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Abstract
Full Text
Physical Chemistry

Corresponding Member of the Academy of Sciences of the USSR S. Z. Roginskii
and Yu. L. Khait

On the Question of the Origin of the Compensa-
tion Effect in Chemical Kinetics
For the first time, at the end of the twenties, when comparing the activities of
catalysts with respect to one and the same reaction, an exponential dependence
was found by a number of authors between the kinetic coefficients 𝑘0 and 𝐸
of the Arrhenius equations 𝑘 = 𝑘0 exp(−𝐸/𝑘𝑇 ), namely ln 𝑘0 = const + 𝛽𝐸
(1−3). At the same time, independently, one of the authors, together with L.
V. Rozenkevich, found, in comparing literature data for monomolecular homo-
geneous reactions, analogous relationships between kinetic constants (4). These
conclusions were for some time disputed by Hinshelwood, who later, on the basis
of his own investigations, became convinced of the reality and prevalence of the
compensation effect (CE) in the kinetics of organic reactions (5) and recognized
it as one of the fundamental, although still obscure, regularities of chemical
kinetics (6). In a number of cases the CE was also observed for such purely
physical phenomena as diffusion in crystals, electronic (hole) conductivity of
semiconductors (7), etc. The types of processes and systems in the kinetics of
which the CE was observed are very diverse. But the presence of a condensed
phase is favorable or necessary for the manifestation of the CE, since for ho-
mogeneous reactions in gases reliable examples of the CE are few, and when
similar simple reactions are compared, as a rule, independence or only a weak
dependence of 𝑘 on 𝐸 is observed. The CE is especially important for catalytic
reactions, where it is observed when comparing, with respect to one and the
same reaction: a) catalysts subjected to different thermal treatment (8) and
prepared by different methods; b) catalysts with different contents of modify-
ing additives (9); and c) different catalysts of one and the same type (9). Less
systematic data are available concerning the CE of different related reactions
on one and the same catalyst (10).
In view of the impossibility, in experimental verification, of varying 𝐸 over sev-
eral orders of magnitude, the exact form of the dependence 𝑘0(𝐸) cannot be
considered firmly established. As G. M. Zhabrova showed (11), most experimen-
tal data can be satisfactorily described by the equation

ln 𝑘0 = const + 𝛽𝐸𝑛, (1)

where 𝑛 varies from 1 to 3. In a number of cases 𝑛 ≃ 1/2 is also suitable (4).
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The presence of the CE leads to the fact that, at a certain temperature, activity
series near 𝑇obr are reversed. In the schematic equation of the theory of absolute
rates for simple reactions the CE is absent. The introduction of the kinetic
factor exp(𝛽𝐸𝑛) into the equations of the theory of absolute reaction rates,
based on statistical thermodynamics, is equivalent to introducing a kinetic factor
into the theory of equilibrium states and cannot be reconciled with statistical
thermodynamics. For complex reactions there are more possibilities for the
appearance of the CE, but even there the introduction of the factor exp(𝛽𝐸𝑛)
into the theory of absolute reaction rates entails its appearance in the theory of
equilibrium states.

To explain the compensation effect, a number of hypotheses have been advanced:
for heterogeneous reactions it was assumed that the compensation effect reflects
inhomogeneity with an exponential distribution of active centers over activation
energies (2); this explanation is not applicable to homogeneous reactions. Addi-
tional equilibria were postulated, with a Brønsted dependence of 𝐸 on their ther-
mal effect. The involvement of quantum-mechanical effects (tunnel transitions)
(4, 10) can be justified only for certain electronic mechanisms and for hydrogen
reactions at low temperatures (12, 13). It falls away as any general explana-
tion of the compensation effect. In the old statistical theory of monomolecular
reactions, Kassel, Rice, and others (14, 16) obtained a factor 𝑘0 ∼ 𝐸𝑛, which
for large 𝑛 is difficult to distinguish from exp(𝛽𝐸). After the work of L. D.
Landau (15), this theory did not gain acceptance. To summarize, it must be
acknowledged that in more than 30 years it has not been possible to find any
satisfactory explanation of the compensation effect. The fact that the compen-
sation effect is observed in processes and systems of very different nature gives
grounds to suppose that its appearance follows from certain general laws of
statistical kinetics.

The specific features of particular systems and processes may lead to an enhance-
ment or weakening of that part of the compensation effect which is common to
a broad class of systems and processes. Below an attempt is made to give an
explanation of the compensation effect on the basis of a statistical method, de-
veloped by one of the authors, for calculating the rates of activation processes in
condensed bodies (17), without resorting to detailed mechanical models. This
method is based on the idea that an activation process consists of a finite (count-
able) set of elementary acts. Each elementary act is due to the fact that an
energy 𝐸′, equal to or exceeding a certain critical value 𝐸 ≫ 𝑘𝑇 , is randomly
collected on individual bonds in a volume 𝑑3, of the order of the volume of one
particle, at the expense of a certain lowering of the energy of other degrees of
freedom of the surrounding volume 𝑙3. The volume 𝑙3 proves to be macroscopi-
cally small, since the rate of energy transfer in the system is finite and not very
large (electromagnetic energy transfer in the system is not considered), while
the duration of an elementary act is small. More precisely, the dimensions of
the volume 𝑙3, from which on average the energy 𝐸′ ≥ 𝐸 ≫ 𝑘𝑇 is drawn, are
bounded by the conditions
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𝑙2 < 𝐸𝑑3

𝑎ℏ𝑙0
𝜏0; 𝑙3

𝑎𝑑3 > 𝐸𝑖
𝑘𝑇 𝑎, (2)

where 𝑙0 and 𝜏0 are the mean length and mean time of the free path of the
quasiparticles (particles) that carry energy (for example, phonons), under the
condition that 𝐸 ≫ 𝑘𝑇 . In inequalities (2) the parameter 𝑎 is limited to a few
units. In (17) it was taken into account that an elementary act of an activation
process is accompanied by an abrupt, appreciable temporal change in the state
of the region 𝑙3 (an event of a discontinuous random process (18)).

By combining the methods of statistical thermodynamics with the principle of
detailed balance, it was shown that the probability 𝑊 (per unit time) of an
elementary act of an activation process of a definite type in the region 𝑙3 can be
obtained by integrating the expression

𝑘𝑇 (𝑈𝑐 − 𝐸)
ℏ exp (−𝐹𝑐 − 𝐹0

𝑘𝑇 ) exp (𝑆(𝑈𝑐 − 𝐸) − 𝑆(𝑈𝑐)
𝑘 ) (3)

over all admissible values of the energy 𝑈𝑐 of the region 𝑙3 (17). Here 𝐹𝑐, 𝑆(𝑈𝑐),
𝑆(𝑈𝑐 − 𝐸), 𝑇 (𝑈𝑐 − 𝐸) represent the free energy, entropy, and temperature of
the volume 𝑙3, corresponding to the energies 𝑈𝑐 and 𝑈𝑐 − 𝐸.

In (17) the fact was used that expression (3) has a maximum, and integration
over 𝑈𝑐 was not carried out. In this way the approximate formula was obtained

𝑊 ≃ 𝑊0𝑞 exp (− 𝐸
𝑘𝑇 ) , (4)

in which the dependence of 𝑊0 on 𝐸 was not considered (𝑞 is the relative con-
centration of the substances responsible for the process 𝜌 under consideration).
In this case, the number of elementary acts of an activation process of a defi-
nite type in a volume 𝑉 , referred to unit time, was calculated by the formula
𝑁1 = 𝑉

𝑙3 𝑊 , where 𝑉 is the volume of the system. Here, using the relation

𝑊 ≈ 𝑞 𝑘
ℏ

√
2𝜋 ∫ 𝑇 (𝑈𝑐 − 𝐸) exp (−(Δ𝑈)2

2𝑎2 ) exp (𝑆(𝑈𝑐 − 𝐸) − 𝑆(𝑈𝑐)
𝑘 ) 𝑑𝑈𝑐

𝑎 ,
(5)

let us consider the question of the dependence of 𝑊0 on 𝐸, where Δ𝑈 = 𝑈𝑐 −𝑈 ,
𝑈 is the mean energy of the volume 𝑙3; 𝑎2 ≈ 𝑘𝑐𝑇 2 is the mean square of the
energy fluctuation in it, and 𝑐 is its heat capacity. Formula (5) is obtained by
integrating (3) with replacement of the factor exp (− 𝐹𝑐−𝐹0

𝑘𝑇 ) by a normalized
Gaussian distribution, for which only the Boltzmann principle is valid (19). We
shall restrict ourselves to the case where the relation 𝜕𝑛𝑐/𝜕𝑇 𝑛 ≈ 0 (𝑛 = 1, 2, …),
valid under ordinary conditions, is satisfied. Expanding 𝑆(𝑈𝑐 − 𝐸) in 𝐸 <
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𝑈𝑐 and using the fact that 𝜕𝑛𝑐/𝜕𝑇 𝑛 = 0, we obtain 𝑆(𝑈𝑐 − 𝐸) − 𝑆(𝑈𝑐) ≈
𝑘 ln [1 − 𝐸

𝑐𝑇 (𝑈𝑐) ]
𝑐/𝑘

. Taking into account that 𝑐/𝑘 ≫ 1 and lim𝑛→∞(1−𝑥/𝑛)𝑛 =
𝑒−𝑥, we find 𝑆(𝑈𝑐 − 𝐸) − 𝑆(𝑈𝑐) = − 𝐸

𝑇 (𝑈𝑐) , which together with (5) gives

𝑊 ≈ 𝑘𝑞
ℏ

√
2𝜋 ∫ 𝑇 (𝑈𝑐 − 𝐸) exp (−(Δ𝑈)2

2𝑎2 ) exp (− 𝐸
𝑘𝑇 (𝑈𝑐)) 𝑑𝑈𝑐

𝑎 . (6)

To compute the integral in (6), we shall use the possibility of representing 𝑇 (𝑈𝑐)
and 𝑇 (𝑈𝑐 − 𝐸) in the form 𝑇 (𝑈𝑐) = 𝑇 + Δ𝑈

𝑐 , 𝑇 (𝑈𝑐 − 𝐸) = 𝑇 + Δ𝑈−𝐸
𝑐 . Making

in (6) the change of variables 𝑦 = (Δ𝑈 − 𝐸)/𝑎, taking into account that usually
( Δ𝑈

𝑐𝑇 )2 ≪ 1, and integrating over the interval (−∞, ∞), we finally obtain

𝑊 ≈ 𝑞 𝑘𝑇
ℏ (1 + 𝑘𝑇

𝑎 ) exp ( 𝐸2

2𝑎2 ) exp (− 𝐸
𝑘𝑇 ) (7)

or

𝑊0 ≈ 𝑞 𝑘𝑇
ℏ (1 + 𝑘𝑇

𝑎 ) exp ( 𝐸2

2𝑎2 ) . (8)

In order that the factor exp(𝐸2/2𝑎2) play an appreciable role, it is necessary
that the condition

𝐸2/2𝑎2 > 1, (9)

be fulfilled, where inequality (9) assumes that 𝐸2/2𝑎2 is of the order of several
units or more. But since it follows from (2) that 𝑙2 < 𝐸𝑑3

𝑎ℏ𝑙0
𝜏0, and 𝑎2 ≈ 𝑘𝑇 2𝑐0𝜌𝑙3

(𝑐0 is the specific heat, 𝜌 is the density), (9) is fulfilled under the condition

𝐸2

𝑎2 > √ 𝐸
𝑘𝑇 ( 𝑘

𝑐0𝜌𝑑3 ) ( ℏ𝑣𝑎
𝑑𝑘𝑇 )

3/2
. (10)

Thus, for not too small 𝐸, inequality (10), and together with it condition (9),
turn out to be fulfilled. It follows from (10) that,

a large value of the rate 𝑣 of energy transfer, as well as an increase in the density
𝜌 ∼ 1/𝑑3, favor the manifestation of the compensation effect. Therefore, con-
densed media, and especially solids, are favorable for the manifestation of the
compensation effect. The formulas obtained indicate that exp(𝐸2/2𝛼2), gener-
ally speaking, depends on 𝑇 . But, as will be seen below, this dependence, against
the background of the factor exp(−𝐸/𝑘𝑇 ), turns out to be barely noticeable.
Usually, to describe experimental data one plots the dependence of 𝑍 = ln 𝑊
on 𝑥 = 1/𝑘𝑇 . Taking the logarithm of (7) and substituting 𝛼2 = 𝑘𝑇 2𝑐, we find
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𝑍 = 𝐴 − 𝑥𝐸 (1 − 𝐸𝑥𝑘
2𝑐 ) , (11)

where

𝐴 = ln 𝑘𝑇
ℏ (1 + 𝑘𝑇

𝑎 ) .

Usually 𝑐𝑇 = 𝑐
𝑘𝑥 > 𝐸 (since 𝑐𝑇 ≈ 10 ÷ 50 eV, 𝐸 ≈ 1 ÷ 4 eV). Therefore

the second term in parentheses in (11) (even though it depends strongly on 𝑇 )
will, over the relatively small temperature intervals in which measurements are
usually carried out, give small deviations from a straight line with slope −𝐸.
This conclusion agrees with experiment. On the other hand, however, 𝐸2/2𝛼2

represents the product of two factors, 𝐸/2𝑐𝑇 < 1 and 𝐸/𝑘𝑇 ≫ 1. Therefore,
for certain values of 𝐸, condition (9) is satisfied, and the factor exp(𝐸2/2𝛼2)
may change the reaction rates by several orders of magnitude.

Thus, it is possible that the compensation effect can be explained by the fact
that the conditional probability of concentration of excess energy 𝐸′ ≥ 𝐸 ≫
𝑘𝑇 , proportional to exp[−𝐸/𝑇 (𝑈𝑐)𝑘], depends on the local (time-dependent)
temperature 𝑇 (𝑈𝑐) of the region 𝑙3 in which the elementary act occurs. But
𝑇 (𝑈𝑐), corresponding to the maximum (3) (or to the maximum of the integrands
in (5) and (6), equal to 𝑇𝑚 ≈ 𝑇 + 𝐸/𝑐, depends on 𝐸. This leads to a more
complex dependence of the rate of the process on 𝐸 and to the occurrence of the
compensation effect. Let us note that the condition 𝜕𝑛𝑐/𝜕𝑇 𝑛 ≈ 0, the neglect
of correlations between regions 𝑙3, and the use of the Gaussian distribution
establish certain limits to the explanation of the compensation effect considered
above.

Further work should: a) carry out a quantitative estimate of the proportionality
coefficients entering the basic formulas, which will make it possible to obtain
more accurate estimates of exp(𝐸2/2𝛼2) for individual special cases; b) verify
the validity of the various values of 𝑛 in (1); c) examine in greater detail and
verify the dependence of exp(𝐸2/2𝛼2) on 𝑇 , and also clarify several other ques-
tions connected with the application of the results obtained and the prospects
for their development.
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