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PREFACE

HE present book is intended as an elementary in-

troduction to Physical Chemistry. It is assumed

that the student taking up the study of this subject has

already an elementary knowledge of chemistry and phy-

sics, and comparatively little space is devoted to those

parts of the subject with which the student is presumed
to be familiar from his earlier work.

Physical chemistry is now such an extensive subject
that it is impossible even to touch on all its important
applications within the limits of a small text-book. I
have therefore preferred to deal in considerable detail
with those branches of the subject which usually present
most difficulty to beginners, such as the modern theory
of solutions, the principles of chemical equilibrium, elec-
trical conductivity and electromotive force, and have
devoted relatively less space to the relationships between
physical properties and chemical composition. The prin-
ciples employed in the investigation of physical proper-
ties from the point of view of chemical composition are
illustrated by a few typical examples, so that the student
should have little difficulty in understanding the special

works on these subjects. Electrochemistry is dealt with
¥
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rather more fully than has hitherto been usual in ele-
mentary works on Physical Chemistry, and the book is
therefore well suited for electrical engineers.

From my experience as a student and as a teacher, |
am convinced that one of the best methods of familiarising
the student with the principles of a subject is by means
of numerical examples. For this reason I have, as far as
possible, given numerical illustrations of those laws and
formulae which are likely to present difficulty to the be-
ginner. This 1s particularly important with regard to cer-
tain formule—more particularly those in the chapter on
Electromotive Force—which cannot easily be proved by
simple methods, but which even the elementary student
must make use of. The really important thing in this
connection is not that the student should be able to prove
the formula, but that he should thoroughly understand
its meaning and applications.

I have throughout the book used only the most ele-
mentary mathematics. In order to make use of some of
the formula, particularly those in the chapters on Velo-
city of Reaction and Electromotive Force, an elementary
knowledge of logarithms is required, but sufficient for the
purpose can be gained by the student, if necessary, from
a few hours’ study of the chapter on * Logarithms” in
any elementary text-book on Algebra.

The experiments described in the sections headed
“ Practical Illustrations” at the conclusion of the chap-
ters can in most cases be performed with very simple
apparatus, and as many as possible should be done by
the student. The majority of them are also well adapted
for lecture experiments. The more elaborate experi-
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ments which are usually performed during a course of
practical Physical Chemistry are also mentioned for the
sake of completeness ; for full details a book on Practical
Physical Chemistry should be consulted.

In drawing up my lectures, which have developed into
the present book, I have been indebted most largely to
the text-books of my former teachers, Ostwald and
Nernst, more particularly to Ostwald’s A//gemeine Chemie
(2nd Edition, Leipzig, Engelmann) and to Nernst's 7/eo-
retical Chemistry (4th Edition, London, Macmillan).! The
following works, among others, have also been consulted :
Van't Hoff, Lectures on Physical Chemistry ; Arrhenius,
Theories of Chemistry ; Le Blanc, Electrochemistry,; Dan-
neel, Elektrochemie (Sammlung Go&schen); Roozeboom,
Phasenlenre ; Findlay, The Phase Rule ; Mellor, Chemi-
cal Statics and Dynamics; Abegg, Die elektrolytische
Dissociationstheorie. In these books the student will
find fuller treatment of the different branches of the
subject. References to other sources of information on
particular points are given throughout the book.

The importance of a study of original papers can
scarcely be overrated, and I have given references to a
number of easily accessible papers, both in English and
German, some of which should be read even by the
beginner. In the summarising chapter on “ Theories of
Solution” references are given which will enable the
more advanced student to put himself abreast of the pre-
sent state of knowledge in this most interesting subject.

In conclusion, I wish to express my most sincere
thanks te Assistant-Professor A. W. Porter, of University

! The fifth German edition of Nernst's text-book has now appeared.
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College, London, for reading and criticising the sections
on osmotic pressure and allied phenomena, and for valu-
able advice and assistance on many occasions; also
to Dr. H. Sand, of University College, Nottingham, and
Dr. A. Slator, of Burton, for criticising the chapters on
Electromotive Force and on Velocity of Reaction respec-
tively. Lastly, I wish to acknowledge my indebtedness
to my assistant, Mr. T. J. Ward, in the preparation of the
diagrams and for reading the proofs.

G. SENTER

November, 1908
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DEFINITIONS AND UNITS'

In this section the centimetre-gram-second (C.G.S.) system of units
is used throughout, length being measured in centimetres (cms.), mass in
grams, and time in seconds,

Density is mass per unit volume : unit, gram per c.c. (cubic centi-
metre).

Specific Volume (1/density) is volume per unit mass: unit, c.c. per
gram,

Velocity is rate of change of position : unit, cm. per sec. or cm.[sec,

Acceleration is rate of change of velocity : unit, cm. per sec. per sec.
or cm./sec.?,

Momentwm is mass x velocity : unit, gram-cm. per sec.

Force is mass x acceleration (rate of change of momentum). Unit,
the dyne, is that force which is required to produce an acceleration of 1 cm,
per sec. in a mass of 1 gram. As a gram-weight, falling freely, obtains
an acceleration of g80'6 cm. per sec. (owing to the attraction of the
earth) the force represented by the gram-weight = g80'6 dynes at a lati-
tude of 45° and at sea-level.

Energy may be defined as that property of a body which diminishes
when work is done by the body; and its diminution is measured by the
amount of work done.

Work Done is force x distance (the work done by a force is measured
by the product of the force and the distance through which the point of
application moves in the direction of the force). The unit of work

!'The more important constants made use of in physical chemistry
are collected here for convenience of reference.
b xv
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(which is also the unit of energy) is the dyne-centimetre or erg. The
gram-centimetre unit is sometimes used; I gram-centimetre = gB8o'6
ergs; also the joule (= 107 ergs) is frequently used, especially in electrical
work (see below).

Power is rate of doing work, unit, erg per second.

There are six chief forms of energy: (1) mechanical energy, (2)
volume energy, (3) electrical energy, (4) heat, (5) chemical energy, (6)
radiant energy. These forms of energy are mutually convertible, and,
according to the law of conservation of energy, there is a definite and
invariable relationship between the quantity of one kind of energy which
disappears and that which results.

The unit of energy, the erg, has already been defined. It is some-
times convenient to express certain forms of energy in special units, heat,
for example, in calories; in the following paragraphs the equivalents in
ergs of these special units are given.

Volume Energy is often measured in litre-atmospheres. When a
volume, #,, of a gas expands to the volume v, against a constant pressure,
P, say that of the atmosphere, the external work done by the gas (gained)
is p (v — ;). The (average) pressure of the atmosphere on unit area
(x sq. cm.) supports a column of mercury 76 cm. high and 1 sq. cm. in
cross-section. Hence the pressure on 1 sq. cm. = 76 x 13'506 = 1033°3
grams weight (as the density of mercury is 13°596), or 1033'3 x g80'6 =
1,013,200 dynes. As the work done is the product of the constant pres-
sure and the increase of volume, 1 litre-atmosphere (the work done when
the increase in the volume of a certain quantity of a gas is 1 litre or
1000 C.C.) = 1,013,200 X I000 = I,013,200,000 €rgs.

Electrical Energy is the product of electromotive force and quantity
of electricity, and is usually measured in volt-coulombs or joules. The
practical unit of quantity of electricity is the coulomb ; it is that quantity
of electricity which under certain conditions liberates o'co1118 grams of
silver from a solution of silver nitrate. If a coulomb passes through a
conductor in 1 second, the strength of current is 1 ampere; the latter is
therefore the practical unit of strength of current. The practical unit of
resistance is the ohm, which is the resistance at o offered by a column of
mercury 106°3 cm. long and weighing 14°4521 grams. The practical unit
of electromotive force is the volt; when a current of 1 ampere passes in
1 second through a conductor of resistance 1 ohm, the electromotive
force is 1 volt.
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The definitions of the C.G.S. units of electromotive force, current
strength and resistance are to be found in text-books of physics, and
cannot be given here. It can be shown that 1 ohm = 10® C.G.S. units
and 1 ampere = 1/10 C.G.5. unit; hence, by Ohm’s law, 1 volt = 10°
C.G.S. units. Further, 1 volt-coulomb or 1 joule = 10® x 10-! = 107
C.G.S. units or 107 ergs.

Heat Energy is measured in calories. The mean calorie is 1100 of
the amount of heat required to raise 1 gram of water from o to 100® and
does not differ much from the amount of heat required to raise 1 gram of
water from 15° to 16° 1 calorie = 42,650 gram-centimetres = 41,830,000
ergs (the mechanical equivalent of heat) = 4°183 joules. One joule =
02391 calories. There is no special unit for chemical energy; it is
usually measured in volt-coulombs or calories.

The value of R, in the general gas equation (p. 27) for a mol of gas =
84,760 gram-centimetres = 83,150,000 ergs = 1'gg calories approximately,
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CHAPTER 1

FUNDAMENTAL PRINCIPLES OF CHEMISTRY.
THE ATOMIC THEORY

Elements and Compounds—Definite chemical substances
are divided into the two classes of elements and chemical com-

pounds. Boyle, and later Lavoisier, defined an element as a
substance which had not so far been split up into anything
simpler. The substances formed by chemical combination of
two or more elements were termed chemical compounds.
This definition proved to be a very suitable one, and retained
its value even when many of the substances classed as ele-
ments by Lavoisier proved to be complex. In course of
time it came to be recognised that the substances which resisted
further decomposition possessed certain other properties in com-
mon, for example, the so-called atomic heat of solid elements
proved to be approximately 64 (p. 12), and it was found possible
to assign even newly-discovered elements with more or less
certainty to their appropriate positions in the periodic table of
the elements (p. 21). There are, therefore, conclusive reasons,
apart from the fact that they have so far resisted decomposi-
tion, for regarding elements as of a different order from chemical
compounds, and these reasons remain equally valid when full
allowance is made for the remarkable discoveries of the last
few years in this branch of knowledge.
1
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Until lately no case of the transformation of one element into
another was known, but recent work on radium, by Ramsay and
Soddy and others, has shown that this element is continuously
undergoing a series of transformations, one of the final products
of which is the inactive gas helium. It might at first sight be
supposed that the old view of the impossibility of transforming
the elements could be maintained, radium being looked upon
as a chemical compound of helium with another element, but
further consideration shows that this suggestion is not tenable,
as radium fits into the periodic table, and, so far as is known,
possesses all those other properties which have so far been con-
sidered characteristic of elements as distinguished from chemical
compounds.

Evidence i1s gradually accumulating which indicates that the
slow disintegration, with final production of other elements, is
not confined to radium alone, but is shown more particularly
by certain elements of high atomic weight such as uranium and
thorium. It is true that the change is spontaneous, as so far
there 1s no known means of initiating it or even of influencing
its rate, but further progress in this direction is doubtless only
a matter of time. As the phenomenon in question is probably
a general one, it seems desirable to retain the term * element "
to indicate a substance which has a definite position in the
periodic table, and has the other properties usually regarded as
characteristic of elements.

From what has been said, it will be evident that it is difficult
to define an element in a few words, but in practice there will
probably not be much difficulty in drawing the distinction
between elements and compounds. Ostwald ! (1907) defines an
element as a substance which only /ncreases in weight as the
result of a chemical change, and which is stable under any
attainable conditions of temperature and pressure, but in this
definition the question of radio-active substances is left out of
account.

! Prinzipien der Chemie, Leipzig, 1907, p. 266,
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Laws of Chemical Combination—Towards the end of
the eighteenth century, Lavoisier established experimentally
the law of the conservation of mass, which may be expressed
as follows: When a chemical change occurs, the total weight
(or mass) of the reacting substances is equal to the total weight
(or mass) of the products. As the weight 1s proportional to
the mass or quantity of matter, the above law may also be
stated in the form that the total quantity of matter in the uni-
verse is not altered in consequence of chemical (or any other)
changes. It is, of course, impossible to prove the law with
absolute certainty, but the fact that in accurate atomic weight
determinations, no results in contradiction with it have been
obtained shows that it is valid at least within the limits of the
unavoidable experimental error.

The enunciation of the law of the conservation of mass by
Lavoisier, and the extended use of the balance, facilitated the
investigation of the proportions in which elements combine, and
soon afterwards the first law of chemical combination was estab-
lished by the careful experimental investigations of Richter and
Proust. This law is usually expressed as follows :—

A definite compound always contains the same elements in the
same proportions.

The truth of this law was called in question by the famous
French chemist Berthollet. Having observed that chemical
processes are greatly influenced by the relative amounts of
the reacting substances (p. 139), he contended that when, for
example, a chemical compound is formed by the combination
of two elements, the proportion of one of the elements in the
compound will be the greater the more of that element there
is available. This suggestion led to the famous controversy
between Berthollet and Proust (1799-1807), which ended in
the firm establishment of the law of constant proportions. All
subsequent work has shown that the law in question is valid
within the limits of experimental error.

In certain cases, elements unite in more than one proportion
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to form definite chemical compounds. Thus Dalton found by
analysis that two compounds of carbon and hydrogen—methane
and ethylene—contain the elements in the ratios 6 : 2 and 6 : 1
by weight respectively ; in other words, for the same amount of
carbon, the amounts of hydrogen are in the ratio 2 : 1. Similar
simple relations were observed for other compounds, and on
this experimental basis Dalton (1808) formulated the Law of
Multiple Proportions, as follows :—

When two elements unite in more than one proportion, for a
Jixed amount of one element there is a simple ratio befween the
amounts of the other element.

Dalton’s experimental results were not of a high order of
accuracy, but the validity of the law was proved by the
subsequent investigations of Berzelius, Marignac and others.

Finally, there is a third comprehensive law of combination,
which includes the other two as special cases. It has been
found possible to ascribe to each element a definite relative
weight, with which it enters into chemical combination. The
Law of Combining Proportions, which expresses this conception,
1s as follows :(—

Elements combine in the ratio of thetr combining weights, or in
simple multiples of this ratio.

The combining weights are found by analysis of definite com-
pounds containing the elements in question. When the com-
bining weight of hydrogen is taken as unity, the approxi-
mate values for chlorine, oxygen and sulphur are 35's, 8 and
16 respectively. ‘These numbers also represent the ratios in
which the elements displace each other in chemical com-
pounds. Water, for example, contains 8 parts by weight of
oxygen to 1 of hydrogen, and when the former element is dis-
placed by sulphur (forming hydrogen sulphide) the new com-
pound is found to contain 16 parts by weight of the latter
element. 16 parts of sulphur are therefore eguivalent to 8 parts
of oxygen, and the combining weights are therefore often termed
chemical equipalents. The chemical equivalent of an element is
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that quantity of it which combines with, or displaces, one part
(strictly 1008 parts) by weight of hydrogen (¢£ p. 18).

It must be clearly understood that the above generalisations
or laws are purely experimental ; they express in a simple form
the results of the investigations of many chemists on the com-
bining powers of the elements, and are quite independent of
any hypothesis as to the constitution of matter. As they have
been established by experiment, we are certain of their valdity
only within the limits of the unavoidable experimental error,
and cannot say whether they are absolutely true. It is possible
that when the methods of analysis are greatly improved, it will
be possible to detect small variations in the composition of
definite compounds, but up to the present the most careful
investigations, in the course of atomic weight determinations,
have failed to show any deviation from the results to be expected
according to the laws.

Atoms and Molecules—The question now arises as to
whether a theory can be suggested which allows of a convenient
and consistent representation of the laws enunciated above.
The atomic theory, first brought forward in its modern form by
Dalton (1808), answers these requirements, Following out an
idea of the old Greek philosophers, Dalton suggested that
matter is not infinitely divisible by any means at our disposal,
but is made up of extremely small particles termed a/oms ; the
atoms of any one element are identical in all respects and
differ, at least in weight, from those of other elements. By the
association of atoms of differept kinds, chemical compounds
are formed. The laws of chemical combination find a simple
explanation on the atomic theory. Since a chemical compound
1s formed by the association of atoms, each of which has a
definite weight, it must be of invariable composition. Further,
when atoms combine in more than one proportion, for a fixed
amount of atoms of one kind the amount of the other must in-
crease in steps, depending on the relative atomic weight—which
is the law of multiple proportions. It is here assumed that
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the ultimate particles of a compound are formed by the associa-
tion of comparatively few atoms, and this holds in general for
inorganic compounds.  Finally, the law of combining weights
is also seen to be a logical consequence of the atomic theory,
the empirically found combining weights, or chemical equiva-
lents, bearing a simple relation to the (relative) weights of the
atoms (p. 15).

When Dalton brought forward the atomic theory, the number
of facts which it had to account for was comparatively small.
As knowledge has progressed, the atomic theory has proved
capable of extension to represent the new facts, and its applica-
tion has led to many important discoveries. At the present
day, the great majority of chemists consider that the atomic
theory has by no means outgrown its usefulness.

Fact. Generalisation or Natural Law. Hypothesis.
Theory '—Chemistry, like most other sciences, is based on
facts, established by experiment. A few such facts have already
been mentioned, for example, that certain chemical compounds,
which have been investigated with the greatest care, always
contain the same elements in the same proportions. A mere
collection of facts, however, does not constitute a science.
When a certain number of facts have been established, the
chemist proceeds to reason from analogy as to the behaviour of
systems under conditions which have not yet been investigated.
For example, Proust showed by careful analyses that there are
two well-defined oxides of tin, and that the composition of
each is invariable. From the results of these and a few other
investigations, he concluded from analogy that the composition
of all pure chemical compounds is invariable, although of course
very few of them had then been investigated from that point of
view. To proceed in this way is to gemeralise, and the short
statement of the conclusion arrived at is termed a generalisation

1 H. Poincaré, La Science et I'Hypothése, Paris, Flammarion ; Ostwald,
Vorlesungen iber Naturphilosophie, Leipzig, 190o2; Alexander Smith,
General Inorganic Chemistry, London, 1906,
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or Jaw. It will be evident that a law is not in the nature of an
absolute certainty; it comprises the facts experimentally estab-
lished, but also enables us (and herein lies its value) to foretell a
great many things which have not been, dut which if necessary
could be, investigated experimentally. The greater the number
of cases in which a law has been found to hold, the greater is the
confidence in its validity, until finally a law may attain practically
the same standing as a statement of fact. We may confidently
expect that however greatly our views regarding natural pheno-
mena may change, such generalisations as the law of constant
proportions will remain eternally true.

Natural laws can be discovered in two ways: (1) by corre-
lating a number of experimental facts, as just indicated ; (2) by
a speculative method, on the basis of certain Aypotieses as to
the nature of the phenomena in question. The meaning to be at-
tached to the term * hypothesis ” is best illustrated by an example.
In the previous section we have seen that the laws of chemical
combination are accounted for satisfactorily on the view that
matter is made up of extremely small, discrete particles, the
atoms. Such a mechanical representation, which is more or less
inaccessible to experimental proof, is termed a hypothesis A
hypothesis may then be defined as a mental picture of an
unknown, or largely unknown, state of affairs, in terms of some-
thing which is better known. Thus, the state of affairs in
gases, which i1s and will remain unknown to us, 1s represented,
according to the kinetic theory, in terms of an enormous number
of rapidly moving perfectly elastic particles, and on this basis
it is possible, with the help of certain assumptions, to deduce
certain of the laws which are actually followed by gases (p. 25).

There does not appear to be any fundamental distinction in
the use of the terms hypothesis and theory. A theory may be
defined as a hypothesis, many of the deductions from which
have been confirmed by experiment, and which admits of the con-
venient representation of a large number of experimental facts,

There is some difference of opinion as to the value of






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































