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GENERAL PREFACE 

The Cambridge Physical Tracts, out of which this series of 

Monographs has developed, were planned and originally pub¬ 

lished in a period when book production was a fairly rapid process. 

Unfortunately, that is no longer so, and to meet the new situation 

a change of title and a slight change of emphasis have been decided 

on. rile major aim of the series will still be the presentation of the 

results of recent research, but individual volumes will be somewhat 

more substantial, and more comprehensive in scope, than were the 

volumes of the older series. This will be true, in many cases, of new 

editions of the Tracts, as these are republished in the expanded 

series, and it will be true in most cases of the Monographs which 

have been written since the War or are still to be written. 

The aim will be that the series as a whole shall remain repre¬ 

sentative of the entire held of pure physics, but it will occasion no 

surprise if, during the next few years, the subject of nuclear physics 

claims a large share of attention. Only in this way can justice be 

done to the enormous advances in this held of research over the 

War years. 
N. F. 

D. S. 
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AUTHOR’S PREFACE 

Kinetic theory calculations can be carried out exactly when the 

dimensions of the apparatus used are small compared with the 

free path of the molecules in the gas. The discrepancies between 

such calculations and experiments on the exchange of energy be¬ 

tween a metal surface and a gas at a different temperature sug¬ 

gested that the metal surfaces which had been used were all 

covered with adsorbed layers of impurity*. To obtain results which 

would refer to known systems, it was necessary to work with sur¬ 

faces kept free from impurities. This formed the starting-point 

for the experiments initiated by the late J. K. Roberts in 1931. 

These experiments, together with the theory’ so far as it had been 

developed by the end of 1938, were described in a Cambridge 

Physical Tract entitled Some Problems in Adsorption. The series 

of physical tracts were designed to provide interim reports of re¬ 

search work in progress, .and it was intended that they should be 

replaced, as the development of their subject-matter demanded, 

by revised editions which would contain accounts of subsequent 

research. The present monograph is such a revision of Roberts’s 

tract on adsorption. When the original tract was written statistical 

theories had not been developed to describe either the behaviour 

of immobile films (which had been studied by empirical methods) 

or of the effect of dipole-dipole, in addition to van der Waals, 

interactions; nor had account been taken of the continuous varia¬ 

tion of the potential Held provided by the adsorbing surface. In 

considering a revision of the original tract it seemed desirable to 

rewrite it so that these matters could be dealt with adequately. 

To do this it was necessary to discard much of the original text 

and to rearrange the presentation of the remainder to conform to 

the new material which was to be introduced. In the result, about 

half of the present book consists of new material, which is con¬ 

tained mainly in Chapters 2, 3 and 7, with important additions 

also to Chapters 4 and 5. 
A. R. MILLER 

Royal Society Mond Laboratory 

University 0/ (\vnbridge 

21 may 1947 





CHAPTER I 

EXPERIMENTAL METHODS 

ri. General Introduction 

The classical experiments of Langmuir showed that, when a 

clean surface of a solid or a liquid is exposed to an impurity, a 

monomolecular layer of the impurity is often formed on the sur¬ 

face and contaminates it. In the study both of the behaviour of 

surfaces and of surface reactions it is of considerable importance 

to understand the properties of such monomolecular films. 

Furthermore, many properties of surfaces, for example, the inter¬ 

change of energy between a solid surface and a gas,# depend in 

a very noticeable way on the presence of gas atoms or molecules 

adsorbed on the surface. To understand the processes which 

take place at the surface it is necessary to study the properties of 

such films and the physical mechanism by which they are formed. 

It is the purpose of this monograph to consider some of the 

experimental results concerning films of gases and vapours 

adsorbed on solid surfaces and to present the statistical thermo¬ 

dynamical theory in terms of which the properties of these films 

can be described. 

It was first realized by Knudsen (1911, 1915) that, when the rele¬ 

vant dimensions of the apparatus used are small compared with the 

free path of the molecules, calculations based on the kinetic theory 

of gases can be carried out exactly. He performed a number of 

very beautiful experiments which substantiated this view, thus 

making a great advance in the theory, since phenomena occurring 

in the gas phase were completely elucidated by his work. 

In dealing with the exchange of energy between a solid and a gas 

at a different temperature, Knudsen introduced a quantity called 

the accommodation coefficient. It is a measure of the extent to 

which the gas molecules leaving the solid are in thermal equi¬ 

librium with it and is defined in the following way. Gas atoms at 

temperature Tx strike a solid surface which is at temperature jT2 

• This is discussed further Mow. 
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(see fig. i). On leaving the surface, the gas atoms will not in 

general be in equilibrium with it, i.e. they will not be at the 

temperature 7*, but will on the average have energy corresponding 

to a temperature 7^. The accommodation coefficient a is defined 

by the equation T, T 

The details of the measurement of a and the proof that to a first 

approximation it is a constant, will be considered below. For a 

equal to unity the gas molecules leaving the surface are in equi¬ 

librium with it, while for a zero there is no net interchange of 

Fig. i. 

energy between the gas and the solid. Experimental determina¬ 

tions of a for various gases were made by Knudsen and other 

workers. On the basis of suitable simplifying assumptions, Baule 

worked out a classical theory of the collisions of the gas molecules 

with the atoms of the solid. This gave ap expression for the 

accommodation coefficient of a given monatomic gas and a given 

solid which contained no arbitrary constant. The values so calcu¬ 

lated were consistently very much smaller than the measured 

values. Further, while the theory' indicated that the accommoda¬ 

tion coefficient should depend on the ratio of the masses of the 

gas and solid atoms, the experiments showed that for a given gas 

the accommodation coefficient under comparable conditions was 

nearly the same for all the metals tried. 

These two results together suggested that the metals were all 

covered with adsorbed layers of impurity of unknown composi¬ 

tion, so that the application of a physical theory was impossible. 
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To obtain experimental results that would be useful in testing 

any theory, it was essential to work under such conditions that 

the adsorbed layers could be removed and the surface kept free 

from impurities. To carry out experiments under these conditions 

formed the starting-point of the experiments initiated by Roberts 

in 1931. The experiments were extended to a wide range of inter¬ 

actions between gases and solids and to the study of the structure 

and behaviour of adsorbed films of gases built up on a known 

substrate. Their purpose was to obtain experimental data which 

should provide the basis for a physical theory of the interaction 

between gas atoms and solids. It should, perhaps, be noted here 

that there is no need to discuss Baule’s simple classical theory of 

collisions, for it was quickly superseded by a quantal treatment. 

It was essential to obtain experimental results under such con¬ 

ditions that the natures of the gas and solid atoms concerned in 

any interaction were known. There is little difficulty in this as 

far as the gas is concerned, but with the solid special care must 

be taken. In general it is best to work with a metal, so that all 

the atoms are of the same nature. At the beginning of the experi¬ 

ment the metal must be freed from all adsorbed films of im¬ 

purities, and precautions must be taken to remove all adsorbable 

impurities from the gas so that the surface remains clean during 

the course of the experiment. In addition to the fact that the gas 

and solid atoms are known, experiments carried out under such 

conditions have the advantage that the system is a comparatively 

simple one. On the other hand, a surface covered with adsorbed 

films of impurity of unknown structure and composition is a 

highly complicated system, and it would be expected on general 

grounds that results of a much more fundamental character would 

be obtained when working with the simple than with the com¬ 

posite system. 

Apart from this particular application of it, the idea of starting 

with simple systems was essential, for only in this way was it 

possible to build up a detailed picture of what was happening. 

We are concerned with the phenomena which occur when a gas 

atom approaches a solid surface. It may either make a collision 

and rebound, an interchange of energy in general taking place, or 

else it may remain an appreciable time on the surface, i.e. be 
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adsorbed. The behaviour would be expected to be simplest with 

helium, for here the attractive forces between gas atoms and the 

surface are very weak, so that adsorption effects would be prac¬ 

tically absent except at very low temperatures, and collisions with 

the accompanying interchange of energy would alone be involved. 

In his first experiments Roberts studied the interchange of energy 

between helium and a tungsten surface by measuring the accom¬ 

modation coefficient. 

In previous experiments by various workers in which an ordinary 

wire was used, it was found that the accommodation coefficient of 

helium at room temperature was always about 0 3. When such 

Fig. 2. Variation of accommodation coefficient of helium \Mth temperature. 

precautions are taken as are necessary' to ensure that the surface 

of the tungsten is bare there is a striking change, and a value in the 

neighbourhood of 0*05 or 0*06 is obtained (Roberts 193 2 a). Not only 

is the actual magnitude of the accommodation coefficient affected, 

but the nature of its variation with temperature is quite different. 

Soddy and Berry (1911) found for helium with ordinary platinum 

wire a value of 0*28 in the neighbourhood of 20° C. and of 0-36 in 

the neighbourhood of - 185° C. With bare tungsten, on the other 

hand, the temperature variation is shown by the points in fig. 2. 

The general run of these points suggests that the accommodation 

coefficient approaches zero as the absolute zero is approached, 

but no doubt the lowest parts of the curve would not be realized 
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in practice owing to condensation of the helium on the 

surface. 

The following (Roberts 19326) physical picture explains this 

falling off at low temperatures. To begin with, let us regard the solid 

as an assembly of Planck oscillators all of identical frequency v, as in 

Einstein’s original theory of the temperature variation of the specific 

heat of solids. When a gas atom interacts with such an assembly, 

energy transfers can take place only in amounts of nhvy where n can 

have the values o, 1,2, 3, etc. At temperatures at which the mean 

thermal energy is smaller than hv a considerable number of the 

oscillators will be in the ground state. When a gas atom interacts 

with an oscillator in the ground state, the only possible inter¬ 

change of energy is that in which a gas atom gives up energy to 

the oscillator, and the smallest energy that the oscillator can take 

is hv. 'The number of gas atoms that have energy hv to give up 

becomes progressively smaller as the temperature gets lower, and 

thus the proportion of gas atoms which can undergo a change of 

energy on interacting with the solid becomes smaller and smaller 

as the temperature approaches the absolute zero. If the solid is 

not regarded as an assembly of oscillators all having identical 

frequencies but having frequencies distributed over a range from 

o to the above considerations show that at sufficiently low 

temperatures only the lower frequency oscillators will be appre¬ 

ciably affected by collisions with gas atoms. Therefore, fewer and 

fewer oscillators are affected as the temperature falls. As a result, 

the interchange of energv, under comparable conditions, becomes 

less and less efficient. Thus for a small temperature difference 

between solid and gas the accommodation coefficient becomes 

smaller and smaller. 

Devonshire (1937), in one of a series of papers by Lennard-Jones 

and his co-workers, has followed up the work of Jackson, Mott and 

others (Jackson 1932; Jackson and Mott 1932; Jackson and 

Howarth 1933, 1935; I-andau 1935) in developing the detailed 

quantum theory of collisions of gas atoms with solids. 'The efficiency 

of energy interchange between the gas atom and the oscillations 

of the solid depends, among other things, markedly on the masses 

of gas and solid atoms, which are known, and on the law of force 

between the gas atom and the atom of the solid. Devonshire 
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assumed that the potential energy between a gas atom and an 

atom in the surface of the solid when their centres are at a distance z 

apart is given by a Morse function 

10 e~2#c(£~6) - 2 D e-tf*-*). 

This is plotted in fig. 3, in which the meanings of b and of D are 

shown; D is closely related to the heat of adsorption. The third 

constant k determines the rate at which the repulsive potential 

energy increases when the atoms are closer together than b. The 

greater k is, the more sharply does the repulsive potential increase 

and, other things being equal, the greater is the accommodation 

coefficient. For helium, D is small and the curve in fig. 2 is the 

theoretical curve for a one-dimensional model for k~ 2 x io8 and 

D — o multiplied throughout by a roughness factor i o6# to make 

it fit the experimental point at 1950 K. 

As has been mentioned, the behaviour with helium would be 

expected to be simpler than with any other gas because of the 

small value of D (fig. 3). The next gas used was neon, for which 

D is appreciable. This makes the curve showing the variation of 

a with temperature fall off less slowly than it would if I) were zero, 

and Devonshire (1937) has shown that an accurate experimental 

determination of the shape of this curve would make it possible 

to deduce the values of the constants in the Morse function. The 

experiments described here have determined only the relative 

behaviour of helium and neon but have not given the shape of 

the neon curve with sufficient accuracy for the above purpose. 

The important point about the results for neon from the present 

point of view is the very large difference between the accommoda¬ 

tion coefficient for a surface covered with adsorbed films (about 

o*6) and for a clean surface (about 0*07). This suggests that the 

accommodation coefficient of neon is very' sensitive to the presence 

# Actual surfaces arc never absolutely plane. The effect of any roughness is 
to increase the measured accommodation coefficient over that for a smooth 
surface, because a certain number of the gas molecules after making a collision 
with and leaving one part of the surface will strike it again in another place. 
Thus to obtain the accommodation coefficient for a smooth surface, which is 
what is required for comparison with the theory, the measured values at various 
temperatures must all be reduced by dividing by a roughness factor. The value 
of this factor can be determined only by direct observation of the shape and size 
of the irregularities on the surface. For a general discussion of this point see 
Roberts (1930). 



EXPERIMENTAL METHODS 7 

of adsorbed films on the surface, and that therefore it can be used 

satisfactorily as an indicator in studying the adsorption of gases 

on bare tungsten. 

Fig. 3. Potential energy l' of two molecules a distance ^ apart 
showing the meanings of D and b in the Morse function. 

i*2« The Measurement of Accommodation Coefficients 

We need consider only the accommodation coefficients of mon¬ 

atomic gases and are therefore not concerned with any difficulties 

that may arise if the accommodation coefficient for rotational 

energy is not the same as that for translational energy'.* 

Suppose that a fine wire maintained at temperature T2 by an 

electric current is stretched down the centre of a cylindrical glass 

tube at temperature 1\ containing a monatomic gas at such a low 

pressure p dynes cm."2, that the mean free path of the gas atoms 

is long compared with the radius of the tube and that the diameter 

of the wire is small compared with that of the tube. Under these 

conditions any molecule leaving the wire makes many collisions 

with the tube before returning to the wire again, and it may be 

assumed that the molecules striking the wire are at the tempera¬ 

ture I\ of the tube. Suppose there are f(c) dc molecules per cm.3 

with velocities lying between c and c + dc cm. per sec. The 

# For a discussion of this point see Rowley and Bonhoeffer (i933)» 
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number of such molecules of mass m striking unit area of the 

wire per second is \f{c)cdc, and the energy brought up to unit 

area of the wire per second by such molecules is $mf(c)c'sdc. 

The total energy brought up to unit area of the wire per second is 

£w| f(c)czdc. 
J 0 

Since f(c) = ,-V e "«•’:** r, etf 
yj7T\2k I j/ 

where n is the number of atoms per cm.3, the total energy brought 

up to unit area of the wire per second is 

and the total number of molecules striking unit area of the wire 

per second is /kl\A p 

\ 27T//IJ (27TrnkI\yy 

where p dynes cm."2 is the pressure. The expression for the 

energy brought up to unit area of the wire per second may be 

written h 
1 >/e7’ 

(zirmkTi)*" 1’ 

Let nrdc be the number of molecules with velocities between c 

and c -rdc leaving unit area of the wire per second. These mole¬ 

cules are not in thermal equilibrium with the wire at temperature 

To but have mean energy corresponding to a temperature T2. 

Their distribution of velocities will not therefore be exactly 

Maxwellian, but the departure from such a distribution becomes 

smaller as T2 — I\ becomes smaller.* We assume a Maxwellian 

distribution so that n m^2krf2 

The total number of molecules leaving unit area of the wire per 

second is 
dc~A 

2kmz 
nr 

In the steady state the number of molecules leaving unit area of 

the wire per second must equal the number striking it so that 

A***T? p 

hi2 (2 rnnkry 
* For a discussion of this sec Knudsen (1911, 1915). 
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This condition determines the constant A. The energy carried 

away from unit area of the wire per second is 

Am f °° ^ e—1'^ dc = 4A k*T* = ~ 2k n • 
2 Jo m2 (27rm/t7j)* 

The net energy loss in ergs per unit area per second is 

(2rrmkf^2^12~ 1 

where k is measured in ergs. Using equation (i-i), this becomes 

(zJmkftf 7 2 “ 7») ergs per cm-2 per sec-’ 

7 3 x io:1 ap{ 1\ - T,) 

(.1/7',)* 
or ergs per cm.** per sec. 

where M is the molecular weight referred to (>., = 32 and p is the 

pressure in dynes cm. 2. The heat loss q in calories cm. 2 per sec. 

is therefore given by 

4 <*P «/=i-74x 10 - /,f.r-7(7s-7'I). (1-2) 

AH the quantities in this equation except a can be measured 

and thus a is determined. The wire was placed in one arm of a 

Wheatstone bridge, q was obtained by measuring the current 

through the bridge, and the temperature excess of the wire 

T2 - 7\ is found from its resistance. The pressure was measured 

on a Macleod gauge. It must be shown experimentally that the 

value of a obtained does not depend on p or on 7\>— 7\. The fact 

that this last condition is fulfilled establishes the correctness of 

the assumptions on which equation (ri) is based. 

Actually it is not necessary to work at such low pressures that 

the free path / is long compared with the radius of the containing 

tube, but it is sufficient that / should be long compared with the 

diameter of the wire. Molecules leaving the wire travel, on the 

average, a distance / before making a collision and then make 

many collisions with other gas molecules before returning to the 

wire. The passage of the heat from a circle of radius I to the 

outside of the tube may be treated as ordinary gas conduction. 

Simple numerical calculations show that the temperature drop in 

the gas is small compared with the temperature difference between 
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the wire and the gas at a distance / from it.* Thus the molecules 

striking the wire can be taken as being at the temperature 7\ of 

the outer tube. The above theory is the same as that first given 

and tested by Knudsen (1911, 1915). 

In order to be able to measure the accommodation coefficient 

for a bare surface and to study the adsorption of known gases on 

To hydrogen supply Tb Macleod 
ana pump To pump gauge 

Fig. 4. Apparatus for measuring accommodation coefficients. 

such a surface it is necessary to work under carefully controlled 

conditions. The essential parts of the apparatus that were used 

for this purpose are shown in fig. 4. The tungsten wire of diameter 

00066 cm. and about 18 cm. long was contained in the tube A. 

The neon was continuously circulated by a diffusion pump through 

the charcoal tubes B immersed in liquid air to remove from it any 

adsorbable impurities coming from the glass. "There were liquid-air 

• See, for example, Blodgett and Langmuir (1932). 
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traps between the charcoal tubes and the rest of the apparatus and 

two liquid-air traps between the tube containing the wire and the 

Macleod gauge, and the usual precautions necessary for obtaining 

the best vacuum were taken. 

After the neon at a pressure of about o i mm. of mercury had 

circulated for some time, the wire, which had previously been 

thoroughly outgassed, was heated to a temperature well above 

2000° K. so as to remove all adsorbed impurities from its surface. 

It was connected to a Wheatstone bridge and, when it had cooled 

down, a measured current was passed through it sufficient to raise 

its temperature about 200 above that of the oil bath in which the 

containing tube was immersed. "Faking the time of starting the 

experiment as the moment when the flashing current was cut off, 

readings of resistance as a function of the time were taken and the 

pressure was read on the Macleod gauge. After the temperature 

coefficient of resistance for the wire had been determined it was 

possible to deduce from each reading a value of the accommoda¬ 

tion coefficient.* These values are plotted in the first part of the 

curves of fig. 5 which refer to experiments at 295 and 790 K. 

They show a very slow drift with time, presumably due to the 

adsorption on the wire of very small residual traces of impurity in 

the neon. Extrapolation to zero time gives the accommodation 

coefficient for a clean wire.j* At the time indicated by the arrow 

one dose of hydrogen contained between two taps forming a gas 

pipette and sufficient to produce a pressure of about io~4 mm. of 

mercury in the apparatus was admitted so that it had to pass 

through a charcoal tube before reaching the wire. The accommo¬ 

dation coefficient rose rapidly to a final steady value. This indi¬ 

cates adsorption of the hydrogen on the tungsten. The final steady 

value was not affected if very much larger doses of hydrogen were 

admitted, which suggests that a complete monomolecular layer is 

formed even when the hydrogen is present at a partial pressure of 

only io~4 mm. of mercury, and this view is completely confirmed 

by the experiments of a different kind described in the next sec¬ 

tion. To show that the effects observed were not due to the adsorp¬ 

tion of traces of oxygen in the hydrogen, the experiments were 

# For the correction for radiation and end losses see Roberts (193aa). 
t Sec Roberts (i935<i), footnote on p. 447, and Michels (x937)- 
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carried out admitting, instead of hydrogen, the same volume of 

air at the same pressure as the hydrogen. No trace of the pheno¬ 

mena described above was observed; this means that the charcoal 

tubes were able to remove completely this relatively very large 

amount of oxygen. 

Blodgett and Langmuir (1932) had previously measured the 

accommodation coefficient of hydrogen with a tungsten surface. 

Time in minutes 

I;ig. 5. Effect, on the accommodation coefficient of neon, of admitting 
a trace of hydrogen when the tungsten surface is clean. 

Their experiments showed certain changes in the accommodation 

coefficient according to the heat treatment of the wire, and they 

interpreted these as due to changes in an adsorbed film of hydrogen 

on the surface. The present experiments show conclusively that 

their view that a hydrogen film is formed on a bare tungsten 

surface is correct. 

The rapid adsorption of hydrogen on tungsten occurs only when 

the surface of the metal is bare, and earlier workers,* using tung¬ 

sten powder and the usual methods of cleaning such powders, did 

not observe it, from which it must be concluded that these methods 

do not in fact produce a bare metal surface at all. In this connexion 

some results obtained by Burdon (1935, 1940) are of interest. He 

has shown that, when a new surface of mercury is formed in the 

presence of hydrogen at a pressure of 400 mm. of mercury, a 

• For example, Frankcnburger and Hodlcr (1932). For a discussion of the 
earlier work see Roberts (1933a). 
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monomolecular film of the gas is adsorbed on the surface and held 

tenaciously, the rate of loss being inappreciable when the pressure 

is reduced to 2 x io~4 mm. If, on the other hand, the new surface 

is first formed in a vacuum and hydrogen then admitted, no such 

adsorption occurs, presumably because the surface is immediately 

contaminated. It is a striking fact that this rapid adsorption of 

hydrogen occurs on two metals so different as tungsten and mer¬ 

cury provided the proper precautions are taken to expose a bare 

surface to the gas, but that in the absence of the necessary pre¬ 

cautions no appreciable adsorption is observed in either case. 

It is important to investigate as fully as possible the properties 

of the hydrogen film and films of other simple gases on tungsten 

and any other metal that can be cleaned satisfactorily. An under¬ 

standing of these simplest systems is fundamental to our know¬ 

ledge of the nature of adsorption processes in general. 

1*3. The Measurement of the Heat of Adsorption 

The experiments on the accommodation coefficient indicate 

that a complete monomolecular film is formed at a very low pres¬ 

sure of hydrogen. This, and the fact that the adsorption takes 

place rapidly, makes it possible to measure the heat of adsorption 

on a single fine wire. It is, of course, necessary to use a wire or 

fine strip if it is to be cleaned before the hydrogen is admitted 

to it. 

The idea underlying the method was that the wire on which 

the adsorption took place should itself form the calorimeter. 

There is a great advantage in having the heat liberated just where 

it is wanted, and in knowing the apparent area of the surface on 

which adsorption takes place. 'The thermal capacity of the wire 

is known from its diameter and length (in the actual experiment 

these were 0*0066 and 28*2 cm. respectively), and the density and 

specific heat of the material of which it is made are also known. 

If its mean rise of temperature when the adsorption takes place 

can be measured, the total heat given out by the adsorption 

process is obtained. 

The apparatus (Roberts 19350) is shown in fig. 6. The wire was 

contained in a tube W protected from mercury and other vapours by 

liquid-air traps. This tube, and the tube G containing a Pirani gauge, 
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were immersed in a large Dewar vessel filled with oil. The neces¬ 

sary small amount of hydrogen was obtained by expanding one 

charge of the gas pipette P, which was connected to the hydrogen 

reservoir, into a large volume (not shown), and then admitting 

to the part of the apparatus containing the wire the amount of 

this expanded gas contained in the small volume A between the 

two mercury cut-offs. 

To Made od 
and B 

Fig. 6. Apparatus for measuring heat of adsorption of hydrogen. 

The actual experimental procedure in its simplest form was as 

follows: 

(i) The wire was flashed and, when the flashing current was cut 

off, it was connected to a sensitive bridge in which a Paschen 

galvanometer was used. As the wire cooled down the galvano¬ 

meter showed a drift with time. After about 10 minutes this drift 

was sufficiently slow to be easily followed and controlled by alter¬ 

ing one of the other arms of the bridge. When this stage was 

reached the apparatus was cut off from the pumps, the hydrogen 

charge was prepared, and regular readings of the galvanometer 

deflexion and time were taken. The hydrogen in A was then ad¬ 

mitted to the apparatus, and the galvanometer showed a deflexion 

in the direction corresponding to a rise in the temperature of the 

filament as shown in fig. 7. The time of admission, the maximum 

reading, and the time of its occurrence were noted. The deflexion 

of the Pirani gauge was read at the same time. The hydrogen was 



EXPERIMENTAL METHODS 15 

now pumped out, and the deflexion of the Pirani gauge measured 

as a check. 

(ii) The volume A was then refilled so that the pressure in it 

was practically the same as in (i). 'Phis hydrogen was admitted 

to the evacuated apparatus without flashing the wire. The de¬ 

flexion of the Pirani gauge was measured and was greater than for 

the same amount of hydrogen in (i) because there tvas no adsorp- 

Fig. 7. Fffect on heat of adsorption of hydrogen in raising the 
temperature of a bare tungsten filament. 

tion on the unflashed wire. At the same time it was observed, as 

would be expected, that there was practically no deflexion of 

the Paschen galvanometer. The Pirani gauge was calibrated by 

diminishing the bridge sensitivity in a known ratio and comparing 

the gauge directly with a Macleod gauge. 

Provided the volume of the apparatus is known, the readings of 

the Pirani gauge give the amount of gas adsorbed on the wire in 

(i) directly. The volume was determined in the ordinary way by 

expanding air at a few cm. pressure from a measured volume into 

the apparatus, and measuring the pressure change. 

To deduce from the readings the rise in temperature of the fila¬ 

ment, a correction had to be made for the cooling during the time 
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when the deflexion was occurring. This correction, which was 

small and never more than about io°u of the total deflexion, was 

obtained in the usual way by a study of the slope of the tem¬ 

perature-time curve at different points. The change of resistance, 

corresponding to a given deflexion, was obtained by altering by a 

small known amount a large shunt in the opposite arm of the 

bridge, the resistance of which was equal to that of the filament. 

The temperature change was deduced from the temperature co¬ 

efficient of resistance of the tungsten as determined in an inde¬ 

pendent experiment. The heat evolved in the adsorption process 

is given by //wAT, where m is the mass of the wire, 5 the specific 

heat, and AT the rise of temperature. 

The above description gives the principle of an experiment 

which determines the average heat of adsorption when the sur¬ 

face was fully covered at the end of the experiment. "This pro¬ 

cedure was not followed exactly, but the amount of hydrogen 

admitted in one charge of A was made less than was necessary to 

cover the surface completely. When the first charge was admitted 

there was a heating effect, but there was no pressure change 

sufficient to be indicated on the Pirani gauge (that is, it was less 

than 2 or 3 x io~7 mm.). Thus even at these low pressures adsorp¬ 

tion was complete and rapid. Charge after charge was admitted, 

and the heating effect measured each time. Finally, when satura¬ 

tion was reached, the Pirani gauge showed a deflexion, and from 

this it was possible to deduce the amount admitted at each charge 

and so to obtain the variation of the heat of adsorption as the 

surface became progressively more covered. 

1*4. The Amount of Hydrogen Adsorbed on Tungsten 

We shall consider the number of molecules adsorbed and the 

number of tungsten atoms in the surface. It has been usual, 

following Langmuir (1932), to assume that with aged tungsten the 

no plane is the important one in the surface, but R. P. Johnson 

(1938) has shown that this is not necessarily correct and that the 100 

plane must also be considered. Tungsten is a body-centred cubic 

lattice, and the arrangements of the atoms in these two planes are 

shown in fig. 8. The numbers of atoms per cm.2 are 14*24 x 1014 

for the no plane and 10-07 x ,oU f°r *he 100 plane. During 
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the flashing of the filament used in the experiment described in 

the preceding section, short lengths at the ends would be below 

2000° K. These would not be completely freed from any adsorbed 

oxygen and were therefore not available for the adsorption of 

hydrogen. Allowing for this the effective apparent superficial area of 

the filament was 0*55 cm.2. Thus, if the wire were smooth, the 

number of tungsten atoms in the surface would be 7-8 x io14 for 

the no plane and 5-5 x io14 for the 100 plane. If the surface is 

not smooth, these numbers must be multiplied by a factor p which 

greater than unity. 

• • • • • • • • 

• • • 

• • • • • • • • 

• • • 

f 
a 

# • • • • • • 

• • • 

-aSl • • • a—• • 
llOplane lOOplane 

Fig. 8. Arrangement of atoms in the surface planes of tungsten. 
<1 yi$ x 10 h cm. 

'The total numbers of molecules adsorbed in fi\e independent 

experiments were respectively 4*2, 4-4. 4*3, 3*3 and 3*8 xio14 

respectively. We take the largest 4-4 x io14 as being nearest to the 

correct value and assume that the lower values are due to slight 

contamination of the wire before the hydrogen was admitted. 

We compare this with what would be expected for different types of 

adsorbed film on an area of 0*55 cm.2. We shall consider three types: 

(a) If the hydrogen were adsorbed as undissociated molecules 

with one molecule for each tungsten atom, the total number of 

molecules adsorbed would be p x 7-8 x io14 for the 110 plane and 

p x 5-5 x io14 for the 100 plane. 

(b) If the hydrogen were adsorbed as undissociated molecules, 

and if the occupation of a given site made it impossible for any of 

the four neighbouring sites to be occupied, the number of mole¬ 

cules adsorbed would be px 3-9 xio14 for the no plane and 

p x 2*75 x io14 for the 100 plane. 
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(r) If the hydrogen were dissociated on adsorption, and if there 

were one atom for each tungsten atom in the surface, the number 

bf adsorbed molecules would be p x 3*9 x 1014 for the no plane 

and p x 2*75 x 1014 for the 100 plane. 

A reasonable value of p can be taken as somewhere between 

1 and 2. Thus for either type of surface plane both (b) and (c) are 

in accord with the experimentally determined number of adsorbed 

molecules. It should be mentioned here that we shall see in 

§§ 4-1 and 6-3 that the numbers in (b) should be reduced by about 

20% and those in (r) by about 8%. 

It is usually assumed that hydrogen adsorbed on metals is 

either held by van der Waals forces in the molecular form or else 

dissociated and the two atoms held separately by chemical forces, and 

Lennard-Jones (1932) has considered this point of view in detail. 

The high heat of adsorption discussed in the next section and the 

stability of the film show that here we have to do with chemi- 

sorption, and we shall assume as a working hypothesis that it is 

(c) or adsorption with dissociation that occurs. The possibility of 

(A), i.e. the chemisorption of undissociated molecules, cannot be 

excluded by these experimental results, but its occurrence is un¬ 

likely. This process will be discussed in Chapter 6. One of the 

main objects of future work must be to decide whether (A) or (c) 

is the actual process, particularly for other gases. 

In connexion with (c) it can be seen from fig. 8 that, for both 

the no and the 100 planes, each site for adsorption has four 

nearest neighbours, and that no two neighbours of a given site are 

neighbours of each other. The importance of this will be seen in §23. 

1*5. The Variation of Heat of Adsorption of Hydrogen on 
Tungsten with the Fraction of Surface Covered 

We assume that in the final film 4-4 xio14 molecules are 

adsorbed and that variations in the amount adsorbed in different 

experiments are due to slight initial contamination of the wire. 

In fig. 9 the measured values of the heat of adsorption are plotted 

against the ratio of nf1 the number of filled places, to 8*8 x iou 

for the five different experiments, a different sign being used for 

each experiment. The relative values of the heats for the succes¬ 

sive admissions in a particular experiment can be fixed with a 
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much higher accuracy than the absolute values which are used in 

comparing different experiments. The results indicate a relation 

between heat of adsorption and amount adsorbed, which is nearly 

linear. 

Hr. Relation between heat of adsorption and amount adsorbed, takinR the 
mean number of occupied sites in the complete film to be 8-8 a i o!‘. The 
lull line is the theoretical curve calculated (§2'6) for an immobile film in which 
each particle occupies two closest nciRhbour sites. 

A consideration of the results collected in iig. 9 indicates im¬ 

mediately the theoretical developments that are necessary to make 

a full interpretation possible. It cannot be supposed that the 

large and regular change in the heat of adsorption as the surface 

becomes covered is, for a smooth wire surface, due to variations in 

the activity of different parts. There must therefore be strong 

repulsive forces between the adsorbed particles, and to understand 

the phenomena involved it is necessary to develop the theory of 

adsorption when such repulsive forces are taken into account. We 

shall discuss this problem in the next chapter. 



CHAPTER 2 

THE THEORY OF HEAT OF ADSORPTION 

WITH INTERACTION BETWEEN 

ADSORBED PARTICLES 

2*i. Langmuir’s Theory of Adsorption on Definite Sites 

A fundamental advance in the theory of adsorption was made when 

Langmuir (1912, 1915, 1926) introduced the idea that, owing to the 

regular arrangement of the atoms in the surface of a solid, the force 

acting on a gas atom near the surface would not depend only on the 

distance of the gas atom from the surface, hut would vary over 

the surface so as to be much stronger at some points than at 

others. He proposed that the effect of this could be taken into 

account by assuming that there is a definite number, denoted by 

n3s of sites per unit area of solid surface on which adsorption of 

gas atoms or molecules can take place, and that, when these sites 

are all occupied, the force acting on a molecule approaching the 

surface is so small that no further adsorption occurs. (‘alculations by 

Lennard-Jones of the potential field near a solid surface (1928,1932) 

indicate that such a picture is reasonable. Its correctness has been 

shown more recently by Tompkins and Crawford (194S). In experi¬ 

ments on the adsorption of polar and non-polar gases on barium 

fluoride cry stals it has been found that the amount of gas adsorbed 

in a monolayer is independent of the particular gas adsorbed. In 

fact, even though the cross-sectional areas of nitrous oxide and 

ammonia molecules differ by 50"0, the same amount of each was 

adsorbed in a complete monolayer. Thus the number of molecules 

adsorbed in a monolayer depends not on the size of the adsorbed 

molecules, which do not form a close-packed structure on the 

surface, but on the sites for adsorption defined by the potential 

field provided by the solid surface. 

Wc suppose that each gas molecule that is adsorbed occupies 

one site, and it is convenient as an introduction to our problem 

to consider the simplest application of this idea to the deduction 

of the Langmuir adsorption isotherm in which the effects of forces 
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between adsorbed particles are neglected. Let a fraction d of the 

sites be occupied when equilibrium is established with a gas at 

pressure p dynes cm. 2 and temperature T° K. The number of 

molecules striking unit area of the solid per second is p(27rmkT)K 
If the condensation coefficient, that is, the fraction of those 

molecules striking vacant sites which condense, be denoted by a, 

then the number condensing on unit area per second is 

a(i —6) p(2nmkT)~l, 

where 6 is the fraction of the sites that are occupied. If we assume 

that there is no interaction between adsorbed particles, the number 

evaporating per second is proportional to the number present, i.e. 

to 0, and is put equal to AO per unit area, where A is a function of 

the temperature. For equilibrium the rates of condensation and of 

evaporation are equal. 'Thus 

,!„=«?• <2"> 

where H is a function of the temperature. 'This is the Langmuir 

adsorption isotherm. 

2*2. Mobile and Immobile Adsorbed Films 

When we begin to formulate the theory of the heat of adsorp¬ 

tion, taking into account the effects of the interactions between 

adsorbed particles, it is at once evident that there will be a pro¬ 

found difference between the behaviour of mobile and immobile 

films, and it will be shown that the results plotted in fig. 9 are 

inconsistent with what would be expected of a mobile film but 

are in accord with what would be expected of an immobile one.* 

By a mobile film is meant one in which the energy of activation 

necessary to enable an adsorbed particle to move from a given 

site to a neighbouring vacant site is much less than kl\ so that 

the particles move freely from one site to another. This free 

movement enables the film to take up equilibrium configurations 

• Some authors appear to attempt to contrast 4 localized ’ with ‘mobile’. 
Since, however, for an array of localized sites, adsorbed hints of the two types 
specified here can be distinguished, it is preferable to use the word ‘localized* 
to describe the array of sites and the contrasting words ‘mobile’ and ‘immobile’ 

to describe the types of film that can be adsorbed on an array of localized sites. 
Any other usage appears to be unnecessarily confusing (see.Miller 1947). 
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during the occurrence of any process. Thus for a mobile film we 

assume that at each instant the particles on the surface may be 

treated as having an equilibrium Boltzmann distribution under 

the influence of the forces between them. 

For an immobile film, on the other hand, we suppose that the 

energy of activation necessary to enable a particle to move from 

one site to another is so much greater than kT that, for the times 

with which we are concerned in any given experimental investiga¬ 

tion, the particles may be treated as remaining fixed on the sites 

on which they are first adsorbed. For such a film the distribution 

at any instant will not necessarily be an equilibrium distribution.* 

These two extreme cases can be dealt with theoretically. The 

methods of statistical mechanics can be applied to the equilibrium 

distribution in the mobile film and to some problems for the im¬ 

mobile film. Intermediate cases undoubtedly occur in which the 

particles can move from site to site but in which there is an 

appreciable time lag in setting up the equilibrium distribution if 

this is disturbed in any way. 

The following simple physical considerations illustrate how the 

behaviour of mobile and immobile films may be different. Con¬ 

sider the simplest case of all, the formation of a film in which 

there is repulsive interaction between adsorbed particles and in 

which each adsorbed molecule occupies one site on the surface. 

We suppose that the interaction is appreciable only between par¬ 

ticles adsorbed on neighbouring sites, and that adsorption occurs 

on the simple quadratic lattice of sites formed by the intersections 

of the lines in fig. io. The adsorbed particles arc represented by 

the black dots, and it will be seen that, with the arrangement 

represented, half the sites are occupied and no two neighbouring 

sites are occupied, i.e. 0 = 0-5 and the interaction energy is zero. 

This is the state of lowest energy for 0 = 0-5 and, if the film is 

mobile, the mutual repulsive forces between the adsorbed par¬ 

ticles will tend to make them arrange themselves in this state of 

• It should be mentioned here that, apart from mobility of the adsorbed 
particles, evaporation and condensation will set up an equilibrium distribution 
of particles on the surface. In general, however, the temperature at which free 
mobility sets in will be lower than that at which appreciable evaporation occurs, 
so that the assumption that mobility is negligible implies the assumption that 
evaporation is also negligible. 
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lowest energy, but in accordance with Boltzmann’s law the thermal 

motion of the particles will cause a configuration of higher energy 

to be taken up. If we neglect the effect of the thermal motion and 

assume that the system is always in the state of lowest energy, 

the heat of adsorption will remain constant at, say, q0 calories per 

particle adsorbed up to 0 = 0-5. It will then fall and remain con¬ 

stant at q0—4F from 0 = 0-5 to 0= 1, where V is the interaction 

energy between two particles adsorbed on neighbouring sites. If the 

Fig. 10. State of lowest energy for adsorbed film on quadratic lattice 
with repulsion between particles adsorbed on neighbouring sites. 

heat is plotted against 0 the curve will have a sharp step at 0 = 0-5 (see 

curve (a), fig. 11). The only effect of the Boltzmann distribution 

will be to round off the sharp comers as shown in the other 

curves in fig. 11. 

For the immobile film, on the other hand, if we assume that the 

probability that a molecule condenses when it strikes a vacant site 

is independent of the state of occupation of neighbouring sites, 

the distribution of the particles on the surface will be random, 

and the average number of occupied sites around any vacant site 

on which adsorption takes place will be strictly proportional to 0. 

Thus the heat of adsorption will be accurately a linear function of 

0, changing from q0 at 0=o to q0 - 4 V at 0 = 1. Other illustrations 

will be given later. 
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2*3* The Equilibrium Distribution of Particles on the 
Surface in a Mobile Film 

In order to determine how the heat of adsorption varies as more 

and more of the sites on the surface become occupied, it is neces¬ 

sary to know how the energy of the adsorbed film varies with 0. 

That is, if the interaction energy is appreciable only between 

particles adsorbed on neighbouring sites, it is necessary to know, 

for a given value of 0, the average number of pairs of interacting 

particles on the surface. The method of solving such problems, 

which we shall now discuss, is based on that first given by Peierls 

(1936) in connexion with a development of some work by Fowler 

(1936) on critical condensation conditions when there are attractive 

forces between adsorbed particles. 

We shall suppose that there is one layer of i\8 possible sites for 

adsorption arranged in a regular array in such a way that each 

site has z nearest neighbours, and that there is an interaction 

energy V for each pair of neighbouring adsorbed atoms, V being 

positive if the force between the particles is repulsive. For par¬ 

ticles not adsorbed on neighbouring sites we assume that the 

interaction energy is negligible. This assumption is justified for 

all forces except dipole forces, which are discussed in Chapter 7. 

Let there be 9N8 occupied sites in all, and let us consider 

various arrangements of these occupied sites. If, in any given 

arrangement, X pairs of neighbouring sites are occupied, the 

relative probability of such an arrangement is, by Boltzmann’s 

where 77 is defined by r)~e vtkT. (2-3) 

We select a group of sites consisting of site o, which we call 

the central site, and sites 1 to z, its z neighbours, which we 

call the first shell, and we define a set of numbers 0O, 0,, .... 0, 

which are 1 or o according to whether the corresponding sites are 

occupied or unoccupied. 

# This is true only if we assume that the vibrational partition function 
v£T) for an adsorbed particle is not affected by the state of occupation of 
neighbouring sites. We make this assumption throughout. A full examination 
of its validity is important, and a first step in this direction has been made by 
Rushbrooke (1938) for the case in which there are attractive forces between 
adsorbed particles. 
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The problem is to determine the relative probability that, for 

a given value of 0, the parameters 0O, •••» 0Z shall have an 

assigned set of values. Consider the Ar,— z — 1 outer sites sepa¬ 

rately. When #o+ + ••• + ft* changes, the number of particles 

on the outer sites is also altered, and this affects both the inter¬ 

action energy of the particles on the outer sites and the number of 

ways of arranging them. When all the 0N8-M particles are 

adsorbed on the outer sites let the average total interaction energy 

be E0. Further, let the average interaction energy per particle 

adsorbed on first shell sites between them and the outer sites be 

Vx(0). For the assigned set of values of 0Of 0V ..., 6Z let there 

be x pairs of closest neighbour sites occupied amongst the selected 

group. Then the average interaction energy for a fixed value of 0 
and the assigned set of values of 0O, 0l9 ..., 0Z is 

xV + (0, +... + et) l\(0) + Eo-(0o + 6i + ... + 0e)Me. (2.4) 

For a given value of 0 the relative probability of this assigned set 

of values of 0O, 0„ ..., 6. is 

(2-5) 

This can be written (2-6) 

where t has been written for ££ and 

t«exp{- VMikT), f-cxp{^/*r). (2-7) 

In effect, this method of attack is equivalent to the approximation 

used by Bethe (1935) in the theory of order-disorder phenomena 

in alloys. Some discussion of the nature of the approximation and 

an indication that expression (2 6) does give the correct form for 

the relative probability can be found in an analysis of the Bethe 

approximation which has been given by Guggenheim (1938). By 

writing down all the possible combinations of values of 0O, 0lt, 6. 
and using (2-6) to give the relative probability of each, we can 

obtain an expression in terms of « for the probability of finding 

one of the first shell sites, say site 1, occupied. Since every site 

must be an average site this average value must be equal to 0. 
This condition fixes the value of e. 

We shall carry out the detailed calculations for the case in 

which no two neighbours of a given site are neighbours of each 
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other. Practically, this restricts the application of the results to 

2 = 2, i.e. to linear chains which are of trivial importance, and to 

2 = 4, which, as has been pointed out in § 1*4, is the application 

we require. The importance of this restriction is that with it 

* = ^0(^1 + • • • + 0#)> (2*8) 

and we obtain simple algebraical expressions for all our quantities 

instead of having to tabulate the results and use numerical 

methods. Using (2-8) in (2-6), the relative probability of a given 

set of values of 0O, ..., 0, becomes 

(2*9) 

We now determine t by calculating the average occupation of 

site 1. If 0O = o, the average value of t)l is given by 

the sums* being for all combinations of values of 02, ..., 04; 

that is, the average value of 0t is given by 

«/(> + f)- 

Similarly, if 0O = 1, the average value of 0, is 

1«/(* + 1?*)* 

Taking the two results together, the overall average value of dv is 

(1 — d) -I-+ 0-35-. 
' I -f € I +r)€ 

This must be equal to 0 and, therefore, 

l -0 I + € 
(2-IO) 

For a given value of >7 (i.e. of V/kT) this equation enables us to 

obtain e as a function of 0 and gives us all the results we require 

for the calculation of heats of adsorption. 

Let us consider some examples of the application of these 

results. If 17 = 4x10“*, which (see § 2-6) corresponds approxi¬ 

mately to e~y kT at 700° K. for a film of hydrogen if it is atomic, 

we obtain from equation (2-10) that, at 0 = 0*4, €=1-67, and, at 

0=o*6, c= 15. If at 0=0*4 the central site is occupied, the prob¬ 

ability that site 1 is occupied is ij«/(i +ij«) or 0*062; if the system 

• „ aC,+,C,«+,C, «*+... + ,C,«* - (1 + «)*. 
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were in the state of lowest energy discussed in § 2*2, this prob¬ 

ability would be zero, while for a random distribution (i.e. no 

interaction between adsorbed particles) it would be 0*4. If at 

0 = o-6 the central site is vacant, the probability that site 1 is 

vacant is 1/(1-fc) or 0 063; if the system were in the state of 

lowest energy, this probability would be zero, while for a random 

distribution it would be 0-4. 

Although we do not need it at present, it is convenient to con¬ 

sider here the determination of £. To do this we calculate the 

average value of 0O. This is 

the sums as before being taken for all possible combinations of 

values of 0„ 0Z. The average value of O0 must also be equal 

to 0, and we have therefore 

t(i +V)* + (i + «j* 

Dividing this by (2* 10) we obtain 

(2-II) 

(2-12) 

After € has been determined as a function of 6 from (2-10), equa¬ 

tion (2-12) enables us to determine £ as a function of d. 

2*4. The Variation of Heat of Adsorption with Fraction of 
Sites occupied for Simple Adsorption into a Mobile 
Film 

The application of these results in connexion with heats of 

adsorption has been given by Wang (1937). The simplest is to a 

system in which each adsorbed particle occupies one site and 

there is no dissociation. The heat of adsorption per molecule q is 

the decrease in the energy of the system when one molecule is 

adsorbed, and is given by 
du 

9~u d(N.ey (2>3) 
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where u is the energy of a molecule in the gas phase and U the 

total energy of the molecules in the adsorbed film. N,d is, of 

course, the total number of adsorbed molecules. U is given by 

U=U0 + XV, (2-14) 

where l 0 is the energy ofjthc adsorbed molecules apart from the 

effect of interactions and X is the average number of interacting 

pairs of molecules for a given value of 6. X is equal to \sN,d 

Fig. ii. Variation of heat of adsorption with fraction of surface covered. 
Curve (a) ij=e'r'*r=o; (6) q = yb * io-3; (f) I-8 2 x i<rJ; (d) 9=0-368; 
(e) if = 1. The scale on the left is for the heat of adsorption q when there is no 
dissociation, and that on the right is the heat of adsorption for the case in 
which a diatomic molecule dissociates on adsorption. The subscript o 
refers to and V is the interaction energy between particles adsorbed 
on neighbouring sites. The calculations arc for 2 -4, 

times the average value of 61 when 0o=i, the factor one-half 

being introduced so that each pair shall be reckoned once only. 

rhat 18 X-hzN„6{ 7je/(i +??<)}. 

Using (2-10) this becomes 

Using (2’i5) in (2*13) and (2*14), we obtain 

zV 2L {1-4(1 -v)0\i-W 
(2-16) 
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where q0 is the heat of adsorption of a molecule on a bare surface, 

i.e. it is the heat of adsorption when 0 = o. 

Values of {q — qo)IV for z = 4 and for various values of rj are 

jotted against 0 in fig. 11. The curve for rj — o corresponds to 

the case discussed in § 2*2 when the system is always in the state 

of lowest energy, and that for 17 = 1 corresponds to a random 

distribution. 

2*5. Variation of Heat of Adsorption with Fraction of Sites 
occupied in a Mobile Film for Adsorption with 
Dissociation 

The results in the last paragraph enable us to obtain the 

variation of the heat of adsorption </2 of a diatomic molecule which 

dissociates on adsorption. This is defined as the decrease in 

energy when one molecule is adsorbed. If qx is the heat of adsorp- 

tion of an atom, % = _ q<l f (2-1 7) 

where qd is the heat required to dissociate a molecule. From 

equation (2-16) 

Vi (Vi)o 
zV 

1 r 1 — 20 1 
2ll {I — 4(1 — r,) 0(l — 0)}*J ’ 

where (q^Q is the heat of adsorption of an atom on the bare sur¬ 

face and V is the interaction energy between two atoms adsorbed 

on neighbouring sites. Using this in equation (2*17) we obtain 

I-*#_ 
zV I {i-4(1-,,) 0(i-0)}* 

(2-18) 

where (y2)0 is the heat of adsorption of a molecule on the bare 

surface. Apart from the factor one-half this is the same as equa¬ 

tion (2-16), and the curves plotted in fig. 11 for £ = 4 apply to 

this case also, provided the scale of ordinates on the right-hand 

side of the figure is used. 

In comparing these calculations with the experimental results 

for hydrogen plotted in fig. 9, we note that (^2)i — (92)0 = 8V. The 

difference between the heats of adsorption at 0 = o and 6 = 1 is 

27,000 calories per mol. This gives V — 2-3 x io~13 erg per pair 

of atoms,* and at 300° K., the temperature at w'hich the experi- 

• The justification for assuming that in this case only nearest neighbours 
interact is as follows. The only long-range forces that are likely to arise are 
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ments were carried out, t7 = e~r/fcr»3*6 x io~3. Thus, if the film 

were mobile, we should expect a relation between heat of adsorp¬ 

tion and 0 like curve (b) in fig. 11. A comparison with the experi¬ 

mental results in fig. 9 shows immediately that the actual variatiqp 

is nothing like this, and we therefore examine the behaviour that 

would be expected if the film were not mobile but immobile. 

2*6. The Theory of Heat of Adsorption for an Immobile 
Film 

For an immobile film, in which each particle occupies one site 

and in which the probability of condensation on a vacant site is 

independent of the state of occupation of neighbouring sites, we 

have at any stage a geometrically random distribution of occupied 

sites, and we have already seen in § 2 2 that the heat of adsorption 

is a linear function of 0. If we are considering a process in which 

diatomic gas molecules dissociate on adsorption and the two 

atoms occupy two neighbouring vacant sites on the surface, wc 

do not have a random distribution of occupied sites, because, if a 

given site is occupied, we know that one of the neighbouring sites 

must be occupied by the other atom of the diatomic molecule. In 

this case we have a geometrically random distribution of pairs of 

occupied sites. We now consider the relevant properties of such a 

distribution. 

The random distribution of pairs of occupied sites was originally 

discussed by Roberts (1938a) using an empirical method. A model 

of the surface containing one hundred numbered sites was used, 

and pairs of closest neighbour sites were chosen at random. 

Taking precautions to eliminate edge effects it was possible to 

obtain an empirical expression for the heat of adsorption. Sub¬ 

sequently, statistical methods were applied by Roberts and 

Miller (1939) to some of the properties of immobile films of mole- 

force* between electrostatic dipoles. Assuming that the whole variation in the heat 
was due to repulsion between dipoles Roberts (1937) has shown that the dipoles 
would be of such strength that the contact potential between bare tungsten and 
hydrogen-covered tungsten would be 5 a V. Bosworth (1937) has measured this 
and shown that it is 104 V. Thus the dipoles are about one-fifth as strong as 
would be required to account for the whole thermal effect and, since the inter¬ 
action energy is proportional to the square of the dipole strength, electrostatic 
forces would account for only about 4% of the whole. The remaining 96% is 
due to short-range forces which can be assumed to be effective only between 
nearest neighbours. 
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cules each of which occupied two sites on the array, and the 

fundamental statistical relations derived by them have been used 

(Miller 1947) to obtain an expression for the heat of adsorption. It is 

no more difficult to consider the general case, and this we now do. 

The Bethe method was used considering a group of sites which 

consisted of a central site and its four closest neighbours, the first 

shell sites. Let n0, which may be o or 1, specify the state of occu¬ 

pation of the central site and nx be the number of occupied first 

shell sites apart from the site which is occupied by a molecule on 

the central site, if there is one. The various possible distributions 

for a square array are represented in table 1, in which £(«o, nx) is 

the weight of the distribution specified by and nv i.e. it is the 

number of independent ways in which the distribution can occur. 

Iable i 

fio I i i i o o o o o 

»i 012301234 

«i) 4 12 12 4 1 4 ^ 4 * 

If two neighbouring sites are occupied by atoms of different 

molecules it is assumed that there is an interaction energy V 
which is positive if it arises from repulsion. For a given value of 

6, the fraction of the total number of sites that is occupied, the 

relative probability of any given arrangement is, on the basis of 

the Bethe approximation, 

g(n(2'*9) 

where 17 has been written for evkr, and <0 and include factors 

which take account of interactions between particles on the 

selected group of sites and particles on outer sites. The grand 

partition function can then be written as 

which, using the values in table 1, reduces to 

H = «0(l+T)fi)I_1+(l+€1)£. (2-20) 

The condition that the central site should be an average site 

is expressed by the relation, 
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which leads to the equation 

6 = <o(» +rl*i)e~1 
1-0 (i+f,)' 

The probability that the central site is occupied is 0, and, if it is 

occupied, the average number of particles on first shell sites is 

(2-21) 

+?!£ I 

+Vl ’ 
(222) 

where Ex has been written for the first term of equation (2-20). 

The probability that the central site is vacant is 1 - 0, and, if it is 

vacant, then the average number of particles on the first shell 

sites is ^ _ 
e log __ S€% 

(223) 

where S2 has been written for the second term in equation (2 20). 

Since the first shell sites are necessarily average sites, the overall 

average number of particles on the first shell sites must be ztK 

After rearrangement of the terms, equations (2 22) and (2-23) 

yield n , v 
0 = **+*«>. ( a) 

>+«l 1-0 c- 

The interaction energy of the adsorbed film is given by 

ii=V\, (2-25) 

where X is the average number of pairs of closest neighbour sites 

which are occupied by different molecules. To determine the 

value of X it is necessary to answer the question: If the central 

site is occupied, what is the probability that a given first shell site 

will be occupied by some other molecule? It is clear that we re¬ 

quire the average value of ttl when n0 is unity, say From 

equation (2-22) this is given by 

1 +Vfi 
(226 a) 

since it is one less than the average number of particles on first 

shell sites. The interaction energy of the monolayer is therefore 

given by 

1 +17*1 
(2270) 
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where the factor one-half is introduced so that no interaction is 

counted more than once. The heat of adsorption per molecule is 

defined as the decrease in the energy of the whole system when 

one particle is transferred from the gas phase to the adsorbed 

phase. If q is the heat of adsorption per molecule and q0 is the 

heat of adsorption of a solitary gas atom on a bare surface, then 

oUi 

?)Na 

where N(I is the number of adsorbed molecules and is equal to 

$NtQ. Thus 

~ -1 vfi _ _ 5 -_i e_v_ 

Z l~r-rj€1 Z (l + rje^2, d6 ' 

Differentiating equation (2*240) with respect to 6 we obtain 

zV 
(2-28) 

ctj z — I (I -f ej)1 ^ 1 

c0 z I -f- 27)( 1 f rjt\ (1 — if) 2 ’ 
(2-29) 

In the case of an immobile tilm there is a random distribution 

of particles. This corresponds to the case 17=1. Thus for an 

immobile him the average number of other molecules which 

occupy first shell sites when the central site is occupied is given by 

with, in this case, 

("'i) »0 

«t= 
3-10 

2 1—8’ 

(2-26 6) 

(2-246) 

Thus, the interaction energy of an immobile film is given by 

Ut= im*-r- 1 +« 
(2-276) 

It follows that the heat of adsorption of an immobile him of 

particles each of which occupies two sites is given by 

q-Jo (3- t)2 0(22-0) 

sT 2 (2-0)* ' 
(2-30) 

This curve is plotted in fig. 12; the curve is not continued beyond 

0 = 0-9 for the following reason. It has been shown by Roberts and 

Miller (1939) that for an immobile film of this kind no further adsorp¬ 

tion can take place into the first layer after about 92% of the sites 

are occupied (see §4-1). As the film is formed, some sites which 
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arc surrounded by four occupied sites are left vacant; for an 
immobile film in which each particle occupies two sites, these vacant 
sites can never be occupied in the first layer. Owing to this cause, 
adsorption into the first layer stops when there are still about 8% 
of the total number of sites vacant, each of these vacant sites being 
completely surrounded by occupied sites. It will be noticed that 
the curve given by equation (2-30) departs only slightly from a 

Fig. 12. Comparison of the theoretical values of the heat of adsorption of an 
immobile film in which each particle occupies two closest neighbour sites 
calculated by Miller (1947) from equation (2*30) (full curve), with the 
points calculated by Roberts (1938 a) using an empirical method (represented 
by dots). 

straight line, which is the form of the variation of the heat of 
adsorption for an immobile film of particles each of which occupies 

only one site. 
As has already been pointed out, this curve was originally 

obtained by an empirical method; in fig. 12 the points which 
were calculated in this way are plotted on the same diagram as 
the curve which is calculated from equation (2 30). It will be 
noticed that the empirical method used by Roberts gave quite a 
good approximation to the heat curve. 

This heat curve can he compared with the experimental results 
which were obtained by Roberts. The heat curve calculated from 
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equation (2*30) is shown as the full line in fig. 9, in which the 

scale in kilocalories per mol. for the experimental results is shown on 

the right-hand side and that for the curve calculated from equation 

(2 30) on the left-hand side. It will be seen that, considering the 

spread of the experimental results, there is reasonably good agree¬ 

ment. The alternative theoretical curve is that corresponding to a 

mobile film and shown as curve (b) in fig. 11; as has been noted at 

the end of § 2-5, it is evident that such a curve departs greatly from 

the experimental results, and it must be concluded from this theory 

of the heat of adsorption with a fixed interaction energy between 

neighbouring adsorbed particles that the hydrogen film adsorbed on 

tungsten at room temperatures is immobile. 

2*7. It has been seen that to account for the total variation of 

the heat of adsorption of a hydrogen film on tungsten on the 

assumption that a mobile film is formed would imply a value of 

the interaction energy corresponding to curve (6) of fig. 11. This 

curve is totally different from the very nearly linear variation of 

the heat of adsorption which is found for an immobile film of the 

atoms of a diatomic molecule and shown by the full line in fig. 9. 

For an immobile film of particles, each of which occupies only 

one site on adsorption, the variation of the heat of adsorption 

with the fraction of the surface covered is exactly linear. The 

difference between these two cases should perhaps be emphasized, 

as failure to appreciate it# can lead to wrong conclusions. 

This behaviour is different from what is found for a liquid mix¬ 

ture. Assuming a random distribution of molecules in a binary 

mixture, the number, X, of closest neighbour interactions of the 

two kinds of molecules is given, in terms of the numbers of mole¬ 

cules of each kind, by 

(ATn-X)(ATft-X) = X*. (2-31) 

A better approximation to an actual liquid mixture can be ob¬ 

tained by using the ideas of chemical kinetics in the form of the 

condition of quasi-chemical equilibrium and to write 

(Na - X)(Nb - X) - X* e~ w, (2-32) 

where to is the energy of mixing. The vapour pressure equations 

which are obtained from these two formulae do not differ very 

• See Miller (1948a). 
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greatly for solutions of non-electrolytes. A similar state of affairs 

holds for solution of high polymers in which it is found that to 

take account of the energy of mixing makes little difference to the 

vapour pressure curves (Miller 19486). Thus, in examining liquid 

mixtures, it is legitimate to consider the case of a random mixture, 

given by equation (2*31), as an approximation to the case in which 

a non-zero energy of mixing is allowed for, equation (2*32). 

Although the contrary opinion has been expressed (Fowler and 

Guggenheim 1939), this is not so for the two-dimensional problem 

of an adsorbed monolayer. In this physical problem, the immobile 

film (as defined in §2*1), giving a random distribution, corresponds 

to equation (2 31) in the theory of liquid mixtures and the mobile 

film corresponds to equation (2*32). As is evident from the heat 

curves which have been determined in this chapter, by no stretch 

of the imagination could either of these be regarded as an approxi¬ 

mation to the other. As was realized by Roberts (1935 a, 1937, 

1938a), these two treatments correspond to distinct physical cases 

in the adsorption problem. Recently (Halsey and Taylor 1947), in 

discussion of some results of Frankenburg (1944) on the adsorption 

of hydrogen on tungsten powders, it has been argued that, since the 

heat of adsorption does not show a linear variation with the fraction 

of the surface covered, the adsorption cannot be taking place on 

sites for each of which the adsorption energy is the same. This 

conclusion is ill-founded and is evidently due to the assumption 

that the case of a random distribution is a reasonable approxima¬ 

tion to that of an equilibrium Boltzmann distribution. In fact, as 

far as the theory of adsorption has so far been developed, all that 

could be inferred from a non-linear variation of the heat of adsorp¬ 

tion is that the adsorbed monolayer could not exist as an immobile 

film, but could exist as a mobile film occupying localized sites 

(Miller 1948a) with a fixed interaction energy between the adsorbed 

particles. While still postulating that the adsorption of a single 

particle on any site of the surface involves the same energy of adsorp¬ 

tion, one can allow for the facts that the Langmuir sites are the 

minima of a continuously varying potential field and that the inter¬ 

action energy between two particles varies with their distance apart. 

When this calculation is carried out (Chapter 3) it is found that 

a non-linear variation of the heat of adsorption with the fraction 
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of the surface covered, does not provide a very firm basis even 

for rejecting the possibility of an immobile adsorbed film. 

The point which we want to emphasize here is that, from the 

point of view of carrying out an experiment, one is concerned with 

two distinct physical cases and these give quite different heat 

curves. In any discussion of adsorption measurements both these 

possibilities must be considered separately, since as far as the 

variation of the heat of adsorption is concerned, the case of a 

random distribution of adsorbed particles cannot possibly be 

considered to be an approximation to the case of a Boltzmann 

distribution of adsorbed particles. 



CHAPTER 3 

VARIATION OF THE POTENTIAL ENERGY 

OVER THE SURFACE 

3*i. Introduction 

So far it has been assumed that there is a definite number of 

sites per unit area of the surface on which adsorption can take 

place, that between two particles adsorbed on neighbouring sites 

there is a fixed interaction energy, and that between particles at a 

greater distance apart this interaction energy is negligible. For an 
actual surface over which the potential energy varies continuously 

and on which the sites for adsorption are the positions of mini¬ 
mum potential energy, the assumption of a fixed interaction energy 

between particles adsorbed on neighbouring sites may be far from 

the truth when account is taken of the fact that the interaction 
energy of two particles is a function of the distance between them 

and that this distance varies with the state of occupation of neigh¬ 
bouring sites. The accuracy of the results given by the ‘fixed 

interaction’ method depends on the relation between the variation 

of the potential energy of the adsorbed atoms with their distance 
apart, and the variation of the potential energy of a single adsorbed 

particle with its distance from a site for adsorption. The greater 

the latter is compared with the former the more nearly correct are 

the results given by the fixed interaction method. 

In fig. 13 the lower full curves show a two-dimensional cross- 
section of how the energy of a single adsorbed particle in its lowest 

state might be expected to vary with its position on the surface. 
A and B are ‘sites’ for adsorption. The distance between A and 

B is three of the arbitrary units of length used. The upper curves 

show the mutual potential energy of two adsorbed particles at 
various distances apart. The actual value V of this energy when 

the distance is equal to AB is the same in (a), (b) and (c), but the 
variation with distance is different in the three cases. In (a) it has 

an intermediate value, in (b) it is rapid, and in (c) it is slow. The 

lower dotted curves show the potential energy of two particles 
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adsorbed in their lowest states on neighbouring sites and arranged 
in each case symmetrically about the point O. 

If as in (b) the rate of variation with distance apart of the mutual 
potential energy of two particles on neighbouring sites is large 
compared with the rate of variation of the potential energy of a 
single particle with its position, the interaction energy between two 

l--A . i-1-1-1 

0 1 2 3 4 5 

Fig. 13. The upper cunts show the variation with distance apart of the 
potential energy of two adsorbed particles due to their mutual repulsive 
forces. The lower full curves show the variation in the potential energy of 
a solitary adsorbed particle in its lowest state at different places on the 
surface. The dotted curves show how' this is modified when two particles 
in their lowest states are adsorbed on two neighbouring sites in positions 
symmetrical about O. If the panicles are at a distance apan equal to the 
distance between the minima of the full curves, the interaction energy V is 
the same in the three cases, but the slopes of the upper curves are very 
different. In (<i) the heat of adsorption of the second particle is about 
q0 — \V\ in (6) it is about q0- JF; in (c) it is about q0— V. The length and 
energy scales respectively are the same in the upper and lower figures. 

particles adsorbed on neighbouring sites will be considerably less 
than V provided the relevant outer neighbouring sites* which are 
not shown on the diagram* are vacant. It will be seen that in an 
extreme case of this type the variation of the heat of adsorption 
with 9 for mobile and immobile films would be more similar than 
in the model considered before, since for low values of 6 the heat 
would in both cases vary slowly with 6. One step in obtaining a 
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general idea of the behaviour was taken by Wilkins (1938) who con¬ 

sidered the limiting case in which the potential energy of a single 

particle is assumed to be uniform over the surface. 

If, on the other hand, the rate of variation with distance of the 

mutual potential energy' of two particles is small, as in (c), the 

model used in the preceding chapter represents the actual be¬ 

haviour closely. This question has been discussed, for a general 

variation with distance of the mutual potential energy, by Miller 

and Roberts (1941). Their treatment will now be considered. 

3*2. Physical Model 

We assume that the potential energy' of a single adsorbed 

particle is given by 
- X + X<£(.v), (3-i) 

where x is its distance from a site. 4>(x) is a periodic function of 

period a, where a is the distance between neighbouring sites. The 

simplest function to choose for is 

4>(x) = i - cos (2TTXja). (3-2) 

We assume that, if two particles are adsorbed on two neighbour¬ 

ing sites on the surface and are a distance y apart, the potential 

energy arising from the forces between them is given by an 

inverse power law 
Yv~n (33) 

and that the forces between particles adsorbed on sites a greater 

distance apart are negligible. When the particles are separated by 

a distance a this potential energy will be denoted by Va. In terms 

of Va, the potential energy between two particles at a distance y 
apart is 

We write 

Va(<*ly)m■ 

X = VJa, 

(3*4) 

(3-5) 

and the numerical calculations are carried out for 0= 1. In this 

case, and with <f>(x) specified by equation (3*2), the total height of 

the potential hills above the hollows in the field due to the surface 

is twice the mutual potential energy of two particles a distance a 
apart. In fig .14(a) the full curve shows the variation in the potential 

energy of a single adsorbed particle in its lowest state as it moves 

about the surface, A and A' being sites for adsorption. The full 
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curve (i) in fig. 14 (A) shows the variation with their distance apart 

of the mutual interaction energy of two adsorbed particles for an 

inverse seventh power law of interaction. When two particles are 

adsorbed on neighbouring sites there is an additional contribution 

to the potential energy of the system. If the two particles are in 

their lowest states and are in positions symmetrical about O and 

the surrounding sites are vacant, this additional part, which is due 

to the potential field provided by the surface, is represented by 

the full curve (ii) in fig. 14(A). The resultant potential energy of the 

(«) (A) 

Fig. 14. The potential energy of a pair of particles in their lowest states. The 
full curve in (a) shows the potential energy of a single particle in its lowest 
state as it moves about the surface. The full curve (i) in (b) shows the 
variation, with their distance apart, of the mutual interaction energy of a 

pair of particles, for an inverse seventh power law of interaction. The full 
curve (ii) shows the contribution to the potential energy due to the field 
provided by the surface as the two particles are displaced from the sites 
At /V symmetrically about O. The broken curve (iii) in (b) shows the 

resultant potential energy of a pair of particles, with a minimum corre¬ 
sponding to their equilibrium displacement. The broken curves in (<i) 
show the resultant potential energy of each particle. 

system is represented by the broken curve (iii) in fig. 14(A), and 

the position of the minimum of this curve gives the separation of 

the particles in their equilibrium positions. The resultant potential 

energy of each particle is represented by the broken curves in 

fig. 14(a). A comparison of the full and broken curves in fig. 14(a) 

shows how the potential field is modified by the interaction between 

neighbouring particles. The scales of the curves in fig. 14 (a, A) are 

the same. In fig. 14(a) the abscissae give the positions of the 
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particles on the surface, and in fig. 14(6) the abscissae are the 

distances between the two particles. 

Suppose that a row of r particles occupies r sites with no gaps, 

and that the two sites which are the nearest neighbours of the two 

end sites of the row are both vacant. We have to determine the 

equilibrium position of each of the particles and to calculate the 

total energy of the particles when each is in its equilibrum position. 

Let the displacements of the particles from their respective sites 

for adsorption be jc2, ..., xr. The potential energy of the 

system of particles is given by 

-rx+U, 

where the interaction energy, U, is given by 

(3-6) 

U r~l / — I /„ / 27T.V V 
.7 = s I + “ +- v I -COS--•). (37) 
K *-i\ « / «.-i\ a J " 

For equilibrium the x„ must satisfy the equations 

dU 
2** 

o (5= 1, 2, ..., r). (3-8) 

When r is odd, considerations of symmetry show that the 

J(r+ i)th particle is undisplaced, and that the displacement of the 

rth particle is minus that of the (r-j+ j)th particle. We can then 

write the interaction energy in terms of the l(r-i) quantities 

-V,, xt,..., and we obtain 

U 

2K •:<(( COS a'■]/’ (3-9) 

where the x, satisfy the equations 

(5 = 2,3, •••. K'--1)) ' 

(3*o) 
When r is even, considerations of symmetry show that there is no 

undisplaced particle and that, as before, the displacement of the 

rth particle is minus that of the (r-r + i)th particle. We thus 
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obtain the following expression for the interaction energy of the 

system: 

where the xa satisfy the equations 

(3‘12) 

Equations (3*10) and (3*12) can be solved exactly (by numerical 

methods), and the interaction energies of rows containing various 

numbers of particles can be calculated by substituting these values 

in equations (3 9) and (3*11). This calculation has been carried 

out for rows of up to nine particles for inverse seventh and 

inverse eleventh power laws of interaction between neighbouring 

particles for the case a= 1. The values of the interaction energies 

in these two cases are given in the second and third columns of 

table 2, and for purposes of comparison the fourth column con¬ 

tains the values that would be obtained for corresponding rows of 

particles if the interaction energy were fixed. In each case the 

unit is Vtl ergs. 

Table 2. Interaction energies of rows of adsorbed particles 

No. of Inverse seventh Inverse eleventh Fixed inter- 
particles power law power law action energy 

2 0-589 0425 I 

3 1405 1082 a ! 
4 *•3* 3 1889 3 
5 3284 2-768 4 ; 
6 4268 3682 5 
7 5260 ! 4637 6 
8 6-258 5-614 7 : 
9 ! 7*56 6^98 1 8 
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3*3. The Variation of the Heat of Adsorption with the 
Fraction of the Surface Covered for a Mobile Film 

We consider a row of ns sites for adsorption. To eliminate edge 

effects we suppose that the two end sites are repeated at the 

opposite end$.# In fig. 15 the black dots represent the na sites for 

adsorption and the open circles represent the repeated sites. The 

various ways in which r (r = 1, 2,..., ns) particles can be arranged 

on these sites are considered. Let the interaction energy for a 

given arrangement, specified by the subscript 1, of the particles, 

calculated from equations (3*9) or (3-11), be 1The relative 

probability of this configuration is where >7 = The 

ommmmmmo 
na 1 2 3 n,~l n# 1 

Fig. 15. Group of r, sites (full circles); the two end sites are repeated 
at the opposite ends (open circles) to eliminate end effects. 

average interaction energy of the system when r particles are 

adsorbed on the ns sites is given by 

V .vhkW 
-(i\rr 

(3**3) 

where the subscript (i)r is used to indicate that the summations 

are to be carried out over all possible configurations of a fixed 

number, r, of particles on the sites. This gives the interaction 

energy of the adsorbed particles for 6-rjn3. We take the heat of 

adsorption as given to a first approximation by 

80' (3',4) 

where q0 is the heat of adsorption of a single particle on a hare 

surface. The change in interaction energy as 6 changes by 

86— 1 jn, from rjn, to (r + 1 )/«* is given by 

8Cr,= Urtl — Ur, 

so that ?-?o=l/r-k’r+i. (3**5) 

where q is the heat of adsorption for some value of 6 intermediate 

between r/«, and (r+i)/ns. In graphing q against 8 we assume 

that equation (3-15) gives the heat of adsorption at 0—(r+ \)lnt. 

• This is equivalent to considering the sites arranged around a circle. 
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The calculations were carried out for inverse seventh and inverse 

eleventh power laws of interaction when there were in all ten and 

eight sites for adsorption. 

The results for an inverse seventh power law of interaction are 

shown in curve (i) of fig. i6, and for an inverse eleventh power law 

Fir. 16. Variation of the heat of adsorption with the fraction of the surface 
covered. Fig. 16 is for an inverse seventh power and fig. 17 for an inverse 
eleventh power law of interaction between neighbouring adsorbed par¬ 
ticles. In each case, curve (1) is for a mobile film and curve (ii) for an 
immobile film. All the curves are drawn through the points obtained con¬ 
sidering ten sites for adsorption (dots), and the points which are obtained 
when only eight sites for adsorption are considered are represented by open 
triangles. The broken curves (iii) and (iv) are those obtained from the 
simple theory assuming a fixed interaction energy between neighbouring 
adsorbed particles; the curves (iii) are for a mobile film and the curves (iv) 
are for an immobile film. Curves (i) and (iii) arc calculated for 9 = 0*1. 
while curves (ii) and (iv) are independent of y. 

of interaction in curve (i) of fig. 17. The points obtained when 

ten sites for adsorption are considered have been represented by 

black dots and those obtained when eight sites for adsorption are 

considered have been represented by open triangles. The curves 

are drawn through the black dots. It will be noticed that the 

points obtained when eight sites are considered all lie practically 
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on the curve which is obtained when ten sites are considered; 
this shows that this curve is a good approximation to the actual 
variation. The broken curve (iii) in figs. 16 and 17 is the corre¬ 
sponding curve obtained when we assume that the interaction 
energy between particles adsorbed on neighbouring sites is fixed, 
the calculations being carried out for the same value of tj as for 

the curves (i). It is important to notice that the physical model 
used here gives a heat curve in which the change in the heat of 
adsorption in the neighbourhood of 0 = 0-5 is much less abrupt 
than that obtained from the theory with fixed interaction energy, 
and that for a given value of Va it gives a much greater total change 

in the heat of adsorption. 
It will be noticed that these curves terminate at 0=0-95; this 

is because we have considered only a limited number of sites. It 
is important to investigate the behaviour of the film as 0->i. 
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This has been done by determining the heat of adsorption of the 

last particle for various numbers of sites. The results which are 

obtained are given in table 3, the unit in each case being Va ergs. 

Thus, the heat of adsorption of the last particle rapidly approaches 

a limiting value as the number of sites considered is increased; 

and the limits of q0 — q are about 2*75 Va and 3 43 Va respectively 

for inverse seventh and inverse eleventh power laws of interaction. 

Further, it is clear from table 3 that the energy change as r 

changes from n8 — 1 to n8 calculated by considering a limited 

number of sites, is less than the actual change. In addition, we 

have assumed that equation (3*15) gives the heat of adsorption at 

0 = (r+ £)/«*, whereas all that we can assert is that equation (^15) 

gives the heat of adsorption at some value of 6 intermediate be¬ 

tween rjn8 and (r+i)/n8. These two effects will slightly distort 

the heat curve, and the extent of the distortion can be seen from 

the divergence, at high values of 6, between this heat curve and 

the step curve calculated from the states of minimum energy* 

and shown in fig. 19. 

Table 3. (qo — q)lVa for the last particle for various 

numbers of sites 

No. of sites 
Inverse seventh power Inverse eleventh power 

law of interaction law of interaction 

6 2715 
8 2739 

10 2744 
12 2 745 
14 2-746 

3 *44 
3-362 
3 402 

3'4i5 
3 4*0 

3*4. The Relation between the Heat of Adsorption of an 
Immobile Film and the Fraction of the Surface 

Covered by it 

In the previous section it has been assumed that the particles can 

be treated as though they had an equilibrium Boltzmann distribu¬ 

tion. If the activation energy necessary to enable a particle to 

move from one site to the next is much greater than kT, neither 

migration nor evaporation of particles will occur to any appre¬ 

ciable extent during the time of an experimental observation; and 

provided that in such an immobile film the probability of con- 

• For a discussion of the states of minimum energy see § 3 6. 
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densation of a particle striking a vacant site is independent of 

the state of occupation of neighbouring sites, the distribution of 

particles on the surface at any instant is a random one. 

To examine the behaviour of such a random distribution wc con¬ 

sider all configurations of r particles on a group of n8 sites when 

one selected site (say site i) is vacant, and determine the change in 

energy when a particle is placed on this vacant site. The average 

change in energy, following the occupation of site i, is the heat 

of adsorption for some value of 6 intermediate between rjn8 and 

(r-f i)/«,, say at (r-f i)/n#. The change in energy for all configura¬ 

tions can be calculated immediately from the values of the energy 

of rows of adsorbed particles given in table 2. The results are 

plotted in the full curves (ii) in figs. 16 and 17 which refer respec¬ 

tively to inverse seventh and inverse eleventh power laws of inter¬ 

action between neighbouring adsorbed particles. The black dots 

and open triangles on these curves have the same significance,as 

the corresponding symbols on the curves for mobile films. The 

broken curve (iv) is the heat curve which is obtained when it is 

assumed that the interaction energy between particles adsorbed on 

neighbouring sites is fixed. It will be seen that for a given law of 

interaction the difference between the behaviour of a mobile and 

of an immobile film is much less marked for the physical model 

used in these calculations (curves (i) and (ii)) than it is for the 

physical model in which a fixed interaction energy between par¬ 

ticles adsorbed on neighbouring sites is assumed (curves (iii) and 

(iv)). 

3*5. Application to Experiment 

These results have two important consequences in the discus¬ 

sion of experimental heats of adsorption. These will be illustrated 

by considering the heat of adsorption of hydrogen on tungsten. 

In the first place it was found (see fig. 9) that the difference in the 

heat of adsorption per mol. of hydrogen at 0 = o and 0 = 1 was about 

27,000 cal. In these experiments it is probable that the hydrogen 

is adsorbed with dissociation and, if we assume a fixed interaction 

energy Va ergs between atoms adsorbed on neighbouring sites, 

this gives, for a quadratic lattice, 

HNV = 27,000*/, (3*16) 
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that is, an interaction energy of 2*33 x io~13 erg per pair of 

adsorbed atoms. The present investigation shows that to account 

for the total observed change in the heat of adsorption requires an 

interaction energy Va ergs between particles adsorbed on neigh¬ 

bouring sites in the final film which is smaller than, and probably 

considerably smaller than, the above value. It should be remarked 

here that the value of the interaction energy between neighbouring 

adsorbed particles in the final film has a marked effect on the 

sharpness of the change in the gradient in the neighbourhood of 

0 = 0*5 of the theoretical curve showing the relation between the 

heat of adsorption and the fraction of sites occupied. The bearing 

of this on the interpretation of the experimental results will be dis¬ 

cussed after we have obtained a lower limit to the value of Va. 

We obtain this lower limit by considering the case in which 

there are no definite sites for adsorption, but a uniform potential 

all over the surface.* The behaviour of a one-dimensional film of 

this type when the particles are always arranged in a configuration 

of minimum energy f is as follows. Consider r particles arranged 

in a circle of circumference /. Under the effect of their mutual 

repulsions the particles will be evenly spaced around the circle and 

their distance apart may be taken as (Roberts 1938(2) 

V = /,r. 

The total interaction energy' of the r particles is therefore given by 

Ur — rYym~ Yrmnjlm. (3*17) 

In the final film, in which n8 sites are occupied, the particles are a 

distance a apart and the interaction energy between two neigh¬ 

bouring particles is given by 

i;,= v 

whence (r = V„rm+1jn?. 

It follows that the heat of adsorption is given by 

(31S) 

?-?o= ~{m + i)Va6m. (3'*9) 

• It will be noticed in this connexion that the theory which assumes a fixed 
interaction energy between particles adsorbed on neighbouring sites gives an 
upper limit to the value of Va. 

t For a discussion of states of minimum energy see § 3 6. 

MAG 4 
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Thus, for an inverse with power law of interaction between^ par¬ 

ticles adsorbed on neighbouring sites the total change in the heat 

of adsorption from 0 = o to d— i is (m+ i)Va. 

The behaviour of a two-dimensional film of this type, adsorbed 

on a quadratic lattice, can be discussed in a similar manner. When 

r particles are adsorbed on a surface of area sf to form a quadratic 

lattice, the distance between neighbouring particles is given by 

y=(s/}r)K 

The total interaction energy of the film is therefore given by 

2 rY 
Ur= m - 

T yff) 

2 Y 
(3*2°) 

and in terms of Vin the interaction energy between two neigh¬ 

bouring particles in the final film, this can be written as 

2V 
T! - « r*mf 1 (3*2i) 

whence it follows that the^heat of adsorption is given by 

1-9~dJr ~ -(m + 2)K0*m- (3*22) 

Thus, for an inverse wth power law of interaction between 

particles adsorbed on a surface to form a quadratic lattice the 

total change in the heat of adsorption from # = o to 0~i is 

(m + 2)Va. For the adsorption of hydrogen on tungsten this leads 

to a lower limit to the value of Vn given by 

2(m + 2)iV(f;,)mlo. = 27,oooJ, (3-23) 

and for an inverse eleventh power law of interaction this gives 

7*17 x io~14 erg per pair of adsorbed atoms for (ru)nll , This is 

smaller than the value 2 33 x io~ls erg per pair of adsorbed atoms 

given by the fixed interaction theory. Moreover, for a given inter¬ 

action energy between particles adsorbed on neighbouring sites 

the present theory for an equilibrium film leads to a curve showing 

the relation between the heat of adsorption and the fraction of 

sites occupied which is less markedly curved than that obtained 

from the theory with fixed interaction energy. In both theories 

the heat curves for an equilibrium film become less markedly 

curved as the interaction energy between neighbouring adsorbed 

particles in the complete film is decreased. 



VARIATION OF POTENTIAL ENERGY SI 

It follows that, for an equilibrium film and given initial and 

final heats of adsorption, the curve showing the variation of the 

heat of adsorption with the fraction of sites occupied calculated 

from the present theory is much less markedly curved than that 

calculated from the theory with fixed interaction energy. On the 

other hand, the heat curve for an immobile film calculated from 

the present theory is not very nearly linear as it is in the theory 

with fixed interaction energy but approaches much more closely 

the heat curve for a mobile film. Thus, this theory suggests that 

it is not possible to decide with any certainty, from the approxi¬ 

mately linear relation determined experimentally between the heat 

of adsorption and the fraction of sites occupied, that the hydrogen 

film adsorbed on tungsten is an immobile film. At the same time, 

allowing for the variation of the potential energy as in the present 

treatment, the curves calculated for an immobile film still give a 

closer representation of the experimental results than do the curves 

calculated for mobile films. Furthermore, it should be borne in 

mind that the full curves in figs. 16 and 17 have been calculated 

for a linear chain, and a more precise conclusion necessarily waits 

upon similar calculations for a two-dimensional array.* 

3*6. States of Minimum Energy 

The mutual repulsions between the adsorbed particles tend to 

make them arrange themselves so that they occupy a state of 

minimum energy, while the heat motions of the particles tend to 

make them take up an equilibrium Boltzmann distribution. We 

can determine the states of minimum energy, and from these we 

can calculate how the heat of adsorption would vary with the 

fraction of the surface covered if the adsorbed particles were 

always arranged in them. The calculations have been carried out 

for an inverse seventh power law of interaction between neigh¬ 

bouring adsorbed particles. 

From 0 = o to 0 = i the particles can be arranged so that no two 

adjacent sites are occupied. This is shown in fig. 18(a), in which 

the black dots represent adsorbed particles and the open circles 

# It should also be noted that the effect of the assumption that the vibrational 
partition function is independent of the state of occupation of neighbouring 
•itea has not been determined, and may have a bearing on this question. Cf. 
§ 2 3, footnote. 
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represent vacant sites for adsorption. From 0 = o to 0 — 4 the inter¬ 

action energy is constant (and zero) and the heat of adsorption is 

q0. The adsorption of additional particles at 0 = | involves the 

introduction of pairs of adjacent occupied sites. If a particle is 

adsorbed on site 3, the particle already on site 4 will migrate to 

site 5. This is represented schematically in rig. 18(a), in which the 

vertical arrow represents the adsorption of a particle and the hori¬ 

zontal arrow represents the migration of a particle. The result is 

(a) o • o • o • o 
1 2 3 4 5 6 7 

(b) o • • O • • o 

(c) o • • o*~is • o • • ”0 • • o 
1 2 3 4 5 6 7 8 9 10 11 12 IJ 

(<i) o • • • c • • • o • • • o 

■*— j — 
• • • o • • «o 

I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 14 20 2! 

(/) O • • • • O* • * • C « • • • O • • • • O 
Fig. 18. Arrangement of particles in successive states of minimum energy, 

showing the way in which the particles rearrange themselves to form the 
next minimum energy configuration following the adsorption of an addi¬ 

tional particle. Black dots represent adsorbed particles, open circles repre¬ 
sent vacant sites for adsorption ; vertical arrows represent the adsorption of 
a particle on a vacant site, and horizontal arrows represent the migration of 
an adsorbed particle from one site to another. 

shown in fig. i8(ft). Thus between 0 — b and f the adsorption of 

one particle involves the introduction of the interaction energy due 

to particles adsorbed on two pairs of adjacent sites. From table 2, 

this interaction energy is i * 18 Va, and, if q is the heat of adsorption 

at this stage, then Q T7 
8 q-q*=-vi%Va. 

This continues until 0 = f, at which stage the particles are arranged 

along the whole row of sites so that adjacent pairs of sites are 

occupied with vacant sites between these pairs as in rig. j8(c). 

If a particle is now adsorbed on site 7, the particle already 

adsorbed on site 5 migrates to site 4 and that adsorbed on site 9 

migrates to site to, as is shown by the arrows in rig. 18(c) with the 

result shown in rig. 18(d). Thus the adsorption of one additional 
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particle at 0 == § has introduced three groups of particles each con¬ 

sisting of three particles on adjacent sites, in place of four groups 

of particles each consisting of two particles adsorbed on adjacent 

sites. Thus, from table 2, at this stage the adsorption of one 

particle increases the interaction energy by 

(3(1 '4°5) — 4(°-589)} Va, 

which is the value of q0 — q at 0 = §. This continues until 6— £, 

at which stage particles are arranged along the whole row of sites 

so that they are occupied in groups of three adjacent sites with 

the fourth site vacant as in tig. 18(e). Thus between 0 = fand 0 — £ 

the value of q-q0 is -1*86 Va. This process continues, and the 

next stage is shown in fig. 18 (e, /), where the horizontal arrows show 

the migration of particles following the adsorption of a particle 

on site 13. 

At 0 ~ (r — i)/r the state of minimum energy occurs when groups 

of r~ 1 adjacent sites are occupied and the rth site is vacant. At 

0 = r/(rf 1) the state of minimum energy occurs when groups of r 

adjacent sites are occupied and the (rf i)th site is vacant. If at 

0~ (r— 1 )/r an additional particle is adsorbed on one of the vacant 

sites, a rearrangement of particles involving in all r2—1 particles 

takes place. Following the adsorption of this additional particle, 

r-f 1 groups, each of which contain r — 1 particles adsorbed on 

adjacent sites with one vacant site between each group of occupied 

sites, rearrange themselves to form r groups, each of which con¬ 

tain r particles adsorbed on adjacent sites with one vacant site 

separating each group of occupied sites. This rearrangement takes 

place following the adsorption of one additional particle at all 

values of 0 between (r - 1) r and r/(rf 1). If Un Vr_x respectively 

are the energies of groups of r, r - 1 particles adsorbed on adjacent 

sites, then the change in energy following the adsorption of one 

additional particle in this range of values of 6 is 

rUr-(r+i) Iv-j, 

and the heat of adsorption from 0 = (r-i)/r to 0 = r/(rf 1) is 

therefore given by 

9-¥o=(r+1)Cr_i-rUr. (3-24) 

In this way we obtain the curve consisting of the series of steps 
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shown in fig. 19. This curve would give the variation of the heat 

of adsorption with the fraction of sites occupied if the particles 

were always arranged in a minimum energy configuration. The 

effect of the heat motions in producing a Boltzmann distribution 

Fig. 19. The variation of the heat of adsorption with the fraction of the surface 
covered, when the adsorbed particles are always arranged in a state of 
minimum energy', is shown by the full curve for an inverse seventh powrer 
law of interaction between neighbouring adsorbed particles. The broken 
curve is reproduced from fig. i6, and shows the variation of the heat of 
adsorption when the effect of the thermal motions in producing a Boltz¬ 
mann distribution of particles over the surface is taken into account. It is 
calculated for 9=0-1. 

on the surface is to round off the comers of the steps to give 

curve (i) of fig. 16 which is reproduced as the broken curve in 

fig. 19. The slight divergence between the step curve and curve (i) 

of fig. 16 for high values of 6 has already been discussed at the 

end of § 3-3. 



CHAPTER 4 

THE PROCESS OF THE FORMATION OF 

ADSORBED FILMS 

4*1. The Kinetics of the Formation of Immobile Adsorbed 
Films with Dissociation 

It has already been seen that at room temperature the hydrogen 

film adsorbed on tungsten is probably immobile. We shall begin 

by considering the formation of films of this type. As an immobile 

film formed by the dissociation of diatomic gas molecules and the 

adsorption of the two atoms on neighbouring sites is gradually 

built up, certain individual surface sites will find themselves sur¬ 

rounded by four filled places. Such sites will not be able to take 

any part in the adsorption process and will remain bare. The com¬ 

plete film therefore of necessity has gaps or holes in it.* The 

number of these holes can be determined either empirically, using 

a model (Roberts 1938 a), or by a statistical method (Roberts and 

Miller 1939), and is about 8% of the number of sites on the 

surface. The presence of the holes must be taken into account in 

considering the kinetics of the formation of the film. 

A lower limit to the number of vacant sites surrounded by 

occupied sites can be obtained (Roberts and Miller 1939) in the 

following w'ay. The probability that a given site is vacant is 1 — 0, 

and the probability that in this case each of its z closest neighbours 

is occupied is from equation (2-19) and table 1 given by 

Making use of equation (2-24b), the fraction of the total number 

of sites which are vacant and are surrounded by four occupied 

# It may be mentioned here that any immobile him, in which each particle 
in the gas phase does not on adsorption occupy one site only, will have 

similar gaps (see Roberts (1938(1), Roberts and Miller (1939) and § 6*3), and that 
such gaps will probably be important as centres of catalytic activity (sec Roberts 

(1935*))- 



56 THE ADSORPTION OF GASES ON SOLIDS 

This function has a maximum value of 0*0646 at 0 = 0*83. Thus if 

an examination is made of a large number of surfaces each of which 

is 83% filled and the number of vacant sites surrounded by four 

occupied sites is counted on each, it will be found that the average 

number of such sites amounts to 6 46 % of the total. For immobile 

films these sites never become available for adsorption. Thus, on 

the average, no further adsorption can take place when less than 

93*5% of the sites are occupied. The final number of occupied 

sites is less than 93*5 °0 because, as the amount adsorbed increases 

from 83°0 at which the 6*46% maximum is obtained, some addi¬ 

tional vacant sites surrounded by four occupied sites will in general 

occur. Thus in the final film it may be expected that there will 

be between 7 and 8°(> of the sites vacant and not available for 

adsorption into the first layer. This is in agreement with the value 

of 8°n found by Roberts (1938^), using an empirical method in 

which a model of the surface containing 100 numbered sites was 

used. To eliminate edge effects, the quadratic lattice was pictured 

as formed of sites arranged on circles wound round a cylinder 

with the two ends of the cylinder joined together to form a ring. 

Pairs of sites were filled at random by drawing a numbered card 

to represent one site and a number 1, 2, 3 or 4 to represent the 

orientation of the second site with respect to the first site chosen. 

At each stage, a record was made of the total number of available 

pairs of vacant sites and of the fractions of these which were 

surrounded by 6, 5, 4, ..., o vacant sites respectively. In this way 

the former of these quantities can be obtained as a function of the 

latter. It was found that by the time 92 % of the sites were filled 

there were no longer any pairs of vacant sites available. Thus, 

from the analysis of this model it is concluded that in an immobile 

film in which each adsorbed molecule occupies two neighbouring 

sites there are 8% of vacant sites in the complete film. 

For an immobile film it has been seen (§ 2*6) that the statistical 

parameters are given by 

z9 
(°~ z — 0’ 

z- 
e,= 

0 

i-0' 
(4-0 

To determine the rate of formation of a film it is necessary first 

to determine how the rate of condensation varies with 0. For the 
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condensation of particles, each of which occupies a pair of neigh¬ 

bouring sites, this depends on the probability that if a selected 

site is vacant then a given neighbouring site is also vacant. From 

table i this is simply 1/(1 +€1), so that the rate of condensation 

per unit area is ^ x _ 0 

(znm^'iy r+ fl' ^ 
In this equation a2 is the probability that a molecule condenses 

when it strikes a place on the surface where two neighbouring 

sites are vacant, and p^Kznm^kT)^ is the number of molecules 

striking unit area per second. Using equation (4*1) we get that 

the rate of condensation per unit area is 

a2p2 z(1 - 0)2 

(zirtrLyk'ry z — 6 

It follows that if is the number of sites per unit area, then 

dO zz a2/>2_ (1-tf)2 

dt ns (znm.ykT)* z- 0 ’ 

(4*3) 

(4-4) 

and that 

if d = o at t-o. 

“'Pi ... ; 
//„ (z-nijil'y 

-0 

w 
d0, 

Integrating this we obtain 

22 a2 P2 . _ -  I 

na(2irmskT)i i—0 
(s-i)-log(i -O)=f{0), say. (4-5) 

To study the formation of hydrogen films on tungsten, Bos- 

worth (1937) used the contact potential method of Langmuir and 

Kingdon (1925) as developed by Reimann (1935) and applied by 

Bosworth and Rideal (1937) to the study of sodium films on tung¬ 

sten. In this method the electron current from an incandescent 

filament maintained at a fixed temperature to a nearby cold filament 

is plotted as a function of the voltage between the two filaments, a 

curve like curve I in fig. 20 being obtained. We shall suppose that 

curve I refers to a cold tungsten filament with a bare surface. If 

now an adsorbed film is deposited on the cold surface, the incan¬ 

descent filament being at such a high temperature that it remains 

bare, and the experiment is repeated, the whole curve is bodily 

displaced to II through a distance V equal to the contact potential 

between the cold bare surface and the cold surface with the 

adsorbed film on it. The procedure is to determine the calibration 
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curve. Then with the cold surface bare we start with a current, 

say corresponding to a point Pon the calibration curve. If now 

adsorption occurs and the current changes by Ai, the contact 

potential between the bare cold surface and the cold surface with 

the adsorbed film on it is AF. The advantage of the method is 

that with a short-period recording galvanometer comparatively 

rapid adsorption processes can be followed. 

Fig. 20. Schematic diagram showing relation between electron 
current and potential difference between filaments. 

Bosworth found that the contact potential of the tungsten with 

a hydrogen film on it in its final steady state was 104 V. against 

bare tungsten, the sign being the same as for tungsten with an 

oxygen film and opposite to that with an alkali metal film. If this 

corresponds to a film with 0 — 0*92, we assume that for 8=1 the 

contact potential would be 1*12 V. and thus, if V0 is the contact 

potential at any stage in building up the film, we assume that 

Q**V0j 1*12. Some recent experimental work by Bosworth (1945 a) 

in which he measured the contact potential difference between a 

clean tungsten surface and a tungsten wire with an adsorbed layer 

of nitrogen provides justification for this assumption. Using the 

8—t relation calculated by Roberts (1938 a) empirically, on the basis 

of a model of the surface, the relation between the contact potential 
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and the fraction of the surface covered shows a maximum deviation 

of about 3 % from a linear relationship. Bosworth(i945 b) has found 

similar results for oxygen films adsorbed on tungsten wires, but 

it should be noted that he quotes a formula (his equation (i)) which 

is not quite correct (Roberts 1938a; Miller 1947), although it does 

not affect the numerical results very much. Bosworth (1937) followed 

the relation between Vg and the time t as the film built up and thus 

obtained the relation between 8 and t. This can be compared with 

the relation given by equation (4-5). In fig. 21 the value of the right- 

hand side of this equation is plotted against the value of t given 

by Bosworth’s experiments. The relation is almost exactly linear, 

and this is what would be expected for an immobile film, while it 

is far different from that of a mobile film (see § 4-3 below). 

4*2. Some Properties of Oxygen Films 

We shall now consider some experimental results with oxygen 

films on tungsten which are consistent with what would be ex¬ 

pected if the well-known stable film of oxygen had in it holes of 

the type discussed in § 41. By measuring the heat of adsorption, 

Roberts (19356) showed that in addition to the well-known stable 

film, the heat of adsorption of which is greater than 100 kilocalories 

per mol., and the amount in which is approximately one atom of 

oxygen per atom of tungsten, some oxygen is adsorbed with a heat 
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of 40 or 50 kilocalories per mol. 'This additional oxygen can be 

removed by heating to a comparatively low temperature (about 

iooo° K.). Owing to certain complications and difficulties in work¬ 

ing with oxygen, which need not be discussed here, it is extremely 

difficult to obtain an accurate measure of the amount so adsorbed, 

but it appears to be less than a complete film, and the most likely 

explanation of its presence is that it consists of molecules held by 

the bare tungsten atoms in the gaps in the atomic film. The 

estimated amount so adsorbed agreed with what would be ex¬ 

pected on this view, but, although this result is suggestive, it 

would be unwise, owing to the difficulties already mentioned, to 

regard it as definite experimental proof of the existence of the 

holes (see § 6*6). 

Van Cleave (1938) has carried out some experiments using the 

accommodation-coefficient method. The technique was the same 

as that described in § 1*2 for hydrogen, except that the oxygen 

was admitted so that it could reach the wire without having to 

pass through a charcoal tube. Admission of oxygen causes the 

accommodation coefficient of neon to rise from 0 06, the value for 

a bare surface, to above 0*3. As the earlier experiments by Roberts 

had shown, moderate heating of the wire after the deposition of 

oxygen reduces the accommodation coefficient to a value in the 

neighbourhood of 0*2, and a low value corresponding to bare 

tungsten is obtained only after heating to about 2000 K. The 

actual relation between the accommodation coefficient a measured 

at room temperature and the mean temperature to which the wire 

with the oxygen film on it had been heated for 1 min. in neon 

free from oxygen* is shown in fig. 22. The value 0*2 obtained 

after heating over a considerable range of temperature presumably 

corresponds to the presence of the well-known stable film. 

It will be seen that removal of this film begins at tempera¬ 

tures of about 1750° K. Heating the wire to temperatures between 

about 1500 and 17000 K. caused an increase in the value of the 

accommodation coefficient. This effect is presumably due to some 

rearrangement in the film, a possible interpretation being that the 

• There were residual traces of oxygen in the neon and the values plotted 
were obtained by extrapolation to the time at which the heating current was 
•witched off as described in § 1*2. 
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film becomes mobile, and that at these temperatures there is an 

appreciable probability that two gaps should come together and 

be filled up from residual traces of oxygen in the gas phase. It is 

evident that this cannot be regarded as direct experimental proof 

for the existence of holes in the stable film, but it is consistent 

with the behaviour that would be expected from a film containing 

such holes.* 

Fig. 22. Accommodation coefficient of a tungsten wire at room temperature as 

a function of the temperature to which it had been heated for i min. in 

neon containing a trace of oxygen. 

4-3. The Kinetics of the Formation of Mobile Films with 

Dissociation 

We shall commence the study of the kinetics of mobile films, in 

which there is repulsive interaction between adsorbed particles and 

no two neighbours of a given site are neighbours of each other, by 

considering the states of lowest energy as we did in § 2-2 in connexion 

with heats of adsorption. When ^ = 0*5 the particles will be 

arranged as shown in fig. 10, that is, no two neighbouring sites 

will be vacant and no further adsorption of diatomic molecules 

with dissociation will be possible. The curve showing the relation 

between 0 and the time will obviously be of the type marked 77 = 0 

in fig. 23, the shape of the earlier part being calculated as shown 

below. 

When we take into account the effect of the thermal motion of 

# It may be mentioned here that Van Cleave found evidence that oxygen can 
be adsorbed on the top of the first film and not in the gaps only. This is a further 
indication of the complicated nature of the processes involved in connexion 

with the adsorption of oxygen (see Chapter 6). 
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the particles in making configurations other than that of lowest 

energy occur, it is evident from the above considerations that there 

will be a rapid change in the rate of formation of the film in the 

neighbourhood of 0=50*5. The reason for this is that, for 0^0*5, 

configurations with two neighbouring vacant sites cannot occur 

without causing an increase in the number of neighbouring sites 

occupied, i.e. an increase in the interaction energy of the adsorbed 

Fifl. 23. Relation between the fraction of the surface covered and 
the time for the formation of a mobile film. 

particles. For example, in fig. io, if the particle on a site which 

we shall call site i moves to a neighbouring site, adsorption can 

occur on site i. Since, by Boltzmann’s law, the occurrence of 

such configurations is relatively improbable, the rate of con¬ 

densation becomes slow. 

We obtain the formula for the rate of condensation as follows 

(Roberts 1937). If the central site is vacant, the chance that site 1 is 

vacant is, by expression (2-9), given by 1 /(i + «). The probability that 
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the central site is vacant is 1 — 6. Thus the probability that a molecule 
striking the surface at a given place finds two neighbouring sites 
vacant is (1 —0)/(i+<). The rate of condensation of molecules 

per unit area is 04^ i-0 

(znrnjkf^T+t’ '4‘ ' 

where, as before, a2 is the probability that a molecule condenses 
when it strikes the surface at a place where two neighbouring sites 
are vacant. Thus, if there is no re-evaporation, we have, as in 
equation (4-4), dd 2 ^ t_0 

dt (47) 

Integrating this 

JIr>. (4-8) 

n8 (zrrmjlT)l I +€ ’ 

where nH is the number of sites per unit area, 
equation we obtain 

2 a;*P* 
n8 (zirmJtT)* 

if at t - o. By using the value of € given by equation (2*10) 
this equation can be integrated numerically. At constant pressure 

and temperature it shows that t is proportional to j so 

that the variation of 0 with / is given by plotting 6 as a function 
1 4- * 

of I ^ ^(10. This is done in fig. 23 for various values of 

ij =s e"1 kT. 

If yj—iy i.e. the interaction energy between neighbouring ad¬ 
sorbed atoms is negligibly small, we have a random distribution, 
and the probability of finding two neighbouring sites vacant 
becomes (1—tf)2. If we write (1 — 6)2 instead of (1 — 0)/(i -he), 

equation (4*8) becomes 

2 a2/>g 

and this yields 

fi8 (27rm2kTy 

2 C4P2 

f~Jo(i -«r 
6 

nt(2nm2kT)l* 1 -6' 

(49) 

(4io) 

It is interesting to compare this equation for condensation into a 
film in which there is a random distribution of single occupied 
sites with equation (4-5), 

23 a2p% 3-i 
n, (zvmJtT)* 1 — 6 

(s-i)-log(i-0), 
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which refers to a film in which there is a random distribution of 

pairs of occupied sites. We suppose that aa, />2, n,, ma and T are 

the same in the two cases. The relative times taken for a fraction 

Fig. 24. Rate of formation of (1) immobile him and (2) mobile 
film with no interaction. 

0 of the sites to be occupied are then proportional to the right- 

hand members of these two equations; 0 is plotted as a function 

of these two expressions in fig. 24. It will be seen that the two 

curves are very similar and that they cross just below 6-~ 0*9. The 

reason for this is that the curve for the immobile film approaches 

a limiting value of # = 0*92, while the other approaches a limiting 

value of 0=i. 



CHAPTER 5 

EVAPORATION PROCESSES AND THE 

PRODUCTION OF ATOMIC HYDROGEN 

5*i. The Production of Atomic Hydrogen by Hot Tungsten 

When a tungsten filament is heated to a sufficiently high tempera¬ 

ture in hydrogen contained in a glass vessel the walls of which are 

cooled in liquid air, Langmuir (1912, 1915,1926) showed that there 

is a continuous diminution of pressure and interpreted this as being 

due to the production by the hot tungsten of atomic hydrogen 

which is adsorbed on the surface of the glass. In order to investi¬ 

gate the rate of production quantitatively it is essential to use an 

efficient method of trapping the atoms, since, if it can be assumed 

that any atom produced is trapped before it combines with another 

atom, the rate of disappearance of gas, obtained from the volume 

of the vessel and the rate of diminution of pressure, gives a 

measure of the rate of production of atoms. Langmuir’s measure¬ 

ments themselves showed that glass cooled in liquid air was not 

consistently efficient in this way, since the rate of production of 

atoms under definite conditions was not reproducible. 

Atomic hydrogen is known to react with molybdenum oxide. 

In order to trap the atoms efficiently, and obtain accurate measure¬ 

ments of their rate of production, Bryce (1936) deposited this oxide 

to a depth of more than fifty layers on the walls of the vessel con¬ 

taining the tungsten by heating a subsidiary molybdenum filament 

in oxygen. This oxygen was pumped off and the experiment on 

the production of atomic hydrogen was begun, the vessel contain¬ 

ing the filament being immersed in melting ice to keep the tem¬ 

perature constant. The results obtained showed that the earlier 

estimates of the rate of production under given conditions were 

too low by a factor at least as great as two hundred. From this, 

and the fact that subsidiary experiments showed that there was no 

fatigue effect in the molybdenum oxide, it can be concluded that 

the oxide is a much more reliable trap than the glass surface 

cooled in liquid air; the considerations given below indicate that 

it must provide almost a completely efficient trap. 

MAG 5 
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With the filament at a fixed temperature the effect of varying 

the pressure on the rate of production of atoms was determined. 

The results showed that at constant filament temperature the rate 

of production is inversely proportional to the square root of the 

hydrogen pressure. 

The relation between the rate of production and the temperature 

of the filament was determined accurately. After correcting for the 

distribution of temperature along the filament, the results showed 

that «, the number of hydrogen atoms produced per cm.2 per sec., 

is given by 

where />mnj is the pressure in mm. of mercury, R is the gas con¬ 

stant, T K. is the temperature of the tungsten and the gas is at 

o° C. The experimental results on which this equation is based 

cover a temperature range from 1148 to 1420 K., and a pressure 

range from 3 x io~3 to 3-7 x 10 2 mm. of mercury. 

It is evident that to explain these results we must consider in 

some detail the various processes occurring at the surface, includ¬ 

ing the evaporation of adsorbed particles from it. 

5*2. Groups of Processes occurring at the Surface 

In the case of adsorption without dissociation there are only 

two processes to be taken into account: (i) condensation of mole¬ 

cules, and (ii) evaporation of molecules. When each molecule 

occupies one site on the surface and when there is no interaction, 

we have seen in § 2*1 that the condition of balance between these 

two processes leads to the Langmuir adsorption isotherm. 

When dissociation occurs on adsorption there are more possible 

processes at the surface to be considered, and in discussing the 

equilibrium problem we must also take into account the fact that 

at a given temperature and pressure the gas in its equilibrium 

state contains both undissociated and dissociated molecules. The 

equilibrium condition for the reaction 

H2=2ll 

in the gas phase is py - I o3 , (5-2) 

where px and pt are the partial pressures in dyne cm."2 of atomic 

and molecular hydrogen respectively and K is the equilibrium 

constant with pressures measured in atmospheres. Although for 
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preciseness the case of hydrogen is considered, the treatment 

applies equally well to any diatomic molecule. 

Suppose the gas is contained in a tungsten box maintained at 

the required temperature I\ the surface of the metal being free 

from oxygen and other adsorbed impurities. Quite apart from 

any reactions taking place in the gas phase, the processes occurring 

at the surface must themselves be able to set up and maintain the 

degree of dissociation of the hydrogen corresponding to the tem¬ 

perature of the walls and the pressure in the box. There are three 

pairs of surface processes to be considered and, according to the 

principle of detailed balancing, each pair of these must balance 

individually. These processes are: 

(i) (a) Evaporation of atoms from the adsorbed film. (b) An 

atom from the gas strikes the surface where there is a vacant site 

and condenses. 

(ii) (a) Two neighbouring adsorbed atoms combine and eva¬ 

porate as a molecule. (h) A molecule strikes the surface where two 

neighbouring sites are vacant, dissociates and the atoms are 

adsorbed. 

(iii) (a) A gas atom strikes an adsorbed atom, combines with it 

and the two evaporate as a molecule. (b) A gas molecule strikes 

the surface where there is one vacant site or more, one atom is 

adsorbed, the other goes into the gas phase. 

Neglecting the interactions between adsorbed atoms, Roberts 

(1936) investigated the balance between these processes, and 

Roberts and Bryce (1936) gave the theory of the production of 

atomic hydrogen. Subsequently, Roberts (1937) showed how to 

take account of the interactions between the adsorbed atoms and 

showed that their inclusion produced no important difference. 

This theory we now consider, but first it is desirable to discuss some 

of the fundamental assumptions on which any such theory must be 

based. 

5*3. Fundamental Assumptions 

The adsorbed particles can be regarded as oscillators moving in 

various quantum states in the field at the surface of the solid. 

Lennard-Jones and Devonshire (1936) have discussed the excitation 

of such oscillators and the evaporation of the particles by inter- 
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action with the elastic waves of the solid. This treatment super¬ 

sedes completely all earlier attempts to obtain formulae for 

evaporation based on a classical picture. They have shown how 

calculations can be carried out for the case in which the oscilla¬ 

tions are normal to the surface, so that the state can be specified 

by one quantum number, and when only one quantum of 

thermal vibration of the solid is transferred at a time. This 

practically restricts the treatment to atoms or molecules held by 

van der Waals forces, since only these would be likely to be 

evaporated by one such quantum.* They assume that the potential 

energy between the adsorbed particles and the surface can be 

represented by a Morse function (see § 1*1). The interesting result 

has been obtained that even at very low temperatures evaporation 

in two stages is relatively very' frequent. The two stages involved 

are, first, excitation to a higher vibrational level and then com¬ 

munication from the solid of a further quantum sufficient to cause 

evaporation. This mechanism is illustrated by tig. 25, in which 

the dots give the relative populations of the various states, the 

crosses give the relative probability of evaporation from each state 

and the broken crosses, which are drawn to a different scale, give 

the product of the relative populations and the probability of 

evaporation, that is, the relative numbers of evaporating particles 

coming from the different states. The calculations were made for 

7=300 K. for a solid with a characteristic temperature (-) = 

510° K., and for a heat of adsorption from the lowest state of 

1000 calories per mol. It will be seen that evaporating particles 

are most likely to come from the third state, and that more come 

from the fifth state than from the ground state, in spite of the 

relatively low populations of the third and fifth states. 

Lennard-Jones and Devonshire analyse the assumption that for 

a given desorption process the rate of evaporation of particles per 

unit area is proportional to 

AOc-xt**, (5-3) 

♦ Strachan (1937) has later shown that the probability of the simultaneous 
transfer of several quanta of energy by the solid is small. l^ennard-Joncs and 
Goodwin (1937) have therefore examined the possibility that the energy necessary 
to excite and evaporate adsorbed atoms held by chemical forces may come from 
the metallic electrons. It has not been possible to carry the calculations in this 
case quite as far as in that considered by Ixrnnard-Jones and Devonshire. 
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where x is the energy of desorption per molecule from the lowest 

state and A is a constant. In this formula, as in their theory, it 

is tacitly assumed that there is no interaction between adsorbed 

particles. They carry out calculations for particles of molecular 

weight 2 and for a heat of desorption of 1000 calories per mol. and 

1 2 3 4 5 

S 

Fig. 25. The probability of evaporation of an adsorbed molecule from various 
quantum states of vibration perpendicular to the surface of a solid. The 
dots (#) give the relative population of the various states; the crosses ( x ) 

give the relative probability of evaporation from each state; and the broken 
crosses ( • ) (which are on a different scale) give the product of the relative 
populations and the probability of evaporation. (7*=3oo° K., 0 = 510° K.) 

0 = 510° K. at 7^=30 and 71=300° K., and show that A is not 

constant but that A^A^b. 

The essential thing from our point of view is that their calculation 

justifies the use of formula (5-3) because over this range of tem¬ 

perature and for the given value of x the term e~»kT varies by a 

factor of about io7, so that the correct formula with A a function 

of T and formula (5-3) with A constant and a slight adjustment 

in the value of x would be completely indistinguishable in any 

experimental investigation. 
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We shall make a similar assumption throughout the subsequent 

treatment, and shall suppose that, when there is an interaction 

energy V (positive if the force is repulsive) between particles 

adsorbed on neighbouring sites, the relative probability of evapora¬ 

tion of a particle on a site with $x + ... + 0Z neighbouring sites 

occupied contains a factor 

txP[-ix-(el + ... + 0z)V}!kT], 

and that the factor which corresponds to A in equation (5*3) does 

not vary appreciably with T or with Ox + ... + 02. Although A is 

undoubtedly in fact a function of T and of Ox 4-... 4- Oz, the essential 

point is that in the important temperature range 

{X-(6l + ... + ez)V};kT 

is assumed to be sufficiently large for variations in the exponential 

term occasioned by changes in ^4 ... Mf, or in T to swamp 

completely the accompanying changes in A. Leonard-Jones and 

Devonshire have, as we have seen, justified the assumption of an 

effectively constant A at different temperatures for van der Waals 

adsorption and for no interaction between adsorbed particles. We 

extend it to cover the effect of interaction between adsorbed 

particles and processes in which the heat of adsorption indicates 

that chemisorption is involved. 

Lennard-Jones and Devonshire have also examined the theory 

of condensation for a similar model, and have shown that for a 

molecule striking a vacant site the condensation coefficient varies 

little with temperature, being 0 081 at 30° K. and 0103 at 300° K. 

5*4- Theory of Equilibrium and of Production of Atomic 
Hydrogen including Effect of Interactions 

We now consider the balance between the three pairs of pro¬ 

cesses given in § 5*2, taking into account interactions between the 

adsorbed atoms (Roberts 1937). We assume that each site has z 
closest neighbours, that no two neighbours of a given site arc neigh- 

boursof each other, and that there is an interaction energy Vbetween 

atoms adsorbed on neighbouring sites and no appreciable inter¬ 

action energy if they are at a greater distance. The relative 

probability of a given arrangement of atoms on the central site o 
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and its neighbours 1, ...,z specified as before by the numbers 

0O> ..., 6Z is given by equation (2*9). 

Let 11s first considerthe pair of processes (i). If we write rj = t~v,kT 
the expression for the rate of evaporation of atoms from sites sur¬ 

rounded by (6X +... -f 6e) occupied sites will, as discussed in the 

preceding section, contain a factor 

Since we are discussing the evaporation of an atom from the 

central site, we consider only arrangements in which the central 

site is occupied, i.e. = 1. The relative probability of an assigned 

set of values of t)v ..., 6Z is, by equation (2 9), given by 

so that the rate of evaporation from unit area of the surface is 

given by 

or bv 

where Iix0 would be the rate of evaporation of atoms per unit area 

for a given 0 if the atoms were arranged in such a way that there 

were no interactions. Since the sums are to be taken for all 

possible combinations of the \arious values of 0V ..., 0zf this be¬ 

comes 
/ t L , U 

(5-4) 
\« + »?«/ 

The rate of the inverse condensation process per unit area is 

a/' (i - 0), 
/‘l 

(5'5) 

where it is assumed that «,. the probability that an atom condenses 

when it strikes a vacant site, is independent of the state of occupa¬ 

tion of neighbouring sites. For the balance of processes (i), we 

have, then, 

" .. (5*0 6 
«i/>i /1 + v(Y 

1 +«/ 

Now consider (ii), the evaporation and condensation of molecules. 
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We have already seen in equation (4*6) that the rate of condensa¬ 

tion of molecules on unit area per second is 

M* »+< 

In the inverse evaporation process atoms on sites o and i combine 

and evaporate. The probability that site o is occupied is 6. If 

site o is occupied, the probability that site i is also occupied is, 

from (2-9). v(,,)U»,,, 

I+T?€’ 

That is, the probability that sites o and i are occupied together is 

I + 7)€ 

The rate of evaporation will contain a factor depending on the 

state of occupation of the sites surrounding o and i. We con¬ 

tinue to specify the occupation of the sites around o by tf,f 6S 
and specify the occupation of those round i by 0J, ...» 0~ with 

&i = 0o. No other dashed site coincides with an undashed site. 

From considerations exactly similar to those leading to expression 

(5*4) the average rate of evaporation of molecules per unit area of 

surface is 

2 i+V ’ 

where the sums are to be taken for all possible combinations* of 

values of 02, 9Z, ^ and Ii2 is the rate of evaporation 

of molecules from unit area of a complete film. This expression 

is equal to 

B20 *_( !”)U . (,*) 

For the condition of balance of processes (ii) obtained by equating 

(5-7) and (5-8) we have, since, by (2-10), 

9 _ f ( I + T)() 

1 -9~ 1 t-e ’ 

j (l + vY 
1 — 6 rjl \ I *f € / 

• It may be mentioned that 0J, etc., arc not al! necessarily independent of 0g, 
etc., but with the present method of averaging thia interdependence must be 
neglected (»ee f 5*6). 
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We now consider the third pair of processes. When a hydrogen 

atom from the gas phase strikes an adsorbed atom and the two 

combine and evaporate as a molecule, there is a considerable 

evolution of heat. We assume that the frequency of occurrence 

of this process per unit area is given by 

Mil 
y 

Mi 
(5-io) 

where Z?3, which is the probability that a gas atom striking an 

adsorbed atom combines with it, is to a first approximation inde¬ 

pendent of the temperature and of the state of occupation of sur¬ 

rounding sites. In the inverse process, when a molecule from the 

gas phase strikes an unoccupied site (the central site) and one 

atom is adsorbed and the other escapes to the gas phase, the 

energy absorbed is 

+ ... + #c), (S'11) 

where qd is the energy of dissociation per molecule in the gas 

phase and (qx)0 the heat of adsorption of an atom on a bare sur¬ 

face. The frequency of occurrence of this process is therefore 

taken as containing a factor If the central site is 

vacant, the relative probability of a configuration of given 0lf ..., Oz 

is by (2*9) given by €*i Thus the frequency of occurrence 

of this process per unit area per second is 

B*Pt 
lL«. 

(i-0) 

where /i4 is the probability that a molecule, which strikes a place 

on the surface where there is a vacant site, dissociates so that one 

atom is adsorbed and the other escapes into the gas phase. This 

expression is equal to 

—(1 — 0) 
^2 

(5-12) 

For the equilibrium of the pair of processes (iii) we obtain from 

(5-10) and (5*12) 

1-0 B9\mJ />,\ i+e/ ^ 

Substituting the value of pt given by equation (5-2) in (5-6) 
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and (5*13), the three equations (5*6), (5-9) and (5*13) which give 

0/(i - 6) become respectively 

6 l03A'*a, , / I + . . 

.. »- ,, fl/M,.;)' <*■*> <*"4> 

<*•*> 

These are all of the form 

= */>! (V.Tf (5-«7) 

This isotherm will be discussed in § 5*6. The different expressions 

for B must all be equal, which gives us relations between Bu 
a2, , B$ and B^. 

It should be noted that if there are no interactions then 77 is 

unity and these equations reduce to 

0 103AM aj i 

i'-«= /■, 

cy'* 
H 1 t »», 1* nA , 

1-1/ io3^1mJ H.Pi’ 

(5-«8) 

(5*9) 

(5'2°) 

each of which is of the form 

- Ap\, (5*2i) 

where /I depends only on the temperature. 

These results will now be applied to the production of atomic 

hydrogen. Atoms in the gas phase are due to two of the processes 

which have been discussed above. These are (i) (a), in which 

atoms evaporate from the adsorbed film, and (iii) (A), in which 

a gas molecule strikes a bare surface and dissociates, one atom 

being adsorbed and the other escaping into the gas phase. Since 

the rate of production of hydrogen atoms at a given temperature 

is proportional to the square root of the pressure, then either the 

film is very sparsely occupied and process (i) (a) is the important 
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one, or the film is nearly complete and process (iii) (6) is the im¬ 

portant one. The rate of evaporation of atoms from unit area of 

the surface (process (i) (a)) is 

Bxe (5-4) 

Substituting the value of £ given by (5-14) *n this an(^ using the 

fact that 6 is small, it becomes 

~~K'axpl (5-22) 
Mi 

The variation of with temperature, which is as 7'*, is negligible 

compared with that of K which is an exponential function of tem¬ 

perature. The adsorption of a hydrogen atom on tungsten is a highly 

exothermic process (Roberts 19356), and it would not be expected 

that aj would vary much with temperature, a conclusion which is 

supported by the calculations of Lennard-Jones and Devonshire 

referred to in § 5*3. Treating as constant, the temperature 

variation of the rate of production of atomic hydrogen is due 

entirely to the temperature variation of AT 

'The rate of production of atomic hydrogen by process (iii) (b) is 

Substituting the value of e given by (5*16) in this and using the 

fact that t) is nearly unity in this case, it becomes 

I°3«3 

Ml 
(5-23) 

As in the other case the variation of f.ix with temperature can be 

neglected compared with that of AT. is the probability that 

when an atom from the gas phase strikes an adsorbed atom, the 

two combine and evaporate as a molecule. A large amount of 

heat is evolved when this takes place, and it can be assumed that 

is to a first approximation independent of temperature. Thus, 

the temperature variation of the rate of production of atomic 

hydrogen is due entirely to the temperature variation of KK 
"Thus a determination of the temperature variation does not make 

it possible to decide between the two processes.* 

* The same result follows if the interactions are neglected (Roberts and Bryce 
1936) as can be seen by considering equations 



76 THE ADSORPTION OF GASES ON SOLIDS 

We shall now show that this theoretical temperature variation 

agrees with that determined experimentally. Values of log10AT 

can be calculated from the data given by Giauque (1930), but using 

the value 101,000 cal. (obtained from spectroscopic data) for the 

heat of dissociation, instead of the older value 102,800 used by 

him. If values of log10 K* deduced from these data are plotted 

against ljT a linear relation is obtained over the required tem¬ 

perature range and, using values of AT* from this plot, the relative 

rates of production of atomic hydrogen at the tungsten surface at 

various temperatures can be obtained. The results of this calcula¬ 

tion together with the measured rates are given in table 4. The 

agreement is satisfactory. 

Table 4 

Temperature 
K. 

Rate of production of H atoms per cm.* per sec. 
at ~ 1 25 x 10“1 mm. mercury 

Observed Theoretical 

1420 316 x 10 

*338 115x10 

1243 32 x 10 
114S 7 X IO 

(316 x 1 o1 *) 
103 x io14 

22 * IOM 

4 v io14 

In order to decide which of the two processes is the important 

one, it is necessary to determine experimentally whether the sur¬ 

face is sparsely or nearly fully covered in the above experiments. 

This has been done by Bosworth (1937), using the method of 

contact potentials described in § 4* 1. He has shown that, under the 

conditions obtaining in Bryce’s experiments, the covering would 

always be greater than 0*6 or 0*7. We therefore conclude that the 

second process considered above, in which a molecule strikes a 

bare place on the surface, one atom being adsorbed and the other 

passing into the gas phase, is under the conditions of Bryce’s 

experiments the one primarily responsible for the production of 

atomic hydrogen. 

5*5. True and Apparent Heats of Evaporation of Adsorbed 
Films 

In a number of experiments, particularly with oxygen on 

tungsten, the heat of adsorption has been deduced from measure- 
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ments of the relative rates of evaporation of adsorbed films at 

different temperatures. Various electrical methods have been 

used to measure the amount of oxygen on the surface. 

Langmuir and Kingdon (1925) showed that an adsorbed film of 

caesium on tungsten or on tungsten already covered with oxygen 

increases the electron emission at a given temperature enormously. 

Further, when there is an oxygen film on the tungsten, the 

caesium film is much more stable than on bare tungsten. The 

effect of this is evident if a filament is heated to a temperature in 

the neighbourhood of about Soa-iooo0 K. in the presence of 

caesium vapour at a pressure corresponding to the vapour pres¬ 

sure of caesium at about 20° C. Under these conditions an 

oxygen-covered filament has much more caesium on it than a 

bare tungsten filament, and the emission from it is much greater. 

Langmuir and Yillars (1931) have made this fact the basis of a 

method of measuring the amount of oxygen on a tungsten surface. 

In applying this method to determine relative rates of evaporation 

of oxygen they allowed the evaporation to proceed for a measured 

time at a high temperature (1856-2070° K.). They then cooled 

the filament down to a temperature in the range 800-1000° K. 

in the presence of caesium vapour and measured the emission. 

Assuming that a given emission under definite conditions corre¬ 

sponds to a given fraction of surface covered with oxygen, they 

were able to deduce relative rates of evaporation at different 

temperatures. 

Johnson and Vick (1935) measured the thermionic emission at 

a fixed high temperature from a tungsten filament and studied 

directly the effect of an oxygen film on the thermionic current. 

As the film evaporated, the emission increased and a cathode-ray 

oscillograph was used to follow the changes. Their system had 

the advantage of involving only tungsten and oxygen. Bosworth 

and Rideal (1937) have given an account of similar experiments in 

which the contact potential method described in § 41 was used. 

The heat of adsorption per particle, which we shall for con¬ 

venience call the apparent heat of evaporation qa, is in all these 

experiments deduced from the rate of evaporation r by means of 

the formula , d log r 

dC'jry (5-24) 
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where k is Boltzmann’s constant. Langmuir and Villars found an 

apparent heat of 164,000 calories per mol. for small values of 0, 

and state that the value becomes less as 0 increases but give no 

details. Johnson and Vick found 147,000 for small 0, Bosvvorth 

and Rideal found 150,000 for small 0, diminishing to about 

70,000 as 0 increases. 

In this section we will discuss the meaning of the heats deduced 

in this way when there is interaction between the adsorbed 

particles. For simple adsorption, in which each particle in the 

gas phase occupies one site for adsorption, the true heat of adsorp¬ 

tion is obtained, but Roberts (19380) has shown that in other cases 

this is not generally true, and to interpret the results correctly 

we must know the nature of the desorption process involved. To 

illustrate this we shall discuss the relevant physical processes 

involved in connexion with the adsorption of dimer* molecules 

as has been considered by Roberts (19380) and Miller (1947). 

First, we shall consider the case in which adsorption takes place 

with dissociation. In the evaporation from the film the only 

important process is the recombination of adsorbed atoms and 

the subsequent evaporation of molecules. 

Consider the true heat of adsorption when 0 — o. A gas molecule 

strikes the surface and the two atoms are adsorbed on two neigh¬ 

bouring sites. The energy of the system is diminished by \2> 
where ls t^ie ^eat adsorption when the two atoms remain 

on neighbouring sites and all the surrounding sites arc vacant. 

In the normal state of the system with only two atoms on the 

surface they are on neighbouring sites for only a very small frac¬ 

tion of the total time. In passing to this normal state there is a 

further diminution of the potential energy' of the system by \\ 
where V is the interaction energy between atoms adsorbed on 

neighbouring sites. The true heat of adsorption (</2)0 is therefore 

8ivenby 

When 0 = o we may consider in the following way the apparent 

heat of evaporation deduced from the temperature variation of the 

rate of evaporation. In the limit there are just two atoms left on 

• By a dimer molecule is meant a molecule such as the hydrogen molecule, 
which if it is adsorbed as a molecule must be regarded as occupying two adjacent 
sites on the surface. 
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the surface. Except for a very small fraction of the total time they 

will not be on neighbouring sites. In order to evaporate as a 

molecule they must occupy neighbouring sites, and when they do 

so the potential energy of the system is increased by V. When 

they evaporate, the potential energy* is further increased by Xi so 

that the heat factor in the exponential term in the expression for 

the rate of evaporation is x*+ I\ an^ this is the apparent heat of 

evaporation obtained from the variation of the rate with tempera¬ 

ture. We have therefore, for 0 = o, 

(?<.)« = 0?2)o = Xa+ V. (5-25«) 

When 6~ 1 the following considerations apply to the true heat 

of adsorption. In the limit there are two vacant sites left on the 

surface. Except for a very small fraction of the total time these 

will not be neighbours. When they are neighbours, the potential 

energy is greater by V than it is in the normal state. When a 

molecule from the gas phase comes and occupies these two sites, 

the energy of the system is diminished by X'i~~(2z ~~2)^ • The 

total change in energy in going from the normal state with two 

vacant sites to the final state with all sites occupied is therefore 

X2-(2S- 2)T- I', so that the true heat of adsorption with 

1, is, for £-4, given by 

(V2>i=X2 —7*’- (s-2ba) 

Since the surface is fully covered, no reorganization is necessary 

before evaporation can occur, and therefore the heat factor in the 

exponential term in the expression for the rate of evaporation is 

X-,-(2Z - 2)l\ which is the energy that a molecule must acquiref 

in order to leave the surface. This is the apparent heat of evapora¬ 

tion deduced from the variation of the rate of evaporation with 

temperature. Thus, for 3 = 4, we have 

(v,.)i = X2-61'- (5-27 a) 

When adsorption occurs without dissociation, J and each mole¬ 

cule occupies two closest neighbour sites, then, if a molecule con- 

# We may in connexion with these simple physical considerations neglect the 
contribution of changes in kinetic energy to heats of adsorption. 

t Apart from any heat of activation in the adsorption process, sec Roberts 

0937)- 
l See Miller (i947)- 
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denses on a bare surface, the energy of the system is decreased by 

X, where x is the heat of adsorption of a solitary molecule. Thus 

the true heat of adsorption at 6 = o is given by 

When the last molecule evaporates from the surface the change 

in the potential energy of the system is x so that the apparent heat 

of evaporation at 0 = o is also x- Thus 

</o = (V..)o = X- (S'25b) 

The heat of adsorption at tf=i can he obtained in the following 

way. From equation (2-24) it is clear that, as ^->00, 0->i; 

from equation (2*21) it is clear that as 0-> i, €0/€i~>oc> 80 

that €0-»x as 0->i much more rapidly than does From 

equation (2*24) we have 

and so (i —P small). (5-29) 

It follows therefore that, as 0->i, the second term of the 

right-hand member of equation (2*28) approaches minus unity 

while, for a square lattice, the first term approaches -0*75. 'Thus, 

as 0->i, q~q0~> -7F, i.e. the heat of adsorption of the last 

particle is given by , . T . , , 
* ' (?2)i = X2-7»- (5-3°) 

Since in a completely occupied adsorbed layer each particle which 

occupies a pair of closest neighbour sites has six interactions with 

its closest neighbours, it might appear that the heat of adsorption 

of the last particle should be X2*~^^ For example, consider the 

sites shown in fig. 26 (a) ; if all the sites except the pair of closest 

neighbours marked 1 and j are occupied, then, when a molecule 

condenses on i-j, six additional interactions are introduced. Con¬ 

sideration of fig. 26 (a, b), however, shows that if all but two 

sites are occupied then, in general, the two vacant sites will not 

be closest neighbours. For, if they are closest neighbours, the 

interaction energy of the film is {J(2~ I)^~(j8r + 2)}F (fig. 26(a)), 

whereas if they are not closest neighbours the interaction energy 

of the film is {\{z- i)N$-(z + 3)}F (fig. 26(A)). Thus, when all 

but two of the sites are occupied the system will spend most of 
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its time in a configuration such as (6). It follows that, in order 

to adsorb the last molecule, the particles which are already 

adsorbed must first rearrange themselves so that they pass from a 

configuration such as (6) to one such as (a), and this increases the 

interaction energy by V. The subsequent adsorption of a molecule 

on a pair of adjacent sites then increases the interaction energy 

by an additional amount 61', so that the heat of adsorption of the 

last particle is \ Thus the true heat of adsorption at 6= i is 

9i = X -7V. (5-266) 

• • 0 0 0 • • 

• • 0 0 Oi • • 

O, Oj 0 0 • • • 

• • 0 0 • • 

• • 0 0 • • • 

(0) (6) 

Fig. 26. Configurations of occupied sites when only two sites remain vacant. 

The apparent heat of evaporation is obtained by considering the 

evaporation of a molecule from the completely filled surface. No 

rearrangement of molecules is necessary, and the preceding dis¬ 

cussion shows that . * A . n 
(</»)i = X-<>K (5^7*) 

For adsorption of dimer molecules with dissociation we there¬ 

fore have, from equations (5-25a), (5*26*1) and (5*27*2), that 

(?2)i-(^)o= (?<i)i-(?«)o= -7 K (S'31) 

while for adsorption of dimer molecules without dissociation we 

have, from equations (5*256), (5*266) and (5 276), that 

Vl-tfo® -7^. (9a)l~(?«)o = ~6V- (5*32) 

These elementary considerations show that in each case there is a 

difference between the true heat of adsorption and the apparent 

heat of adsorption calculated from the rate of evaporation. 

MAO 6 
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5*6. The Adsorption Isotherm 

A great advance in the theory of adsorption was made when 

Fowler (1935) showed that the Langmuir adsorption isotherm can 

be deduced from statistical considerations only, without postulating 

any particular mechanism by which the equilibrium state is attained. 

In addition, he sshowed that, when diatomic molecules consisting 

of two similar atoms dissociate on adsorption and each atom 

occupies one site, the statistical method leads to an isotherm of the 

same form as that deduced from kinetic considerations, equa¬ 

tion (5*21), on the assumption that there is no interaction between 

the adsorbed atoms. 

One way in which the statistical method is important is that it 

shows which of the assumptions leading to any particular result 

are essential and which are irrelevant. For example, in deducing 

the Langmuir isotherm the essential assumptions arc: (i) that 

there is a definite number of sites for adsorption, (ii) that one gas 

molecule and one only can be adsorbed on each site, and (iii) that 

there is no interaction between adsorbed molecules, i.e. that the 

energies of the states of any adsorbed molecule are independent 

of the state of occupation of neighbouring sites. The fact that a 

particular mechanism of condensation and evaporation leads to 

the correct form of the isotherm merely means that the mechanism 

has been formulated and written down in a consistent manner. 

If, in connexion with any particular model of adsorption, we are 

interested in the mechanisms of condensation and evaporation, 

it is obviously essential that our formulation of these processes 

should be consistent with the laws of thermodynamics; that is, it 

is essential that our formulation of the processes should lead to 

an isotherm of the same form as that obtained for the same model 

from statistical considerations. 

In order to make the comparison in the present case we must 

express the constant B in equation (5*17) as a function of the 

temperature. Let Xi be the heat of desorption of an atom from 

a site surrounded by vacant sites and from the state of lowest 

energy in the adsorbed phase to the state of lowest energy in the 

gas phase. Let Xz he the heat of desorption, as a molecule, of two 

atoms adsorbed on neighbouring sites, the surrounding sites being 
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vacant and each atom in its state of lowest energy, the molecule 

after desorption being in the state of lowest energy in the gas 

phase.* Let \,i be the heat of dissociation of a gas molecule in the 

state of lowest energy into two atoms also in the state of lowest 

energy. The law of conservation of energy gives 

X2=2Xi- V~Xd- (5'33) 

We now make use of the considerations discussed in § 5*3 and 

write ,r 
Bi = Alc~x*,k1, (5-34) 

(5*35) 

and, using the result given in equation (5-11) and neglecting, as 

discussed in the last footnote, the difference between q(J and Xd 
and between (y,)0 and \i» 

= (5.36) 

/!,, A2 and A4 are to a first approximation independent of the 

temperature. Further, the van’t Hoff equation of the isochore of 

reaction for the dissociation of hydrogen in the gas phase may be 

written ~ 
c log K = xa 

?T kT1' 

To the present approximation Xd treated as a constant. Integrate 

ing this we have x 
L = xiU, (5*37) 

where k is independent of 7. Using equations (5’33)-(5‘37) in 

(5*14) (5*1(1), the latter are all seen to be of the form 

a 
1-0 

A e<x\-lxd''kr (5-38) 

rFhe expressions for A are respectively 

«i io3/s:* / a2 y A4(mt 

Ax /a, 1 \A2ti2) ' io3AT* 

As far as the important terms in T are concerned, equation (5*38) 

is of the same form as the isotherm which Wang (1937), in his 

equations (2) and (9), deduced from statistical considerations using 

the method of Peierls. This agreement is important, for, as has 

• This differs from the definition of X* given before in that we now specify 
the change as from one state of lowest energy* to another. For practical purp°scs 
the difference is negligible. 

6*2 
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already been pointed out at the beginning of this section, it means 

that the formulation of the rates of the various processes is con¬ 

sistent. 

We need not illustrate the actual form of the isotherms (see 

Wang (1937), as at present there are no experimental results avail¬ 

able for comparison. Some points of importance in connexion 

with them may, however, be noted. Wang has shown that, if 

there is a repulsive interaction between adsorbed particles, the 

first approximation treatment which we have given leads to an 

isotherm in which there is no point of inflexion. Chang (1938) has 

shown that, if the approximation is carried further and the effect 

of long-distance order is included, there is in some cases a point 

of inflexion, but numerical calculation shows that this occurs 

only when 6 varies slowly with p, and it would be difficult to 

detect the effect experimentally. In connexion with points of in¬ 

flexion in isotherms it has often been stated that, if the surface 

is not uniform in that various sites on it have different energies 

of adsorption associated with them, quite apart from any inter¬ 

action between the adsorbed particles, the adsorption isotherm 

will show steps. Wang (1937, p. 136) has shown that this is not so. 



CHAPTER 6 

SOME OTHER TYPES OF ADSORPTION 

6*z. The Distribution of Particles in a Mobile Film when 
each Adsorbed Particle precludes Occupation of 

Neighbouring Sites 

In applying the theory of adsorption developed in the preceding 

chapters to the adsorption of hydrogen, it has been assumed that 

each hydrogen molecule dissociates on adsorption, and each 

adsorbed atom occupies one site which has four closest neighbour 

sites. It was pointed out in § 1-4 that the amount of hydrogen 

adsorbed on tungsten could equally well be explained on the view 

that the hydrogen is adsorbed as molecules without dissociation, 

and that, if a given site is occupied, the size of the molecules is 

such that no adsorption can occur on the four neighbouring sites. 

This consideration also applies in examining the amount of oxygen 

in the stable film on tungsten. When such a film is complete there 

are half as many adsorbed molecules as there are metal atoms in the 

surface, i.e. the number of adsorbed gas atoms is equal to the number 

of metal atoms in the surface. It is therefore important to develop 

the theory of this type of film to see if there is any crucial experi¬ 

mental test which would enable us to decide definitely to which 

of the two types a given film belongs. 

The theory of the production of atomic hydrogen on the basis 

of adsorption with dissociation accounts for the experimental 

results satisfactorily (§ 5*4). This suggests that at the temperatures 

1150-1420° K. at which the experiments were carried out the 

hydrogen film is anatomic one. Blodgett and Langmuir(i932), in the 

experiments already mentioned in § 1-2, measured the accommoda¬ 

tion coefficient a of hydrogen with a tungsten filament at a mean 

temperature of 3570 K., the hydrogen being at 8o° K. They showed 

that, if the filament was heated in a hydrogen atmosphere to a 

temperature of about 600-1000° K. before the measurement was 

made, the value of a obtained was lower than that given by a 

filament that had not been heated higher than about 400 or 500° K. 

after admitting the hydrogen. They interpreted this result as 
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meaning that there are two types of adsorption of hydrogen on 

tungsten, and suggested that the simplest assumption was that at 

low temperatures the hydrogen is adsorbed in the molecular form, 

while in a film formed at higher temperatures it is atomic. They 

point out that Bonhoeffer and Farkas (1931) have suggested that the 

ortho-para-hydrogen conversion of hydrogen on tungsten can be 

explained if it is assumed that a film formed at room temperature 

is atomic, and that, if this contention is accepted as correct, it 

would appear to be necessary to conclude from their experiments 

that there are two types of atomic adsorption. 

There is a real difficulty here because, whatever view may be 

taken of the detailed mechanism by which the conversion goes, it 

is difficult to explain its occurrence on the surface without postu¬ 

lating dissociation of the hydrogen when it is adsorbed at room 

temperature. There is the further consideration in favour of dis¬ 

sociation on adsorption that it is difficult to picture how the 

hydrogen can be held by chemical forces unless it is dissociated 

into atoms, because the electrons in the molecule form a closed 

shell. On the other hand, if the atomic nature of the film at room 

temperature is accepted, it seems equally difficult to devise a 

plausible model of the two types of atomic adsorption demanded 

by Blodgett and Langmuir’s result. The weight of the evidence 

appears to be in favour of an atomic film to which the considera¬ 

tions brought forward in this chapter will not apply. With 

oxygen, which we now consider, these difficulties do not arise. 

Johnson and Henson (1938) have used the method developed by 

Johnson and Vick (1935) (§ 5-5) to study the formation of an oxygen 

film on tungsten at high temperatures (2100-2400° K.). They 

have found that in this temperature range there is an apparent 

energy of activation for the adsorption process. The experiments 

indicated that under given conditions the rate of adsorption in¬ 

creases with the temperature and, if the same law continued to 

ordinary temperatures, it would therefore be negligibly small. 

They suggest, therefore, that in this case there are two types of 

adsorption, some sort of molecular adsorption at low temperatures 

and atomic adsorption at high, the occurrence of the latter requiring 

an energy of activation. Here, then, there is sufficient evidence to sug¬ 

gest the desirability of examining the properties of molecular films. 
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We have already seen in § 1-4 that there is some doubt about 

the actual crystal plane that predominates in the surface of a 

tungsten filament. From the present point of view this is of con¬ 

siderable importance, as the no and the 100 planes would behave 

differently. We shall first consider the no plane in which the 

atoms are arranged as shown in fig. 27, and shall assume that, if 

a molecule is adsorbed on a given site (say site o in the figure), 

# • • • • 
• • t • 

• • • • • 
5 

t t • • 
» 2 

# # • • • 
0 

• • • • 
3 4 • # # • • 

6 
* • • • 

• • • • # 

Fig. 27. Group of sites on 110 plane of tungsten. 

the neighbouring sites (1, 2, 3 and 4) are not available for the 

adsorption of another molecule. We assume that, when two mole¬ 

cules are adsorbed on sites like o and 5, the nearest sites on which 

adsorption can take place, there is an interaction energy V between 

them due to their mutual repulsive forces, but that at greater 

distances, for example on sites 1 and 2, the interaction energy is 

negligible. 

Let us first consider the states of lowest energy for a film of this 

type. Up to 0 = -$ it is possible, as shown in fig. 28, to arrange the 

particles on the surface so that the interaction energy is zero. The 

small dots in the figure represent vacant sites and the larger ones 

particles. It is not possible to put more particles on the surface 

or to arrange them differently without introducing interactions. 

Up to 0 = | the heat of adsorption will remain constant at q0. An 

examination of fig. 28 shows that no further adsorption can occur 

without breaking up this configuration. Some rearrangement such 

as the following is necessary. Particle 1 moves to site 3 and par¬ 

ticle 2 to site 4 simultaneously. Particle 5 then moves to site 6 and 

site 7 is available for the adsorption of an extra particle. In order 
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to put in this one extra particle we have introduced six interactions 
and its heat of adsorption is anomalous. The extra energy can be 

regarded as a sort of activation energy for starting the rearrange¬ 
ment right along the chain AB, since, once the rearrangement has 
proceeded to this extent, particle 8 can move to site 9 leaving 
site 10 vacant for an extra particle and so on along the line on 
both sides, each particle added introducing three interactions, so 
that the heat of adsorption per particle is q0 — 3 V. This holds till 

Fig. 28. State of lowest energy when 0-i. 

we get to the ends of the line where actually the heat is higher 
than qQ — 3 V. When the total number of sites is large, the anomalies 

at the beginning and end of a line are negligible, and the relation 

between (? —</o)/^ and 0 is shown by the heavy line in fig. 29. 
This behaviour will be approached when VjkT is large, i.e. when 
r) = e~VIkT approaches zero, and the curve is marked 77 = 0. When, 
on the other hand, VjkT is very small, i.e. 77 ~ 1, the distribution 

of particles on the surface is random at all stages of filling up the 
film, and there is never any necessity to break up a configuration 
of lowest energy. The heat of adsorption for 0 = 0-5 is the heat 
corresponding to the filling up of the last gap in this random dis¬ 
tribution and is q0 — zV, For the random distribution the relation 

between heat of adsorption and d is approximately linear* and is 

* The relation is not strictly linear because, even when there is no appreciable 
interaction between adsorbed particles on sites like o and 5 in fig. 27, i.e. VjkT 
small, the fact that site o is a site on which adsorption can take place affects the 
state of occupation of site 5. In other words, site 5 is not an average site, the 
reason for this being that, if adsorption can take place on the vacant site o, sites 
1 and 2 must also be vacant, and a site which is a neighbour to two vacant sites 
is not an average site. Only for an average site can it be stated that the prob¬ 
ability of its being occupied is 0. Thus, when site o and its four neighbours are 
vacant, the probability of finding site 5 occupied is not exactly 0. The relation 
between heat of adsorption and 0 would be strictly linear only if this probability 
were 0. 
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shown by the curve marked rj = i in fig. 29. The actual shape of 

this curve and the shapes of those corresponding to values of t) 
between o and i have been calculated by Roberts (1938&). 

The behaviour in the region 6=0-5, when the film is nearly 

complete, is remarkable. For a given system, i.e. a given value of 

V, the heat of adsorption varies markedly with T and increases as 

T increases. It is important to note that for this type of system 

this does not, as might be supposed, necessarily mean that, as the 

temperature is raised, the type of adsorption changes. Any further 

discussion of this point would be premature as yet, but it must be 

Fig. 29. Variation of the heat of adsorption with the fraction of the surface 
covered. The full lines are true heats of adsorption; the broken line gives 
apparent heat of adsorption calculated for 17 = 0*01. 

pointed out that very complicated variations of heat of adsorption 

with temperature and with 6 can arise for quite simple systems 

when there are forces between the adsorbed particles. 

6*2. The Kinetics of Adsorption and Evaporation in a 
Mobile Film on the no Plane of Tungsten when 
each Adsorbed Particle precludes Occupation of 
Neighbouring Sites 

Similar considerations will apply to the rate of condensation 

during the formation of the film, and for small values of 17 we 

should expect a rapid diminution in this rate in the neighbourhood 

offl-J. 
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Let na be the number of sites per unit area. If re-evaporation of 

particles is negligible, nsd6ldt> the rate of condensation per unit 

area is given by 

(6-i) "‘Jt am 

where p is the gas pressure in dynes cm:2, /* = (znmkT)* and a is 

the condensation coefficient, i.e. the chance that a molecule con¬ 

denses when it strikes a vacant site surrounded bv four vacant 

Fig. 30. Rate of formation of film. The abscissae, which are the values of the 
integral on the right-hand side of equation (6*2), give the time in arbitrary 
units. 

sites. <f>(6) is the probability that any given site is vacant and is 

surrounded by four vacant sites. Roberts (19386) gives as a 

function of 0 and the appropriate « parameters, introduced in the 

Bethe approximation, which are given implicitly as functions of 0 
by Roberts’s equations (5) and (6). If we integrate this equation, 

it become, , 

“'-I t(6-2) 
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where 0 = o when / = o. Values of this integral have been cal¬ 

culated by Roberts (19386) (equation (12)) for various values of 77. 

Since / is proportional to t we can see how 0 varies with t by 

plotting the relation between 0 and /. This is done in fig. 30, 

and it will be seen that for small 77 there is, as we should expect, 

a rapid diminution in the rate of formation of the film near 0 = ^. 

A formula for the rate of evaporation r per unit area can also 

be obtained statistically, and the apparent heat of evaporation qa 

can be deduced from the formula 

n - -hd l0£- 

q° d(iity 

Values of (qa — q0)/ V obtained in this way for 77 = o-oi are shown by 

the broken line in fig. 29. It will be seen that in this case, as in 

that considered in § 5*5, there is a marked difference between the 

apparent heat deduced in this way and the true heat. Even for 

this small value of rj the value of (qa — <!o)IV is —2 at 0 = 0*5. 

The reason for this is evident when the process of evaporation 

from a complete film is considered. The heat term in the exponen¬ 

tial part of the expression for the rate of evaporation is simply the 

energy required to remove a single particle from the complete 

film. This is independent of 7/ and is the apparent heat obtained 

from the application of the formula which is given above. 

6-3. Properties of Immobile Films on Tungsten in which 
each Adsorbed Particle precludes Occupation of 
Neighbouring Sites 

If the particles in the adsorbed film are immobile in the sense 

discussed in § 2-2 and there is no re-evaporation, and if the prob¬ 

ability that a molecule striking a suitable vacant site on the sur¬ 

face will condense is independent of the state of occupation of 

near sites, the relation between heat of adsorption and fraction 

of sites occupied is approximately linear. 

Whenever the spacing of the adsorbed particles in an immobile 

film differs from that of the underlying solid atoms, Roberts (1935 6) 

has shown that the final film will have gaps in it. In the present 

case Roberts (19386) obtained the number of gaps by using an em¬ 

pirical method which involved the selection of random sites on a 

model of the surface. If there are N8 sites for adsorption in all, 
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and if for a given value of 6 there are N sites available for adsorp¬ 

tion, we define f[6)^NjN$, If the film were arranged in such a 

way that it contained the maximum number of particles, f(0) 
would be zero when 0 = 0*5. Actually it was found to be zero 

when 0=0*4, so that the effect of the gaps is to diminish the 

amount in the final film by about 20 %. 

An estimate of the fraction of gaps in this case can also be found 

by a method similar to that which was used in § 4*1 for the case 

in which each particle occupies two sites on the surface. In the 

present case a vacant site is not available for adsorption of a 

particle if any of its closest neighbour sites are occupied. The 

probability that this will be so can be found* as a function of the 

number of sites occupied. This function has a maximum value of 

o-i8 in the neighbourhood of 0 = 0*21. This is a lower limit to the 

number of gaps in the complete immobile film because as further 

particles are adsorbed on the sites still available, the nearest 

neighbours of additional vacant sites will become occupied. Thus, 

this estimate is in agreement with that deduced empirically. 

6*4. General Summary 

In making a general comparison between the different types of 

film we shall first summarize the differences between films formed 

on the no plane of tungsten (a) by the dissociation of diatomic 

molecules into two similar atoms, each atom occupying one site, 

and (b) by adsorption without dissociation, the size of the mole¬ 

cules being such that, if a molecule is adsorbed on a given site, 

the four neighbouring sites are not available for the adsorption of 

another molecule. We assume that there is a large repulsive 

interaction between adsorbed particles, i.e. that V/kT is fairly 

large. 

Let us first consider mobile films in equilibrium. For the two 

types of film the qualitative behaviour will be similar, and at a 

certain stage in the process under consideration there will be rapid 

changes in the heat of adsorption or the apparent heat of evapora¬ 

tion and in the rate of formation of the film if there is no appre¬ 

ciable re-evaporation. For the film formed with dissociation the 

changes occur when it contains one-half the maximum number of 

* Miller, A. R., unpublished results. 
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particles and for the other type when it contains two-thirds the 

maximum number. 

With immobile films the relation between the heat of adsorption 

and the amount adsorbed is nearly linear in both cases. The variation 

in the rate of formation with the amount adsorbed is not very 

different in the two cases, but for the film formed with dissociation 

the amount in the final film differs by 8 % from that in a complete 

mobile film, while for the other type the amount in the final film 

differs by about 20 % from the amount in the complete mobile 

film. To show that any difference between the variation in the 

rate of formation with amount adsorbed does not provide an ex¬ 

perimental method for distinguishing between the two types the 

C° dO . . 
values of I ----- in equation (6*2) have been plotted as dots in 

Jo<p{v) 
fig. 21, using Bosworth’s experimental data to determine the rela¬ 

tion between 6 and t. These dots refer to a film in which the 

particles are adsorbed as molecules and are so large that they 

preclude adsorption on neighbouring sites. As has already been 

seen in § 4*1 the crosses are for a film formed by dissociation and 

the adsorption of the two atoms on single sites. 

If, on the other hand, the 100 plane predominates, the surface 

atoms are arranged in a simple square lattice. For a mobile film 

on a lattice of this type the changes in the rate of formation and 

in the heat of adsorption occur when the film is half complete for 

the film formed with dissociation. The change in the heat also 

occurs when the film is half complete for molecular adsorption in 

which the final film contains half as many molecules as there are 

atoms in the surface. There is no effect of interaction energy on 

the rate of formation of the molecular film. Thus the two types 

of mobile film could be distinguished by studying the rate of 

formation. For an immobile film formed with dissociation the 

final amount would differ by 8 % from that in a complete mobile 

film, while for an immobile film formed without dissociation the 

final amount would differ by about 20 % from that in a complete 

mobile film, also when adsorption takes place on the 100 plane. 

The behaviour is summarized further in Table 5. It will be 

seen from the table that a definite decision between the two types 

of adsorption can be obtained, whichever plane predominates, by 
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a study of the difference between the amounts in the final immobile 

film and the complete mobile film. The results obtained by Van 

Cleave with oxygen on tungsten and given in fig. 22 have been 

tentatively interpreted as being due to the difference between the 

amounts in the final immobile film and in a complete mobile film. 

The accommodation coefficient for the final immobile film is o-2 

and it rises to 0*24 when the film is heated, this rise being inter¬ 

preted as due to the possibility of adsorbing additional oxygen in 

a mobile film. The accommodation coefficient for a bare surface 

is 0-06 and, if we assume that the change in accommodation 

coefficient is proportional to 0, we have for the ratio of the amount 

in the final immobile film to that in the complete mobile film 

0-14/018 = 0-78. This agrees with o-8, which would be expected 

for the molecular film, but not with 0 92, which would be expected 

for the film formed with dissociation. In so far, then, as the inter¬ 

pretation of the nature of the rise in accommodation coefficient and 

shown in fig. 22 is correct, this suggests that the oxygen film is 

molecular. 

Table 5 

Value for mobile film of 6 6, at j Katio of amounts in tina, 

which change m true and apparent I immobile film and in 

i heats and in rate of formation ; complete mobile film 
occurs | 

IOO 
— 

plane j 
t 

110 plane 100 plane ! 110 plane 

With- | With- With- With- 
Disso- t out Disso- out Disso- out Disso- out 

1 ciation j disso- i ciation disso¬ ciation disso- 1 ciation 1 disso- 

j ciation * i 
! 

ciation ciation l ciation 

! 
o*5 

i 
°*5 \ o-5 067 0-92 080 092 i o*8o 

= value of 6 when film is complete. 

# There is no effect on the rate of formation in this case due to the inter¬ 

action energy. 

Some experiments on the properties of oxygen films on tungsten 

by Morrison and Roberts (1939) have a bearing on this question and 

illustrate the general methods that have been developed. We now 

turn to a brief account of these experiments. 
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6*5* Experimental Method 

In the experiments of Morrison and Roberts (1939), the accommo¬ 

dation coefficient method (§ 1*2) was modified in such a way as to 

enable the actual pressure of oxygen at the wire to be obtained. The 

principle of the method will be understood by reference to fig. 4, 

although the actual apparatus differed in detail from that illus¬ 

trated there. The oxygen was admitted from a gas pipette to a 

large calibrated bulb of about 2 litres capacity, so that the partial 

pressure in this bulb was known. It then passed through a long 

fine capillary tube and entered the apparatus at a point near the 

side tube leading to the Macleod gauge. Here it divided into three 

streams. The first filled the Macleod gauge and, once equilibrium 

was established, ceased. The second flowed to the near charcoal 

tube and was taken up by the charcoal. The third flowed past the 

wire to the other charcoal tube. The resistance to the flow of 

oxygen arose in part from the effect of collisions with the walls of 

the tubes and in part from the fact that it was diffusing through 

neon. The dimensions of the tubes were so chosen that in the 

capillary tube the resistance was primarily due to collisions with 

the walls, the effect due to the presence of the neon being only a 

correction, while in the other parts of the apparatus the resistance 

was primarily due to the presence of the neon and the wall effect 

was only a correction. Under these conditions the flow could be 

calculated accurately, and the partial pressure of the oxygen at any 

point, and in particular at the wire, could be deduced. The con¬ 

ditions obtaining at the surface of the charcoal were investigated 

in subsidiary experiments, and it was found that a small correction 

was necessary for the fact that the charcoal was not perfectly 

efficient in taking up oxygen. The pressure of oxygen at the wire 

depended markedly on the neon pressure, and it was a satisfactory' 

test of the theory of the method to find that consistent results were 

obtained when this pressure was varied in the ratio 2 to 1. 

6*6. Three different Types of Oxygen Film 

With the wire used the accommodation coefficient of neon with 

bare tungsten was 0-057. When oxygen w as admitted and adsorbed 

on the tungsten, this rose to a final steady value which de¬ 

pended on the pressure of oxygen at the wire. af is plotted against 
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the oxygen pressure in fig. 31. Extrapolating the curve, we see 

that at very low pressures the value of af=0-226 would be reached, 

although of course the time taken to reach it would be consider¬ 

able. This suggests two types of adsorption: a very stable film 

corresponding to a = 0-226 and a less stable one on top of it, the 

population in which depends on the pressure. Further investiga¬ 

tion showed, however, that the film corresponding to 0 = 0-226 is 

itself composite. Heating this film to a temperature of about 

iioo°K. reduced the accommodation coefficient to 0177, and, 

until it wras heated to above 1700° K., no further evaporation 

took place.* 

Fig. 31. Relation between the final steady value of the accommodation 
coefficient of neon (af) and the partial pressure of oxygen. 

The stable film which does not begin to evaporate appreciably 

until above 1700° K. can be presumed to be immobile, that is, 

each particle remains where it is first attached. If it is assumed 

that the film is atomic, each molecule dissociating on adsorption 

and the two atoms occupying two neighbouring vacant sites, the 

final film will have 8 % of holes in it consisting of isolated un¬ 

covered single sites (see § 4*1). As we have seen in §4*2, it would 

be expected that such sites would exert a greater attraction for 

impinging oxygen molecules than the other parts of the surface, 

• The value 0177 corresponds to 0 20 given by Van Cleave (1938) and referred 
to in § 4 2. These small differences are not relevant from the present point of view 
and may be due to slight variations in the roughness of different samples of 
tungsten. The rise in the value of the accommodation coefficient when the 
tungsten was heated above about 1400° K. shown in fig. 22 was also observed in 
the present experiments. 
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and that oxygen molecules would be strongly adsorbed on them. 

The most likely explanation of the results is then that the state 

a = o-i77 produced by heating the film to about noo° K. corre¬ 

sponds to the stable atomic film with 8 % of gaps in it unfilled. 

The state 0 = 0*226 reached at very low pressures corresponds to 

the stable film with the 8 % of gaps occupied by molecules. The 

higher values, shown in fig. 31, are due to the presence of an 

adsorbed film on top of this structure, the equilibrium amount in 

this last film depending on the pressure of oxygen in the gas 

phase. 

The form of the adsorption isotherm for this last film was in¬ 

vestigated. The highest pressure at the wire which could be 

measured accurately was about 9*8 x io~3 dyne cm.-2. At higher 

pressures than this the necessary conditions for the theory to be 

applicable were not satisfied. At 9*8 x io~3 dyne cm.-2 the final 

steady value af of the accommodation coefficient was 0*320. When 

the pressure of the oxygen in the large bulb from which the oxygen 

diffused through the capillary tube was increased 4 times, the value 

of af was 0*340, and, when it w^as increased about 10 times, af was 

0*352. The pressures at the wire in these two experiments could not 

be deduced accurately, but they must have been of the order of 4 

and 10 times that in the experiment in which af was 0*320. It is 

thus evident that at these pressures the value of af is changing 

very slowly with increase of pressure, and that the final value 

corresponding to a complete film cannot lie far from 0*36. 

Let us consider the 100 plane of tungsten (see fig. 8). The sites 

in the upper layer we are considering w ill be arranged in the same 

way as the atoms in the surface, so that the distance between 

nearest neighbours will be 3*15 x io~8 cm. The diameter of the 

oxygen molecule is (Jeans 1925) 3*64 x io_ 8 cm. Thus it is probably 

not possible to pack oxygen molecules on the surface so that every 

site is occupied, but easily possible to pack them so that, if a given 

site is occupied, the surrounding four sites are vacant as considered 

in § 6*i for the no plane. In this case the complete film with 

af = 0*36 will correspond to 0 = 0*5, if we neglect the fact that the 

underlying structure is not completely uniform, in that places 

where undissociated molecules are adsorbed on vacant sites sur¬ 

rounded by four occupied sites will differ from sites occupied by 

MAO 7 
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atoms. We therefore take the value of 8 corresponding to any 

value of af as , 
J n (it— 0*220 x 

8 = 0'$ -T • (6*3) 
^ 0*36~0-226 

In this way the experimentally realised adsorption isotherm 

can be determined by using equation (6*3) to calculate the fraction 

of the surface covered corresponding to the pressure at which af 

was measured. This isotherm can be compared with that deter¬ 

mined theoretically, by using Bethe's approximation to examine* 

the adsorption of molecules on a regular square array, as the 100 

plane of tungsten, to form an immobile film when the occupation 

of any site on the surface precludes the occupation of its four 

closest neighbours by other molecules. In the first approximation 

one finds that £, which is proportional to the pressure, is given 

as a function of 8 by 

(6*4) tJAlr0)* 
* i. ~ a\ 4 * 

(1-2 oy 

This gives very good agreement with the experimentally deter¬ 

mined isotherm, f 

From the adsorption isotherm, in the range of low' values of 8, 

where the relation between the gas pressure and the fraction of 

the surface covered is almost linear, it can be showm that the mean 

life, r, of an adsorbed molecule in this second layer is not less 

than about 2 seconds. The probability that in a time A/ (At<^r) a 

given particle on the surface will evaporate is Atjr. If n8 is the 

number of sites per unit area of a smooth surface and p is a factor 

to take account of the roughness then there are pdn8 molecules 

adsorbed per unit apparent area of surface. Then the number of 

molecules w'hich evaporate in a time A* is 

nt — p8n$ Af/r. 

• Miller, unpublished results. 
t In considering the adsorption isotherm Morrison and Roberts (1939) quote a 

formula given earlier (Roberts 19386), in considering an array similar to the no 
plane of tungsten. This formula is obtained in the second approximation and they 
state that for an immobile him this formula also applies to adsorption of the kind 
under consideration on a regular square array. This is not so, owing to the differ¬ 
ence in symmetry of the two planes. In any case, owing to the size of the oxygen 
molecule and the lattice spacing, the results of the analysis for the earlier model 

(Roberts 19386) could not be used to discuss the adsorption of oxygen on 
tungsten. 
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For small values of 0, the number of molecules which condense 

on unit apparent area of surface in time A* is 

”c = a(2^mkfyAt’ 

where a is the condensation coefficient. In equilibrium we there¬ 

fore have . 

6= pnu(27Tmkf^' *6'5* 

For the ioo plane of tungsten, nB = io15 so, at room temperature, 

0 = 2*67 x io2(aIp) rp. 

In the region in which there is a linear relation between the 

accommodation coefficient and the gas pressure it can be seen 

from fig. 31 that when p — io-4 dyne cm.-2, <^ = 0*242 so that 

0 = o o6. These values yield 

a 
— r = 2*25. 
P 

Thus, since ajp cannot be greater than unity, the average life of 

an adsorbed molecule in the second layer is not less than a little 

over 2 sec. 

It is important to consider the actual changes in a. During the 

formation of the first stable layer with the gaps unfilled, a changes 

by 0*120. When the gaps are filled, a changes by 0*049. When 

the second layer is formed, a changes by 0134. If there are only 

8°0 of gaps, the second change seems disproportionately large 

compared with the other two. If, on the other hand, the oxygen 

in the first stable layer were adsorbed as undissociated molecules, 

the adsorption of such a molecule on a given site precluding the 

possibility of adsorption on the four neighbouring sites, as con¬ 

sidered in § 6*3, the gaps in the film reduce the amount in it by 

20%. It has been shown (Roberts 1940) that the number of 

molecules that can be adsorbed per unit area over these gaps is in 

the neighbourhood of 0*2n8, while the number in the second layer 

is in the neighbourhood of 0*5n8. Thus for a film of this type it 

would be much easier to account for the relative changes in a in the 

different stages. We have already seen in § 6*4 that another result for 

oxygen films adsorbed on tungsten is in more satisfactory numerical 

agreement with what would be expected for this type of film than 

7-2 
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with what would be expected for a film in which the first stable 

layer was atomic. 

Whatever may be the nature of the first stable film, the essential 

point that is established by these experiments is that there are the 

three types of adsorbed film, and that the most reasonable way of 

accounting for these is to suppose that the first consists of a very 

stable film on the tungsten, that the second consists of molecules 

adsorbed in the gaps in this stable film, and that the third consists 

of molecules in a second layer. 

6*7. The Kinetics of the Adsorption of Oxygen 

It is easy to see that the kinetics of the formation of the oxygen 

film will be profoundly affected by the existence of the upper 

layer. A molecule which strikes a site in the stable film which is 

already occupied is not immediately permanently adsorbed, but 

the fact that there is a second molecular laver formed, the amount 

in which depends on the pressure of the gas, must mean that 

molecules have a finite life on the surface in this upper layer, 

where they will presumably be mobile. Thus, even if the first 

site wrhich a molecule tries is occupied, it may still find its way to 

a vacant place in the stable layer by moving over the surface. Let 

0 be the fraction of sites occupied in the stable layer. The effect 

of the presence of the upper mobile layer is to make the rate of 

adsorption into the stable layer vary slowly with 0} particularly 

when 0 is small. 

It has been seen that the behaviour of the oxygen film on 

tungsten is consistent with the view that the most stable film is 

atomic, forming an immobile film. In such a film 8 % of the total 

number of sites are vacant, that is, this fraction of single sites is 

surrounded by occupied sites (§ 4*1). In the oxygen films these 

sites can be occupied by molecules, and this completes the first 

adsorbed monolayer. Let there be ns sites per unit area of a 

smooth surface. Let 0nB be the number of sites per unit area that 

are occupied by the stable atomic film and let <f>n8 be the number 

which are occupied by the second kind of film, that is, by mole¬ 

cules on single sites surrounded by four sites occupied by other 

molecules. The chance that any given site is occupied is 0+<f>, so 

that if a molecule striking the surface evaporates before it can 
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migrate to another site in the second layer, the chance that it is 

reflected is 0+(f). The effect of the mobility of the particles in the 

second layer can be allowed for by supposing that when the first 

layer is completely filled, that is, 0+</> = i, each molecule which 

strikes the surface migrates, on the average, to r sites (additional 

to the site at which it first strikes the surface) before it evaporates. 

When the first adsorbed layer on the surface is only partly filled 

the probability that all the r+i sites at which the molecule im¬ 

pinges on the surface are occupied is 

(0+<£)r+1. 
This gives the probability that any molecule striking the surface 

evaporates. The fraction of molecules striking the surface which 

are adsorbed is 
i -(0+tf 

r-fl (6-6) 

provided the states of occupation of all the sites which a molecule 

tries are independent. This assumption cannot be strictly correct 

but, provided the actual population of the second layer is ex¬ 

tremely small, the neglect of any mutual effects of molecules in 

the second layer can be neglected, and the results obtained will 

be valid to a first approximation. 

For an immobile film formed by the adsorption of the atoms of 

a diatomic molecule on closest neighbour sites it has been seen 

(Roberts and Miller 1939) that if a given site is vacant, the 

probability that the four sites surrounding it are all occupied is 

where ex is determined, as a function of 9, by 

In order that a site may be suitable for adsorption into the first 

or atomic layer it is necessary that it should be unoccupied and 

that at least one of its closest neighbours should also be unoccupied, 

that is, that it should not be surrounded by four occupied sites. 

The probability of the first of these conditions is 1 — 0 and of the 

second is, from equation (67), 
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Since we are concerned with the random occupation of the array 

of sites, it follows that the probability that a given site is suitable 

for adsorption of a molecule into the first kind of film (stable 

atomic film) is 

(6-9) 

Likewise, the probability that any given site is occupied neither by 

an atom nor by a molecule (forming part of the second kind of 

film) is 

0 -(*)• -</>• (6-io) 

Assuming that the state of occupation of any site is independent 

of that of any other site, we then get, from the expressions (6-8), 

(6*9) and (6*io), that 

dd 

dt pns (z-mkT)* 

J_t J/, 
dt pris (2ttw/,'/')> I 

i-(d+4Y+l 
) i -(O+W' 

-(o+ty-1 
-(#+>)"’ 

(6-n) 

(6-12) 

since p;(2TrmkTy molecules strike unit apparent area per second. 

From these equations we get 

dj> . . . 

s+*'s' 
(6-13) 

It should be noted that this equation does not involve r. Further, 

€| is given explicitly as a function of 6 by equation (6*8) so that 

since equation (6-13) is a linear equation, it can be integrated. 

The constant of integration is determined by the fact that 0 and 

<f> vanish together. This determines <f> as an explicit function of 6. 

Thus, using this result in equations (6-11) and (6*12), d6/dt and 

d(f>jdt can be determined for any value of 6. 

It has been noted already in § 6*6 that the accommodation 

coefficient for the bare surface is 0*057 and that for the stable 

atomic film, for which 92 % of the sites are occupied, the accom¬ 

modation coefficient is 0*177. An apparent value of 6 can thus be 

determined by 
a 
va _ ... 0130 
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If now we assume that there is a linear relation between the 

accommodation coefficient and 0 and <f>, we can write 

a = 0-057 + 0-1300 + 0-613^, 

where the coefficient of <f> has been determined by the fact that 

when the first adsorbed layer is completed, that is, 0 = 0-92 and 

<f> = 0-08, the accommodation coefficient is 0-226. Thus 

0O=0+472 <}>. (6-14) 

Using the values of dB/dt and d^Jdt which can be determined 

from equations (6-8), (6-11), (6-12) and (6-13), equation (6-14) 

can be used to determine ddajdt as a function of 0. 

Using the appropriate values for the 100 plane of tungsten we 

get, for the theoretical value of ddajdt, 

dja 
dt 

dd 

Tt+472 dt' 

where 

and 

idB 

p dt 

1# 

p dt 

5-34 X IO 
-(1-0) 

p 

i-(d+<f>y+i 

i-(e+<f>) 

i-(6+<t>y+1 
i-(0+*) ’ 

(6-15) 

where e{ and <f> are determined as functions of 0 by equations 

(6*8) and (6*13). 

By working at very low pressures and measuring the gradients 

of curves giving the relation between the accommodation co¬ 

efficient and the time, Roberts and Morrison (1939) were able to 

investigate the variation of dOaldt with 0. At these pressures the 

amount actually present in the upper layer at any instant was very 

small, and any direct effect of it on the accommodation coefficient 

was negligible. The results obtained were in agreement with wThat 

would be expected for the type of system to which oxygen has 

been showfn in § 6*6 to belong. It may be mentioned that, 

although it is difficult to measure gradients accurately, this is the 

best way to use the results, because the relation between d0ajdt 

and 0 is much more characteristic and varies much more from one 

type of film to another than other relations that can be used, for 

example, the relation between 0 and t. 



CHAPTER 7 

DIPOLE INTERACTIONS BETWEEN 

ADSORBED PARTICLES 

7'i. Introduction 

We have seen that the variation of the heat of adsorption with 

amount adsorbed is very different for different types of film, and 

that an experimental determination of this variation can give in¬ 

formation as to the nature of the film. Up to the present we have 

considered only those cases in which the force between the adsorbed 

atoms is repulsive and where it falls off so rapidly with distance 

that only the interaction between nearest neighbours need be con¬ 

sidered. In many cases of the adsorption of gases on solids, long- 

range forces which are of electrostatic origin and which usually 

consist of dipole-dipole interactions have to be taken into account. 

In this chapter we shall calculate the effects that may arise when 

the interaction between adsorbed molecules arises partly from van 

der Waals attractive forces and partly from repulsions between 

permanent or induced dipoles, and shall consider the bearing of 

the calculations on a number of experimental results. 

It has, of course, been pointed out in various connexions that 

permanent or induced dipoles in adsorbed molecules will affect 

heats of adsorption. For example, if a molecule with a permanent 

dipole moment is adsorbed on the surface of a metal, there is an 

attractive force between the dipole and the metal, and the potential 

energy can be calculated using the method of electric images.* 

This potential energy will contribute to the heat of adsorption. 

If all the ions in the surface plane of an ionic crystal have the same 

charge there is an electrostatic field near the surface. Lenel (1933) 

has pointed out that the presence of such a field which will induce 

dipoles in adsorbed molecules can account for the difference 

between the heats of adsorption of argon on KC1 (simple cubic) 

and on CsCl (body-centred cubic) crystals.! Lennard-Jones and 

• Sec, for example, de Boer (1935). 
t Bradley (1936) has worked out a theory of the formation of multilayers based 

on the view that the induced dipoles in one layer will themselves induce dipoles 
in the layer above. See also de Boer and Zwikker (1929). 
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Dent (1928) have considered the electrostatic field near the surface 

of an ionic crystal in which each ion is surrounded by four ions of 

different sign (e.g. simple cubic KC1). They have pointed out 

that there is a strong field immediately above a given ion, but that 

the energy of adsorption due to electrostatic forces plus van der 

Waals forces is in fact greatest above a point equidistant from four 

ions where the electrostatic field is zero. Bliih and Stark (1927) have 

also considered the energy of interaction of a rare gas atom and 

an alkali halide crystal. These calculations were concerned with 

the actual heat of adsorption of a solitary particle on the surface. 

Let us then consider molecules with permanent dipole moments 

adsorbed on a surface in such a way that the moments are all 

parallel to each other and normal to the surface. If the surface is 

a conductor and there is only one molecule on it, there will be a 

term in the potential energy arising from the attraction between 

the dipole in the molecule ahd its electric image. When the 

surface is fully covered, the corresponding term will arise frtfm the 

force between the dipole in the molecule and its own electric image 

together with the electric images of all the other adsorbed mole¬ 

cules. All the electric images taken together approximate to two 

infinite parallel sheets of charges of opposite sign, and their net 

effect is smaller than that of a single image. Thus, as the surface 

becomes covered, this term in the heat of adsorption undergoes 

considerable variation in such a way as to make the heat of adsorp¬ 

tion decrease. The direct repulsive forces between neighbouring 

adsorbed dipoles also causes the heat to decrease as the surface 

becomes covered. 

For films of caesium atoms held on the surface of tungsten as 

positive ions, each ion and its electric image are equivalent to a 

dipole. In this connexion, Langmuir (1932) has pointed out that a 

number of parallel dipoles exert mutual depolarizing effects on 

each other, and he and Taylor (1933) have shown directly that the 

electric moment per adsorbed caesium atom diminishes con¬ 

siderably as the number of adsorbed atoms increases. We shall 

not consider films in which the adsorbed atoms are held as positive 

ions, but those in which the adsorbed molecules have permanent 

or induced dipole moments. The essential thing from our point 

of view is that, whenever dipoles are lined up parallel to each 
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other, they exert a mutual depolarizing effect, which must be taken 

into account. 

The variation of the heat of adsorption with the fraction of the 

surface covered was first considered by Herzfield (1929), who ex¬ 

plained the decrease in the heat of adsorption with the amount of gas 

adsorbed in terms of the electrostatic interactions between dipoles 

induced in the adsorbed molecules. Roberts and Orr (1938) con¬ 

sidered the field near the cleavage plane of a body-centred ionic 

crystal in connexion with some experimental results of Orr (1939 a, b) 

on the adsorption of non-polar gases on ionic crystals. Roberts(i938) 

also considered the variation of the heat of adsorption with the 

fraction of the surface covered when vapours with a permanent 

dipole moment are adsorbed on conductors. None of these calcu¬ 

lations takes account of the statistical distribution of particles on 

the surface, that is, it is assumed that there is a random distribution 

of particles on the surface. Wang (1938) has given an approximate 

method for treating adsorption problems, taking the statistical 

distribution of particles over the surface into account, when the 

adsorbed particles have a constant dipole moment. 

For the case of a quadratic lattice, Wang considered a central 

site o and its four nearest neighbours, the first shell sites, 1, 2, 3, 4. 

All the ways of arranging from o to 5 particles on these sites were 

written down and the interaction energy' of the particles in each 

such arrangement was calculated. The effect of the outer sites was 

taken into account by replacing them by a continuous distribution 

of uniform dipole moment per unit area equal to that of the dis¬ 

crete distribution. The continuous distribution was taken to start 

at a distance p from the central site and, for any value of 0, the 

fraction of sites occupied, p was chosen to make each first shell 

site an average site, that is, to make its probability of occupation 0. 

The numerical calculations involved in an application of the 

method are tedious, and a simpler method of taking into account 

the effects of the outer sites was developed subsequently by 

Miller (1940). Further, the joint effect of van der Waals and dipole 

interactions between adsorbed particles can be considered. We 

first consider the case in which the dipole moment is constant, and 

then show how the variation of the dipole moment with the frac¬ 

tion of the surface covered can be taken into account. 
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7*2. The Electrostatic Field 

Topping (1927) has calculated the interaction energy of a lattice 

of dipoles and has shown that for a square array the repulsive field 

at any one dipole due to all the others is 9M/a3, where a and M 

arc the lattice spacing and the dipole moment respectively. In the 

present approximation the radius p, at which the continuous dis¬ 

tribution begins, is not taken as a function of 0, as in Wang’s 

approximation, but is fixed. Its value is chosen to make the field 

at the central site, produced both by particles occupying the same 

set of first shell sites as above and by the continuous distribution, 

equal, when 6— 1, to Topping’s value. This condition requires 

M 2ttM CVJdr_ M 

^ a3 a1 J p r2 ^ a3 * 

/>= 1*250. (7*0 

The electrostatic energy of interaction between the continuous 

distribution and a particle occupying the central site is denoted 

by V0, and that between the continuous distribution and a particle 

occupying a first shell site is denoted by Uv Wang determined 

U0 and Ux (or, more generally, Lr, the energy of interaction of the 

continuous distribution outside the circle of radius p with an 

adsorbed particle at a distance av from the centre of the circle) in 

the following way. Let \\.t yv be the co-ordinates of a site at a 

distance av from the centre of the circle, and x, y be the co¬ 

ordinates of a point situated in the continuous distribution. If 

L(r) is the law of variation of the interaction energy of two 

particles with their distance apart, then 

JJ F(((-v - ,v„)2 + (V -V,)2}*) Kddx dy, (7-2) 

J’S V* '/>* 

where K is the density of the sites and is equal to 1 ja\ for a 

square lattice. In polar co-ordinates r, <£ (<£ measures the angle 

between the vectors (a\ v) and y,.)) this can be written 

that 

which gives 

P /*co yin 

U„ = , (ir\ (1<f> I '( !r2 - 2uh cos <f> 4- aj}*). 
aiJ p Jo 

For dipole-dipole interaction * 

F(r) = 
M2 

1?' 
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where M is the dipole moment; in this case we have 

d<f> 

Writing 
fV 2af Jp Jo (r*- zrav cos <f> + 02)* ’ (7‘3) 

cos <f> = 2 cos® - — i, = cos21fi = x and «2 = > 
2 v ' 

it follows that 

r2 — 2rav cos <f> + aj = (r + a„)2 (i — cos2 tf>). 

and therefore 

f2» 

Jo P 
</</> 

^)I ~ (^p/„‘ (^*)-*d-*- r2 — zrav cos <£ + < 

Using a well-known integral formula for the hypergeometric func¬ 

tion (Whittaker and Watson 1927) this can be written in the form 

(r + «J»f<*'*; i;«S. 

where F(a, /?; y; x) is the hypergeometric function. Using the 

formula 

F(a, j8; 2a; x) 

which is due to Kummer (1836), we obtain 

Since p > avy avlr is always less than unity for all values of r with 

which wre are concerned, and since the series under the integral 

sign is uniformly convergent for | avjr\ < 1, we can therefore integrate 

(7-5) term by term; this gives 

U = 
7tM26_ 

alp = (7-6) 

where Vx is the dipole interaction energy between two particles 

adsorbed on closest neighbour sites. Again making use of formula 

(7*4) we obtain the result in a form more convenient for purposes 

of calculation: 

p 
(77) 
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where a„ = {i -(1 -a*/p2)*}/{i + (1 -a*/p2)*}. 

In particular, we obtain the results 

t/0= vfm6Vlt 

U1 = 2ndV1~(i + o1)3F(^t f; i;<x2) 
P 

= 11*35^1. 

7*3. The Partition Function for the System 

We introduce 0t (i= 0, 1, 2, 3, 4), each of which may be zero or 

unity, to denote the state of occupation of the central and first 

shell sites, and use the Bethe approximation to set up the grand 

partition function for the system. It can be written 

H == €q° €Ji*a**+04 rjioWi+"'+0%) rj0i02+0zpi+0i0l+0i0l 

where 

= txlkT 

Ul.) |* A VAT1 e-Uu'IcT _ £ e-VoIkT 
1 kTb„(T) ? \2TrmkT) 

|* A VA{) re-Ut/kr _ trt-ux!kr i 
' kTbg(Ty 54 \nrmkTj 

-wr ,?3 = e-rw ) 

(7-10) 

In these formulae Vv ergs is the interaction energy due to the 

electrostatic forces between two particles separated by a distance 

av cm., av a2> tf3, ... being the distances between nearest neigh¬ 

bours, next nearest neighbours, and so on. - V ergs is the inter¬ 

action energy due to van der Waals forces between a pair of neigh¬ 

bouring adsorbed particles, van der Waals interactions between 

more distant particles being neglected. ergs ls the energy of 

adsorption of an isolated dipole, vs(T), bg(T) are respectively the 

vibrational partition function for the adsorbed states and the par¬ 

tition function for the internal motion of the particles in the gas 

phase; p dyne cmr2 is the pressure in the gas phase and T° K. is 

the temperature. The factor £ is the parameter introduced in the 

Bethe method to represent the effect of the outer sites and it 

allows for 

(a) the van der Waals interactions between particles occupying 

first shell sites and those occupying outer sites; 

(b) the difference between the electrostatic field due to the 
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continuous distribution and that due to the discrete distribution, 

caused by the effect of the occupation of first shell sites on the 

probability of occupation of near outer sites. 

Denote the number of particles occupying the central site by nQ 

(which is either zero or unity) and the number occupying first 

shell sites by n1; of these five particles let w2, m3> respectively, be 

the numbers of particles separated by distances a3. The pro¬ 

duct nqWj is the number of particles separated by a distance av 

Corresponding to given values of «0, nv *w2, w3 let there be 

g(tto, nx\ m3> m3) sets of values of 0O, 6X> #2, 03 and 04. Then 

g(tio, nx \ m2, m3) is the weight to be attached to the state specified 

by given numbers w0, nl9 m2f m3. Equation (7*9) can be written 

in the form 

s = Z g{n0, nx; w2, m3) (7-u) 

For a square array the weights appropriate to given sets of values 

of nv m2, m3 are given in table 6. For each of these sets of values 

n0 can take both the values zero and unity. Using equation (7*11) 

and table 6 we obtain for the grand partition function 

Z = eofi(7h*v >?a. Va) +/i(ei> Vi> %)- (712) 
where 

/l(*> *?2» %) = ’jt’ji*4 + whz*3 + 47/2*2 + 2r)3xi + 4*v 4 I. 

'Fable 6 

*1 4 3 2 2 I o 
ntt 421000 
m3 2 1 o 1 o o 

£ 144241 

The average value of n0 is given by 

CftMVity Vz> v») 

° <ofi(Vi*i> Va) +/i(« 1. ^2. T/s)' 

Since the central site is an average site we have ri0—6> whence 

J_ _ = (o/i(Vifv Vp Va) / 
1- 0 /i(«i. It. %) ' 

In a similar way the average value of is given by 

« _ 4/2^ i» lay Va) 

1 eo/iOh«i> ^2. %) +/i(«i. ^2. %) ’ 



INTERACTION BETWEEN ADSORBED PARTICLES III 

where 

d 
MX> Vi< Vs) = yivlx* + 3vtvax3 + 27?2*2 + -qax2 + x= 173). 

Since the first shell sites are average sites, we have 

«i = 40» 

whence e - Ml lit’- Vv %) ±Miv v* ^a) 
eo/iO?i«i. 7?2> %) +/i(€i> ??2> •'Is)" 

(7-H) 

e0 can be eliminated between equations (7*13) and (7-14), yielding 

_0_ 

1-0 
fsiVi*u V»Vs)\ M 

fiiVien V* Vs)l M'uV^VsY 
(7-I5) 

For a fixed dipole moment equation (7* 15) determines 0 imme¬ 

diately as a function of «x. Then equation (7-13) can be used to 

determine f0, which gives the adsorption isotherm. 

7 4. The Variation of the Heat of Adsorption 

The variation of the heat of adsorption with the fraction of the 

surface covered can be determined from the Clausius-Clapeyron 

equation 

Now 

q + kT 

kT- (/rloRp)r 

5 \2nmf (,kT)Hg(T)P' 

(7-16) 

and the heat of adsorption at 0 = o is 

%=xHkT+kT*^\ogZMpy 

whence by differentiating log £ with respect to T we obtain 

eventually 

(7-1?) 

Since €0 = f eru^kTy equation (7*13) gives 

6 U 
log £ = log 0 + log/^Cj, TJa, *?3)-l<>g/lOh«l> V»> Vs)- 

Remembering that ev rjlt ijt and tj3 are all functions of T and that 
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U0—i-(»t6Vv we obtain for the heat of adsorption due to the 

interaction energy of the particles 

(«-?<>)<=-i- 6w0K 

h)_ 

Va)' 

(7-18) 

Before this equation can be used to calculate the heat of adsorption, 

de1jdT must be evaluated for the required values of 6. Differ¬ 

entiating both members of equation (7-15) with respect to T we 

obtain finally 

H j Va, Va) \ r A(«i. Va, Va) 

Li fi(Vi<v Va, Va)i **iA(*i. t?2, 7?s) 

_fi(fi,Va,Va) fi(y\ev ViiVaf] 

/*(«!> 7?2. T?a) ^lAC7?!*!. 7)i. IjU 

= iLzZ 7?i 1"A(<i. 7?2. t?3) 2 AC7?!*;. 7?2- %)] 
* LAC*!, 7?2» ’Ja) ?7?i AC7?!*!- 7?2. ^slJ 

+ JL „ [~ AClV r?2’ %) A'. AC7?!*!. 7?2> 7/a) 
kT* 2 l_A(*i. 7/2,7?s) cVi f\{Vi€v V2. Tfa) 
_ / j _ fa(v^\,_Va, Va)I A A(*p t?2.7?3)1 

i 7i(7?i<i. t?2* Va)l <Va A(*i. la. 7?3)J 
.J. Ja_ rA(*i. t?2. 7?a) J'Ja(Viex,Va, Va) 

r k'h ,3 |_A(*». V2, Va) ?7?s/i(7?i*i. t?2> 7?a) 

_ L _Mvi*»ya> Va)\ .i.A(fiv7?2._7?3)l / N 
l AC7?!*!. t?2> Va)l *'7?a A(*1. Va, VaU 

^7)! 
^7?! 

A(*l. 7?2> 1 
AC7?!*!. 7?2. 

in which the three terms in square brackets on the right-hand side 

arise from the differentiation of the terms involving t)v r)2 and 773 

respectively with respect to T. Equations (7* 15), (7-18) and (7-19) 

determine the variation of the heat of adsorption with the fraction 

of the surface covered when the dipole moment is independent of 

this latter quantity. 

We now consider the variation of the dipole moment with the 

fraction of the surface covered (Miller 1941, 1946). When a 

fraction 6 of the total number of sites is occupied, let the average 

dipole moment per adsorbed particle be M0. This dipole moment 

is given by 
Mq—M0 + oZg, (7-20) 
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where M0 is the permanent dipole moment, that is, the dipole 

moment of an isolated particle, a is the polarization coefficient 

and Z$ is the electrostatic field at any site due to all the adsorbed 

particles of dipole moment Me. The result due to Topping (1927) to 

which reference has already been made shows that for a complete 

monolayer the relation between the dipole moment and the field is 

Z\= -gA/j/o?. (7-21) 

When a fraction 6 of the sites are occupied, so that the dipole 

moment of each adsorbed particle is Me, we assume that the 

electrostatic field at any site due to all the adsorbed particles is 

siv'nby W 

where the factor 6 is introduced, since only this fraction of the 

total number of sites is occupied and the factor 9 is the result of 

summing over all the sites. From equations (7-20) and (7*22) the 

dipole moment Me can be obtained as a function of the fraction 

of the surface covered; it is given by 

Substituting this value in equation (7-22) we get 

v _ 9mo 0 s 
Ze ai 1+9o9 jal ("'24) 

Equations (7*18) and (7* 19) can be used to calculate a 

series of heat curves corresponding to constant dipole moments 

A/0, M0i1 ..., M0r, ..., Mx determined by equation (7*23). Since 

the differentiation in equation (7-17) is to be carried out for a fixed 

value of 0, the point in which the ordinate at 0 = 0r meets the Mdr 
member of the family of heat curves gives the contribution, at 

this value of 0, to the heat of adsorption due to the interactions 

between the adsorbed particles when the variation of the dipole 

moment with the fraction of the surface covered is taken into 

account. In practice the calculations are carried out in the follow¬ 

ing manner. The dipole moment is calculated from equation (7*23) 

for a particular value of 0; this determines rjv 7j2 and 173, so that 

the coefficients of the terms in the functions t]2, t]b) and 

/*(*> V*> Vs)are determined for this value of 0. Then equation (7* 15) 

can be solved numerically by a method of successive approxima- 

8 MAG 
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tions# to give the value of et for this value of 0. If these corre¬ 

sponding values of and 0 are used in equations (718) and (7* 19), 

the heat of adsorption (denoted by (q~q0)i) which arises from the 

interaction energy of the adsorbed particles for this value of 0, 

when the variation of the dipole moment with the fraction of the 

surface covered is taken into account, can be determined. 

It is clear that, when a fraction 0 of the surface is covered, this 

process gives the contribution to the heat of adsorption, which 

corresponds to the change in the interaction energy following the 

adsorption of an additional particle of dipole moment Me. But, 

in the actual adsorption process, a particle of dipole moment 

M0 must first have its dipole moment reduced to M0. The work 

done on the particle due to this depolarization is given by 

Af7=(M0 — Me)2jza, and, as this is the change in energy which 

takes place during the adsorption of a single particle, there is a 

corresponding contribution to the heat of adsorption given by 

(q-q 0);;= -{MQ-M0)2j2a. (7*25) 

This particle of dipole moment \16 can then be brought to the 

surface and adsorbed. The adsorption of this particle changes the 

interaction energy due to the van der Waals and to the electro¬ 

static forces; corresponding to this change in the interaction 

energy of the adsorbed layer there is a further contribution, 

which has been denoted by (q — qo)i to the heat of adsorption. 

(q-q0)i is the quantity which is calculated in the way indicated 

above from equations (7*18) and (7*19) with the appropriate values 

of the dipole moment and of i?„ and rj3 for each value of 0. 

The total variation of the heat of adsorption when the variation 

of the dipole moment with the fraction of the surface covered is 

taken into account is given by the sum of {q-q0)i and (q-qo)p> 

7*5. Numerical Calculations 

These results will be applied to consider the joint effect of van 

der Waals forces and the dipole-dipole interactions. The numeri¬ 

cal calculations are carried out for the adsorption of ammonia on 

a non-metallic crystal which has no net electrostatic charge. 

# If the €t — $ relation corresponding to a fixed dipole moment, not too greatly 
different from M$t is known, this numerical solution is fairly easy to carry out. 
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The van der Waals interaction is assumed to be one-sixth of the 

latent heat of vaporization per molecule, 

— V= — 6*4 x io~14 erg. 

The dipole moment is taken from the Faraday Society Tables (1934), 

1*5 x io~18 e.s.u. 

“ l°g r / \ 
frh Jlively 7hy Va) 

The lattice spacing which depends on the adsorbing surface is 

taken as 
a — 4 x io~a cm. 

These values give 

K~3'52 x io~14 erg. V2 = v'2 V\U> V3 = Vi/8. 

The polarization coefficient can be calculated, by means of the 

Clausius-Mosotti formula, from some experimental measurements 

by Zahi) (1926) of the dielectric constant of the ammonia molecule. 

For it we obtain 0A 
cr — 2*3 x io~Z4. 

The calculations are first carried out for a fixed dipole moment 

equal to A/0, using equations (7*15), (7*18) and (7*19). As e1->co 

or 0-> 1 the third term of the right-hand member of equation 

(7*18) has the limiting value — V)jVj, since 

/i(«i» Vt> Vz)_4 

Vi 

as €l->cc. In the case considered here the ratio of the van der 

Waals to the electrostatic interactions between closest neighbours 

is equal to 3*636, so that for (J=i, (q — qo)izK— ~°’439- If Q 

calories is the heat of adsorption per gram-molecule then this 

corresponds to Qx — Q0==~^2 which is very much less than 

when van der Waals forces alone are operative. In fig. 32 the 

variation of Q — with 6 when van der Waals forces alone are 

operative is represented by the upper curve, while the variation 

of Q — Q0 with 6 when both van der Waals and electrostatic forces 

are operative is represented by the lower curve. The former is 

calculated from equation (2*16). Thus the direct electrostatic 

forces considerably reduce the variation of the heat of adsorption. 

This is in agreement with the result obtained by Roberts (1938c) 

using a method which disregarded the statistical distribution of 

particles over the surface. The effects of the van der Waals and 

the dipole interactions are opposite in sign and of the same order 
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of magnitude, so that the resultant variation of Q — Q0 with 0 is 

very much less than would be expected from a consideration of 

forces of one type only. 

The effect of the variation of the dipole moment with the 

fraction of the surface covered will now be taken into account. 

Fig. 32, Variation of the heat of adsorption with the fraction of the surface 
covered. The lower curve shows the effect of both electrostatic and van der 
Waah forces, and the upper curve is that of van der Waals forces alone. 

The values of the interaction energies and of the coefficients rjv 

and rjz at 290° K. and for different values of 6 are given in 

table 7. For each value of 6 the corresponding value of €x has 

been determined from equation (7*15), and the heat of adsorption 

which arises from the electrostatic and van der Waals interaction 

energy has been determined from equations (7*18) and (7*19) 

using the appropriate values of 77^ % and Vz given in table 7. 

The contribution to the heat of adsorption which arises from 

the mutual depolarizing action of the molecules has been de- 
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termined from equation (7*25). The values which are obtained 

are shown in table 8, in which the unit is calories per gram- 

molecule. Curve (a) of fig. 33 shows the variation of the heat of 

adsorption of ammonia with the fraction of the surface covered 

when the variation of the dipole moment with the fraction of 

the surface covered and the statistical distribution of the particles 

over the surface are taken into account. Curve (b) shows the 

Fig. 33. Variation of the heat of adsorption when the statistical distribution of 
the adsorbed particles over the surface and the variation of the dipole 
moment are taken into account. Curve (<2) shows the resultant variation 
due to van der Waals and electrostatic forces, curve (b) shows that due to 
van der Waals forces alone, and curv e (c) shows that due to the electrostatic 
forces alone. 

variation of the heat of adsorption due to the van der Waals 

forces alone; it has been calculated from equation (2’i6). Curve 

(c) shows the variation of the heat of adsorption due to electro¬ 

static forces alone when the variation of the dipole moment 

with the fraction of the surface covered is taken into account. 

From these curves we see that the contributions to the heat of 

adsorption due to the van der Waals forces and to electrostatic 

forces are of the same order of magnitude and opposite in sign, 
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so that the resultant ^variation is very much smaller than when 

forces of only one kind are operative. 

Table 7 

1 6 

i _ 

! v i v 1 
! io14 erg ! 

v, 
io14 erg 

v3 
io14 erg 

j 
1 Vi | Vi V3 

1 - 3'52 1*24 0-439 i 2-05 0-733 0*896 
i 0*2 3*10 1*10 ! 0*388 2-28 O76O O908 

04 j 2*76 0*974 0*345 249 0*784 ; 0*917 
i o*6 2*47 ; 0*872 0*308 2*67 0*804 0*925 

o*8 2*22 ; 0784 0*277 2*84 0*822 0*932 
1*0 201 0*710 0*251 3 00 0837 0*939 

Table 8 

e : 0*2 | 04 | o*6 08 1*0 

«?-<?„)< i 24-5 | 1739 359 0 593 9 1077*7 

(Q-Q,\ j -26-1 j — 92*8 j -186-8 . -298*7 -422*2 

Total 
1 ! 
| — i*6 + 81 ■ 1 | +172*2 4- 295 *2 ; +655-5 

In fig. 34 the variation of that part of the heat of adsorption 

which arises from the electrostatic forces is shown as a function 

of the fraction of the surface covered. In curve (a) the variation 

of the dipole moment with the fraction of the surface covered is 

taken into account, while curve (b) is calculated for a fixed dipole 

moment equal to M0 and curve (c) is calculated for a fixed dipole 

moment equal to The dotted curve shows that part of the 

heat of adsorption which is contributed by the electrostatic inter¬ 

actions between the adsorbed particles when the variation of the 

dipole moment is taken into account, that is, the total contribution 

to the heat of adsorption of electrostatic origin less that part 

which arises from the mutual depolarizing action of the adsorbed 

particles. This curve is, of course, tangential to curve (b) at 0 = o 

and to curve (c) at 0— 1. The difference between curve (a) and the 

dotted curve at each point is the contribution to the heat of 

adsorption due to the mutual depolarizing effect of the adsorbed 

particles, and, in particular, it is on account of this effect that the 

end-point (at 0=i) of curve (a) does not coincide with that of 

curve (c). 
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Curve (a) of fig. 35 shows the variation of the heat of adsorption 

due to the electrostatic and the van der Waals forces together, 

when the variation of the dipole moment with the fraction of the 

surface covered is taken into account, and curve (b) shows the 

0 

Fitf. 34. Variation of the contribution to the heat of adsorption due to the 
electrostatic forces. Curve (<*) takes into account the variation of the dipole 
moment, curve (6) is calculated for a fixed dipole moment equal to A/y, 
curve (c) is calculated for a fixed dipole moment equal to Mlt and the 
broken curve shows the contribution which is due to the electrostatic 
interactions. 

corresponding quantity calculated for a fixed dipole moment 

equal to M0. The difference between these two curves is accounted 

for by the difference between the contributions to the heat of 

adsorption which arise from the electrostatic forces in the two 

cases (and shown by curves (a) and (b) of fig. 34). Both curves show 

the small resultant variation in the heat of adsorption when both 
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the van der Waals and electrostatic forces are operative compared 

with that due to either type of force alone. Whether or not the 

resultant value of Q~Qq is positive or negative depends upon 

which of the two kinds of force predominates. 

The effect of the statistical distribution of the particles on the 

surface can be determined by deriving an expression for the energy 

Fig. 35. Resultant variation of the heat of adsorption showing the effect of the 
variation of the dipole moment. Curve (a) takes account of the variation of 
the dipole moment, and curve (b) is for a fixed dipole moment equal to Af0 
Both curves take the statistical distribution of the adsorbed particles over 
the surface into account. 

of a film which consists of a random distribution of particles on 

a non-conducting surface, when the variation of the dipole moment 

with the fraction of the surface covered is taken into account. 

Consider a large number of similar particles, each of which has a 

dipole moment equal to M0, and which are all a large distance 

apart. While they are outside the influence of one another, change 

the dipole moment of each so that it becomes equal to Md. We 

have seen that the work done on each dipole is equal to 
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where Mg is given by equation (7-23). Now move the dipoles to 

the surface of a non-conducting solid so that they form a random 

distribution on a square lattice and occupy a fraction 6 of the 

total number of lattice sites. The work done on each dipole 

during this process is _ (7*6) 

where Zd is given by equation (7-24) and the factor one-half is 

introduced so that each interaction is included once only. It 

follows that the energy U of the film due to dipole interactions is 

given by (/= _ lNa6M9Zg + W90oZ$, 

in which the factor 6 is introduced, since that fraction of the 

total number of sites on the surface is occupied. Using equation 

(7-20) this can be written in the form 

U= -\Na6M0Ze. (727) 

If we eliminate Zg between equations (7-24) and (7-27) the inter¬ 

action energy of the film can be written as 

gNaM* 02 
U = ' 

2a\ 1 +9 ad/al 
(7-28) 

Therefore, for a random distribution of particles over the surface, 

the heat of adsorption per particle arising from the electrostatic 

forces is given by 

(9 </o)elec. — 
cU = _9MS 6(2 +go dial) 

<;(NS6) 2a\ (1+9a0/a?)2' 
(7-29) 

For a random distribution of particles, the energy of the film due 

to the van der Waals interactions between particles adsorbed on 

closest neighbour sites is given by 

Uw=-\NszV0\ (7-30) 

and the contribution (q-q0)w t0 the heat of adsorption per 

particle which arises from these forces is given by 

(?-?o (r30 

The resultant variation of the heat of adsorption per particle for 

a random distribution of particles on the surface is the sum of 

(? — 0o)elec. an£l (?~9o)w 
This resultant is plotted as curve (b) in fig. 36, and the curve 

which is obtained when the statistical distribution of the particles 
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over the surface is taken into account is plotted as curve (a). It is 

important to notice that the total variation in the heat of adsorp¬ 

tion from 0 = o to 0=i is the same in the two cases, for both 

methods give the total change in the heat of adsorption exactly. 

These curves show the effect of the clustering of the particles on 

the variation of the heat of adsorption. 

36- Effect of the statistical distribution of the adsorbed particles over the 
surface on the resultant heat of adsorption. Both curves take the variation 
of the dipole moment of the adsorbed particles into account; curve (a) 
shows the effect of the statistical distribution of particles over the surface, 
while curve (6) is for a random distribution of particles. 

The essential point is that the total variation in the heat of 

adsorption is much less than would be expected from a con¬ 

sideration of the van der Waals forces alone. This is in agreement 

with the experimental results of Orr (1939 a, b) on the adsorption 

of argon by caesium iodide. Similar results have been found by 

Williams (1917) for the adsorption of sulphur dioxide on charcoal. 

After an initial rapid drop, which is always found in experiments 

with charcoal,* the variation in the heat of adsorption is quite 

small until bulk condensation begins. At 400 cm.3 per g. the 

adsorption isotherm bends rapidly and, as can be seen from fig. 37, 

the heat is the normal latent heat so that bulk condensation has 

started by this stage. The important point is that between the 

# Of. Barrer (1937). 
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initial drop to about 9400 cal. and the onset of effects due to the 

formation of multilayers there is only a comparatively slight varia¬ 

tion of the heat of adsorption in the agreement with the theory 

which has been developed above. 

More recently, Crawford and Tompkins (1948) have carried out 

an experimental investigation of a number of polar and non-polar 

gases on barium fluoride crystals. The gases used were sulphur 

dioxide, ammonia, carbon dioxide and nitrous oxide. By con¬ 

sidering the potential field provided by the surface they present 

Normal latent heat 

cm.3 per gm. 

Fig. 37. Experimental values of the variation of the heat of adsorption of SOt 
on charcoal with the amount adsorbed. 

evidence to show that, for the first adsorbed layer and over the range 

of temperatures at which measurements were carried out, these 

gases formed an immobile film on an array of sites determined by 

the geometry of the underlying crystal surface. Their results are 

shown in fig. 38, in which the heat of adsorption is plotted as a 

function of the volume of gas adsorbed. The almost linear varia¬ 

tion of the heat of adsorption with the fraction of the surface 

covered in the case of the non-polar molecules provides additional 

evidence that the molecules are adsorbed as an immobile film. It 

is, however, difficult to see why the behaviour of the non-polar 

gases should be no different from that of the polar gases. In fact, 

equations (7*29) and (7 31) indicate that in the latter case the 

mutual depolarizing action of the adsorbed molecules should 

cause both an appreciable departure from the linear variation of 

the heat of adsorption with the fraction of the surface covered and 
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also a reduction in the total change in the heat of adsorption. It 

seems likely that a more precise method than any so far developed 

is needed to examine the effect of long-range forces such as 

dipole-dipole interactions. 

Fig. 38. Experimental values of the heat of adsorption of nitrous oxide ( x ), 

carbon dioxide (-f), ammonia (0) and sulphur dioxide (-}•) on barium 
fluoride crystals with the amount of gas adsorbed. 

7*6. The Treatment of Long-range Forces 

In the theoretical treatment of the problems which have been 

examined in this monograph, use has been made of the Bethe 

approximation. In the study of the similar statistical problem 

which arises in considering various second-order transitions, 

Kramers and Wannier (1941; Wannier 1945) and Onsager (1944, 

1947) have been able to give an exact treatment, but so far only 

for one- and two-dimensional models and for nearest neighbour 

interactions. Recently, Domb (1948), using a variant of their 

methods, has been able formally to include a three-dimensional 

model in his treatment. Essentially, the solution is expressed 

formally as an infinite matrix having a characteristic structure 

(a duo-diagonal matrix). Further progress on these lines depends 

upon putting this solution into a tractable form. Its importance 

in the present connexion, however, is that by this method, it 

would be possible to take account of other than nearest neighbour 

interactions. That is, interactions between particles at any distance 

apart could be taken into account explicitly, and the solution would 
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be given formally as the same type of infinite matrix. Provided 

a method of evaluating these matrices can be found, this would 

provide an exact method of dealing with long-range forces, such 

as the electrostatic interactions which have been considered in this 

chapter. 
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INDEX 

Accommodation coefficient, 
calculated values, less than measured 

values, 2 
definition, i, 2 
effect of surface impurities, 4, 60, 

94, 95-7, 99, 102-3 
mass of gas and solid atoms, de¬ 

pendence on, 2 
measurement, experimental arrange¬ 

ment, io 
of helium, measured values, 4 

temperature variation of, 4 -5 
of neon, measured values, 6, 60-r, 

95 
sensitive to adsorbed films, 6-7, 

u. 60, 95-9, 102-3 
temperature variation of, 61 

of rotational energy, 7 
relation to kinetic theory, 7-9 
relation to potential energy of gas 

atom and solid, 6 
rough surface, 6f.n. 
theory of measurement, 7-9 
variation with heat treatment of 

wire, 12, 59-60, 85 
Adsorption, heat of, see Heat 

isotherm of, see Isotherm 
Ammonia, 

adsorption on barium fluoride, 123-4 
heat of adsorption of, 118 

molecular constants of, 115 
Argon, 

adsorption on caesium iodide, 122 
Atomic hydrogen, see Hydrogen 

Bare surfaces, 
importance of, 3, 10, 12, 13 

Caesium, 
adsorbed on tungsten, effect on 

electron emission, 77 
each atom held on metallic surface, 

equivalent to electric dipole, 105 
electric moment per atom adsorbed 

on metal, 105 
stability of adsorbed film of, on 

tungsten, effect of oxygen, 77 
Carbon dioxide, 

heat of adsorption of, on barium 
fluoride, 124 

Collision of gas atom and solid, 
classical theory of, 2 
quantum theory of, 5 

Contact potential, 

difference between bare and hydro¬ 
gen covered tungsten, 30, 58 

formation of hydrogen films on 
tungsten, 57 

in study of monolayers, experi¬ 
mental procedure, 57 

sodium films on tungsten, 57 
to measure evaporation of oxygen 

from tungsten, 77 
variation with fraction of surface 

covered, 58 
Crystal planes, 

aged tungsten, important plane for, 
16 

geometrical arrangement of atoms 

in, for tungsten, 17, 18, 87 
determines potential field for 

adsorbed atom, 20 

number of atoms in, for tungsten, 
16, 17 

Detailed balance, principle of, 

atomic hydrogen, production of, 
processes concerned, 66-7, 70-4 

deduction of Langmuir adsorption 
isotherm, 21 

Dipoles, 
adsorbed on solid, statistical analy¬ 

sis for, 109-14 
electrostatic forces between, 107-9 
heat of adsorption, see Heat 
induced by ionic crystal, 104 
lattice of, interaction energy, 107 
mutual depolarizing action of 105, 

114 
effect of, on heat of adsorption, 

114, 118-19 

Emission of electrons, see Thermi¬ 
onic emission 

Energy, interaction, 
continuous variation over surface, 

for adsorbed particle, 36, 38-40 
fixed, statistical theory for, 24-33,38 
for immobile film, 32-3 
for mobile film, 28 

mao 9 
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Energy, interaction (cont.) 
of hydrogen on tungsten, only short- 

range forces important, 29-30 
of lattice of dipoles, 107 
of linear chain, 43 

Energy, interchange, 
between helium and tungsten, 4 
between solid and gas, 1, 3 
between solid and gas, depends on 

law of force, 5 
between solid and gas, depends on 

masses, 2, 5 
value of accommodation coefficient, 

relation to, 2 
Energy, potential, 

between gas atom and solid surface, 
represented by Morse function, 

5 
continuous variation over surface, 

38-40 

determined by structure of surface, 
20 

electrostatic, 107-9 
Energy, states of minimum, 

difference between mobile and im¬ 
mobile films, 22-3 

effect of thermal motion, 23, 54 
for linear chain, 49, 51 -4 
for square array, 50 
when occupation of a site precludes 

occupation of its neighbours, 

87 
Evaporation, 

rate of, if interactions negligible, 
21 

to determine apparent heat, 77-81 
when occupation of a site pre¬ 

cludes occupation of its neigh¬ 
bours, 91 

theory of, of adsorbed particles, 67- 

70 
of atoms, 67, 71 
of molecules by combination of 

adsorbed atoms, 67, 72 
of molecules from atomic film, 

b7, 73 

Film, adsorbed, 
accommodation coefficient, effect of, 

on, 4, 6, 12, 94-9, 102-3 
forces between molecules, relation 

to variation of heat of adsorp¬ 
tion, 19 

structure of, on known substrate, 

3, 59, 95-8 

Film, adsorbed (cont,) 
' see also Immobile film, Mobile 

film, Monomolecular layer 

Heat of adsorption, 
allowing for continuous variation of 

energy terms, 44-8 
experimental results, application 

to, 48-51 
deduced from rate of evaporation, 

77, 9i 
different from apparent heat of 

evaporation, 81, 89, 91 
effect of dipole forces on, 104, no- 

24 

experimental procedure, 14-16 
for simple adsorption, into mobile 

film, 27-8 
indication of repulsive forces be¬ 

tween adsorbed particles, 19 
measurement of, experimental ar¬ 

rangement, 13-14 
of hydrogen on tungsten, 18, 19 
of mobile and immobile films, on 

localized sites, difference be¬ 
tween, 213, 35, 37 

reduction of, due to electrostatic 
forces, 115, 120, 122 

theory of, allowing for continuous 
variation of potential energy, 

44~8, 54 
for constant dipole moment, 106, 

111 12 
for immobile film, 23, 32-3, 45-8, 

88 

for mobile film, 22, 27-9, 44-7, 
87-9 

use of wire as calorimeter, 13 
when occupation of site precludes 

occupation of its neighbours, 

87 ~9 
Heat of evaporation, 

deduced from rate of evaporation, 

77, 9i 
different from true heat of adsorp¬ 

tion, 81, 89, 91 
Helium, 

accommodation coefficient of, 4 
temperature variation of, 4-5 

interchange of energy with solid, 
adsorption effects absent except 
at low temperatures, 4 

Hydrogen, 
accommodation coefficient, on tung¬ 

sten, measured, 12, 85 
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Hydrogen (cont.) 
accommodation coefficients, varia¬ 

tion with heat treatment of 
surface, 12, 85 

adsorption of, rapid on tungsten, 11, 
12 

exothermic process, 75 
raises temperature of filament, 15 

amount adsorbed, on surface planes 
of tungsten, 16-18 

film adsorbed on tungsten, only 
nearest neighbours contribute 
to interaction energy, 29- 30 

heat of adsorption, measured varia¬ 

tion, 18 -19, 75 
interpretation, 34-5, 48 -51 

molecular adsorption, 86 
monolayer on tungsten, immobile, 

35. 5i. 55 
ortho-para conversion of, on tung¬ 

sten, 86 
Hydrogen, atomic, 

produced by hot tungsten filament, 
65 

rate of production, 65 
effect of pressure on, 66 
effect of temperature on, 66, 75 
theory and experiment compared, 

76,85 
theory of, 67, 70--5 

trapped by film of molybdenum 
oxide, 65 

Immobile film, 
contrasted with mobile film, 21 f.n., 

22-3, 35, 37. 59. 92-4 
definition of, 22 
equivalent to random distribution 

of occupied sites, 30 

gap9 in final film, 18, 33-4, 55, 92-4 
as centres of catalytic activity, 

55 fn. 
determined empirically, 56, 92 
determined statistically, 55-6, 92 

heat of adsorption, compared with 
experiment, 35 

contrasted with that of mobile 
film, 23, 47, 89 

for adsorption with dissociation, 

30, 33~4» 93 
for continuous variation of energy 

terms, 45-8 
for simple adsorption, 23, 30 
occupation of site precludes occu¬ 

pation of its neighbours, 91, 93 
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Immobile film (cont.) 
rate of formation, occupation of site 

precludes occupation of its 
neighbours, 90, 93 

of film formed by dissociation, 

57. 59 93 
statistical treatment, 30-3, 55-6, 92, 

101 

Indicator of adsorbed films, 
measured accommodation coeffi¬ 

cient as, 7, 60, 95-9, 102-3 
Interaction energy, see Energy 
Isotherm, of adsorption, 

for simple adsorption into mobile 
film, 27 

from kinetic considerations, 74 
long-distance order, effect on, 84 
neglecting interactions, Langmuir, 

21, 82 
occupation of a site precludes oc¬ 

cupation of its neighbours, 98 
statistical derivation, 27, 82, 98 

Kinetics of formation of monolayer, 
immobile film, formed with disso¬ 

ciation, 56-7 
mobile film, formed with dissocia¬ 

tion, 61-4 
when occupation of site pre¬ 

cludes occupation of its neigh¬ 
bours, 89-91 

of adsorption of hydrogen, 57-9 

of adsorption of oxygen, 100-3 
Kinetics, chemical, 

condition of quasi-chemical equili¬ 
brium, 35 

use of, to examine nature of approxi¬ 
mation of local configurations, 

25 
Kinetic theory, 

and accommodation coefficient, 7-9 
collision of gas atom and solid sur¬ 

face, 2 
exact calculations, conditions under 

which possible, 1, 9 
superseded by quantum theory of 

collisions, 3 

Local configurations, 
method of, introduced in theory of 

alloys, 25 
used to determine equilibrium 

distribution, 24-5, 31, 109-11 
used to determine heat of adsorp¬ 

tion, 28, 32, m-14, 116-19 
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Long-range forces, 
effect of, on equilibrium properties 

of monolayei, 104 
statistical analysis of, 124 
see blso Dipoles 

Mobile film, 
approximation of local configura¬ 

tions, use of, 25 
contrasted with immobile film, 

aif.n., 22-3, 35-7. 59. 92-4 
definition of, 2i 
equilibrium distribution of particles 

in, 24-7 

heat of adsorption, for simple ad¬ 
sorption, 22, 27-8 

for adsorption with dissociation, 
28-30, 92 

for continuous variation of energy’ 
terms, 44-7 

when occupation of site precludes 
occupation of its neighbours, 92 

interpretation of experimental heats 
of adsorption, 35, 48-51, 78-81 

Monomolecular layer, 
adsorption isotherm, I>angmuir, 21 

of oxygen, 98 
statistical deduction of, 82 

changes in, effect of, on accommo¬ 

dation coefficient, 12, 60-1, 94, 

95-7, 99 
contact potential, effect on, 57-9 
different types, on array of localized 

sites, 2i-3, 35, 37 

effect on surface reactions, 1 
evaporation and condensation pro¬ 

cesses, 2i, 57, 62-3, 66-7, 
70^4 

formation, kinetics of, 55-7, 61-4 
formation, rate of, 21, 57, 63 
formed at very low pressure, 11, 13, 

96 
formed on clean surface, x, 12-13 

interchange of energy with gas 
atoms, effect on, 1 

measured accommodation coeffi¬ 
cient, effect on, 2, 4, 6, 11, 12, 

60-1, 94, 95~7, 99 
molecular or atomic film, depends 

on temperature, 86 
occupation of site precludes occu¬ 

pation of its neighbours, 86, 

89-92 
of hydrogen on tungsten, 11, 16-19, 

35.58 

Monomolecular layer (cont.) 
of oxygen on tungsten, 59-61, 94-9 

see also Heat of adsorption, Immo¬ 
bile film, Mobile film 

Morse function, 
constants of, physical significance, 6 

determination from temperature 
variation of accommodation 
coefficient, 6 

definition, 6-7 
potential energy of gas atom and 

solid, represented by, 6, 68 

Neon, 
accommodation coefficient, measur¬ 

ed, 6, 12, 95, 96f.n. 
effect of adsorbed impurities on, 

6-7, 12, 6o, 95-7 
as indicator of adsorbed films, 7, 60, 

96-7 
Nitrous oxide, 

heat of adsorption, on barium 
fluoride, 124 

Oxygen, 
effect of trace of, on accommodation 

coefficient of neon, 60, 94, 96 
isotherm, of adsorption, 98 
molecular adsorption, 86 
monolayer of, on tungsten, rate of 

formation, 59 
gaps in final film, 59, 96 
heat of adsorption, 59-60 

partial pressure of, relation to 
accommodation coefficient of 
neon, 96 

structure of adsorbed film, 95-8 

Partition function, 

immobile film, 31 
mobile film, 25-7 
systems with long-range forces, 

109-11 
when occupation of site precludes 

occupation of its neighbours, 

92, 98 
see also Vibrational partition func¬ 

tion 
Potential energy, see Energy 

Roughness factor, 6 

Solutions, theory of, 
contrasted with that of adsorbed 

monolayers, 35-7 
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Solutions, theory of (cont.) 

random mixture an approximation 
to mixture with non-zero heat 

of mixing, 35-6 

Sulphur dioxide, 

adsorption, on charcoal, 122 

on barium fluoride, 123 

heat of adsorption of, 123, 124 

Surface, 
bare, importance of, 3, 10, 12, 13 

rapid adsorption of hydrogen on, 

12 

behaviour simplest in helium atmo¬ 

sphere, 4 

cleaned by flashing, 14, 17 
impurities, effect of, 2, 4, 12 

necessary to keep free of, 3 

interchange of energy with gas 

atoms, 1, 3 

see Immobile film, Mobile film, 

Monomolecular layer 

Thermionic emission, 
effect of adsorbed caesium on, from 

tungsten, 77 

used to measure amount of adsorbed 

oxygen, 77 

Tungsten, 

adsorption on, of helium, 4 
of neon, 6 

contact potential of, with adsorbed 

hydrogen film, 58 
dipoles formed, with adsorbed 

caesium, 105 

removal of impurities from, n, 14, 

17 
surface plane, in aged tungsten, 16 

thermionic emission from, effect of 

adsorbed caesium, 77 

use of, as calorimeter, 13 
Tungsten powder, 

interpretation of experimental heats 

of adsorption, 36 

surface contaminated by impurities, 

12 
use of, unsatisfactory, in adsorption 

measurements, 12 

Vibrational partition function, 

effect on variation of heat of 

adsorption, sif.n. 

independent of state of occupation 

of neighbouring sites, 24, 

51 f.n. 






