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PREFACE

THE first edition of the Kinetics of Chemical Ghange in Gaseous Systems
appeared in 1926, and was at the time a fairly complete monograph of at
least part of the field. The second and third editions-were progressively
larger and less complete. To-day a fourth edition which atter.npted any
kind of comprehensiveness would have to be an encyclopaedic volume of
formidable dimensions. It is no mere taste for paradox which leads one
to doubt whether progress in a subject is reflected only in the increasing
size of the books written about it. Encye¢lopaedias are very valuable
works, but in some ways the ideal would be that successive editions of a
book should get smaller and smaller. A lot depends upon whom the
book is written for, and to cut the Gordian knot I decided instead of
a fourth edition to produce a new book which, without very great detail,
should give as simple and balanced account as possible of the general
principles of chemical kinetics. Tt is, of course, written for any one who
cares to read it, but primarily for those who are interested in the wider
aspects of physical chemistry and who want to know, as serious students
though not as experts, what the general landscape of a particular part
of the country is like. If the treatment is in places impressionistic, I hope
it is so in the better sense which would allow & painting to be not less
true than a photograph. At any rate I believe that the shortcomings
are in the execution rather than in the method.

The examples discussed are no longer drawn exclusively from re-
actions in the gaseous state-——thdugh these predominate. Convenience
rather than abstract justice has dictated their selection, and, indeed,
lest the author index be regarded as a minor temple of fame in which
representation has been granted or withheld with too arbitrary a hand,
I have omitted it. Just as in the third edition of the former book I
included a section which developed the wave mechanics needed in the
later discussions, so in the present book I have included a chapter on
elementary statistical mechanics, in which most of the kinetic and
statistical theory used in the rest of the treatment is specially worked
out for the purpose. This seems worth while for clearness and sim-
plicity, and indeed for abstract uniformity, since kinetic and statistical
theory is the very stuff of which chemical kinetics is made.
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I am indebted to my colleagues and especially Mr. E. J. Bowen,
F.R.8., and Mr. J. H. Wolfenden for help in a number of ways and, as
always, to the Clarendon Press.

The manuscript was ready at the end of July 1939. It might have
been revised in various ways, but went to press as it stood in the

autumn of the same year.
C.N.H.
OXFORD

January 1940
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I
INTRODUCTION

TuaT everything changes is an unescapable fact which from time
immemorial has moved poets, exercised metaphysicians, and excited
the curiosity of natural philosophers. Slow chemical transformations,
pursuing their hidden ways, are responsible for corrosion and decay,
for development, growth, and life. And their inner mechanisms are
mysteries into which it is fascinating to inquire.

A chemical change is a rearrangement of the atoms of which mole-
cules are built up: in other words, a change of pattern. The whole
world is made of patterns of different kinds or orders. The so-called
ultimate particles are arranged in patterns which constitute nuclei and
atoms, and the atoms in their turn in designs of a different order which
constitute molecules. These may aggregate themselves into extended
systems constituting liquids and solids, or remain flying freely in the
state of gas. The pattern formation is the result of interaction between
the units which tends to make them set themselves into groupings with
a minimum of potential energy. The tendency, however, is not un-
opposed. All matter is endowed with motion. Even at the absolute
zero the order established is a compromise between the interaction and
the zero-point energy, and at higher temperatures thermal motions tend
to destroy the groupings. Patterns or groupings of a given kind cease
to exist in appreciable number at temperatures where the average
energy of thermal motion becomes great enough to overcome the inter-
actions which hold them together. Solids melt, liquids vaporize: at high
temperatures molecules are resolved into their atoms, and, at higher
ones still, atoms into their own constituent particles. In a certain
relatively restricted range of temperature molecules are able to exist,
and yet are not so stable as to be incapable of rearrangement when
subjected to disturbance. This is the familiar range in part of which,
by definition almost, we live, and where chemistry is possible.

The rate at which a chemical change takes place is not simply an
affair of the appropriate molecular encounters. The rearrangements
expressed by the equation 2H,+40, == 2H,0 may, according to the
temperature and other conditions, require minutes, days, or years. At
ordinary temperatures they are immeasurably slow. On the other hand,
the formally analogous reaction 2NO-+0, = 2NO, is extremely rapid
at the melting-point of ice.
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If we consider such changes as the slow decomposition of nitrogen
pentoxide, the question arises why the molecules do not decompose all
at once or not at all. The answer must be that the molecules are not
all in the same state. Now all matter is in a condition of chaotic
motion: and the state of motion of individual particles changes accord-
ing to the way in which they collide with or interact with others. The
solution ofthe problem of slow chemical transformations, therefore, is
obviously connected with the details of the kinetic theory.

THE KINETIC THEORY OF GASES

In gases, the kinetic theory gives precise information about the
following matters:

The mean speed of the molecules.

The distribution of the speeds about the most probable value. We
know, for example, what proportion of the molecules have speeds
more than double the mean speed, less than half the mean speed, and
80 on.

The types of motion executed by molecules of different kinds.

The mean free path of the molecules, from which, when the velocity
is known, the number of collisions taking place in unit time may be
calculated.

It will be useful first to deal with these matters in order.

1. The Root Mean Square Velocity.

This is obtained from the well-known expression for the pressure of
a gas pv = ymnau?, where p = pressure, v = volume, m = mass of a
molecule, » = number of molecules in the volume v, and @ = root
mean square velocity.

If v is the molecular volume, n = Avogadro’s number N and
pv = RT; therefore mNu® = RT.
Since o p, U= -:-3]—)

v P

One of the most useful applications of this formula is in the calcula-
tion of the number of molecules striking unit area of a surface in a given
time. This calculation is of importance in connexion with the inter-
a'ction of a gas with a solid substance, or in problems relating to contact
catalysis, where we may require to know how many molecules strike
the solid catalyst in each second. Suppose we have a solid surface of
unit arca exposed to the bombardment of gas molecules. Approxi-
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mately one-sixth of the total number of molecules may be regarded as
moving in the direction of the surface with the average velocity. In
one second all those within distance % could reach and strike the sur-
face, unless turned back by a collision with another molecule, but for
every one so turned back, another, originally leaving the surface, is
sent back to it. Thus the number of molecules striking the surface in
a second is equal to one-sixth of the number contained in & prism of
unit base and height @. This number is }an’, n’ being the number
of molecules in 1 c.c. Thus the mass of gas impinging on the surface
per second is an'm = yap.

A more precise investigation allowing for the unequal speeds of. dif-
ferent molecules shows that the factor } should really be f;. We there-
fore arrive at the result

mass of gas striking an area 4 in one second = fipd.

As an example of the use of this result we may consider Strutt’s
work on the reaction between silver oxide and ozone. The paper in
which this is described* is one of the first in which the importance of
considering chemical reactions from the point of view of molecular
statistics is emphasized.

Silver oxide reacts with and destroys ozone, and the question may
be asked, what fraction of the total number of ozone molecules which
hit the silver oxide is destroyed? Or otherwise, how many times, on
the average, must an ozone molecule hit the solid before it is decom-
posed? The answer to this question was found in the following manner.
If a current of air at low pressure is drawn through a tube where an
electric discharge is taking place, the issuing gas shows a yellowish glow,
the cause of which can be traced to the interaction of nitric oxide and
ozone. The glow is extinguished when the gas is passed through oxidized
silver gauze, and the disappearance of the glow must be due to the
destruction of the ozone, since if more ozone is introduced into the
stream after the silver gauze is passed the glow reappears. Strutt
caused a rapid stream of air at low pressure to pass first through a
discharge tube and then through a piece of oxidized silver gauze, the
total area of which was known. The rate of flow was adjusted until
the glow was just destroyed by the passage of the gas over the gauze,
If v is the actual volume of ozone streaming by in a second, then a mass
pv passes the gauze, and if A is the total area of the gauze, the mass

Proc. Roy. Soc., 1912, A, 87, 302.
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hitting it is fjipA. Thus the ratio of the number of molecules of ozone
striking the gauze to the number passing is

Heud  3ud

T~ T80
Since the experiment is so arranged that all the ozone is just destroyed
in passing, this gives the number of times each molecule strikes the
silver oxide before it is decomposed. The glow was found just to be
extinguished when the rate of streaming was 200 c.c. per second at
a pressure of 3 mm., the total area of the oxidized silver gauze being
0-037 square centimetres,

%= 375X 10%,
RIY: IX 3-75% 104 0-037
Therefore T = 133200 = 16.

Thus there are, on the average, only 1-6 molecular impacts on the solid
for every molecule of ozone decomposed. This shows that practically
every molecule of ozone which strikes the silver oxide is destroyed.

This calculation illustrates the fundamental importance of quanti-
tative investigation of the behaviour of individual molecules in chemical
changes. The application of analogous calculations to problems con-
nected with the passage of gas streams over solid catalysts in technical
processes is obvious.

Langmuir made a number of studies of the interaction of various
gases at low pressures with heated metal filaments;* these illustrate in
a very interesting manner similar principles. The action of oxygen at
pressures below 0-02 millimetre on a heated tungsten wire was among
the examples investigated. The rate at which the oxygen came in
contact with the filament was calculated. This gives the maximum
possible rate of reaction. The ratio of the observed rate of reaction
to this maximum possible rate was found to range from 0-0011 at
1,270° abs. to 0-15 at 2,770° abs. In this case, therefore, only excep-
tional molecules of oxygen are able to react with the wire.

2. The Distribution of Speeds among the Molecules.

As a result of collisions in a gas the speeds of the individual mole-
cules are continually changing. A given molecule may be brought
momentarily almost to rest, or, on the other hand, after several suc-,
cessive collisions of a suitable kind it may acquire a velocity much -
above the average. Theories of chemical change are often concerned

* J. Amer. Chem. Soc., 1913, 35, 105, 931; 1919, al. 167.
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with molecules of exceptionally high energy. The chance that a mole-
cule emerges from the hazards of several successive encounters with
kinetic energy much above the mean is small, and, as the excess of
kinetic energy over the average which it has to acquire increases, so
the chance diminishes very rapidly. The number of molecules out of
a total number IV, the speeds of which lie between ¢ and c-dc, is given
by Maxwell’s law

AN 4 e
7 B 2 Mdc.
N \,w(sz)g

m

The derivation is given on page 26.

A much simpler expression is obtained by considering the distribution
of velocities in two dimensions instead of three. The distribution law
so obtained cannot give numerical results very different from those
yielded by the three-dimensional law, and, as it reduces to a very simple
algebraic form, it is sometimes a convenient approximation to use
instead of the true distribution law.

The proportion of the molecules for which the kinetic energy exceeds
E is accordingly given by

N _ -EIRT

At this stage we will only consider one very important qualitative
deduction, which relates to the effect of temperature on the number
of molecules possessing kinetic energy in excess of some specified value.
It is convenient to make calculations in terms of gram molecules, the
statement that a certain proportion of the molecules have energies
greater than, for example, 30,000 calories per gram molecule meaning
simply that the individuals among them have energies greater than
30,000 divided by Avogadro’s number. At an absolute temperature 7'
the average kinetic energy of translation is $R7T. From the two-
dimensional formula, the proportion of molecules which possess kinetic
energies greater than E is e~F/ET. This is a very small fraction when
E is several times greater than RT. For some fixed value of ¥ the
fraction increases very quickly with increase in 7. Let us consider as
an example what proportion of the molecules of a gas at 1,000° abs.
possess, according to this formula, kinetic energies of translation corre-
sponding to 20,000 calories per gram molecule. The fraction is

20000

0! .
¢ 2¥100 . 0.000045, or 0-0045%.
At an absolute tbmperature of 2,000°, where the average energy of the
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molecules is just doubled, the fraction with energies exceeding 20,000
calories becomes  _ sgg00

e 2%%000 — 0.0067, or 0-67%,.
It appears, therefore, that an increase of temperature just sufficient to
double the average energy causes the proportion of molecules with
gnergies greater than 20,000 calories to increase considerably more than
a hundred times.

The result, that the proportion of molecules with energies of excep-
tionally large value increases with temperature at a very much more
rapid rate than corresponds to the simple linear increase of the mean
energy, is of great importance in connexion with the influence of tem-
perature on the rate of chemical reactions.

8. The Types of Motion executed by the Molecules of a Gas.

Detailed information about the motion of gas molecules is obtained
from the study of specific heats, and to some extent from the study
of absorption spectra.

The total translational energy of an ideal monatomic gas is }Mu?
per gram molecule, where M is the molecular weight, and, since
pv = RT = 4Mu?, the kinetic energy is $R7". The increase of kinetic
energy of translation per degree is therefore 3 R, or 2:97 calories. Since
this agrees exactly with the observed atqgic heat it may be concluded
that monatomic gases possess no energ'?:)ther than kinetic energy of
translation., The atoms therefore are not in rotation.

The principle of the equipartition of energy states that each mechani-
cal degree of freedom possesses the same amount of kinetic energy when
statistical equilibrium is established among a large number of bodies,
such as gas molecules, which are capable of exchanging energy. The
energy associated with the three degrees of freedom of a monatomic
gas is $RT calories per gram molecule, that is to say, 4RT for each
degree of freedom. From the equipartition principle, therefore, it fol-
lows that each degree of freedom of a gas molecule should contribute
3RT calories to the total energy of the gas, and therefore R or
1 calorie to the molecular heat at constant volume.

Diatomic gases such as oxygen, hydrogen, and nitrogen have a mole-
cular heat of 5 calories over a range of several hundred degrees, whence
it is concluded that, in addition to the translational degree of freedom,
they possess two degrees of freedom with respect to rotation. They are
capable, therefore, of rotating about two of the three possible axes of
rotation. The third axis is evidently, from analogy with monatomic
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gases, that joining the centres of gravity of the two atoms constituting
the molecule.

At higher temperatures the molecular heats of diatomic gases rise
above & calories, and since this rise takes place at lower temperatures
with gases like iodine, in which the atoms are loosely bound together,
than with gases like oxygen, in which the binding of the atoms is very
strong, it is inferred that intramolecular vibrations come into, play.

The molecular heat of hydrogen falls at low temperatures from 5 to 3.
This and other variations in specific heats with temperature can only
be interpreted in terms of quantum dynamics, and the subjection of
mechanical processes taking place among gas molecules to quantum
principles must be taken into consideration in theories of chemical
reaction mechanisms.

A detailed discussion of the quantum theory cannot be given here,
but it will be well briefly to illustrate the general nature of its appli-
cation in the kinetic theory of gases.

This may be done by considering the falling off in the specific heat
of hydrogen at low temperatures.

When two molecules collide the rotational energy as well as the
translational energy is, in general, changed by the impact. Molecules
of the hydrogen type should be set in rotation by collision with other
molecules. If we conceive a,,*n‘ge number of hydrogen molecules to
exist at 7'°, momentarily devoid of rotations, and to be in a position
to draw heat from a reservoir also at 7'°, then, momentarily, the kinetic
energy of the gas is § BT per gram molecule. By collisions the kinetio
energy is shared between the degrees of freedom, and the temperature
would drop unless the molecules restored their translational energy to
its original value by impacts upon the walls of the heat reservoir. The
total energy of the gas should therefore reach §R7, and the specific
heat should be §R. But, since the specific heat at low temperatures is
much less than §R, the total energy evidently does not reach jR7.
This is a result of the quantum principle, which states that when a
collision takes place between two molecules the angular momenta of
the molecules can only change by integral multiples of a definite quan-
tum of angular momentum. The transfer of energy which, according
to ordinary dynamical calculations, should occur does not, therefore,
take place at all unless it corresponds to the transfer of at least one
quantum of angular momentum. When this condition is fulfilled energy
corresponding to this quantum is transferred, and any balance is re-
tained. A molecule without rotational energy is not therefore set in

4472 B
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gentle rotation by a gentle impact of a suitable kind. It is incapable
of being set in rotation until it receives an impact of such violence,
and so directed, that the transfer of angular momentum calculated
according to the ordinary dynamical laws reaches a certain critical
value. Thus the contribution it would normally make towards the §RT
is absent.

Analogous considerations apply to the vibrational energy of mole-
cules. At high temperatures the specific heat of diatomic gases rises
above b and approaches a value 7, indicating that the vibration of the
two atoms within the molecule comes into play, and a new degree of
freedom is operative. The kinetic energy of the vibrational degree
of freedom is associated with an equal amount of potential energy,
since, for small amplitudes, the vibration is nearly simple harmoniec.
The absence of vibrations at ordinary temperatures, and their gradual
appearance at higher temperatures among larger and larger proportions
of the molecules of the gas, shows once more the operation of the
quantum principle.

The quantum law assumes different forms for different kinds of
motion. Applied to rotational motions it has the form
n(n-+1)h?
=
where 7 is an integer, I is the moment of inertia, and % is a universal
constant.

Applied to simple harmonic vibrations it becomes

energy =

energy = (n-+ 1)k,
where n is an integer as before and v is the frequency of the simple
harmonic vibration. % is the same constant as before. }hv represents
the zero-point energy: that is, the energy which the oscillator retains
at the absolute zero.

The vibrations of diatomic molecules being approximately simple
harmonic, the quantum law takes the second form, namely, that the
molecule must gain or lose vibrational energy in integral multiples of
hv, where v is the natural frequency of the vibration. Since the fre-
quency of a simple harmonic vibration is given by

restoring force
1 per unit
—_— displacement ,

T mass

it follows that the greater the restoring force, that is, the more tightly
bound the atoms, the greater the frequency, the gfeater therefore the
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quantum, and thus the smaller'the proportion of the molecules which,
at & given temperature, can acquire it. Thus stable molecules like
hydrogen are not set in vibration until high temperatures are reached,
whilst unstable molecules like iodine have a small quantum and begin
to possess vibrational energy at much lower temperatures. Thus iodine,
the instability of which is shown by the very considerable thermal dis-
sociation at 1,000°, has already at ordinary temperatures a specific heat
well above 5. '

The importance of all this in connexion with the theory of chemical
change lies in the fact that molecules are not set in vibration by colli-
sion unless the impact is of a certain critical degree of violence: then
a quantum of energy is taken up.

The study of the absorption and emission spectra of gases confirms
and extends the information about molecular motions provided by the
consideration of specific heats. We will confine ourselves to a statement
of the results having a direct bearing on those aspects of molecular
mechanics which may be important in the consideration of chemical
change. -

{The kind of spectrum known as a band spectrum is that which is
emitted by a molecule and not by an isolated atom or ion.) The bands
are not continuous, but consist of a large number of fine lines, which
are more closely packed together towards the ‘head’ of the band.

Three kinds of phenomenon play their part in the production of these
band spectra: electronic changes within the molecule, vibration of the
atoms in the molecule, and rotation of the molecule as a whole. The
electronic processes give rise to emission or absorption in the visible
and ultra-violet regions, the intra-atomic vibrations to bands in the
short infra-red region at wave-lengths of the order of several u, and
the molecular rotations to bands in the far infra-red at wave-lengths
of the order 1004. |

According to the quantum theory of spectra the emission of each
frequency depends upon a passage of the molecule from a condition of
greater energy to one of smaller energy, or from what is called a higher
energy level to a lower energy level. The energy so set free is converted
by whatever mechanism it is which transmits radiation through space
into waves, the frequency of which is determined by the relation
hv = energy set free by the passage of the emitting system (in this
case the molecule) from the higher to the lower energy level.

"Knowing the value of & (6-55x 10-27 erg-seconds), and the value of
Avogadro’s numbBer, it is possible to calculate the energy changes per
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gram molecule associated with the various emission or absorption pro-
‘cesses occurring within the molecule. Those producing the rotation
bands in the far infra-red correspond to a few hundred calories per
gram molecule, those producing the short infra-red vibration bands to
something of the order of some thousands of calories, and the visible
bands to some tens of thousands of calories, increasing to over a hundred
thousandn the ultra-violet.)

The rotation bands correspond to changes in the number of quanta
of angular momentum possessed by the molecule; these represent the
smallest energy change.

The vibration bands correspond to much larger energy changes.
Since changes in the number of quanta of vibrational energy may be
accompanied by simultaneous changes in rotational quanta, a single
change in the vibrational state of the molecule may give rise to a num-
ber of bands corresponding to various rotational changes. As the energy
changes involved in the rotational jumps are small compared with those
involved in the vibrational jumps, there are produced a number of
nearly equidistant lines, the spacing of which is small compared with
the frequency of the central one. The frequency difference between the
different rotational components of a vibration band gives the energy
corresponding to a quantum of angular momentum. From this the
moment of inertia of the molecule may be found. In the same way
the superposition of vibrational and rotational changes on the electronic
orbital changes produces a fine structure of the bands in the visible
region, from which both the moment of inertia of the molecule and the
frequency of the intramolecular vibrations can, in principle, be cal-
culated.

In this way the study of spectra gives even more detailed information
than the consideration of specific heats. It is found that infra-red
rotation and vibration spectra are only given by those molecules, such
as HCl, which are composed of a negative and a positive portion.
Strictly homo-polar molecules do not absorb in the infra-red, although
the theory of specific heats and the analysis of the visible spectrum
leave no doubt about the existence of molecular rotations and, in such
cases as iodine, of vibrations. We may note, therefore, the important
conclusion that a molecule of homo-polar type, even though it possesses
an appropriate natural frequency, is apparently not stimulated by
radiation to execute either rotations or vibrations. Electronic processes
within it are, however, influenced by radiation of the appropriate
wave-length.
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4. Distribution of Energy among Molecules.

The distribution of speeds given by Maxwell’s law is a special case
of the general law of distribution of energy. This law is derived on
page 20. But it will be convenient to quote it here. If there are a series
of quantized energy states e, e,,..., then the number of molecules N, in

the jth state is given by
Ne-<lkT
ATJ' = Wv ’

where ¢;/kT may be replaced by E,/RT.

For translational speeds in three or in two dimensions the law
assumes the forms already quoted.

To a first approximation the different kinds of energy in a molecule
can be regarded as independent of one another, and all expressed as
a constant times the square of some quantity such as a speed, angular
momentum, displacement, and so on. Thus the three components of
translational velocity are associated with energies Imu®, }mv?, jmw?,
the rotational components with terms of the type }/w?; the potential
energy of a simple harmonic motion is proportional to the square of
a displacement from the equilibrium position, jux®. Each of these is
called a square term. In reality the different kinds of motion of which
a molecule is capable interfere mutually: the moment of inertia, which
determines the rotational energy, is a function of the state of vibration
and so forth. But for many purposes the representation of the energy
as a sum of square terms is legitimate.'

The chance that a molecule possesses a total energy greater than
some amount, K, in n square terms, without reference to how it is
shared among them, will later be shown to be given approximately by
the expression e’EIRT(E/RT)‘""l

T Ua—ni
provided that ¥ is great compared with R7'. This no longer applies
when # is as small as two. In this case a direct derivation gives the

probability as o-EIRT,

The case of two square terms is an important one: it includes

(a) a single vibrational degree of freedom, in which the sum of the
kinetic and potential energies is considered.

(b) A two-dimensional rotation.

(¢) Two degrees of freedom of translation, one belonging to each of
two approaching molecules, i.e. the kinetic energy associated with the
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relative velocity of two molecules along the line of centres. This will
determine the violente of the impact and, therefore, in some circum-
stances, the amount of energy transferred.

important term in all these expressions for the energy distribu-
tion is the exponential. The probability that a molecule possesses
energy, £, considerably in excess of the average, is always small, and
it is proportional to e~E/RT, This exponential expression comes in
throughout physical chemistry, and determines the form of vapour-
pressure equations, the law for the dependence of equilibrium constants
and velocity constants upon temperature, the variation of viscosity
with temperature, and many other relations. It is interesting to inquire
into its physical significance. The following is not in any sense intended
to be a derivation of the formula, which is derived rigidly on page 20,
but an illustration of the inner meaning of the exponential. A molecule
may, in a given collision, gain or lose energy. Let us call one in which
it gains energy, favourable, and one in which it loses energy, unfavour-
able. To accumulate energy much in excess of the average the molecule
may be supposed to need a lucky run of favourable collisions. In a
given collision let the chance of spoiling a favourable run be 1/X. Then
the chance of continuing it will be (1—1/X).

The chance that the run continues for x collisions is therefore

1\ 1\ -~/ XX-X)
(“5@) = ("X”)

Put —X =n.
1\»)-z/X
The chance is {(l —|—;) } .

The expression in brackets is the function which by definition be-
comes e when 7 is increased without limit.

Now z, the length of the necessary favourable series of collisions, will
increase with K, the required accumulation of energy, while X, the
number of collisions which occur before there is an unfavourable one,
will increase with the temperature. Thus x/X will be proportional to
some function like E/RT, and the chance, in the limit where only small
changes occur at each collision so that large numbers are involved, will
be given by the exponential of this ratio:j

(The above argument is intended simply to illustrate the fact that
the exponential term in physico-chemical formulae arises directly from
the form of the expression for the probability of runs of events, and
from the definition of the quantity e itself. ;
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5. The Mean Free Path and the Collision Number.

Knowledge of the number of collisions taking place in unit time
between the molecules of a gas is obviously of great importance in the
consideration of chemical reactions. It is found as follows. e

Let the diameter of a molecule be 0. If we regard o as a value of
the effective diameter rather than a quantity with a strict geometrical
significance, we may regard two molecules as entering inte collision
whenever their centres approach to within a distance o of each other. '

For the calculation of the number of collisions suffered by a given
molecule all the other molecules can be regarded as stationary, and
the given molecule imagined to be moving about among them with
a definite velocity r. This is equal to the mean relative velocity, a
quantity which is easily shown to be 44. If the given molecule is further
assumed to have a radius, instead of a diameter o, all the others may
be regarded as points. In one second the given molecule sweeps out
a cylindrical space of length 4% and cross-section mo?, the volume of
which is §mo%i. In this space $wo%in point molecules will have been
encountered, n being the number of molecules in a cubic centimetre.
The cylinder will not have been straight but zigzag. 4mo%in, therefore,
gives the number of collisions suffered per second by any molecule. But
each molecule undergoes the same process, so that the total number
entering into collision in a second in one cubic centimetre is §woin®.
The number of collisions is exactly half the number of molecules enter-
ing into collision, since two molecules participate in each impact. The
factor 4 requires, moreover, slight correction when allowance is made
for the distribution of velocities in accordance with Maxwell’s law. The
corrected value for the number entering into collision is V2 mo%in?.

The value of o is obtained from viscosity data and has been deter-
mined for a great many gases and is always of the order 10-% cm.

The viscosity is directly connected with the mean free path I. The
number of collisions in unit time is @/l for each molecule, neglecting
the difference between the mean velocity and the root mean square
velocity. Thus % = ~2mo%in. The mean free path is connected with
the viscosity by the relation

n = }pul, p being the density.
Rankine* and others have made numerous accurate measurements of 7
and calculated the molecular diameters from them. For calculating

* o.g. Proc. Roy. Soc., 1910, A, 83, 518; 1910, 84, 181; 1912, 86, 162; 1915, 91, 201.
Phil. Mag., 1915, 29, $562.
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the number of molecules entering into collision in a gas it is therefore
conivenient to use tables of o and the expression v2moZin?.

It might be objected that this formula is based upon assumptions
about the nature of a collision which may not correspond to reality,
and that therefore it cannot be an accurate one. This is not a real
difficulty. The values of o are obtained by use of the formula in ques-
tion, the *number of collisions being found from the mean free path
which, in its turn, is derived directly from the viscosity. Thus the
ordinary method of calculating the collision number from tables of o
for different molecules is in effect a direct calculation from the viscosity,
the introduction of ¢ being merely a convenience but essentially irre-
Jevant. In the theory of viscosity nothing whatever is assumed about
the mechanical nature of a collision, whether, for example, it can be
treated as an elastic impact of smooth spheres, or whether it should
rather be regarded as analogous to the passage of a comet round the sun.

Some of Rankine’s values are given below.

Gas Molecular radius Gas Molecular radius
Chlorine 160X 1078 em. Argon 128X 107® cm.
Bromine 1-71%x 107 Krypton 1:38x 1078
Todine 1-88x 1078 Xenon 1-53x 107®

The question of molecular diameters is also dealt with by Sutherland,
who gives a table of values.*

For collisions between unlike molecules in a mixture of gases the
following formula is found (for derivation see page 35):

number of collisions per c.c. per sec.
1

1 11\}!

~ NN, a§3{8nRT(E +m)}z.

N, and N, are the numbers of molecules of the two kinds per cubic
centimetre, o5 is the mean of the molecular diameters, M, and My

are the respective molecular weights.

Tt is sometimes necessary to calculate the number of collisions suffered
by a molecule during the time that it has undergone a linear displace-
ment z from its original position, z being measured in a straight line,
and taking no account of the zigzag path actually traversed.

Einstein, in a paper dealing with the Brownian movement, shows
that the mean displacement is proportional not to the time, but to the
square root of the time, being given by

@2 = 2Dt,
where ¢ is the time and 1) the coefficient of diffusion.
* Phil. Mag., 1910, 19, 25, 1 Ann. Phys., ‘1905, 17 [IV], 349.
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The coefficient of diffusion of gas molecules can be caloulated from
the kinetic theory: the simplest formula, which, however, is not quite
exact, is due to Meyer.

D= 7)/” = %’al:
whence 2 = galt.

Meyer’s formula is only approximate, but the error introduced by
its use would not affect the order of magnitude of the result:
Smoluchowsky* finds the expression

4
T2 = —all,
3

which only differs from the above by a small numerical factor.
Now let Z be the number of collisions suffered during the displace-
ment Z, then ZI is the total length of the zigzag path. Thus ZI = .
Therefore ot

l

ux nH L)
= 5D (from Einstein’s formula),

72
= :—;—% (from Meyer’s formula for D),

3mi?
or 7 = "
These formulae are useful in calculating the number of collisions suffered
by a molecule in the gas phase before it reaches the wall of the vessel
at a distance x from the original position of the molecule. The difference
in the numerical factor is unimportant in most applications.

When the diffusing molecule is surrounded by a mixture of gases
a more complicated expression for D is required.

(Smoluchowsky’s formula).

Liquids and Solids.

Molecules exert forces upon one another. In the gaseous state the
thermal motion prevents the aggregation of all the molecules into a
coherent mass. In the liquid state this aggregation has occurred. The
characteristic of the solid state is that there is not merely aggregation
but a very high degree of orientation, so that a space lattice with well-
defined properties of symmetry is formed.

The phase changes from gas to liquid and from liquid to solid may
take place at sharply defined temperatures. We will first consider the

* Bull. Intern. Acad. Cracovie, 1906, 202.
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nature of these changes. In a gas the molecules, although moving too
fast to aggregate in a wholesale manner, are not without influence on
one another. .

The potential energy of a given molecule is lower when it is in the
neighbourhood of a second molecule than when it is remote from any
other. By the Boltzmann principle (page 40), therefore, there is a
slightly greater chance of finding certain molecules in incipient aggre-
gates than of finding them all quite randomly spaced. These aggregates,
however, will be temporary and rare. They will increase in size and in
number as the temperature falls, since their probability is determined
by a function of the form e-Y/%7, and we might therefore expect some-
thing like a continuous passage to a liquid, if a new factor did not enter.
The larger an aggregate becomes the greater is its attraction for fresh
molecules, because it contains several attracting centres reinforcing onz
another. But just because it is larger it is also more likely to lose
molecules and disperse. Two factors thus oppose one another: and at
a given temperature either the one or the other must be the greater.
As long as the reversal tendency is called forth more strongly than the
aggregating tendency by a small increase in size an equilibrium is
reached. But as the temperature falls, there comes a point at which
a small increase favours the further aggregation more than it favours
the reversal, and here we have a discontinuity where small aggregates
in equilibrium with single molecules begin to grow indefinitely. This
is the condensation point. The relation of the liquid state to the solid
state is similar, except that here it is a question of the growth of more
completely orientated aggregates. The forces between molecules tend
to arrange them in symmetrical arrays which thermal agitation breaks
up. But by Boltzmann’s principle, small elements of temporary orienta-
tion not only can but must exist in a liquid. When one molecule is
striving to set itself in a symmetrical way in relation to a second, its
efforts are rendered easier if neighbouring molecules already conform
to the regular design. Thus here again there exists a limiting size for
the orientated elements beyond which they will grow steadily rather
than remain in equilibrium. This view of the matter explains the action
of nuclei in facilitating phase changes.

The two problems which concern us from the point of view of chemi-
cal kinetics are those connected with energy distributions and with
encounter rates respectively.

With regard to the first it may be said that the laws applicable to
gases apply also to the condensed phases, although®there may be diffi-
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culty in deciding such problems as whether or not the molecules of
a condensed phase are in rotation.

The problem of encounter rates is much more difficult. In the solid
state there is no translational motion. A certain limited degree of
diffusion may occur but probably by complex mechanisms such as sur-
face migration. A bimolecular reaction of two substances embedded in
a continuous solid phase is practically impossible.

Liquids occupy a position intermediate between solids and gases, and
in some respects must be regarded as resembling the one more closely
and in other respects the other.

Debye especially has stressed the analogies between the liquid and
the solid states,* and shown in particular that there is more regularity
and order in liquids than would be expected if they were to be regarded
simply as very highly compressed gases. This makes the calculation
of the collision rate between molecules of a liquid difficult to define and
almost impossible to calculate. A slightly more tractable problem is
presented by the calculation of the encounters between two molecules
of a solute in an independent substance as solvent. Even this is difficult
enough. It receives a qualitative discussion in the following section.

Collision Rates in Liquid Systems. Solute-solute Collisions.

Two extreme cases present themselves. We may regard a solution
as analogous to a gas on the one hand or to a solid on the other. The
results will be different. Then we must try and see where, in between,
the correct answer is to be found.

We may argue that the collision rate for solute molecules will be
given as regards order of magnitude by the gas formula, since, in the
derivation of this formula given on page 13, the presence of foreign
molecules merely increases the number of bends in the cylinder swept
out by the typical solute molecule, without seriously altering its volume.
This is not true when the bends become too numerous, but we can say
that up to a fairly high concentration of foreign molecules the rate of
encounter of solutes 4 and B will not be affected. The question is at
what concentration this argument breaks down. Starting from the
other extreme, we can say that if 4 and B molecules were embedded
in a solid their collision rate would be zero. The fall to zero may, how-
ever, occur very sharply when the last vestiges of mobility disappear.
Just before this we have the state of affairs where mobility is very
small and the chance of 4’s diffusing a long distance to meet B is

* 7. Elektrochem., 1939, 45, 174.
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very small, but is compensated for by the fact that an 4 molecule
which has just collided with B will be hemmed in and sent back to
collide with it again and again. Now, since in chemical reactions which
we can measure, only one collision in millions leads to transformation,
repeated collisions of the same pair of molecules are just as effective
as collisions between changing partners. The compensation effect will
only begin to fail when the diffusion has become so small or the reaction
velocity is so great that the later members of a series of repeated colli-
gions are useless, because the molecules will have reacted before the
end of the series. In ordinary measurable chemical reactions, then, we
should expect the gas formula to give us the correct order of magnitude,
but to be subject to minor inexactnesses of a rather complicated kind.
One of these will arise from the non-homogeneity of liquids. If half
the liquid froze to solid, the concentration of solute would be doubled
and the collision number quadrupled. If some of the liquid molecules
aggregate into swarms, or develop other structural characters, as we
should expect from Debye’s discussion, the result will be in the same
direction, namely, an increase in collision frequency of solute molecules.
This, however, is not likely to amount to more than one order of
magnitude.

The general ideas outlined above seem to be borne out by the detailed,
though not absolutely assumption-free, calculations of Smoluchowsky
and of Leontovitsch, and by the analysis of Fowler* and Slater. They
are also confirmed in some measure by direct experiments on reaction
velocity. The essentially bimolecular decomposition of chlorine mon-
oxide, the interaction of ozone and chlorine, the ortho-para hydrogen
conversion, and the addition reactions of quinone with dienes have all
been studied both in the gas phase and in solution, and it can certainly
be said that a rather varied selection of reactions proceed, at least in
some solvents, with a velocity which is of the same order of magnitude
as that which they would possess at the corresponding concentration
in the gas phase.

Interesting results may be obtained by the use of a mechanical model
such as that first introduced by Rabinovitsch and Wood.t In such a
model solute and solvent molecules are represented by small balls, for
example, by steel bearings which are agitated in a tray, and the en-
counters made between solutes can be recorded electrically or observed
directly. It is found that as the density of the solvent is increased
from small to large values by the addition of fresh balls to the tray,

* Trans. Faraday Soc., 1938, 34, 81. 1 I;)id., 1937, 33, 1225.
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pairs of solute ‘molecules’ become hemmed in and are caused to make
repeated collisions with each other. But the solvent impedes diffusion
and cuts down the number of collisions which a given solute makes
with fresh partners. The two effects, however, nearly balance, so that
if we count repeated collisions with the same partner on the same basis
as collisions with new partners, the total number remains nearly con-
stant,.

It also appears* that if the solute balls are of a size which does not
allow of convenient close packing with the solvent, then, at high
densities of the latter, they may be squeezed out, as it were, from the
structure of the solvent and make abnormally large numbers of colli-
sions among themselves. This factor may be of some significance in
connexion with reactions which take place in solvents possessing a high
degree of structure in the Debye sense.

* Fairclough and Hinshelwood, J. Chem. Soc., 1939, 593.
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ELEMENTARY STATISTICAL MECHANICS AND THE
THEORY OF CHEMICAL EQUILIBRIA

Introduction.

ELEMENTARY theory tells us that the equilibrium constant of a chemical
change is the ratio of the velocity constants of the two opposing re- '
actions . whose balance determines the final state of the system. There is
thus the possibility that the value of an equilibrium constant may give
us some indirect information about one or both of the velocity con-
stants. Theoretical treatment of equilibrium constants has progressed
much farther than that of velocities. Indeed, it may be said that equili-
brium constants are, in principle, calculable a priori from thermo-
dynamical and statistical laws.

It is the object of this chapter to consider the calculation of equilibria
{rom statistical mechanical principles, and to inquire into the funda-
mental factors which determine the final state of chemical systems.
The calculations will later assume some importance in connexion with
the problerri of reaction velocity itself.

It is so important to be clear about the basis of the calculations that
the essential results of statistical mechanics will be developed ab initio.

Distribution of Molecules among Energy States.

The quantum theory has introduced an enormous simplification into
this problem. We no longer have to deal with continuous ranges of
coordinates, but can specify precisely defined states in each of which
there will be a quite definite number of molecules. In accordance with
the principles of wave mechanics this will apply even to the transla-
tional and position coordinates.

Let there be N molecules and let the possible energy states be such
that there are N, in a state of energy ¢,, N, of €;, N; of €5, and so on.

We do not need at the moment to worry about the nature of the
energy; every possible combination of all possible kinds of energy is
included and constitutes a separate state.

The number of ways in which the N molecules can be assigned to
the various states in the manner specified is given by

N!

W= §yiwio
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The fundamental principle of the whole theory is that the condition
of affairs which is realized most nearly and for most of the time in
nature is that which makes W a maximum. This is because all possi-
bilities are impartially explored in the course of the random molecular
motion and the average is determined by mere frequency.

It is convenient instead of W to consider its logarithm.,

By Stirling’s approximation log N! = Nlog N—N, if N is a large
number.

(Objection to the use of Stirling’s approximation has been made on
the ground that in some of the states the actual numbers of molecules
are not large. This can be met by taking many instantaneous examples
of the whole system and applying the calculations to the sum of the
whole lot.)

We now have_
logW = NlogN—N— 3 N,log N;-+ 3 N, = NlogN— ¥ N,log N,.
Two other conditions must be fulfilled:
Nl‘*‘N2+Ns = N,
N+ Nyep+... = E,

where E is the total energy of the system.
For W to be a maximum subject to the other two conditions we have

3 (1+log N}) 8N, = 0,
> 8N, =0,
S e 6N, = 0.
There is a general method of dealing with such problems of condi-
tioned maxima.

The second equation is multiplied by o and the third by 8 and they
are then added to the first:

> {(14log Ny)+a-+Be;} 3N, = 0.

Since « and B may be assigned any values we please, they may be
chosen so that the coefficients of 8V, and 8N, are zero. Now the values
of 8N, 8N,,... are arbitrary. They represent the numbers transferred
from one state to another in the small variation of conditions under
which, by the conditions of the problem, W is to remain at its maxi-
mum, All possible values of 8Nj, 8N,,... must be equally admissible.
Therefore we take values of 8N, 5Nj,... equal to zero. This leaves us
with every coefficient in the summation already made equal to zero
except that of 8Ny, which, since the sum is zero, must itself vanish.
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Therefore the coefficient of every term must separately be equal to
zero, since the argument applied to that of 8N, applies equally well
to all the others. We thus obtain a series of independent equations of

the form log Ny+-1-+at-Be, = 0,
whence N, = deFe,

where A is a constant, and similarly for N,, N;,....
The value of 4 is found from the condition
SN =N-= ZAe"ﬁ‘l.
Therefore ¥ . Nk
e~re e~re
A = Sefer and N = Sefa a= 7 .
f is & most important quantity known as the partition function. It is
related to the important thermodynamic functions of the system.
Chemical equilibria can be expressed in terms of it in a simple way.

The constant 8 is important. It will prove to be equal to 1/kT, where
T is the absolute temperature on the gas thermometer scale, and k is
the gas constant per molecule (B/N).

The first step is to show that B is the same for different kinds of
molecule and for different kinds of energy. Suppose the preceding
calculation is repeated, not for a single kind of molecule, but for a
mixture of the first kind with another kind having M, molecules in the
first state of energy 7,, M, in the second state of energy 7,, and so on.

The two distributions among the respective states have to occur
simultaneously so that the probability is the product of the separate
probabilities. We therefore have

N! M!

ADTATRAY AV AT

The numbers of each separate kind of molecule are constant:
83N, =0 and 83 M =0,

but, although there can be no interchange of molecules, there can be
an interchange of energy between the two kinds so that there is only

one energy sum S z (N1 €1+M1 771) = 0.

When the maximum problem is worked out as before, it is seen that
the two conditions for constancy in total number of molecules have
each to be multiplied by separate constants o, and o, whereas the
single energy condition is only multiplied by a single constant 8. When
we proceed to show that in the summation of the’terms the separate

W=
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coefficients of 8Ny, 8N,,..., 8M;, 8M,,... are all equal to zero, a series of
equations result which connect N, N,,... with €,, €,,..., and M;, M,,... with
M1 Mg, bub the multiplier B will be the same for both sets.

Further, it follows from the equation N; = Ne-fa/f that the smaller
the B, the greater is the probability that molecules will be in the jth
energy state. In other words, 8 is a constant which defines the distribu-
tion of energy among molecules; it has the same value for different kinds
of molecule and for different kinds of energy, and, the smaller it is, the
greater is the chance that molecules can have energy of a given amount.
It has thus the properties of an inverse temperature. It is therefore
expedient to define a thermodynamic temperature which shall be related
to 8 by the relation 8 = 1/kT, where & is the gas constant per molecule.
In due course we can identify 7' with the ordinary absolute temperature
of the gas scale. In the meantime we can write the distribution law
in the form —e kT

N="",
f

thinking of 7" as measured on a special scale.

Special Forms of the Partition Function

(a) Factorization of the Partition Function.
The partition function has been defined by the relation

f=3ebe

Now the energy of a molecule consists in general of translational, vibra-
tional, and rotational parts. The rotational and vibrational energies
are not really independent, since, for example, the moment of inertia
of the molecule, which determines the rotational energy, varies with
the vibrational state of the structure. Thus the total energy will con-
tain what are called cross terms. These, however, for many purposes
can be neglected and we may write

€ = eptepteg.

There will be separate series of translational, vibrational, and rota-
tional states, and partial partition functions may be defined for each
of these. For example, if the series of rotational and vibrational

states are
€Ry €y ANA  €p, €pn .

then the rotational and vibrational partition functions are
n= SePn and f, =3 eFo.

4072 C
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It is easily shown that the total partition function, when there are
no cross terms in the energy, is simply the product of the separate
functions referring to all the different kinds of energy which the mole-
cule possesses—translational, rotational, and vibrational—each separ-
ate degree of freedom counting independently.

f=frfrfvs
and f itself will be composite, if there are several vibrational degrees
of freedom: _
f V= f Py, f Vv,

This result is immediately obvious if the product of, say, fr and fy is
inspected. fr = ePonteBent...

fr = eBeritePer ..
frfy = e-Ben,e-Bev,f-e~Pen, e-Pev,+e=Pem e~Fev,e~Peme-Fev, .,
= e-Blen+er) fg-Plentey) fe-Blerter) 4 g-Blenter) .

In the final summation the quantities in brackets represent every
combination of every rotational or vibrational state, that is to say,
every possible energy state of the molecule. When these are arranged
in the correct numerical order they constitute the series which was
originally defined simply as €, €,,....

(b) Vibrational States.

For a single series of vibrational states we may put the energy equal
to (n+%)hv, where v is the frequency of vibration. If we measure from
the zero-point energy, the successive energies are nhv, where n is an
integer.

Nw O
Therefore fr= Y emwikT,
n=0
This is & geometmcal progressmn and the sum is given by

fr= 1—e-ikT = GwkT_1°
When v is small, this reduces approzimately to kT [hv.
The number of molecules in the nth and higher states is
N{e-nI;kaT+e—~(n+l)hvlkT+ . }

fr

—-nhvlkT

— Nef {l+e-hvlkT+ }
—nhv(kT

_ N — Ne-nwikr,

Iv
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If nhy = e,

then the number of molecules with energy greater than e, in one vibra-
tional degree of freedom is Ne-ewkT

a result of very frequent application in chemical kinetics.

(¢) Translational States.

According to wave mechanics the translational energies are quan-
tized, but the quantization depends upon the size of the enclosure
containing the molecules. Thus the translational coordinates cannot
be dealt with without simultaneous consideration of the positional
coordinates. Let % be the component of velocity of the molecule along
the x-axis. Suppose the molecules are enclosed in a rectangular vessel,
the length of whose side parallel to the z-axis is /. Then, by the wave-
mechanical condition, the wave-length of the particle is A = h/mu,
where m is the mass, and since, for a stationary state, an integral
number of half wave-lengths must fit into the length 7,, we have

i(nd) =1,

Therefore ﬂ- =1,
2mu
n2h?
2. 20
whence dmu sml3

Thus the translational partition function for one degree of freedom is
z e—tmulkT — 2 e—n‘h'lsml} kT,

Since the energy steps are very small, this summation can be repre-
sented quite closely by the definite integral to which it would reduce
were the steps made vanishingly small.

h
If B = 5 jemim;
the sum becomes -
3 e B = Z——e——g—-—:&%, where on = 1.

This is approximately

¢ A

Bt = .
f e Brldn 3B
0

f= J(@mmkT)1,

Thus 7

for one degree of frgedom.
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For the three translational degrees of freedom we have the product
(2rmkT)tV
h3 )

For a non-rectangular vessel the geometry of the situation becomes
rather complicated, but the final result, involving V, is the same.

The above result is reached without explicit reference to wave
mechanics in the following way. We know that some kind of quantiza-
tion of the translational motion is essential. Otherwise the number of
possible states would be infinitely great, and, from the principle that
the system spends most of its time in a condition near to that which
can be realized in the greatest number of ways, we should have the
result that all the energy would assume the translational form. Given
that some law of quantization is to be found, it is natural to seek that
which introduces the universal quantum constant, %, in the simplest
possible way. If the momentum coordinates of a molecule along the
three axes z, y, and z are p;, p,, and p;, we may define a range of
variation about these values by the product dp, dp,dp,dxdydz. This
product has the same dimensions as %%, dp,dz having the dimensions
of h. The simplest law possible, therefore, is that which declares all
states corresponding to changes of coordinates within the range
dp, dp, dp, dedydz = R to be indistinguishable from a single state. Enu-
meration of the states on this basis and their summation leads to the
same result as that obtained above. It is the dimensional relation of
% to dpdx rather than to dp alone which demands the simultaneous
treatment of position and momentum coordinates.

2rmkT)t
Jr= g—‘—h?,'—)‘lllzls =

(d) Derivation of Maxwell’s Law.

In its best-known form this law expresses the number of molecules
which possess speeds between certain limits independently of the direc-
tions of these speeds. We can, with the aid of the above results, find
an expression for the number of molecules with resultant velocities
between ¢ and c+dc. The first problem is to calculate the number of
states, as defined in the last paragraph, which correspond to speeds
between these limits. The velocity ¢ corresponds to a momentum p.
Let a diagram be constructed in which the three coordinates of momen-
tum of the molecules in a given volume element dxdydz are represented
on three rectangular axes. The points corresponding to & resultant
momentum p lie on a sphere of radius p. Those corresponding to a
momentum between p and p-+dp occupy, therefore, a volume on the
diagram of 4mp?dp. The product of this volume, in the so-called
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momentum space, and of the actual volume element of the gas con-
sidered is 4mp?dpdxdydz. For the whole number of molecules this

product is ampdp X V.

The size of a single state, also possessing the dimensions of a volume
in momentum space times a volume in ordinary space, i8 k3. Therefore
the number of states is