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The Transition State in Surface Reactions

By M. Temkin

The subject of the paper is the application of the method of the
transition state (activated complex) to the calculation of the kinetics of
chemical reactions on surfaces.

The schematic picture cf the surface according to Langmuir is
accepted as a basis, i. e, the surface is considered as an aggregate of iden-
tical elementary spaces retaining the adsorbed molecules, the fcrces of inter-
act’on between the adsorbed molecules being ignored. I

A general statistical derivation of the Langmuir equation for
adsorption equilibrium is given, including the adsorption of mixtures of
gases, adsorption accompanied by dissociation and the statistical expres-
sion for the coefficient of adsorption (eq. 19). The type of adsorption where
the molecule occupies two elementary spaces (eqs. 28 and 30) is
considered.

The statistical method of considering adsorption equilibrium is applied
to the ca'culation c¢f the number of activated complexes on the surface,
which determines the rate of the reaction. The formula obtained (eq. 35)
gives a generalized ,law of surface action® of Langmuir and establi-
shes the absolute magnitude of the rate constant. The agreement of the
formula with experiment is illustrated by the example of the decomposi-
1 tion of PH; on glass.

Equations are given for the absolute velocity of activated adsorption
on a bare surface, The dependence of the adsorption rate upon the extent
of surface covering and the complications in the kinetics, arising when the
mobility of the molecules or atoms cn the surface is low, are considered.

1. Introduction

The method of the tramsition state or activated complex, deve-
loped by Eyring! and simultaneously by Evans and Polanyi?

1 Eyring, J. Chem, Phys., 3, 107 (1935).
M. G. Evans and Polanyi, Trans, Farad. Scc., 31, 875 (1935).
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determines the value of the pre-exponential factor in the Arrhe-
nius equation for homogeneous reactions. It refines the results of
the earlier theories, according to which this factor should be equal
to the number of collisions for bimolecular reactions (Lewiss, :

Hinshelwood4) and the vibration frequencies of the atoms of 1
the molecule for unimolecular reactions (Herzfelds, Polanyi
and Wigner6), -
The fundamental equation of Eyring
FL kT =%
Aesiies e (1)

expresses the rate constant % as a function of the height of the
energy barrier g, the product of the partition functions of the ini-
tial molecules F, the partition function of the transition state i
computed over all degrees of freedom except the | reaction
path“, and the transmission coeflicient x which may be taken
equal to unity in the majority of cases. AT is the product of
Bolzmann’s constant and the absolute temperature; % s
Planck’s constant. -

Equation (1) in a number of cases leads to results substan-
tially at variance with the results of the primitive theories referred
to above. For example, the rate of bimolecular association reactions
in the case of complex molecules may be considerably less
(108 times) than is to be expected according to the simple collision
theory 7, o

The subject of this paper is the extension of the transition
state method to the kinetics of surface reactions. These include
processes of activated adsorption, the reactions of gases with solids
and  chemical reactions on surfaces (heterogeneous catalytic
processes). ;

The analogue of the simple collision theory for activated
adsorption is the hypothesis that the rate of adsorption must be
equal to the number of molecular impacts with the surface in unit

3 W, C. Mc C. Lewis, J. Chem. Soc., 113, 431 (1918).

*Hinshelwood, The kinetics of Chemical Change in Gaseous
Systems, 3-d ed., Oxford (1933).

S Herzfeld, Ann, Phys.,, 59, 635 (1919).
19286 Polanyi a. Wigner, Z physik. Chem., A, »Haber-Band®“, 439
( ).

7 Bawn, Trans. Farad. Soc., 31, 1536 (19235).
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. :
time, multiplied by e *7, where = is the energy of activation for
adsorption. This hypothesis, however, has not been substantiated;
the velocity of adsorption turns out to be less than this (Taylors,
Leypunsky?®) similarly to the case of bimolecular reactions
referred to above.

The general formulation of the kinetics of reactions on sur-
faces has been given by Langmuir!® in the form of ,the law
of surface action“ in analogy to the law of mass action. This for-
mulation is based upon assumptions corresponding to the picture
of ,simple adsorption®, that is it is assumed that the surface con-
tains a definite number of identical elementary spaces each of
which can hold one molecule or atom, that the forces of interaction
between adsorbed molecules can be neglected and only the inter-
action of the molecules with the surface isto be taken into account.

With this assumptions the rate of the surface reaction

A A, =0 A A
will be expressed in the following manner:
T e e (if An < 0) (2
or g
o=FNP. . .. 00" (ifAn > 0), (2a)
where 0,,8,... are the fractions of the surface occupied by the

molecules of the substances A,, A,...; 8, is the fraction of the
surface that is bare and An is the change in the number of mole-

cules in the reaction
An=n" -0y ....—n —n,.....

It is not difficult to show that egs. (2) and (2a) are in agree-
ment with thermodynamics in the sense that they lead to the
correct expression for the equilibrium conditions upon setting the
rates of the direct and reverse reactions equal to each other.

Let us consider the reversible reaction

| Sl r L U e
mA +Fn Ayt ... Zn A nf A

8 Taylor, Trans. Farad. Soc., 28, 131 (1932). :

9 Leypunsky, Acta Physicochimica URSS, 2,737 (1935); C. R. Acad.
Sci. de PURSS, 1, 31 (1935); J. Phys. Chem. (Russ.), 9, 143 (1937).

01 Langmuir, J. Am. Chem. Soc., 38, 2221 (1916).
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BelAn—3n"—_Yn> @ for the given direction of the reaction.
Then the condition for equilibrium will be

N 3)

where %’ is the rate constant of the reverse reaction and 6’ is the
fraction of the surface occupied by the molecules A/’ etc. As
a result of the equality of the rates of the forward and back reac-
tions, the quantity of the gases on the surface will be determined
by the conditions of adsorption equilibrium, which are easy to
obtain according to Lan gmuir by sefling the rate of adsorption
proportional to P9 and the rate of desorption proportional to
U 01=a1p100 etc., where a, is the coefficient of adsorption,

Inserting the expressions for 0,8,..., 9,78, ... etc. in eq. (3)
we notice that 6, drops out and we come to the law of mass action
in its usual form. This deduction emphasizes the necessity of intro-
ducing the factor 0" when the reaction is accompanied by an
increase in the number of molecules.

As far as I know no conjectures have been made up to now,
concerning the abso!ute'magnitude of the constant %2 in the equa-
tions (2) and (2a).

Experimentally, the reaction rate is usually observed as a
function of the concentrations €1 €3 ... Or partial pressures p,, p, etc.
of the substances in the gas phase and not as a function of the
surface concentrations. The simplest way of going over from the
variables 6, 0,... to the variables Pyy Pa-.. is based upon the
assumption that the rate of attainment of adsorption equilibrium is
large compared with the rate of the surface reaction. In this case,
the connection between 6, 6,... and Py Pa-.. is given by the well-
known equations of Langmuir for adsorption equilibrizm. If this
assumption “cannot be made, then the equation expressing the
stationary state on the surface is added to equation (2) or (2a),
which is the requirement that for the reactants the rate of adsorp-
tion should equal the sum of the reaction rate and the rate of
desorption, for the products the rate of adsorption plus the rate
of reaction should equal the rate of desorption 11, and also the
equation
S i 61—|—02~J|—....+80=1. (4)

" 1. Langmuir, Trans. Farad. Soc, 17, 621 (1921—1922).
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The simultaneous solution of these equations gives the rate
of the reaction as a function of Py Ps... In this case, in order to
estimate the velocity of the reaction, a knowledge of the rate
constants of adsorption and desorption is required, as well as of
the constant £ in equation (2) or (2a).

There is finally the possibility of reactions as Taylor in
particular emphasizes, where the rate of adsorption is the rate-deter-
minig step.

The calculation of the speed of a process by the transition
state method, is based upon the calculation of the number of mo-
lecules in the transition state (of activated complexes) using the
methods of statistical mechanics. In the case of surface reactions,
the activated complexes are adsorbed on the surface, and the calcu-
lation of their number may be carried out by the same methods
that are used in the consideration of adsorption equilibrium. We,
therefore, shall begin with the consideration of adsorption equili-
brium. The methods of consideration and the formulae which we
) arrive at will be employed further for the calculation of the rate
of surface processes. 4

2. Adsorption equilibrium

We shall use essentially the same method in the derivation
of the equations for adsorption equilibrium, as were previously
employed by the author in a thermodynamic form 12,

We proceed from the familiar expression for the Helmholtz .
iree energy A '

A=*kTInZ}E, ] (5)
where Z is the sum of states of the system
E;
Z_%,® (6)

i
(the sum is taken over all possible states of the system; E, is the
energy of the system in the state i; E, is the energy of the

system at 7=0 and depends upon the choice of the state for
which the energy is taken as equal to Z€10).

2 M. Temkin, Acta Physicochimica URSS, 1, 36 (1934).
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For an ideal gas consisting of A identical molecules, we have,

as is well known,
N

Z
zZ=1%, (M
where 2 is the sum of states of the molecule

1

2=73Y ¢ #T (8)
i
(the sum is taken over all possible states of the molecules; g is

the energy of the molecule in the state i), and consequently

A= —kTN In3 2+ Nz, ©)]
where Eo=%}'

From this we obtain the chemical potential of the gas, p. We
shall calculate the chemical potential per single molecule and not
per gram-molecule. In order to transform it into the ordinary quan-
tity it is necessary to multiply u by Avogadro’s number.

Differentiation of eq, (9) gives

_[94 ey 2 ..
pﬁ(ﬁaw ——kTIn Z 43 (10)

z for a gas is proportional to the volume v, We introduce the
partition function (the sum of states of the molecule per unit
volume) with the aid of the equation]

T (11)

v
Since %:c (¢ is the concentration of the gas, i. e. the

number of molecules in cm.%), we obtain -
}L:—'—krln{;—}—%- (12)

In order to calculate the chemical potential of adsorbed layer
on the assumption of »Simple adsorption® (see above) we consider
a surface containing L elementary spaces on which N molecules
are adsorbed. If the sum of states (partition function) for the
adsorbed molecule is equal to F, then the sum of states for the
whole adsorbed layer is expressed in the following form:

L
Zs=Fa' o= Sl
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since every state of one molecule may be combined with every
state of the second, third etc., and moreover the N molecules may

|
*. be distributed on the L elementary spaces in (T_—_%})mlways (num-

ber of combinations of L spaces taken N at a time; the identity
of the molecules is taken into account by using the number of com-
binations and not the number of arrangements).

We obtain for the free energy of the adsorbed layer

L

N
A :—-kT_lﬂFa m. (14)

a

We do not write here the quantity E, since it may be taken
equal to zero. e, for the gas will them be equal to the heat of
adsorption for one molecule at 7= 0. Differentiation of eq. (14) gives

a —
re=(38), . = — AT, (15)
since
In N1 l—In Nl
SN Ul BN ) —iny

dN 1
it being supposed that N is a very large number, and

din(L—N) _ din(L—Ny _
- & L dE=m) — M)

Introducing the fraction of the surface covered

N
6:.‘2‘"
we obtain
g =—4&T nF, .20, (16)

The condition or equilibrium between the gas and the adsorb-
ed layer is the equality of the chemical potentials

=1,

Eqgs (12) and (16) give

/g
= F e 17




148 M, Temkin

This equation is identical in form with the equation of the
Langmuir adsorption isotherm

G ___ap
s =ap <ore_m};), (18)

where a is the adsorption coefficient.

Comparing equations (17) and (18) and taking into account
that p =ckT we find the statistical expression for a
A

F =
a= % et (19).

=i

If we neglect those changes in the motions of the atoms of
the surface layer of the adsorbent that are caused by the adsorbed
molecules, then the partition function may be written as a product
of terms corresponding to the vibrational degrees of freedom of the
adsorbed molecule

. hyy— 1
i=3n e |
big—i ] (l—e "‘T)'
i=1
The number of vibrations is equal to 3 n, where n is the number
of atoms in the molecule. The vibrations are assumed to be harmo-
nic, If the molecule may rotate freely around an axis perpendicular
S T 1/a
to the surface, then there appears in F, the factor 2(—?_[:‘:-{),
where [ is the moment of inertia and o the symmetry number and
the nnmber of vibrations will be 3 n—1. For example, in the case
of the adsorption of a monatomic gas

(2rmkT)" = 5( e
F=E Fo= T\1—e 1) ;
i=1
a=' 3 e,ﬁv‘"

.i= 3 % ‘i
‘E,(l g TT’) - @umkTY:&T

(Ci. equation (24) in the paper by the author, cited above 12),
The vibration frequencies of the adsorbed molecules are un-
known. One may suppose, however, that they are of the same
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order of magnitude as the inner molecular vibration, i e.
hn—1
(I—e—ﬁ’) differs only slightly from 1. For instance, at 7 = 300°

T\ —1
with v= 1013, (1 m—e—ﬁ’) = 1.25. The applicability of Nernst’s
approximate formula to adsorption equilibrium 2 serves as a confir-
mation of this assumption.

One can consider the adsorption of mixtures of ideal gases by
the same method as used above. The chemical potential of a com-
ponent of the mixture in ihe gas phase is equal to the corresponding
value for the pure gas at the same concentration, i. e. is given
by eq. (12). The number of different dispositions of the NNG. dete
adsorbed molecules of the various kinds on a surface containing L
elementary spaces will be equal to

L
NUNL (=N —Noso)t?

and the sum of states of the adsorbed layer will be

L!
NN (L —N;—No—.. )1*

Ny =N,
FRiE

where F_ is ‘the sum of states of the adsorbed molecule of the
first kind etc. 1 ;

From this wé obtain for the chemical potential of a compo-
nent of the mixture on the surface ;

Yar

8 .
=Rl F ﬁ (20)
The  condition for'equilibrium will be :

fi E, Eu :
G’—; = ?‘_1 ele (21)
(F, is the distribution function of the gas molecule of the first
kind etc.), or .
i : ;
ﬁ:alp. (22)
Equations of the type of eq. (22) for each component, to-
gether with eq. (4), lead to the familiar formulae for the adsorption
of a mixrure of gases. :

‘4
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3. Adsorption equilibrium when the molecule occupies

two elementary spaces

According to Langmuir’s concepts, the carbon monoxide mole-
cule adsorbed on the surface of platinum occupies two elementary

spaces. The ordinary structure (ﬂ,‘_z(_)‘ evidently changes into the
structure > C=0 with two iree valencies, which are joined with
the two valencies of the surface atoms. It is necessary to dis-
tinguish from this case, that of adsorption accompanied by disso-
ciation, for example the activated adsorption of H, on metals
where according to the views of L an gmuir, Taylor and others
the molecule dissociates into atoms. In this case also, the molecule
occupies two elementary spaces, but they may not be adjacent.
It is true that in the first moment the H atoms are evidently
adsorbed on neighbouring spaces, but according as equilibrium is
attained, there is created a random distribution of the atoms on the
surface.

Such a random distribution may come about as a result of surface
migration of the atoms. Even if migration does not take place, iso-
lated atoms must appearon a surface representing a regular plane
lattice in the following way. Let us imagine four adjacent elementary
Spaces lying on a straight line. Let one H, molecule be adsorbed
on the first and second space, and another on the third and fourth,
the molecules being dissociated into atoms. The atoms occupying
the second and third Spaces may now break away ifrom the surface
in the form of an H, molecule, leaving isolated H atoms on the
first and fourth spaces. It is evident that a mechanism of this kind
Wwill in the long run lead to a completely random covering of the
surface with H atoms. 7

It goes without faying that the covering will be a random one
only under the ‘assumption of the absence of interaction between
the adsorbed atoms.

In the case of the activated adsorption of the oxygen mole-
<ule, we may assume like Langmuir that it is adsorbed in the
form of atoms, or suppose that one bond in the molecule is rup-
tured, and the group — O — 0 —is united to the surface. The latter
hypothesis corresponds to the peroxide theory of Bach and the
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viewpoint developed by him concerning the action of oxidation ca-
talysts 13, We may thus assume for oxygen, either adsorption of
the Hy-type or of the CO-type. The same may be said about the
adsorption of N,. Although we cannot with certainty assert that
the activated adsorption of H, and CO takes place as proposed
above, we shall use for the sake of brevity the terms ,adsorption
of the hydrogen type“ and ,adsorption of the CO type“ to de-
note the cases of adsorption considered, namely adsorption accom-
panied by dissociation and adsorption where the molecule occupies
two neighbouring elementary spaces.

The consideration of adsorption equilibrium for the case of
adsorption of the H, type may be accompanied by application
of the above method, where the condition for equilibrium will be

B = 2,

1, or the chemical potential of gaseous H,, and u,, or the chemical

potential of adsorbed atomic hydrogen, are defined by equations
(12) and (16). We arrive at the well-known equation

f 1,
—g=(p)"=, (23)
where a is defined by
&
a =% o7, (24)

This derivation, in essence, is identical with the derivation
in the author’s article cited above !2, The general consideration
of the condition for equilibrium in adsorption of the CO-type is
rather difficult. The number of possible ways of distributing
the molecules on the surface, which determines the free energy of
the adsorbed layer, depends upon the kind of symmetry of the
plane lattice formed by the elementary spaces. In crystals there
-exist four types of symmetrical plane lattices: lattices formed by
rectangles, squares, rhombs and equilateral triangles 1%, Besides
this there may be lattices without a plane of symmetry, consisting

13 A, Bach, J. Russ. Phys. Chem. Soc., 44, apendix (1912) (Russ.).
 Wulf, Principles of Crystallography, Moscow, 1923 (Russ.).

.
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of oblique-angled parallelograms. Each plane lattice may be cha-
racterised for our purposes by a number £ indicating the number
of elementary spaces adjacent to the given one. We term adjacent
spaces those to be found at the most favorable distance for
adsorption. It is assumed that spaces with other distances do not
adsorb. Otherwise we should have wvarious kinds of adsorption
with various heat effects, i. e, g considerably more complex
picture.

Evidently g may have the values 2, 4, 6 depending upon the
syminetry of the plane lattice.

Lattices with g==2, i. e. the least degree of symmetry, are
equivalent to a linear disposition of the elementary spaces at
equal distances. In this case it is easy to carry out the compu-
tation of the number of ways of covering the surface. Let N mo-
lecules be adsorbed on I spaces, so that the number of {ree spa-
ces is equal to (L—QN), since every molecule occupies two spaces.
Employing the formula for the number of permutations with repe-
tition we find that

(L —N)!
(L=2N)INI

various ways of covering are possible,
We obtain for the free energy of the adsorbed layer

N (L—N)! =

Ag=—FkTIn I (T(_z_zg)w (25)
from which —
: L—2N)?

Vo=—kTInF, —(‘[tm_}v% (26)

: : e

follows from the expressions given above for d_;%ﬂ and L}%'

and also from

dln (L—2N)1 din(L—IN)! "
TN T igngooy =—2hE—2n).
The number of molecules on the surface completely covered is
equal to —';‘ , 5o that the fraction covered is determined by

N
SR TR

L -
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and equation (26) may be rewritten thus:

4(1 —0p
P’az—kT]nFrrW' (27)

The condition p.—u, and eqs. (12) and (27) give

&

g—me
40—0e

Lo T, (28)

L]

Thus we obtain the adsorption isotherm in the form

@2—8)6

m =ap, (29)

where @ is defined by eq. (19).

The complete consideration of adsorption of the carbon monoxide
type on surfaces with g=4 and g =6 is difficult, and we shall confine
ourselves to a consideration of weak adsorption. Let N molecules
be located upon L elementary spaces, and L > N.

The position of a molecule on the surface may be determined

by f{ixing at first one elementary space and then a second one,
o

adjacent to it. The {irst spaces may be occupied in j];/ﬁlways.
T . L! Ml i ¥ BT

This is seen directly and also from L=NJNT ~ i L >N

In each case the second Space may be occupied in g ways
(with poor covering the molecules do not “disturb one another).

e
In all we obtamm-gN ways of disposition, and we have

We have assumed the molecule to be unsymmetrical, i. e. we
have supposed the bond with the first space to be different from
that with the second; otherwise we should have to divide the result
by 2l However, we shall suppose the symmetry number of the
adsorbed molecule to be included in F,. The expression given

“for L, is thus perfectly general. Further, in the same way as above
we obtain the equation —

§ =g Fo E¥, ! (30)
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For 0 <1, equation (28) obviously gives eq. (30) with the parti-
cular value of g=2,

4. General formulation of the kinetics of surface reactions

Let us considerin a general form the problem of determining the
rate of reaction on a surface. The molecules of the initial substances
may be adsorbed on the surface or be present in the gas phase.
Thus we include in the consideration reactions between adjacently
adsorbed molecules and those reactions which take place by impacl
of a molecule from the gas phase. upon an adsorbed molecule.

Besides the molecules participating in the reaction, the mole-
cules of the reaction products and of extraneous substances (“poisons®)
may be present on the surface,

The consideration will be based upon the simplified assump-
tions of the picture of “simple adsorption*® (see above), and also
upon the assumption of a completely random distribution of the
molecules on the surface. We shall return to the discussion of
this last point later.

While we assume that the reacting and other molecules occupy
one elementary space each, it is necessary to assume that the acti-
vated complex may occupy several adjacent elementary spaces, For
the reaction AL B=C, for example, taking place between mole-
cules adsorbed on neighbouring spaces, it is necessary to regard the
transition state as occupying two elementary spaces.

We shall choose a certain small interval dl along the reaction
path with the top of the energy barrier in the centre of the inter-
val, and ‘shall regard a group of molecules as the activated com-
plex if the point Tepresenting the configuration of this system
falls within our interval dl. We may now speak of the number of
activated complexes on the surface, N,, in the same way as of the
number of molecules of the first, second etc, substances, Ny, Ny. . .etc

Let the total number of elementary spaces be denoted by L;
We shall suppose that the activated tomplex occupies s elementary
spaces and shall denote by & the number of possible positions of
the activated complex, when one of the occupied spaces is fixed.
The number g depends upon the type of plane lattice formed by
the elementary spaces, for example for s =2, g may have the va-




e G A e e s e ot e e
i

;
|

b The Transition State in Surface Reactions 1556

lues 2, 4, 6 (see above), We shall take account of the possible.
symmetry of the activated complex by introducing the symmetry
number into its partition function. The calculation of the number of
» ways of distributing the molecules and activated complexes on the
surface is facilitated by the fact the N, is a small number in com-
parison with L,
We distribute the activated complexes upon the surface. This
can be done in
LVt gNt
Nt
ways. '
The adsorbed molecules may be distributed among the remain-
ing L —sNj; places in
(L —sN!
NMIN) . (L—sN;—N,— N, — ...,

ways.
[sN; evidently cannot be neglected in the factorials. For
example, if L=10' and sN,=1, then neglecting SN, we would
change (L —sN,;)! 10%5-fold].
In all we obtain

LYtgNt(L — sNy)!
Nel Nt Nl (L —sN;— Ny — Ny — ... )1

various ways of covering the surface.
We obtain for the free energy of the surface

N, N 2N}
Ag=—kTInFJtF) FY

LNegNe (L— shy)
T NI NN (L —sNf—N,— N, — )l + Nezots _(31)'

wherte ¢, is the energy of the activated complex at 0°K. The energy
of the adsorbed molecules at 0°K is taken as zero.

We obtain from this the chemical potential of the activated
complexes

8 = L /(L—N—N,—...\*
Py = (a_j\_[; )T,v =—*kTIn thﬁt—(\‘*‘[—l——') —f=ege

or _ (32)
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on diiferentiating the factorials as explained above and neglecting
small numbers in the result.
The chemical potential of the adsorbed molecules is given by
€q. (20), and for the gaseous components of the reaction, by eq. (12),
The condition for equilibrium of the activated complexes with
the initial substances will be

Ve = Myltay T+ oo+ . . .. 1y + ey (33)

where p,,, #.5....etc. are the chemical potentials of the substan-
ces entering the reaction from adsorbed state, iy Wa. . .etc. are those
of the substances entering the reaction from the gas phase and n,,
Myye - vvy Iy Fy...are the corresponding coefficients in the equation
of the reaction.

Inserting the value of the chemical potentials from equations
(32), (20) and (12) in eq. (383), we arrive at the equation

En
] £gFy TET RMpn ¥, ¥y s—Iin
Rye=L Flapm . pripr © 06," ... cq'e, ... 0 (34)
al" g2'2 " 159

giving the number of activated complexes. (s, denotes the excess of
energy of the activated complex over the energy of the initial mo-
lecules at 0°K). This number, divided by the mean life of the
transition state and by 2, gives the rate of the process 2 with
#=1. The task amounts to excluding from the partition function
of the transition state in (34) the factor which refers to the reaction

e

path, after which one obtains the quantity F,/, and the expression
must be multiplied by %T equal to half the partition function for

the ‘reaction path divided by the mean life of the transition state 1.
Introducing the transmission coefficient » we obtain for the velocity
of the process, the expression

gF/ kT

€,
S LT (35)

w=1xL g Ty EAE Y, ]

where, for the sake of brevity, the notation F= FliF...F}'F®
is introduced. _
If only adsorbed molecules participate in the reaction, then this

equation conforms to eqs. (2) and (2a), in case the number of spaces
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occupied by the activated complex s is equal to the number of mo-
lecules of the initial substances or the number of molecules of the
products, depending upon which of these numbers is greater. Such:
an assumption is quite natural but not the only one possible.

As we have already pointed out, eq. (35) generally speaking
implies a random distribution of the molecules on the surface. This
random distribution may be realized as a result of the surface mobility of
the molecules or as a result of exchange with the gas phase. Such
a restriction is not needed for umimolecular reactions, but a bimole-
cular reaction requires a continuous remewal of pairs of molecules
adsorbed on neighbouring elementary spaces.

A random distribution will always be obtained irrespective
of the surface mobility, if the rate of establishment of adsorption
equilibrium considerably exceeds the rate of the reaction.

The substances on the surface in this case are present in an
equilibrium amount with respect to the gas phase, which makes it
possible to express eq. (35) in another form. Substituting the va-
lues of 6, 6, etc. from eq. (21) into (35) we obtain

GF, #T

®=xL - — .e—ﬁjc'l"‘c2 A (36)

or
BFy R R :
(D=-'/.LW -lT e kTp;_hI);i e -e[a)' (36&)

F in eqs. (36) and (36a), in contrast with eq. (35), denotes the
product of the partition functions for the initial substances in the
gaseous state, and e, is the excess in the enmergy of the transition
state over the energy of the initial substances in the gaseous state.
We could arrive at eq. (36) directly by setting the chemical potential
of the transition state equal to the sum of the chemical potentials
of the initial substances in the gaseous state.

In case the amounts adsorbed correspond to the equilibrium,
there is obviously no sense in distinguishing between the substan-
ces entering into reaction aiter having been preliminarily adsorbed
and the substances directly entering into the reaction from .the gas
phase.

Acta Physicochimica U.R.S. §. Vol, VIII. No. 2. 2
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Equation (36a) is especially convenient if all the substances
are so weakly adsorbed that we may put fp=1. We then di-
rectly obtain the expression for the rate in terms of the partial
pressures in the gas phase, and the quantity e, is then the so-called
apparent activation emergy at 0°K,

The general expression for f, may be readily obtained from
egs. (22) and (4): :

1l

L taypy+apy+ ... 7 (2D

In using egs. (35), (36) and (37) for am approximate estimation
of the absolute rate of the reaction in case the potential surface

fys

- - F
for the reaction is unknown, one may regard F, and Fos Favele

as equal to umity simce they correspond to vibrational degrees of
freedom. At the same time, the factors in F,, F, etc., correspon-
ding to vibrational degrees of freedom, will also te supposed to
be 1, which partly compensates the error. After this the calculation
is not difficult. We are in a more faverable situation in this res-
pect than in the case of homegeneous reactions, since the applica-
tion of eq. (1) requires a knowledge of the moments of inertia of
the activated complex.

We shall consider as an example of such a calculation, the
reaction involving the decomposition of phosphine in a glass ves-
sel. Van't-Hoff 15 found that the course of this reaction at 440° C
accurately follows the first order equatiom Ko o i 18, using the appa-
ratus of Van't Hoff, measured the rate of this reaction at four
temperatures in the interval 310 — 512° C and expressed his results
through the equation

log K= —2% 1 94884 (38)

(K is the first order constant; the time is expressed in hours).
Trautz and Bhandankar 17 showed that the reaction which
Van’t-Hoff and Kooij had observed took place on the walls of
the vessel and not in the gas phase. These authors thought that
at higher temperatures they succeeded in observing the homogenecus

15 Van't Hoff, Etudes de dynamique chimique.
8 Kooij, Z. physik. Chem., 12, 155 (1893).
W Trautz a. Bhandankar, Z anorg. Chem.,, 106, 95 (1919}
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reaction. Hinshelwood and Topley '8 showed, however, that
at high temperatures also, only the surface reaction is observed.
Unfortunately, Van't Hoff and Kooij do not indicate the volume
and surface of the vessel they used. This is not surprising since
they regarded the reaction as homogeneous 19,

Judging from Figs. 11 and 13 in Van’t Hof s book, the
vessels were tubes of 16 mm. in diameter and 60 mm. in length.
This corresponds to a volume of 12 ¢cm.3 and a surface of 34 cm.2

Since the number of molecules in the volume v is determined by

pe . mi AN v dp
BT it follows that w = TR e =

and we obtain for the rate of the reaction, expressed in terms of.
the number of molecules decomposing on 1 cm. 2 per second, the
equation

the equation N =

2.4884 e’ 14 !
= M0 e L asaa .t
© == 3600 34 5 AT ¢ Pl p, (39)
of
where%:3595 and p is the pressure in dynes per cm.Z.

Introducing into equation (36a) the expressions for the par-
tition functions of the translational and rotational degrees of freedom
and supposing that the partition function for the vibrations is equal
to 1, we obtain with =1

1 &T

5% -

s

|

ko

(e

@rmkT)"™ 8x2 (808 Ly Ipl o)™ 1)
7 o

kT

where m is the mass of the molecule; 14, Iy and ]c' are the principal
moments of inertia; o is the symmetry number; o* is the corres-
ponding quantity for the activated complex.

It is necessary to take into account, upon comparison of equa-
tion (39) with (40), that the quantities g and ¢’, and the pre-ex-

B Hinshelwood a. Topley, J. Chem. Soc., 125, 393 (1924).

9 It is more surprising that data of this kind are ordinarily lacking in
the papers of the authors who knew that the reaction they studied pro-
ceeded on the walls of the vessel. For a long time no significance was
attached to the absolute magnitude of the rate of surface reactions, and only
the dependence - of the rate upon the concentration and the temperature
was considered of interest.
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ponential factors in these equations do not completely agree. Extend-
ing to the present case the ideas expressed by Langmuir? in
discussing the dependence of the vapor pressure upon the tempera-
ture, we can say that the dependence of 2 upon T may be given
with equal success by a formula of the type

(41)

and
k=BT ¢ #T (42)
if there are the following relations between the quantities in these
formulae:
B=B'T,e . (43)
and
e=2¢' -} (AT, (44)

where 7, is the mean temperature of the interval to which egs.
(41) and (42) are applied.

Thus instead of eq. (39) we can write (Y= —1, T, = 684)
o=12X%1011¢g *T p, (45)
In eq. (40) 1= — 3 so that, for comparison with eq. (45), we

have to divide the pre-exponential factor by e%. We take L = 10!5
since we are only interested in the order of magnitude. Since the
reaction leads to the splitting of the molecule into unequal parts it
is natural to suppose that the transition state occupies two elemen-
tary spaces and is unsymmetrical, so that s =1, For g we take
the average value 4.

The quantities /, and 7, are known: / ;=15 = 0.62 3 10732 g cm.2,
I, is set equal to 10739 g cm.2 since it must be greater than
1, and I (for ammonia [, =/, = 0.28 > 107% and /,= 0.43 XX 1073
g cm.2 21), :

201 Langm ulir, J. Am. Chem. Soc., 54, 2798 (1932).
2t Kronig, The optical basis of the theory of valency, Cambridge
1935.
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g=23. T, =684, and from eq. (40) we obtain

L.}
w=0.5X1011e T p (46)

i. e. the result is close in the order of magnitude to the value of %
in eq. (45). If we took into account that the true surface may ex-
ceed the geometrical surface by a factor of several-fold we would
have obtained a complete agreement between the calculated and
experimental reaction rates.

Hinshelwood, in connection with the calculation of the
absolute magnitude of the rate of the homogeneous reaction
2HJ = 2H, -} J, by means of the calculation of the number of col-
lisions, says: “The calculation in no way depends upon interpo-
lation but is absolute, there being nothing in the form of the equa-
tions which constrains log K to lie between fixed values. It might
have almost any value, and an essentially wrong theory could lead
to results tens of millions of times too large or to small. Hence
an even less exact agreement than that obtained here would have
been satisfactory from the point of view of ascertaining the general
correctness of the assumptions made*.

It seems to me that these words are entirely applicable to the
calculation of the absolute value of the rate of decomposition of
PH,; on glass, carried out above. I should like also to point out
that in the calculation of the absolute rate of this reaction we need
to know only the value of the apparent activation energy, and are
not interested at all in the so-called true activation energy.

5. The rate of activated adsorption

We shall here consider only the initial rate of adsorption, i. e.
the rate of adsorption on a free surface. Below we shall revert to
the question of the dependence of the rate of adsorption upon the
surface covered, We shall begin with the derivation of the familiar
formula for the number of impacts of gas molecules on 1 cm.2 of
surface in 1 sec., since this derivation makes it possible to examine
the peculiarity of the problem of the rate of activated adsorption.

In the calculation of the number of impacts, the gas molecules
are considered to be elastic spheres, their rotational state is assumed
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to be unchanged upon impact and therefore may be ignored, The
surface is considered to be an ideal plane while any forces of inter-
action between the surface and the molecules are absent. The coor-
dinate corresponding to the reaction path will be normal to the
surface, and the transition state will be the moment when the dis-

tance between the surface of the sphere and the plane is infinitely -

small. The two components of motion, parallel to the plane, remain
unchanged and preserve the character of free translational motion.
Since the partition function for translational motion per unit length

/2
is equal to% , equation (1) gives (x=1, 2, =10)
Lol
1 (] i RN, i
(2rmk e 1 K (Qﬁmknll’
B

Multiplying %k by the concentration of the gas ¢ we obtain the

number of impacts ) :
Wi ckT — P

(2zmkT) " @wmeTy"

where M is the number of impacts on 1 cm.2 for 1 sec. at the
pressure p. The result coincides with the familiar formula of the
kinetic theory of gases but is obtained in a considerably briefer
way. If we assumed the existence of repulsive forces acting normally
to the surface and creating an energy barrier, so that e, would be
different from zero, and preserved the other assumptions, we should
obtain for the velocity of adsorption the expression
: = €
o=—2>= 10 T M. T (48)
2rmkT) ™"

The conception of free motion of the adsorbed molecule along
the surface corresponds to treating the adsorbed layer as a two-
dimensional gas. In reality, as is assumed in the Langmuir theory
of adsorption, the adsorbed molecules do not move freely along the
surface, but vibrate about definite equilibrium positions, only rarely
jumping over to another position. It is obvious that under these
conditions eq. (48) ceases to be valid.

(47

o
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In order to calculate the rate of adsorption in conformity with
the theory of Lanmgmuir we must employ eq. (35). We obtain

2
. 8P RL. — W
0 = /..L T -;z—' e C, (49)

i, e. the same equation as for unimolecular reactions on practically
free surface.

Activated adsorption is ordinarily observed for diatomic gases:
H,, CO, O,, N,. Independently of whether we observe adsorption of
the type of H, on Pt or of the type of CO on Pt, the transition
state for adsorption occupies two elementary spaces, and the difference
between these two types of adsorption affects only the dependence
of the velocity upon the extent of covering of the surface and not
upon the initial velocity of adsorption.

Applying eq. (49) to the adsorption of diatomic molecules, we
obtain, upon using the expressions for the partition functions of the
translational, rotational and vibrational degrees of freedom,

Bl hvifﬁ
1,:”!‘ Cogm® =1 g -—l
gsII(l—-—e e ) —;I S
i=1 T
w=xL - ek : (50)
. (2=mkT) ( o) SfIeT
il e 3

In this equation m is the mass; J, the moment of inertia; v,
the vibrational irequency and s, the symmetry number. The quanti-
ties referring to the transition state are marked with asterisks. Assum-

hy
ing that x==1, and the frequencies are so great that (1 —e kT) =i
we obtain for the velocity of adsorption

%o

Lgoht e_ T
o* (2rmkT)* 8x2IkT £ ALy

@ —

Let us compare formulae (51) and (48). For this purpose we de-
note by « the ratio of the rate of adsorption according to eq. (51)
and the value predicted by eq. (48). Introducing the correction
according to eq. (43), we obtain

B Lgoht g
*= T6mor (kT Fle?m " (52)
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- As an example let us consider the activated adsorption of hyd-
rogen at room temperature..

/=0.46 X 10749, s=0%=2. We take L=101, T, =300, g=6

(the most common type of faces for metals). We find that a =
=2 1072

For the adsorption of oxygen under the same conditions we find:

(/=1.9>10"%) a=1.8 X 1078 Thus « may considerably differ
from unity.

The values which we have calculated are the lower limits for o,
since if the v* are small « will be mearer to 1.

Considerably smaller values of « have been found in the case
of adsorption on porous adsorbents with a strongly developed inner
surface, while on a smooth surface a value of the above order of
magnitude was observed (the rate of adsorption of H, on Ni from
the measurements of Leypunsky ®). In the case of porous catalysts,
the rate of adsorption may evidently be determined by the velo-
city of diffusion on to the inner surface (Ward 22).

The rate of a reaction occurring upon collision of a molecule
from the gas phase with the layer of adsorbed molecules on the
surface of the catalyst is determined by the same equations as for
the rate of activated adsorption. Here, also, upon comparing the
pre-exponential factor in the expression for the rate of reaction with
the number of impacts upon the surface, we arrive at values of =
considerably differing from 1.

The reaction between nitric oxyde and oxygen on the surface
of glass, which was studied by the author and Pyzhov 2 at low
temperatures (79° K— 88° K), serves as an example. We came to
the conclusion that the reaction takes place by collision of oxygen
molecules with adsorbed NO molecules. Although the true activation
energy is zero, only one in 104 collisions leads to reaction. The
value of a for O, (1.8X1075) given above corresponds to 77, = 300.
At 7, =84, a is 13 times larger as is easily seen from eq. (52),
i. e. of the order of 1074,

22 W ard, Proc. Roy Soc., A 133, 522 (1931).

B M Temkin a, Pyzhow, Acta Physicochimica URSS, 2, 473
(1935). :
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Another example is the reaction H, 4 CO, == CO —+-H,0 on the
surface of platinum. The author and Michailova 2* pointed out the
errors in the technique of the preceding investigators of this reac-
tion (Hinshelwood and Pritchard, Srikantan) and, upom
the basis of the investigation of the kinetics with an improved tech-
nique, concluded that the reaction takes place by means of a colli-
sion of a CO, molecule from the gas phase with an adsorbed H,.
molecule. In the temperature range studied, the rate of the reactiom-
was determined by the rate of evaporation of CO from the surface..

This reaction was later studied by Schwab 25, who evidently
was not familiar with our work, since he at first repeated the same-
erfors in the technique as Hinshelwood and Pritchard and’
Srikantan and only later resorted to a method coinciding with
that used by us. He also came to the conclusion that the reaction:
takes place by collision of a CO, molecule with the film of the
adsorbed hydrogen. Since Schwab studied the reaction at low
pressures he was able to measure its velocity in the high tempera--
ture region under conditions where the surface is free of CO. He
found that although the reaction proceeds without any energy of
activation, only 1 collision in 104 of CO, upon the surface covered
with hydrogen leads to reaction. Schwab concluded from this that:
only a 107%-th part of the surface is catalytically active. It follows-
from the abtove considerations that there is no basis for such a con--
clusion. ;

6. Dependence of the velocity of activated adsorption upon
the amount adsorbed. Adsorption pseudo-equilibria

If the adsorbed molecule occupies one elementary space,.
then as eq. (35) shows, the rate of adsorption is simply proportio-
nal to ;. The relationships are more complicated in the cases of"
adsorption accompanied by dissociation (adsorption of the type of
H, on Pt) and in the case when the molecule occupies two elemen--
tary spaces (adsorption of the type of CO on Pt). For adsorption
of the hydrogen type, we again arrive at a simple result if we

#M Temkin a, Michailova, Acta Physicochimica URSS, 2, 9~

(1935).
% Schwab a. Naicher, Z Elektrochem., 42, 670 (1936)..
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-assume that the wvelocity of surface diffusion is very large in
~comparison with the velocity of adsorption. Then we can again
employ eq. (35) which shows that the dependence of the rate upon
“the amount adsorbed is expressed by the factor 62

For adsorption of the CO type, eq. (35) cannot be applied
~directly, since it was derived upon the assumption that the mole-
<utles on the surface occupy one elementary space each and that
~only the activated complexes can occupy s elementary spaces.
However, here the assumption of a large velocity of surface dif-
fusion greatly simplifies the problem. It is easy to obtain for
a surface with g=2, a rate equation corresponding to the equi-
.li“rium equation (eq. 29). Since the rate of desorption is obviously
proportional to 0, the rate of adsorption ‘must be proportional to

E%—Eﬁa-)—z This factor should be introduced into eq. (40) in place

-of g. This result may also be easily obtained by considering the
joint adsorption of ordinary molecules and molecules in the transi-
~tion state. Similar results may be expected for other values of g.

Let us qualitatively consider the other limiting case, when
- surface diffusion is absent, for adsorption of the H, type. Let the
equilibrium correspond to a small extent of covering of the surface;
for example 6=0.01. At first the atoms will be distributed in
pairs, i. e. we shall have adsorption of the CO type; however, in
-such a way only a small number of molecules [can be adsorbed.
In fact, while for adsorption of the H, type equilibrium is deter-
mined by the equation

b=V ap, (H<1),
for adsorption of the CO type it is determined by the equation
b=gap, (8<K1),

-and @ is identical in both equations. If } ap = 0.01, then gap =
-==0.0006 (with g=6). Thus after a comparatively rapid adsorp-
~tion of a small quantity of gas, i. e. about 6%, of the equilibrium
amount in the example considered, there takes place a slower pro-
-cess of the formation -of isolated atoms by the mechanism descri-
" bed above (Section 3). Since this process requires the adsorption
<of two adjacent molecules, the velocity of adsorption in a definite

-
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region may turn out to be proportional to the square of the con-
centration in the gas phase.

Now let us suppose that surface diffusion is absent as before,
but the equilibrium amount corresponds to complete covering, i
desorption of the molecules practically does not take place._In
this-case the distinction between adsorption of the H, and CO
types disappears. The true equilibrium, that is complete covering
of the surface, is not reached at all, since the free elementary spa-
ces which turn out to be isolated, all the adjacent cnes ‘being
occupied, will be lost for adsorption. It is interesting to calculate
the probable number. of such free spaces. The calculation is easy
to carry out for surfaces with g=2. As has already been pointed
out this is equivalent to spaces arranged along a straight line.
One may imagine the case where the molecules accidentally fill up
all the spaces. On the other hand there is the possibility that

there will be a free space after every molecule so that% of the

surface will remain free. Both these cases, however, are'rver'y un-
likely with a large number of spaces. ;
We wish to find the most probable covering, i. e. that which
can be attained in the largest number of ways. Let 2 N out of L
spaces be occupied by N molecules, in pairs, so that the free spa-
ces are isolated. All the possible ways of obtaining such a type
of covering may be divided into two groups: (a) the first space is
occupied and (b) the first space is free. In order to calculate the
possible ways of covering of the group (a) we mentally join every free
space to the preceding pair of occupied spaces. Thus we obtain
elements of two kinds — combinations of three spaces in each of
which the first two are occupied and the third is free, L —2N
in number, and the remaining pairs of occupied spaces, N— (L — 2N)
or 3 N—L in number. The total number of elements is N. Applying
the formula for the number of permutations with repetition we
obtain for the number of different ways of covering of group (a):

N
T—INNBN—L)"

W,=

We omit the first space in calculating the number of cqvefings-
belonging to group (b). We then obtain again the case already
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considered with the distinction that we have L —1 spaces instead
of L. '

- We obtain for the number of ways of covering

W — M o N L—2N
T L—2N—)IBN—LF 1) (L—2N) (SN—L)!X AN—L+1°

The total number of possibilities W will be the sum of W,
and W,

i Ca N1 L—2N
V=Wt W= r—smian—Tn x(l TN —LF1 )=
N N+1 N+

=T —miaN—D < SN—LF1 ™~ (I—2MIBN—LF )"

We shall suppose that the number N is the most probable one
if it corresponds to the maximum W. Instead of seeking the maxi-
mum of W, we shall seek the maximum of In W by differentiating
the logarithms of the factorials as has been done above (neglecting
the terms which are small in comparison with L and AN in the
result). We obtain

dinW . N(L—2Np
Ry T ey
or introducing Bzgi!,
1 2
50 (1—6)2
= 1.

A root of this cubic equation is A =0.82. Similar results may be
expected for other values of g.

Thus, in the above case of ‘adsorption, the surface does not
become completely covered but only to 82°, or near to this. If the
evaporation of the molecules (or surface diffusion), although
taking place very seldom, is not completely absent, then the whole
surface gradually becomes covered. We may observe that 82°%/, of

the total quantity of adsorbed gas is adsorbed rapidly and the
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remaining 18°/,, slowly. If we now carry out the desorption of
such a surface covered with a gas by placing it into a continuously’
maintained vacuum at such a high temperature that the evaporation
of the molecules from the surface will proceed with a considerable
velocity, then the behaviour will be different for adsorption of the
H, type and the CO type. In the case of CO all the molecules
will evaporate; in the case of H; the atoms will break away in
pairs in the form of molecules, leaving isolated atoms which, with
the absence of mobility along the surface, will not be able to be
desorbed. It is easy to see that upon desorptionfrom a completely
covered surface, exactly the same number of atoms will remain as
there remained free places upon adsorption: i. e. 18%/, with g=2.

In observing these phenomena it is easy to come to the erro-
neous conclusion of the existence of two kinds of adsorption of H,
on two kinds of elementary spaces. A large portion of the gas is
adsorbed rapidly and is removed by pumping off at high tempera-
tures; a portion of the gas is adsorbed slowly and is not removed
by pumping off.

Analogous phenomena may also be observed in the case when
the equilibrium amount of H, on the surface is small. Here only
a small number of atoms situated next to one another will be remov-
ed upon pumping off, and the isolated atoms will not be pumped
off. Here also, the same amount of gas will be pumped off as
was adsorbed rapidly (see above).

The peculiarity of these cases of “irreversible® adsorption is
that the hydrogen atoms cannot be desorbed in vacuum, but if the
gas phase contains some H,, then the equilibrium amount of atoms
on the surface will be established as a result of the mechanism
described in section 3, and it may be arbitrarily close to zero if
the temperature is high enough. Thus, gaseous hydrogen may act
as if it catalyses the desorption of hydrogen from the surface. It is
evident that the kinetics of activated adsorption become still more
complicated ii the rate of surface diffusion is comparable with the
rate of adsorption.

Enough has been said to illustrate the considerable complexity
of the phenomena which determine the kinetics of activated adsorp-
tion and to explain ‘the failure of the numerous attempts to find
a theoretical basis for the equations expressing these kinetics. One
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should keep in mind that we have confined ourselves to the con-
sideration of the simplest picture of a plane uniform surface. The
possible non-homogeneity of the surface, diffusion to the interior

of the metal and along the grain boundaries on to the surface .
inaccessible to direct molecular bombardment complicate the phe-
nomena still further.

The Karpov Institute for Physical Chemistry, Received
Laboratory for Chemical Kinetics, November 23 1937.
Moscow.




