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PREFACE

In the earlier editions of Principles of General Physiology there were several
chapters and parts of chapters which dealt with certain aspects of physical
chemistry. The inclusion of these ‘“‘background” subjects in a book on
physiology was defended, in the Preface to the 2nd edition, in the following
passage: “A word seems requisite with regard to certain discussions
contained in the earlier chapters, especially some of the questions of physi-
cal chemistry. The text-books on the subject do not always give sufficient
treatment of those aspects which are of great importance in physiology.
Original papers must be referred to in order to disinter some particular
fact, and it seemed to me tnat I could save a certain amount of time and
trouble for my fellow-workers. It is true that some of these matters may
not seem to belong to a treatise on ‘General Physiology’, but I know of
no more appropriate name, and as far as I can find out these parts of the
book have been found useful”’. The emphasis given to this aspect of general
physiology—more by the readers, perhaps, than by the author—gave
rise at one time to the danger that “general physiology’’ would be regarded
as the application of physical chemistry to biology, and nothing else. It
is the “nothing else”’ to which objection must be taken: chemistry may
be regarded as an application of certain aspects of atomic and molecular
physics, and physics as an application of mathematics; but this does not
describe the whole contents of these subjects. The study of physical
chemistry should be regarded as an essential foundation on which the
study of living processes is based.

In the Preface to the 2nd edition, again, a number of passages are
quoted from the writings of Claude Bernard (La Science expérimentale),
and concluded by the following words: ‘“The only interpretation that I
can put upon these passages is that the reason why we make an independent
science of physiology is because the laws of physics and chemistry exert
their influence in a specially complex system. At present we are unable to
analyse the workings of this machine to more than a limited extent. We
know, for example, that glucose supplied to a living cell is burnt up and
that the energy set free is used for particular purposes; but how this
happens is as yet beyond our comprehension. Nevertheless, each step in
analysis results in reducing some further stage to simpler laws. When we
obtain an electrical current from a fish, we make use of a more complex
manner of production than that from a galvanic battery, but we are not
justified in saying that the vital production of an electrical current differs
in any more fundamental way from that by a galvanic battery than this
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does from that by a thermopile or a dynamo-machine. From the philo-
sophical point of view, of course, we know neither more nor less of the
essential ‘nature’ of living processes than of those of chemical action or
electricity”. The developments in physiology during the past 40 years
serve only to strengthen this view. There are many aspects of physical
chemistry, moreover, which were not discussed in the earlier editions, but
which have since become of great importance to physiology. Some, indeed,
are new developments, since the 1st edition was prepared. The most
obvious, perhaps, are: the whole concept of activation energy and thekinetics
of chemical reaction, particularly in solution; the theory of strong electro-
lytes and G. N. Lewis’ concept of “activity’’; and the applications of
the quantum theory to photochemical reactions. Although the lack of
suitable text-books has now been largely remedied, it seemed to me, when
undertaking the preparation of a new edition of Principles of General
Physiology that the discussion on physico-chemical subjects should not
be omitted entirely.

With all this in mind, I felt that the important principles of physical
chemistry, and applications which are widespread in all branches of
biology, should be brought together and put into a separate volume. This
may be found convenient, indeed, by those who wish to understand the
physico-chemical background before proceeding to study the principles
of general physiology, treated more particularly in the second volume;
and by those whose interests lie more, perhaps, in other aspects of biology.
Two volumes, moreover, of moderate size, may be less formidable than
a single volume whose very dimensions may be daunting. It must be
confessed, however, that the dividing line between one volume and the
other has been drawn somewhat arbitrarily in many places, and some
duplication has been inevitable. The two parts of the book are now
largely independent; but this is not alone responsible for its character
not being what it was. The times, as well as the author, have changed:
many of those unusual features, and what may, perhaps, be called “frills”,
which were responsible for so much of its personality and charm, have had
regretfully to be omitted.

In the treatment adopted, the reader is assumed to have an elementary
knowledge of physics, chemistry and biology. Many would say that all
students of natural science should have this knowledge: it is essential
that students of physiology should have it. Again, all students of science
should have some familiarity with the appropriate branches of mathematics;
and this, also, is assumed. In the 1st edition (p. 37) reference is made to
“the view taken by some, that the introduction of mathematics into
biological questions is mischievous™. There cannot be many who now
hold quite this view, although there may be some who doubt whether
mathematics is necessary. When students of general physiology and
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- experimental biology are concerned diructly with the applications of

nhysico-chemical principles, the advantages of such knowledge are
obvious enough: the meaning and significance of these principles cannot
be fully appreciated without mathematics. But biological studies of all
kinds are becoming increa...gly quantitative, even when they are not
obviously physico-chemical. Although “it may seem hard to add an
extra burden to the already large equipment necessary for the physiological
investigator”, mathematical treatment of biological investigations is often
valuable. As Arrhenius has pointed out, the expression of experimental
results in a formula, or equation, shows their relation to known laws in
a way which is otherwise very difficult or impossible to attain; one is
then enabled to see, also, whether all the factors have been taken into
account. “A moderate amount of mathematics will probably have to
suffice for most of us, enough to be able” (and willing) “to understand
and use the fundamental equations”. A working knowledge of the principles
and uses of the infinitesimal calculus, for example, and of simple applica-
tions of the laws of probability, is as desirable in a physiologist-as it is’
essential in a physicist. “A word of caution may be allowed. Although an:
equation may express in one line what would require pages of verbal
description, it must not be forgotten that it is, after all, but a kind of
shorthand, and must never be permitted to serve in place of a clear con-
ception of the process itself”. (Ist edition, p. 40.) The experimenter is
always well advised to consider carefully the physical meaning of any
equations that he may encounter—particularly those that he has developed
himself.

I am grateful to the many authors and publishers who have given
permission for reproduction of illustrations which are new to this edition.
A great many of these, and all those which have been retained from the
previous editions, have been re-drawn, so that they should illustrate
more concisely the matters discussed in the text, or that the quality of
reproduction should be improved and a uniform style maintained. I am
indebted, also, to Dr. M. Grace Eggleton, who has not only read the
proofs and made suggestions for improving obscure passages, but also
prepared the index. But the most valuable of all my assistance has come,
whether they knew it or not, from my colleagues and students in the
course of discussion and instruction.

References to some text-books and monographs on physical chemistry,
pure and applied to biological studies, the contents of which are relevant
to many different chapters, are given on p.’viii. 3ome books are suggested,
also, which should be useful to those who wish to start, or continue, studies
on mathematics and statistics.

L. E. BayLiss
University College, London, 1958
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from which it falls and on the quantity of water flowing. A mere trickle,
even from a considerable height, can do little work. The quantity of water
is the capacity factor, and the height above sea level, or velocity is the
intensity factor. In electrical energy, the intensity factor is electromotive
force or potential difference, and the capacity factor is quantity of elec-
tricity or electric charge. In heat energy, the intensity factor is temperature,
but the capacity factor is not quantity of heat, as measured in a calorimeter.
This, although called “quantity” is, in fact, a measure of heat energy.
Since the product of the intensity factor by the capacity factor must give
the amount of heat energy, the capacity factor must be defined as the
quantity of heat, divided by the temperature; this is called “entropy”, and
its nature and properties will be discussed later. Heat energy, as we shall
see, has peculiar properties of considerable importance.

In the sources of power dealt with by the engineer, work is ordinarily
done as a result of a fall in the intensity factor, without change in the
capacity factor. Thus the same amount of water emerges from a hydro-
electric power station as enters it, but at a smaller pressure. But work may
also be performed by a system as a result of a change in the capacity factor,
at a constant value of the intensity factor. This may occur, for example, in
chemical reactions and at interfaces between immiscible substances.

It will be noticed that the intensity factors are what are called “‘strengths”,
whereas the capacity factors are of the nature of spaces or masses; the latter
sum together when combined, the former do not. If a litre of water at 50° be
added to a second litre of water at the same temperature, the energy content
of the mixture will be twice that of a single litre, due to doubling the capacity
factor; the intensity factor, temperature, on the other hand, is not altered.
Similarly, if we have a condenser at a certain electrical potential, and connect
it to another at the same potential, the total charge available will be the sum
of the two separate charges, but the potential will be unaltered.

In all physico-chemical studies, and particularly in those concerned
with the properties of energy, the term “system” will frequently be en-
countered. The word has, indeed, already been used, and could hardly be
avoided without great inconvenience. According to Lewis and Randall:
“Whatever part of the objective world is the subject of thermodynamic
discourse is commonly called a system” (1923, p. 8). Use of the word,
however, is not restricted to thermodynamics. A system is bounded by
walls, or surfaces, which, however, are not necessarily physical entities,
but may be mathematical abstractions; it may—and usually does—contain
matter, but need not; it may be homogeneous, or it may consist of several
different “phases”, each of which is homogeneous and separated from one
another by discontinuities; the matter within it may undergo changes of
state, chemical reactions and so forth.

Any particular system which may be considered will thus have external
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. surroundings; it is defined as “‘isolated” if it cannot exchange either matter
. or energy with its surroundings; as “‘closed” if it can =xchange energy, in
" the form of heat or work, for example, but cannot exchange matter; and as
~ “open” if it can exchange both matter and energy. Each of the phases in a
~ heterogeneous system may, of course, be treated as a system in itself; these
" may be open systems, for example, even though the whole is closed or
" isolated. “Classical” thermodynamics is concerned chiefly with closed
. systems. Open systems are rather more difficult to deal with by thermo-
- dynamical methods, but are of particular interest to the biologist, since all
- living organisms are essentially open svstems.

THE LAWS OF THERMODYNAMICS
OR ENERGETICS /

There are two great laws which define quantitatively the manner in which
energy may change from one form to another. The first law states that
while energy may be of many kinds, kinetic, thermal, chemical, electrical
and so on, which can be converted into one another, there is never any
gain or loss. The first law is thus known as the “Law of Conservation of
Energy”.

The fact that energy can neither be created nor destroyed is a matter
of universal experience: but it could not become so until such phenomena
as light, electricity, and particularly heat, were recognised as forms of
energy mot essentially different from the more obvious and recognisable
form, mechanical energy. The inclusion of heat is of particular importance,
since in practice it is never possible to convert one form of energy into
another without also generating some heat. Although Boyle and Hooke, in
the latter part of the 17th century, had the idea that all forms of energy
(as we now regard them) could be conceived as forms of mechanical
iotion, this was not generally accepted. In the 18th century, heat was
regarded as an “imponderable fluid”, and called “caloric”; electricity and
light were other such fluids. By the close of the 18th century, however,
the idea that any “fluid” could be without weight was already becoming
inconsistent with experimental observation, and unattractive. The in-
vestigations of Count Rumford, moreover, at the end of the century
showed that heat could be generated as a result of the performance of
mechanical work (and not only, therefore, as a result of combustion pro-
cesses) and that there was a quantitative relation between work and heat.
It is of interest, incidentally, that Rumford’s observations and measure-
ments were made during, and as a result of, his concern with the practice
of boring cannon. This quantitative relation, however, and the general
conception of heat as a form of energy, was not firmly and finally estab-
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lished until the work of Joule; and the idea of the conservation of energy
was first expressed by him in a classical paper which appeared ir 1847.
The second law of thermodynamics may be stated in several different
ways; and in none of them is its meaning and significance as simple and
obvious as is that of the first law. As stated in one form, the law defines
limits to the extent to which a given amount of heat energy can be con-
verted into mechanical work. As Nernst (1923) put it: “while external work
and the kinetic energy of moving bodies can be transformed into one
another completely and in many ways, and can also be converted into heat,
as by applying the brakes to a railway train in motion, the reverse change
of heat into work is only possible under certain conditions”. In fact, only
a fraction of the heat available in the engine of the train can ever be con-
verted into useful work for driving it. That heat had this peculiar property
was first realised by Carnot in 1824, but the second law of thermodynamics
was not properly established until the latter half of the 19th century. Study
of the relation between heat and mechanical work led to the development of
“thermodynamics”, as is implied by the meaning of the word; the work.of
Joule, Helmholtz, Clausius and Kelvin being of particular importance:in
this development. Such a study was very relevant during the 19th century,
owing to the development of the steam engine and the application gener-
ally of mechanical power to industrial processes. But just as the first law
applies generallv to all forms of energy and not only to heat and mech-
anical energy, so also can the second law be expressed in a more general
way. As put by Clausius, the second law states that heat will never pass
spontaneously from one object or system to another which is at a higher
temperature—a statement which is supported by universal experience.
But it is equally a matter of common observation that water flows downbhill,
not uphill, for example, and that a motor-car tyre will deflate spontaneously
but will never pump itself up. These, and other similar observations,
suggest and illustrate a very general way of stating the second law of
thermodynamics; “A system will change of itself only if it can do work in
the process.” As thus stated, the law not only covers the facts of common

observation, but may be extended to the less obvious problems of chemical

reactions, and is of great value in predicting whici: reactions will go
spontaneously and which will not.

Since the study of thermodynamics involves all kinds of energy; and
not only those implied in the strict meaning of the word, and its laws are
of universal application, there is suine reason, particularly when we are
studying physical chemistry rather than engineering, for using the word
“energetics”. In the late 19th and early 20th centuries, ‘“‘energetics’” was
commonly used in place of ‘‘thermodynamics™, but it seems now to be
rather out of fashion. To the biologist, the word “thermodynamics” seems
particularly inappropriate. As we shall see, application of the second law

o
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5_ makes it quite certain that living organisms, however they may work,
cannot possibly operate as heat engines.

“FREE” AND “BoUND” ENERGY

The restriction set by the second law to the fraction of the heat energy-
which can be converted into mechanical work, led Helmholtz, in 1882, to
distinguish between ‘‘free energy”” and “bound energy”. Of all the energy
contained in a system, that part which can be converted into other forms
of energy is “free”, and that part which cannot, and is thus of no practical
value, is “bound”. The statement of the second law, given above, can thus
be put into the form: “Free energy always decreases, if it possibly can, but
never increases.” This fact, derived from universal experience, is some-
times known as the Principle of Carnot and Clausius. It does not follow,
of course, that if a process results in a diminution of free energy, it will
invariably occur at a measurable rate. The descent of a heavy object from
the top storey of a house to the bottom is attended by a diminution of free
energy, but it will not occur unless the supporting floors are removed. The
reaction between hydrogen and oxygen involves a diminution of free
energy, but it does not occur at room temperature to a detectable extent
unless started by a spark. The second law does tell us, however, that if all
constraints are removed from the heavy object, it will travel downwards,
not upwards, and that no kind of “triggering” will result in a spontaneous
decomposition of water into hydrogen and oxygen at room temperature.

In practice, it is impossible to convert one form of energy into another
without generating heat (we shall consider this in more détail later); part,
at least, of this heat will be “bound’’, and cannot be converted into other
forms of cnergy. We can thus express the second law in still another form:
“Bound energy always tends to increase, but can never decrease.”’ The term
“bound energy’*is now little used, but the concept of “free energy’”’, and
its distinction from other kinds of energy which a system may contain, is
one of considerable importance; it will be found essential in all our subse-
quent applications of thermodynamics, or energetics, to physico-chemical
problems.

The Condition of Equilibrium. Two systems are said to be in true and
complete (or “thermodynamic”) equilibrium with one another when the
circumstances are such that there is no net transfer of matter or energy
from one to the other, in spite of the fact that there is no constraint on
such a transfer. This does not mean that there is no transfer at all from one
system to the other, but that the rate of transfer in one direction is identica!
with that in the other; in fact, the absence of constraint is shown by the
existence of such a reciprocal transfer. The same definition applies, also,
to the condition that a single system shall be in equilibrium with its

i
]
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surroundings, and to the condition that the various constituents of a
system shall be in equilibrium with one another. It is clear from what has
just been said that two such systems in equilibrium with one another must
possess the same amount of free energy; if they did not, there would be
some change from one to the other. In these circumstances, we can make
a small, or more strictly an infinitesimal, transfer of heat, for example, or
of actual molecules from one of the systems to the other, without affecting
the free energies, or performing any work during the transfer. This is an
important generalisation, and we shall find this definition of a state of
equilibrium being used repeatedly in subsequent chapters.

THERMODYNAMIC PROBABILITY AND ENTROPY

A natural, or spontaneous, change can be described as one which proceeds
from a less to a more probable state. This is, to some extent, a self-evident
statement, but useful deductions can be made from it, if we consider what
are the properties of a state that make it more or less probable.

Suppose we had a completely empty box and inserted a single molecule
into it. If we then divided the box into two equal parts, and examined one
of them, the chance of finding the molecule would be one-half—i.e. if
we made a very large number of such examinations, the number of occa-
sions on which we found the molecule would be the same as the number
on which we failed to find it. If we put two molecules in the box, the
probability that both would be in the same part, according to the laws of
chance, would be § x } or }: and if there were N molecules, the chance
would” be (3)¥. In the circumstances dealt with in ordinary practice,
therefore, where N is very large, it would be extremely improbable to
find all the molecules in one half of the box; and the most probable condi-
tion is that there should be a uniform distribution throughout the box,
i.e. that there should be a maximum degree of what Willard Gibbs has
termed “mixed-up-ness”, but which may also be called “thermodynamic
probability”. This principle is of quite general application. A system of
any kind which is less “mixed-up” in one state than another is also less
“probable”; it will change from the one state to the other if it is allowed to.
Conversely, a system can only be brought into a more “organised” or less
“mixed-up” state if work is performed on it.

Now the thermodynamic probability of a system is also a measure of
its entropy content. The connection between this very general meaning of
the term “entropy” and its particular meaning as a measure of the capacity
factor in heat energy, is not immediately obvious. In a later section, some
particular cases will be discussed in which the connection can easily be
seen. For the moment, we will merely note that according to the kinetic
theory of gases, to be considered later, heat is an expression of the kinetic
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energy of random motion of the molecules; this motion, being random, is
more probable than an ordered, or directed, motion which is capable of
performing external work. If we have a system which possesses free energy,
therefore, it will always tend to change, if allowed to, in such a way as to
increase its randomness, with the production of heat and an increase in
entropy. Once the energy is in this random, more probable, state, it will
not spontaneously re-organise itself into a less probable state; the second
law of thermodynamics may be stated in the form: “Entropy will never
spontaneously decrease.”

REVERSIBLE AND IRREVERSIBLE PROCESSES

The unrestrained flow of energy from a high potential to a low potential,
is an irreversible process: the randomness, and entropy, of the system is
increased, and no alteration of the conditions will reverse the flow unless
an external source of energy is provided. If, on the other hand, the tendency
for the system to change is always opposed to such an extent that the change
is only just permitted, then a very small (infinitesimal in the limit) increase
in the opposition will reverse the change. In such a reversible process
(which, of course, will only proceed at an infinitesimal rate) the flow of
energy is controlied and ordered, and there is no degradation into chaotic
motion; entropy is not increased. It is only by the use of a reversible
process, in conditions such that the system is in thermodynamic equili-
brium, that the free energy of a system can be converted into work, and
measured.

Lewis and Randall (1923) instance as the most nearly reversible process
encountered in practice, the measurement of the E.M.F. of a battery by means
of a potentiometer and sensitive galvanometer. By continually adjusting the
potentiometer so that a just perceptible current flows out of the battery, it
would be possible to make the battery do very nearly the theoretical maximum
amount of electrical work, although it would obviously take a very long time.
If the opposing potential were made too great, no current would flow from
the battery and no work would be done; if there were no opposing potential at
all, no useful work would be done in spite of the fact that a very large current
would flow, since electrical work is measured as the product of the current and
the potential difference. There would probably be a large dissipation of energy
in the resistance of the connecting wires, but this would be in the form of heat,
and the entropy of the system would increase.

THE CONVERSION OF HEAT INTO WORK

We are now in a position to show, simply, how our first statement of the
second law of thermodynamics, which puts restrictions on the conversion
of heat into work, is an inevitable consequence of the other, more general



