in this direction—the result
of a vast amount of painstaking work in the chemical laboratory, from
the attempts of the alchemists to change base metals into gold, to the
wonderful syntheses performed by our organic chemists of the
prednt time—has brought the further knowledge that, in general, even
identical masses of substances essentially different are not convertible
into each other.
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Simple and Compound Matter.—Innumerable investigations,
which have had for their object, on the one hand, to reduce compound
matter into simpler by chemical analysis, and, on the other hand, to
bring together different substances to make a new one by chemical
synthesis, have led to the conviction that, in decomposing the substances
occurring in nature, one always comes to a number of substances
incapable of further decomposition, the so-called elementary bodies or
elements ; of these nearly eighty have been isolated. Every attempt
at the further decomposition of these elementary bodies has thus far
been fruitless ;! but from these elementary bodies can be made
synthetically all the substances collectively known to us. Only those
substances are convertible into each othér which contain the same
elements, and indeed each element in the same proportion.

The Indestructibility of Energy. (The first law of thermo-
dynamics).—Many fruitless attempts to find a perpetuum mobile—i.e.
a machine which of itself is able to perform external work continuously,
and to an unlimited degree,—have finally led to the conviction that
such a machine is impossible, and that the fundamental notion of
making it is in opposition to some law of nature. This law of
nature may be stated in the following way:—If any selected system is
subjected to a reversible process, i.c. if any series of changes whatsoever,
occur so that it finally returns to its original condition, then the
external work A, performed by the system during the reversible
process, is proportional to the amount of heat, W, absorbed at the
same time, i.e.

A=JW . . . . (a)
The coeflicient J, the mechanical equivalent of heat, is independent of -the
nature of the system sclected, and its numerical value varies only with the
scale of measurement employed to express the amount of heat and
external work. .

If any system whatever is subjected to any desired changes, these
are, in general, identified with the following changes in energy : firstly,
a certain amount of heat is either absorbed or given out ; secondly, a
certain amount of external work is either performed by the system or
is performed against it ; thirdly, the internal energy of the system will
either diminish or increase. In general, in any event the diminution
of the internal energy U must be equal to-the external work A accom-
plished by the system, minus the amount of heat Q absorbed ; i.e. the
following relation exists—

U=A-Q . . . . ()

In this equation all the quantities must be expressed in terms of
the same unit of energy, e.g. heat must be put into work-units.

1 The phenomena of radio-activity, which will be' described later, point certainly

to a spontaneous decomposition of certain elements which is outside the influence of the
experimenter.
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Of course each of these three quantities may be mnegative ; thus
'when a development of heat occurs Q is negative, when an increase
of internal energy occurs U is negative, and when external work is
done on the system A is negative. When the system considered
consists of reactive substances, and the change is a chemical decom-
position, then Q signifies the heat of reaction, U the change of the
substances’ internal energy occasioned by the decomposition, and A
is the external work performed by the reaction in overcoming the
external pressure, and, as above, is positive when the reaction is
accompanied by an increase of volume of the system, but negative
when accompanied by a diminution of volume. When, as often
happens, the external work is negligibly small, U is equal to the heat
evolved in the reaction.

If we bring a system that has suffered any change back to its
original state, the work done by the system is, according to equation
(a), equal to the heat supplied. Hence by (b)) U must be zero, or the
system possesses the same content of energy as before the change ;
the energy contained at any moment is therefory completely determined by
the state of the system at that moment.

U must therefore be a single valued functiox/ of the variables characteris-
ing the system ; and dU be capable of being pat in the form of a complete
differential. 1f, for cxample, the only exterhal work done is against an
external pressure, the system is in gemeral completely defined by the
temperature T and volume v, and we may put

dU:gng-*-g}T‘IdT.

As already stated, equation (b) is applicable to every occurrence ;
for it is the direct analytical expression of the law of the conservation
of energy. A change of the energy content of a system can occur in
very many ways,—partly by a simple change of temperature, partly by
isothermal changes of condition, and partly by the two together. In
the first case, the change of energy is measured by the product of the
heat capacity of the system and the change of temperature; in the
second case, by a certain quantity of energy which can usually be
determined easily and exactly (as the latent heat, heat of reaction,
and the like, + the external work) ; the third case, finally, can always
.be referred to the -first' two cases, as the following consideration
shows :—

Let a system suffer any desired change, and at the same time let
its temperature change from T to T +t. Now, let us think of this
process as conducted in the two following . ways: in the first way, the
process is completed at constant temperature T, whereby the change of
energy amounts to Uy, and then the system iz warmed to T +t,
whereby it needs the introduction of Kt calories, if K denotes the
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heat. capacity of the system after it has suffered the change ; in the
second way, the system is warmed at once from T to T + t, whereby
it needs an introduction of Kt calories of heat, if K, denotes the
initial heat capacity, and after this the process is finished which is
associated with a change of energy amounting to Urye. The heating
takes place without any performance of external work ;, for example,
if the system be a gas, it is heated at constant volume. In both ways,
we pass from the same initial to the same final condition; then,
according to the law of the conservation of energy, the changes of
energy in both cases must be equal; in the first case, the diminution
of total energy amounts to Ur — Kt, in the second to Uris — Kt, and
therefore we have the following equation—

~ Kt = Upyq - Kt,
or

L

The right-hand expression is the increase in the energy change per degree
rise of temperature, and for small temperature differences may be written
IT’ this, according to the above law, is equal to the difference between the
thermal capacities of the system before and after the change. If, for example,
we consider the process of fusion, the proposition given above declares
that the heat of fusion of one gram of a solid substance increases as
much for every degree of temperature elevation as the specific heat
¢o of the fused substance, is greater than that ¢ of the solid.

If a homogeneous substance be heated through dT, at constant pressure,
the heat required is c,dT, where ¢, means the thermal capacity at constant
pressure; the process may, however, be conducted in this way: raise the
temperature through dT at constant volume, with absorption of heat
¢,dT (c,=thermal capacity at constant volume), then allow it to expand

oUu
isothermally by the amount dv, for which the quantity 5\7‘1" +pdv will be

required. Put dv equal to the expansion that would be caused by rise of
temperature dT at constant pressure, and w¢ arrive in each case at the same
final, from the same initial state, so that the quantities of heat absorbed
must be the same—

¢,dT = cvdT + (p + == U )dv,

o0\ ov
- %= (P‘“av)a'r

The law of the conservation of energy, above all other laws, has
introduced a new epoch of investigation of nature; it was clearly

or
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stated for the first time by Julias Robert Mayer (1842), but was first
recognised in its full significance, and applied systematically to the
most various phenomena, by Hermann von Helmholtz, in his paper
“On the Conservation of Force,” 1847.1 It received its first quantitative
confirmation by the fundamental investigation of Joule (1850) on the
conversion of ‘work into heat, which in turn led to the determination
of the mechanical equivalent of heat. :

The share taken by these investigators in the ¢ommon work is well
characterised by Mach (Prinzipten der Wirmetheorie, Leipzig, 1896, p. 268) :
¢ The need for the principle was strikingly brought out by Mayer, who pointed
out its applicability to all subjects: To Helmholtz is due the complete
critical working ‘out in detail, and the connection to results already arrived
at. Finally, Joule introduced the new method and conception, in the most
exemplary manner, into the region of quantitative experiment.”

Measurement of Energy.—Since we shall have much to do
with energy, some special remarks on its measurement may be in
place here. .The absolute system gives as unit the work that is done
in moving the point of application of unit force through 1 em. But
unit force, called the dyne, is that which in one second gives to one
gram unit velocity (1 cm./sec. called “cel” from celeritas); it is,

moreover, nearly the weight of a milligram (more exactly sﬁt)% gm.
in middle latitudes). The corresponding unit of work is called the
“erg” (épyov), and is of course equal to the kinetic energy (I;l v2> of

two grams moving with a speed of 1 cel.

This unit of work is often inconveniently small, and for a long
time past other units, suited to particular purposes, have been in use.
The “kilogram-metre” is used in technology, i.e. the work done in
lifting oné kilogram through one metre, the unit of length being here
taken as the metre, and that of force as the weight of a kilo. But as
work can be done in increasing a volume against pressure, or causing
electricity to flow against a difference of potential, units of work are
suggested for such cases in the form of products of pressure by volume,
and quantity of electricity by potential. If, as is customary in
scientific calculations, the C.G.S. system. is adhered to, the unit of work
is of course always the swme; but if, as we shall occasionally do for
clearness, the conventional measures are used, the work unit will of
course be different in different cases.

The unit of heat is determined in principle by the law of conserva-
tion of energy as being equivalent to the unit of work. But here
also for practical reasons the reduction is often avoided, and a special
heat unit, in closer connection with the methods of measurement,
adopted ; as such we shall always use the gram calorie (cal), ‘..

1 Qstwald’s Klassiker, No. 1, Leipzig, 1889 : Uber die Erhaltung der Kraft.
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the heat required fo.raise one gram of water through 1° on' the air

ter scale! But as the specific heat of water is appreciably
ariable, it is necessary to complete this definition by stating the
temperature of the water. Now, by far the most calorimetric measure-
ments, especially in thermochemistry, are made by observing the rise
of temperature produced in water at room temperature by the heat
to be measured ; so that it is best for our purposes to choose as unit
that quantity of heat which will raise one gram of water at 16° through
1° Dentigrade ; and between 15° and 20° the specific heat of water
may for most purposes be regarded as constant. ‘

Besides the calorie given above, there are also the so-called *mean
caloris,” t.e. ;35 of the quantity of heat which is necessary to warm
1 g. of water from 0° to 100°; the so-called “=zero-calorie,” d.e. the
quantity of heat which is necessary to raise 1 g. of water from 0° to
1°; and also a number of other calories which refer to temperatures
arbitrarily or casually chosen. ' ~ :

The change in the specific heat of water with the temperature
has recently been satisfactorily determined. The following table gives
the mean of the values found by Rowland (1880), Bartoli and Strac-
ziat,i (;892), Liidin (1895), Callendar and Barnes (1902), and Dieterici

1905) :— '

t=0° 5° 10° 15° 20° 25° 30°
¢=1008 1006 10002 1000 0999 0998 0995

The zero calorie is thus 1:008 times the ordinary calorie; the mean
calorie can be taken as unity (Dieterici).

For the mechanical equivalent of the ordinary calorie Luther and
Scheel 2 deduce the value 42,710 from a critical consideration of the
results obtained by Rowland, Micolescu, Griffiths, Schuster and Gannen,
and Barnes ; all these measurements depend on the direct application
of the first law of thermodynamics.

By means of the second law of thermodynamics (see later), the
heat ‘of evaporation of water can be calculated exactly from the very
accurately determined vapour pressure curve of water, if the value
42,720 is assumed for the mechanical equivalent of heat. This is
probably an extremely reliable, though indirect result.? The meaning
of this number is that if in latitude 46°a gram be allowed to fall
through 42,720 centimetres the kinetic energy acquired conve:
into heat would suffice to raise the temperature of a gram of water at
15° by 1° on the air thermometer scale.

1 For reduction of a Jena glass mercury thermometer to the air scale, see Wiebe,
Z. f. analyt. Chem, 80, 1; Ohem. Centralbl,, 1891, 1. 249 ; Z. f. Instrumentenk. 10.
233, 485 (1890). .

2 Verhandl. des Ausschusses fir Einheiten, 1907-1911.

3 Nernst, Verhandl. d. Deutsch. physik. Ges., 1910, p. 586.



12 THEORETICAL CHEMISTRY

[n the absolute system of measurement the value of the orlinary
calorie is i
42,720 x 980°6 = 41,890,000 ergs.

(980°6 = acceleration of gravity in latitude 45°), or 41-89 million ergs.
= 4189 Joules.

Sometimes the kilogram-calorie, which is 1000 times the gram-
calorie, is used instead of the latter: its mechanical equivalent is
427 metre kilograms. The two units are distinguished by the names
“large ” and “small calorie ” respectively ; in the following the former
will be denoted Cal., the latter cal. '

Very often, and in calculations which are of especial importance for
the chemist, the problem is given to express, in units of heat, the work
performed in overcoming the pressure on a definite volume. For
example, in a cylinder with a movable piston of a cross-section of
1 sq. dem., on which the atmosphere presses with a pressure of one
atmosphere, lot the piston be raised 1 dem. so that the atmospheric
pressure will be forced back from the space of a litre. This unit of
work, after the analogy of the “metre kilogram,” we appropriately
call a *litre-atmosphere.” The pressure of an atmosphere on a
8q. cm., as is known,.is 1'0333 kg.=76 x 13596 gr., and on a
8q. dem. 10333 kg. ; the work performed in raising the piston is as
great as though 10333 kg. were raised 1 dem., or as though 1 g.
were raised 1,033,300 cm. Therefore the work sought, in calori-
metric units, is
1,033,300

42,720

Equations of Motion of a Particle.—Some remarks on this
point will be inserted here, partly to elucidate further the law of
conservation of energy, partly because we shall later have to do
repeatedly with the movement of particles. If a particle of mass m,
under the influence of a force X, move in a direction which may be
defined as that of the axis of x in a system of co-ordinates, and if t
is the time, then by the fundamental laws of dynamics

d2x

1 Litre-atmosphere = = 2419 g.-cal.

(or mass x acceleration = effective force). Multiplying (1) by the
identity

o

X
d—tdb = dx,

and remembering that

dx d2x m/dx\ 2
m3; aedt= d[é ) ]
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cannot be different from A or
A=A". . . . . (e)

In words, this equation, of which we shall make repeated use,
states that—

II1. The external work that can be done by a given process when most
eficiently used is independent of the arrakg.nent by which this “mazimal
external work” is obtained ; or, more briefly, the work done in an isothermal,
reversible, cyclic process is zero.

During such a cyclic process, certain quantities of heat are, in
general, given to, and taken from, the heat bath; according to the
law of conservation of energy the sum of these must be zero.

2. Transfer of Heat.—The cs'culation of the work that can be
done by the passage of heat from higher to lower temperature is of
great importance ; we can easily solve the problem for a simple case—
a cyclic process performed with a perfect gas—since here the quantities
of energy involved are known from the laws of gases.

Let there be two reservoirs, at different temperatures, say in the
form of large masses of water, which we can draw on for supplies of
heat. For simplicity of calculation we will suppose the two tempera-
tures to differ only infinitesimally, and that they are (on the absolute
scale) T and T +dT. We have then to think out a mechanism by
which heat may be withdrawn reversibly, and so with the greatest
useful effect, from the second reservoir (at T + dT), and given to the
first at T.

For this purpose we take a cylinder, closed by a movable piston
and containing a certain quantity of an ideal gas—say one gram-
molecule (32 g of oxygen or 28 g. of nitrogen, etc.). The apparatus
is put in contact with reservoir L, .. immersed in the large vessel of
water at T, and the gas, originally occupying a volume v,, compressed
to v, Work is thus spent to the amount ‘

A=RTIn 2,
Vo
where R is the gas constant,

= PoYo
= 273

(p, and v, the pressure and volume at the temperature of melting ice).
The equivalent amount of heat, measured in the same unit as A, is

Q;RTlngl,

2 .
and is given to the first reservoir. Now the cylinder is brought
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in contact with reservoir II. so that it is warmed to T +dT; the
heat thus absorbed is KdT, where K is the thermal capacity of the
cylinder and its contents. During the heating the volume v, is to be
kept constant, so that no external work is done. Now, on allowing
the gas to expand from v, to v;, we gain the external work

A+dA=R(T+dT)1n§—‘,
2

and withdraw from reservoir II. the equivalent quantity of heat

Q+dQ=R(T+dT)1n%1.
: 2
Finally, we put the apparatus in contact with the colder bath, and
keeping its volume constant at v,, allow it to give up the quantity
KdT of heat, and so fall to T. It is then™in the initial state again. *
The sum of the work done by the gas in the cycle is

dA =RdTIn 3,

AL
and at the same time the quantity of heat
Q + KdT

is carried from reservoir II. to I, and has consequently fallen in
temperature from T + dT to T, whilst the quantity of heat dQ =dA is
converted into useful work. KdT is an infinitesimal quantity -that
may be neglected by comparison with Q.

If the thermal capacity of the cylinder and its contents were zero,
instead of Q + KdT only Q of heat would have been transferred from
T +dT to T, and this arrangement would increase the useful effect, it
is true, but only by an infinitesimal percentagé. Hence we may say,
without appreciable error, that the quantity Q of heat has fallen from
T +dT to T during the cyclic process; comparing this with the work
done we find

dA:inl? .

i.e. of the quantity Q of heat transferred from reservoir 1L to 1., the part
Q—,I"—r is turned into external work,

We can now easily show that this result, though derived from a’
special case, is perfectly gemeral. Assume that some other reversible
cyclic process exists, by which the quantity Q' of heat falling from
T +dT to T accomplishes dA’ of work. Then we may combine this
with the former process, choosing the quantity of gas so that.in it also
Q' of heat suffers the temperature change. Now let the two systems
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each pass through a cycle, in opposite senses, so that the temperature
of the quantity Q of heat falls in the one by dT but rises in the other
by the same amount, so that the transfer of heat is neutralised ;
then there can be no external work done, otherwise we should have
constructed a machine capable of converting heat into work indefinitely,
i.e. we must have

dA'=Q"§rr. @

Hence— :
IV. If a process consists merely in transfer of heat, and a quantity Q
be carried from one body at temperature T + AT to another at T, the work

that can be performed is Q%—r in whalever way this work is obtained, pro-

vided it is a reversible way.

* There are few laws so fruitful as that contained in (d) or (@'),
which represents the quantitative expression of the convertibility of
heat into work, and in particular, has been applied with great sucgess
to chemical processes.

It will be worth while to remark further on the meaning of the quantity
dA (or dA’). It must not be supposed that in the equation

daT dA Q
dA-_—.Q—T or IToT

dA is the work done in raising the temperature of the system by dT. This
is not the case, for we have particularly carried out the cycli¢ process in
such a way that no work is asso-
ciated with the rise of tempera-
ture. Rather dA is the excess of P
work spent in reversing at T +dT
the same process that has been

dA
performed at T, so that It is the

temperature coefficient of the
availability of the processfor work,
We should obtain a wrong value
for dA if a gain or loss of work
were associated with the warmifg
or cooling of the system, and so
a change in its availability for
work took place, of a secondary
character with regard to the present argument.

Clapeyron’s graphical method is very instructive in this matter. The

Vo .

work done in an expansion / pdv is expressedjin the figure by the area

v
between the curve p=1£(v), the two ordinates, and the axis of gbscisse,



22 THEORETICAL CHEMISTRY

When the temperature is raised this curve is changed to
p=f(s) + ar,

and we thus obtain a necighbouring line (dotted in the figure). Then
clearly the shaded portion expresses dA. If in any case other than ex-
Wy
pansion the work is given hy f fKdyp, then & must be used as ordinate, W as
wy
absoissa,

All results o far known in thermodynamies can be deduced by means
of cyclic processes; the laws to be stated in the four following sections
contain nothing essentially new, they are merely another way of expressing
the relntions already dealt with in this section. This must be expressly
stated, as many authors take results which have already been firmly
established by cyclic processes, and re-establish them by application of the
entropy principle, or use of thermodynamic potential, free energy, and so on
and then not only talk learnedly of a “stricter foundation,” hut alxo seem
to find favour thereby in the eyes of others. From a pmedagogic point of
view a certain value may be attached to such “stricter proofs,” hut usually
the only thing that is proved is that the author has studied the work of his
predecessors with intelligence.  There is no independent scientific value to
be attributed to such discussions,

Which method is to be preferred—the explicit discussion of a eyelic
process, or its abstraction in the theory of functions—is a pure matter of
taste ; it should be remarked, however, that while the prophets ex eventu of
thermodynamies, with one aceord, prefer the thermodynamic functions, investi-
gators who happened to prefer the careful working out of new results to
the mathematical polishing up of old ones have all used the original method
of Carnot and Clausius, obviously because the consideration of an (at any rate
in prineiple) experimentally realisable eyclic process offers more protection
against error.

Still, any one who wishes to go deeper into the problems of the theory
of heat may he recommended to a careful study of thennodynamie functions,
especially in the admirably clear exposition of M. Planck (Thermodynamsk,
Leipzig, 1905),

Summary of the Two Laws.—The results arrived at in the
foregoing section may be summarised as follows :—

1. Every natural process can, by the most advantageous use,
yield a definite amount of work, and by the expenditure of the same
amount of work, it is theoretically possible to reverse the process;
hore by “process” we mean any change of a system that can occur
without application of work from without.

2. If the process takes place isothermally, the maximal work A
depends only on the initial and final states, and not on the path
between.
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3. If the process consists in an equalisation of temperature by which
a quantity of heat Q falls from the absolute temperature T + dT to T,
it is capable, whatever the nature of the system, of the work
dT
dA. = Q-T—

as & maximum. (A and Q in the same units.)
Now, the first law gives the relation (p. 7)

U=A-Q
Eliminating Q from the two last equations, we have
aA=(A-U)),
r ‘(] A
or A-U= ld'l‘ . . . . ()

Here A is the maximum work of an isothermal process (compare
equation (c), p- 19) at temperature T, U the simultaneous decrease in
the energy of the system, and A — U (called Q in the foregoing) the
heat withdrawn from the surroundings during the process, to which
the old term “lafent heat” may conveniently be given.

Hence, according to (e), the excess of the maximal work of an isothermal
process over the decrease in total energy, or the latent heat of the process, is
equal to the absolute temperature multiplied by the temperature coefficient of
the mazximal work (the capacity for work).

This is the most intelligible statement of the second law, because
it contains only quantities with a direct physical meaning; for the
change in total energy is always simply measurable by allowing the
process to take place, without production of work, in a calorimetor.
The maximal work is more difficult to measure, because for that the
process must be conducted reversibly ; but in many cases this quantity
also can be directly recorded (e.g. by a Watt indicator, or a Siemens
electrodynamometer), so that there can scarcely be any great difficulty
in making its meaning clear in new instances. The above form of
the law is especially to be preferred in application to chemical and
electrochemical reactions.

Remembering, further, that the juxtaposition of A and U implies
that both these quantities are independent of the path, and therefore
completely defined by the initial and final states, and further, that
A - U is the latent heat of the system, equation (¢) may be regarded
as including both fundamental laws.

When the work done by the process consists merely in overcoming a
pressure during an expansion of the system, we can put A in the form

1 U is so by the First law (p. 7).
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where v,, v, are the initial and final volumes respectively. Frequently the
pressure remains constant during this change (evaporation, fusion, dissociation
of a solid, etc.), and then

A=(vy-v)p; dA=(vy- v,)dp,
and

dp
A-U=Q=(v,-v)Tqp

where Q is the heat absorbed during the expansion from v, to vy.

When p varies during the expansion (evaporation of a mixture, expansion
of a gas or liquid, ete.), we may regard it as constant during an infinitesimal
expansion v, — v; =dv, and obtain from the last equation

dp
dQ="T d-Tdv.

Here it is to be noted that dp is the increase of pressure at constant volume,
but dQ means the heat absorhed when at constant temperature the volume
of the system increases by dv (and external work is done). This is indicated

by the symbols
dQ\ _.sdp\  9Q _op
(dv)T - T(a'f>v " = Tor

Analytical Formulation of the Maximal Work. — The
groatest difficulty in applying the fundamental equation (¢) lies in
obtaining an analytical expression for the maximal work ; for there

are few cases in which A and ((11:; can be measured by direct experi-

ment, and otherwise the quantities must be determined by values
characteristic of the initial and final states, and these values differenti-
ated with respect to temperature, under the condition that during the
temperature change no external work is done.

The following considerations are important for the choice of
variables to express the initial and final states of a system. As a
matter of fact,.in most cases the number of these variables reduces to
one. The quantity A of work can in general be decomposed into two
factors, such as force x distance, pressure x volume, thermodynamic
potential x mass, electric potential x quantity of electricity, and so on,
of which the first is in general a temperature function, but the second
can be made independent of temperature ; the latter should therefore,
with the temperature, be chosen as independent variable for express-
ing A.

This remark needs elucidation. Let A, be the expression characterising
the initial state, F the final; then

A=F-A, . . . . . ()
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Let A, and F differ only infinitesimally, so that A becomes the
differential dA. If we can find a variable to the changes of which dA is
pruportional, we may put

dA = Rdto (T const.) . . . . (2)

in which the factor £ is equal to the (partial) differential coefficient of A
with respect to v, and A itself, when R is known as a function of v, can be
arrived at by an integration from the initial to the final state

wy
A= / Sdw.

wy

The simplest case is when a force X acts at a point; if the point of
application moves through the element dx

dA = Xdx,

1.e. for small displacements the changes of A and x are proportional. Now
the analysis (2) appears to be always possible, so that by analogy we may
call & the force and div an element of path.

If, then, the system has several ways of doing work,

dA=Qdw, + KAw, + . . . (T const.) . . (3)

and 8, &, are the partial differential coefficients of A with respeet o 10,
10,, etc. Thus the differential of A with respect to volume is pressure,
with respect to quantity of electricity is electromotive force, ete. So that,

in general, g% is the force with which the system suffers a certain change ;

but as we shall be concerned almost exclusively with changes involving great
friction, by analogy with (5) (p. 14), the velocity of the corresponding change
is equal to the quotient of force by friction. As the latter depends
essentially on the particular system, thermodynamics gives no information
with respect to it.

The evaluation of 3‘;, the temperature coeflicient of the maximal work,
is now easy. After the value of

A=F-A,

is arrived at by integration, we have to differentiate A partially with respect
to T; and since according to equation (3), when 1v is constant no work is
done, the condition (p. 20) that no work should accompany rise of
temperature is necessanly satisfied.
Again, supposing F and A, to differ only infinitesimally, the maximak
work becomes
f,dw, + &,dw, +

where the quantities dip represent small, but definite changes. Applying
the fundamental equation (¢) to the process so defined, we have -~
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Rdw, + Ldw,+ . . . ~dU=T “‘Jdml R"dm, )

or
(R T',’R i =dU,

in which, thercfore, dU is the change of total energy due to the displace-
ments dm The cquation on p. 24 is a particular case of this R=p,w=v)

There is a relation between the values of & that we will develop in the
case of two kinds of external work ; let

dA =R dw, + f,dw, (T const.)

Sinee dA in this equation is a complete differential (independent of the
“ path ”) we must have

BA A
2,7, oW,
i Ry _oR,
o a o)

a relation which in its applications comcldes with equation (¢) of p. 19. The
generalisation for more thau two variables is obvious, but has so far hardly
found any application.

Finally, it may be remarked that the sssumption of reversibility is
implicitly made in all equations (such as (3)) which express the cxternal
work by means of variables, and do not contain the time.

Free Energy.—The quantity A expresses that part of the energy
change involved in any process that can be turned without limitation
into external work, kinetic energy, etc.—a fortiori into heat—and is
thercfore in evory respect free. Helmholtz® gave to this the name
“change of free energy,” and to A — U, i.e. the differcnce between the
changes of free and total energy, the name  change of bound energy.”

Only the changes of free or total energy have physical meaning.
The absolute walue of these quantities is unknown, and without interest
for us, since probably it does not influence the course of surrounding
phenomena. In the same way, we spenk only of relative movements
of the hodies surrounding us, since their absolute velocities are unknown
and, 8o far as wo know, indifferent. Thus, writing 1 for the absolute
value of the total energy, and A for the free energy, we measure
(calorimetrically)

U=1,-1,
and (c.g. by a Watt’s indicator)
A=20,-2A,

but the actual values of M and A escape us. We may, however,

1 Sitzher. d. Berl. .lkad., 2nd Feb, 1882; Ges. Abh. 2, 958. See also Massien,
Journ, de phys. 6. 216 (1871), and W. Gibb'a Trans. Comnecticut Acad. 3. 1875-78.
German translation by Ostwald, Leipzig, 1892
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count U and A from a fixed initial condition, and speak of them as
the “total ” and “free ” energy ; then (¢) would be expressed in words
as: the difference between the free and total energy (also described as the
bound energy) is equal to the absolule temperature multiplied by the
temperature coefficient of the free energy.

According to the first law the total energy remains constant in
a system isolated from communication of energy ; according to the
second law the same would be true of the free energy in a system
at constant temperature in which all the processes were reveraible.
In reality it always decreases, for this ideal limiting case can never
be strictly realised, but friction and similar processes constantly con-
vert free into bound energy.

Clausius introduced a function which is useful for many purposes, viz.

the entropy— -
e-"-%

ie. the difference between free and total energy divided by the abrolute
temperature. This is especially useful in dealing with adiubatic processes
(f.e. when no heat is taken in or given out). Clausius showed that this
function is increased by all irreversible processes that occur in an isolated
system, so that the second law may be put in the form of the principle of the
increase of entropy. This conception is not, however, more general than that
of the decrease of free energy ; the former principle is directly applicable
only to systems of constant energy conient, the latter only to systems at
constant temperature; but as from each we may deduce the impossibility
of the engine described on p. 15, each of these special principles may he
svparately Tegarded as the most complete expression of the second law.

The combination of

G:u;% and N -= - T(fl?ll‘
gives
dA
6 = - 'JT’

i.e. the entropy is the negative temperature coefficient of the free energy.
We shall henceforth always work with the intelligible notion of the maximal
work (free energy), and not with its negative temperature coefficient (entropy);
morcover, a8 Helmholtz pointed out, it is preferable to use the integral
fauction (free energy) rather than its differential (entrapy), because Ll can be
determined from equation (¢), and & can easily be expressed in terms of Y
by the preceding equation.

Conditions of Thermodynamic Equilibrium.—Finally, it may
be remarked, the fundamental equations yield an easy test whether a
system is in equilibrium.or not. It was noticed above that for a
reversible process force and resistance must be equal ; if one slightly
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exceeds the other, a change takes place in one or the other sense.
Hence follows that—

A system 8 in equilibrium at every phase of  reversible process; and
for a system 1o be in equilibrium it is sufficient that the conditions should be
80 chosen that only reversible processes are possible.!

Thus, & mixture of chemically indifferent gases in a closed vessel
is in equilibrium if the temperature and composition are the same
throughout, for otherwise the irreversible processes of diffusion and
thermal conduction will ocecur. Further, there is the condition that
the containing vessel shall not burst under the pressure of the gas, for
that would introduce a new irreversible process, and so on.

Since no system is in equilibrium in which there are temperature
differences, we may confine ourselves to considering isothermal
systems; and as further the immersion of a system at uniform
temperature into a sufficiently large bath at the same temperature
neither destroys any existing nor creates any new equilibrium, it is
sufficient to consider isothermal processes. But as by p. 27, if
all changes are accompanied by an increase of A, irreversible processes
are excluded, we find that—

A system at constant temperature is in equilibrium when its free eneryy
i8 @ minimum.

The analytical condition is :
8A=o0 (T comst.) . . . . 1)

Since the entropy is increased by all irreversible processes in an isolated
system (p. 27), we find the corresponding condition that in a system of
constaut energy all changes involve an increase of the entropy &, or that &
is a maximum

8&=0 (Uconst) . . . . (2

The two equations of equilibrium (1) and (2) are, however, identical, for
whether the equilibrium of a system is disturbed by change of temperature,
or by introduction of heat, comes to the same thing.

Physical Mixtures and Chemical Compounds.—Closely con-
nected with the empirical laws given above, which form at once the
basis of physics as well as of chemistry, there is another law which
leads us at once more into the region of chemistry. Many different
elements can unite in many ways so as to form new homogeneous sub-
stances, i.e. such as are everywhere alike, and when examined with
the most powerful microscope, present the same properties at all
points. Experience teaches us that in all cases the properties of com-
pound substances vary more or less with the composition, but that in
no case does composition alone determine the properties. Thus
“knall-gas,” water-vapour, liquid water, and ice, are all substances
having the same composition, but having very different properties

! Conversion of potential into kinetic energy is an irreversible process in all systems
in nature, since friction is never entirely absent.
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even when compared under the same external conditions of temperature
and pressure.

The thorough study of the relations of compound substances,
and their dependence upon the composition, has led to their divi-
sion into two classes. By the mixture of two gaseous elements, as
of hydrogen and iodine vapour, for example, we can obtain, according
to the conditions, two very different gaseous mixtures, each of which
appears homogeneous in all physical and chemical respects, but which
yet offer marked chemical differences. In one mixture we can easily
recognise the properties of each particular element : the iodine vapour
by its colour, and the hydrogen by its enormous diffusibility through
porous partitions. In the other mixture many properties of both
components are totally changed ; the colour of the iodine vapour has
vanished, and we seek in vain for the characteristic diffusibility of
hydrogen. Further, the two mixtures behave characteristically on con-
densation to the liquid or solid form: from the first, by cooling or by
suitable compression, there is at once separated from the gas mixture
solid iodine, a substance of entirely different composition from the gas
remaining uncondensed ; from the second mixture, by similar treat-
ment, we obtain a homogeneous liquid of the same composition as the
uncondensed gas.

We call the first of these gaseous aggregates, a physical mirture ;
the second, a chemical compound of hydrogen and iodine (hydriodic
acid) ; and we are forced to conclude that the union of the two gases
is much more intimate in the second case than in the first.

We make the same distinction in the union of different compound
substances with each other, or with elements ; here we often mect with
homogeneous aggregates which can be liquefied, evaporated, solidified,
recrystallised, etc., without change of composition, and whose pro-
perties are in many respects totally different from those of their
respective components; these, heyond all doubt, can be designated
chemical compounds. Other aggregates of this kind change their
composition very easily by condensation, volatilisation, ete., their
particular components can be reobtained in many ways without
difficulty, and in the mass we can recognise many properties possessed
by the components when separated. These complexes, with all
certainty, are affirmed to be only physical mixtures.

Further, as a rule, the formation of chemical compounds is
attended with much more considerable changes of volume and energy,
than simple union to a physical mixture ; moreover, the external work
which we must apply in order to separate the components of the
mixture, is much greater in the first case than in the last, All this
means that the union of the components in the first case is incom-
parably more intimate than in the second.

Nevertheless, the distinctions between physical mixtures and
chemical compounds are only of degree, and we find in nature all
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gradations between these extremes. Thus we are inclined to speak of
the solution of & salt in water as a physical mixture, on account of the
ease with which the components can be separated from each other;
thus we can remove pure water from the solution both by evaporation
and by freezing ; and, on the other hand, we can extract the pure salt
without difficulty by crystallisation. At the same time, many pro-
perties of salts may be changed in a pronounced way by the process of
solution ;: this is well shown, for example, on dissolving in water
anhydrous copper sulphate, a white substance which in solution assumes
an intense blue colour. These and other phenomena suggest em-
phatically that there is a chemical process associated with solution.
On the other hand, in the union of various substances to form a new
homogeneous complex, which for good reasons is to be regarded as a
chemical compound, we find that certain properties of the components
are unchanged. Thus, for example, in the union of iodine and mercury
to form mercuric iodide, we find that the heat capacity of the newly-
formed complex is almost exactly the same as before the union; thus
the spocific heat of each element remains unchanged in the compound.

The Law of Oonstant and Multiple Proportions.—The
quantitative investigation of the amounts in which the different elements
are present, has led to a much sharper distinction between physical
mixtures and chemical compounds: we can vary the composition of
the former within wide limits, but the composition of the latter is
constant in whatever way they be prepared. John Dalton (1808) found
a wonderfully simple law to express the relative quantities according to
which the particular elements are contained in compounds of constant
composition ; this is called the law of constant and multiple proportions.
It states that one can find for every particular element, a certain
number which we will designate the combining weight, which is the
standard unit for the quantity of the element entering into all ifs
various compounds.  The quandities of the various elements in their respective
componnds are either in the exact ratios of their combining weights, or else in
simple multiples of these.

This law is the foundation of chemical investigation; thus in-
numerable analyses, and also especially the determinations of the com-
bining weights of the elements, conducted in the most various ways
and with the greatest possible care, show that this law holds good
with practically absolute exactness for the union of the elements in
all compounds which are shown to be genuine chemical compounds.

The Molecular Hypothesis.—Although it appears entirely feas-
ible to construct a methodical chemical system on the basis of the
empirical laws of the exchange of matter and energy as given above,
in which the empirical data can be comprehensively arranged, yet there
has been added to these empirical laws a hypothesis concerning the
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constitution of material aggregates, which, although advanced in ancient
times, was first shown to be advantageous for a deeper and clearer
conception of chemical processes by Dalton and Wollaston at the
beginning of the last century, and since then has remained the
guiding principle of Chemistry and Physics. In the light of this
hypothesis, a material aggregate does not fill, continuously and in all
points, the gross space occupied by it; but is composed of particles
of very small, but yet of finife dimensions, situated more or less
distantly from each other, and called the molecules of matter. The
fact that matter appears to fill space continuously, that the gaps
between the separate molecules escape us, and that these, as such,
are inaccessible to our immediate knowledge, much more to our un-
biassed senses, are all easily explained hy the smallness of the
molecule, and by our inability to grasp such tiny dimensions.
Whether the molecular hypothesis can be reconciled with the actual
facts, or whether it merely owes its origin to our existing inability at
present to come at a deeper knowledge of natural phenomena from any
other view-—whether, perchance, the further building up of the doctrine
of energy will lead to another and a clearer conception of matter,
this is not the place nor the time to discuss. As a matter of fact—and
this is the most important and only decisive test—the molecular
hypothesis, more than any other theoretical speculation, has given
powerful and varied assistance to every branch of natural science, and
to chemistry in particular. Therefore, in the following presentation
of theoretical chemistry, the molecular hypothesis will receive special
consideration, and also in some cases it will be introduced where, perhaps,
one can advance as far without it as with it, but where by the intro-
duction of molecular conceptions the demonstration gains in interest
and brevity of expression. Even to our day, the further extension of
the molecular hypothesis has borne remarkably great and unexpectedly
fine fruit for the positive enrichment of our science; therefore why
should we not ever strive to make our conception of the molecule more
tangible, and at the same time provide our eyes with increasingly
powerful microscopes for the consideration of this molecular world ?

The Atom and the Molecule.—The first great result of the
assumption of a discrete distribution of matter in space, was the simple
and clear explanation of the law of constant and multiple proportions,
by its discoverer Dalton, through which the hypothesis, by one cffort
of modern science, arose like a phoenix from the ashes of the old
Greek philosophy. .

The formation of a chemical compound from its elements, in the
light of the molecular hypothesis, may be most easily conceived in
this way, viz,, that the smallest parts of the element enter into the
molecules of the compound. Therefore these molecules mnst be
divisible, and such a division takes place when a compound decom-
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poses into its elements. Thus we reach the assumption that a
molecule does not continuously fill the space appropriated by it, but is
an aggregate of discrete particles arranged in its total space. These
particlos we call “afoms” These atoms, by the union of which
molecules are made, are all alike if they belong to the molecule of
an element, but different if they belong to the molecule of a chemical
compound. Only in the first case can it happen that a molecule may
consist of a single atom. The force which binds the atoms in
molecular union, we call the chemical affinity of the atom. To the
action of this force we must primarily ascribe the fact that the
properties of the atom vary so much according to the molecular com-
pound to which they belong, and that their properties in the compounds
are commonly so different from their properties in the free state.

Many experimental facts support the obvious assumption that the
atoms of one and the same element are equally heavy, and that the
molecules of a uniform chemical compound have the same composition.
Then plainly the relative weights with which the elements enter into
a compound must be those according to which the atoms enter into
the molecule ; and as a definite number of atoms always unite to form
a molecule of a compound, so will the composition of this molecule
always be definite. Further, since molecules of all kinds of com-
pounds always. contain a whole number of atoms, and usually not
many, therefore the relative weights with which the elements enter into union
to form the different compounds, must be cither in the same ralios as the
atumic weights, or simple multiples of these. Experiment confirms these
demands of the atomic theory to the greatest degree: the last state-
ment contains the law of constant and multiple proportions, but it is
an essential extension of this empirical statement, in that the com-
bining weights, which are only obtained by experiment, are given a
more obvious meaning. In tho light of the atomic theory, the
combining weights and the atomic weights must obviously stand in
simple ratios to each other; the latter, however, cannot be ascertained
with certainty without further experimental data. The discussion
(Book IL) of atomic weight determinations will explain how the
present values for the relative atomic weights (assumed accurate within
the limits of experimental error) have been arrived at.

The Table of the Elements.—Since we cannot obtain the
absolute atomic weights from the stoichiometric combining ratios, but
only the relative figures, a unit must be chosen. Dalton took the
atomic weight of hydrogen as unit, as it was the smallest of all the
elements. But as the exact determination of the relative combining
weights of the other elements compared with hydrogen offers ex-
perimental difficulties, and furthermore, as most combining weights
of the elements are determined from oxygen compounds, Berzelius
made the atomic weight of oxygen the basis, and placed it at 100, in
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order to have no atomic weight less than unity. Recently there has
been a return to Dalton’s unit for many reasons ; but there still exists
the disadvantage that the ratio in which hydrogen and oxygen unite
to form water has not yet been determined with satisfactory exactness
(at the most to.one part in a thousand); and therefore, after every
new determination of this ratio there must follow a recaleulation of all
the atomic.weights. How unsatisfactory it is to work with atomic
weights of fluctuating value is obvious. The fact that it is so very
hard to obtain pure hydrogen, and to weigh it with satisfactory
accuracy, explains the great difficulty of a sharp determination of its
combining weight. Therefore from different sources a proposal has
been made by way of compromise, which is now practically universally
accepted. The ratio of the atomic weights of hydrogen and oxygen is
nearly 1:16; if then we assume the atomic weight of oxygen as the
normal, and not 1, but -,

0 = 16000,

then the atomic weight of hydrogen will be nearly but not exactly 1,
and we unite the advantages of the units chosen by both Dalton and
Berzelius ; thus we are entirely relieved from the necessity of changing
the atomic weight of all the other elements, after every more exact
de