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INTRODUCTION

This work continues a series of our publications [1–4]
devoted to statistical Monte Carlo (MC) modeling of
the kinetics of physicochemical processes with the par-
ticipation of polyatomic molecules and clusters. The
idea of the method consists in the computational imita-
tion of physicochemical processes in gases, including
energy exchange during collisions of molecules and
clusters with diluent gas species, chemical reactions,
and electron and light emission. To determine the prob-
ability of different processes using this method, we
used the models of energy exchange and reactions
based on the statistical theory of unimolecular reac-
tions. For instance, the MC method was used to model
the processes of energy exchange and reactions of poly-
atomic molecules in the framework of the model of
activation via the formation of the statistical collisional
complex [1, 2]. We also applied the MC methods to the
modeling of the emission processes in metal clusters
(cluster decomposition, ionization, and radiation)
under the conditions far from equilibrium to describe
energy exchange between clusters and surrounding gas
molecules using the step-ladder model [3, 4]. The basis
for determining kinetic characteristics of processes is
the nonequilibrium function of molecule and cluster
distribution over energy. This function was constructed
by the play-off of many random events. The distribu-
tion function was used to calculate the rate constants,
emission spectra, etc. This article deals with further
development of the method of statistical modeling as
applied to the reversible isomerization reactions of
polyatomic molecules.
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CALCULATION PROCEDURE

The 
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trans

 

 isomerization of dichloroethylene
was used as a model reaction:
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 are the rate constants of 

 

cis–trans

 

and 

 

trans

 

–

 

cis

 

 isomerizations, respectively (henceforth,
the former reaction will be considered the forward
direction and the latter will be considered as reverse).
Figure 1 shows the scheme of the potential energy sur-
face for this reaction. Analysis of the kinetics of reac-
tion (I) at low pressures was carried out in [5] by solv-
ing the set of differential equations for the populations
of energy states. The solutions were used to calculate
the macroscopic rate constants of the forward and
reverse isomerization reactions of the model molecule
and changes in the concentrations of each isomer in
time. This fact makes it possible to compare the results
obtained by different methods. In this work, calcula-
tions were carried out for high temperatures (1750–
2500 K) for the reasons considered below. Under these
conditions, in addition to isomerization, dichloroethyl-
ene decomposition may occur, but we excluded this
reaction from consideration because our goal here is to
demonstrate the capabilities of the MC method as
applied to reversible reactions. This is why the dichlo-
roethylene should be considered as a model molecule.
Note that there are no principle constraints for consid-
ering isomerization and dissociation together using the
MC method.

To carry out MC simulations, it is necessary to
define the functions of the density of vibrational states
for each isomer 

 

ρ

 

c

 

(

 

E

 

)

 

 and 

 

ρ

 

t

 

(

 

E

 

)

 

 (henceforth, the sub-
script “

 

c

 

” refers to the 

 

cis

 

-isomer and the subscript “

 

t

 

”

H

Cl
C=C

H

Cl

H

Cl
C=C

H

Cl
,

kc – t

kt – c

–
–

––
–
–

––

 

Application of the Monte Carlo Method to Modeling Kinetic 
Processes of Polyatomic Molecules and Clusters:

III. Kinetics of Reversible Reactions of Polyatomic Molecules

 

I. V. Zhil’tsova, I. S. Zaslonlko

 

†

 

, and Yu. K. Karasevich

 

Semenov Institute of Chemical Physics, Russian Academy of Sciences, Moscow, 177977 Russia

 

Received December 4, 2000

 

Abstract

 

—The Monte Carlo simulations of the reversible isomerization is carried out. The rate constants for
the forward and reverse reaction of dichloroethylene 

 

cis

 

–trans isomerization are determined for a broad range
of initial conditions. Its is shown that the mutual effect of two actively interacting reactions occurring with
energy exchange leads to a number of kinetic features of the process: characteristic changes in the rate constants
during the process and the dependence of the equilibrium values of rate constants on pressure. The physical
nature of these features associated with the disturbance of the function of distribution over vibrational energy
due to the reaction is discussed.
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-isomer), specific rate constants for
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 reactions. The
functions of the density of vibrational states were cal-
culated using the procedure described in [2], which
makes it possible to obtain the approximation formulas
in the following form:

where 

 

s

 

 is the effective statistical weight of vibrational
states; 

 

E

 

0

 

 is the approximation parameter, which means
the effective energy of zero-point vibrations of a mole-
cule; 

 

E

 

 is the energy calculated with reference to the
zero-point vibration energy. The following characteris-
tic vibration frequencies of 

 

cis-

 

 and 

 

trans

 

-dichloroeth-
ylene were taken for calculations [6]:
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As a result, we obtained for 
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10.315, and 
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 = 35.47 kJ/mol.
The specific rate constants 
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 were
determined using experimental data on macroscopic
rate constants of the forward and reverse reactions (I) in
the high-pressure limit [7–9]. In this work we also used
data from [8], where the rate constants for both reac-
tions were determined experimentally:

ρ E( ) s
E0
----- 1 E

E0
-----+ 

  s 1–

,=

kc t– T( ) 5.7 1012 234.3/RT–( ),exp×=

kt c– T( ) 4.8 1012 231.4/RT–( )exp×=

 

where the activation energy is in kJ/mol.
Taking these data into account, the specific rate con-

stants are

where 

 

E

 

c

 

 = 234.3 kJ/mol and 

 

E

 

t = 231.4 kJ/mol are the
energy barriers for the forward and reverse reactions,
respectively.

The main procedures in the MC modeling of energy
exchange and dissociation of polyatomic molecules
were described in detail in [1, 2]. The calculation pro-
cedure in the case of reversible isomerization is basi-
cally the same, but some differences can also be men-
tioned. In the latter case it is necessary to consider the
transformations of the function of distribution over
energy for each isomer at the same time.

At the first stage, N molecules (usually N ~ 106)
were placed along the scale of full energies of mole-
cules in the cells with sizes of ~RT/10 according to the
arbitrary initial distribution function. The value of N
was chosen to compromise between time expenses for
calculation and its accuracy as considered below. The
initial distribution function was either the equilibrium
function under given condition or the equilibrium func-
tion at a temperature other than the temperature of the
diluent gas. The letter was used to describe the kinetics
that accounts for the relaxation of the distribution func-
tion. In most cases we considered the situation when
only one isomer was present in the initial mixture, but
in some cases we also considered both isomers at a cer-
tain ratio.

We assumed that all molecules collide and change
their energy states together in periods of time, which
were all equal to the average time of between their col-
lisions with diluent gas molecules. Reactions were
assumed to occur between collisions. For convenience
of further discussion, we will refer to collisions of iso-
meric molecules with the molecules of a diluent gas
and isomerizations reactions as events. We will call a
cycle the procedure consisting of the play-off of events
for all N molecules. Play-off was carried out as follows.
The full energy of a molecule EΣ was distributed
between vibrational Ev and rotational Er components.
The procedure of distributing the energy was described
in detail in [1, 2]. If the vibrational energy of a molecule
was below the reaction barrier, we considered that the
molecule was not isomerized between collisions. In
this case, we played off the collision and determined
the new energy state of the molecule. If the value of Ev
was higher than the reaction barrier, then we deter-
mined the isomeric state of a molecule, played off a col-
lision for the determined isomer, and then determined
its new energy state.

kc t– E( ) 5.7 1012 1
Ec

E E0c–
-----------------– 

  sc 1–

,×=

kt c– E( ) 4.8 1012 1
Et

E E0t–
----------------– 

  st 1–

,×=

E

Ea, c

c–C2H2Cl2 t–C2H2Cl2

Ea, t

∆H0

kc–t(E)

kt–c(E–∆H0)

Fig. 1. Diagram of the potential energy surface for the cis–
trans isomerization of dichloroethylene. The arrows show
transition to the field of active states.
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The latter element of the calculation procedure
requires further explanation. Let us consider in more
detail how isomerization occurs. If one isomeric mole-
cule (e.g., cis-isomer) appears at the state with vibra-
tional energy higher than the reaction barrier in the
course of random traveling, then there is some proba-
bility that it will transform into the trans-isomer. This
probability is determined by the value of the specific
rate constant kc – t(E). However, the trans-isomer mole-
cule formed by the reaction is also above the reaction
barrier and can transform back to the cis-isomer with
the rate constant kt – c(E – H0) (see Fig. 1). Thus, for the
time between two collisions, multiple isomerizations
may occur. It is easy to show that the probabilities that
the cis-isomer will appear at the trans state and the
trans-isomer will appear at the cis state are equal to

respectively, where Z = 2.7 × 1011 PT–1/2 s–1 is the fre-
quency of molecule collisions with the medium species
(P is the gas pressure). Therefore, to determine the state
of the cis-isomer with energy higher than the reaction
barrier by the instant of the next collision, we played off
the random number ξ ∈  [0, 1]. If ξ < pc – t(E), we con-
sidered that the isomerization occurred and increased
the value ∆Nc – t of a counter for the cis–trans isomer-
ization. Otherwise, we considered that the molecule
preserved its isomeric configuration. In a similar man-
ner, we considered the probability of the backward
reaction.

After carrying out one-cycle calculations for each
isomer, we determined the numbers of molecules that
isomerized into a different configuration ∆Nc – t and
∆Nt – c for the period between two consecutive colli-
sions. We also determined the distribution function for
both isomers formed by the end of a cycle. These data
were a source for determining the values of the relative
concentrations of isomers and for determining the mac-
roscopic rate constants in each cycle. A series of several
cycles gave us the kinetic pattern of the behavior up to
establishing the equilibrium between isomers.

The macroscopic rate constants for reversible
isomerization k(1)(T) and k(2)(T) were determined using
two methods. The results depended substantially on the
method. The first method consisted in determining the
changes in the relative concentrations of each isomer
for an elementary period of time (in our case the period

pc t– E( )
kc t– E( )

kc t– E( ) kt c– E ∆H0–( )+
-----------------------------------------------------------=

× 1
kc t– E( ) kt c– E ∆H0–( )+

Z
-----------------------------------------------------------– 

 exp– ,

pt c– E( )
kt c– E( )

kt c– E( ) kc t– E ∆H0+( )+
------------------------------------------------------------=

× 1
kt c– E( ) kc t– E ∆H0+( )+

Z
------------------------------------------------------------– 

 exp– ,

between two consecutive collisions). Then, for the rate
constants, we had

(1)

where Nc and Nt are the initial numbers of cis- and
trans- isomers at the initial moment of the cycle. The
second method employed the following formulas of the
statistical theory of unimolecular reactions [10]

(2)

where Fv, c(E) and Fv, t(E) are the functions of distribu-
tion over the vibrational energy for cis- and trans-iso-
mers, respectively.

The error in determining the number of isomerized
molecules in a cycle and in determining the isomeriza-
tion rate constants was estimated by the formula

(3)

Therefore, we see that an error increases with an increase
in the frequency of vibrations or pressure and with a
decrease in the rate constant (i.e., with a decrease in tem-
perature). Provided that the error should not be higher
than 20%, we used this formula to determine the region
of conditions under which the application of the method
gives optimal results. The number N of dichloroethylene
molecules was varied in the interval (0.5–2) × 106 and
was determined by time one could spend on computa-
tion. Note that, to obtain one kinetic curve, it was nec-
essary to calculate hundreds and sometimes thousands
of cycles, and the time required for the average one-
cycle calculation was ~1.5 min for 166-MHz PC used
in this work. The range of pressures in our calculation
was 0.001–10 atm. This range was the most interesting
from the standpoint of experimental studies. Under
these conditions, the temperature interval optimal for
calculation was 1750–2500 K.

RESULTS OF CALCULATION

The determining factor for the kinetics of reversible
isomerization is the state of the function of isomer dis-
tribution over vibrational energy and their transforma-
tion during the process. When the mixture of composi-
tion is nonequilibrium, the typical state of the distribu-
tion function for both isomers takes the form shown in
Fig. 2. The distribution functions shown in this figure
correspond to the moment when the mixture contained
90% cis- and 10% trans-isomer (in the equilibrium, the
concentrations of both forms are about the same). It is

kc t–
1( ) T( ) Z

∆Hc t–

Nc

---------------, kt c–
1( ) T( ) Z

∆Ht c–

Nt

---------------,==

kc t–
2( ) T( ) kc t– E( )Fv c, E( ) E,d

Ec

∞

∫=

kt c–
2( ) T( ) kt c– E( )Fv t, E( ) E,d

Ec

∞

∫=

δ d ∆N( )
∆N

----------------
dk T( )
k T( )

-------------- Z
Nk T( )
----------------.≈= =
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clearly seen that above the reaction barrier Ed , the dis-
tribution function for the cis-isomer is depleted, and
that for the trans-isomer is enriched compared to the
equilibrium distribution functions shown in Fig. 2 with
smooth curves. The nonequilibrium state of the distri-
bution functions of isomers substantially affects the
values of isomerization rate constants and the depen-
dences of isomer concentration changes on time.

Figure 3 shows changes in the isomer concentra-
tions on time expressed in the number of collisions. The
calculation was carried out for an initial state when
only cis-isomer was present in the mixture to the
achievement and up to attaining the equilibrium com-
position at T = 2000 K and P = 0.1 atm. At the initial
portion of kinetic curves, we observed a short induction
period that lasted 25–30 collisions. This was due to the
relaxation of the vibrational temperature of dichloroet-
hylene from 300 K to 2000 K that imitated a jumpwise
change in the conditions behind the front of the shock
wave. Problems associated with the relaxation of vibra-
tion temperature were considered in detail in [1, 2].

The specific features of the reversible isomerization
due to nonequilibrium conditions are clearly seen in the
changes of rate constants in the course of the process.

Figure 4 shows the plots of  and  vs. time
expressed in terms of the number of collisions. These
were constructed using Eq. (1) for 2500 K and
0.001 atm for the case when the initial mixture contains
only one isomer. Figure 4 shows the results of two cal-

kc t–
1( ) kt c–

1( )

culations when the distribution function of the reactive
species corresponds to 300 K (curves 1 and 2) and
2500 K (curves 3 and 4). In the case of low-temperature
initial distribution function, after a short induction
period of temperature relaxation, the rate constant of
the forward reaction starts to increase and gradually
reaches the equilibrium value. The rate constant
increases in jumpwise manner, reaches very high val-
ues, and then gradually decreases to the equilibrium
value. When the initial distribution function already
corresponds to the temperature of the buffer gas, the
rate constant of the forward reaction initially has the
equilibrium value, and then somewhat decreases. After
reaching a minimum, it starts to increase tending to the
equilibrium value. The behavior of the rate constant of
the reverse reaction is qualitatively the same as in the
case of low-temperature initial distribution function,
but the value of the initial jump is substantially lower.

If we define the rate constants of isomerization

using Eq. (2), then changes in  and  in the
course of the reaction are similar to constants (1), but

the absolute values of  and  are higher than

 and  during the whole process and remain
high after the equilibrium composition of the mixture is
reached. Figure 5 illustrates this; it shows both changes

in the constants  and  (curves 1, 1', 2, and 2')

kc t–
2( ) kt c–

2( )

kc t–
2( ) kt c–

2( )

kc t–
1( ) kt c–

1( )

kc t–
1( ) kt c–

1( )

–5

1000 200 300 Ö, kJ/mol

–4

–3

–2

–6

log fv(E)

1

2

Fig. 2. Functions of the distribution over vibrational energies for (1) cis and (2) trans-C2H2Cl2 at an nonequilibrium composition of
the mixture (90% cis and 10% trans) at 2000 K and 0.1 atm. Smooth lines show equilibrium distribution functions.
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and , and  (curves 3, 3', 4, and 4') depending
on the relative fraction of the cis-isomer in the mixture.
Calculations of two types were carried out. In the first
of them, only the cis-isomer was present at the initial
moment (the right side of the figure) and in the second
case only the trans-isomer was present (the left side). In
both cases, the calculation was carried out until the
equilibrium composition of the mixture was achieved
(the equilibrium state is shown in the figure with a ver-
tical line). A series of similar calculations showed that
the difference between the rate constants determined by
Eqs. (2) and (1) increases with a decrease in pressure.

Figures 4 and 5 show how the error in determining
the isomerization rate constants changes. At 2000 K
and 0.1 atm (Fig. 5) the scatter of the calculated con-
stants is substantial, whereas it is almost unnoticeable
at 2500 K and 0.01 atm (Fig. 4). Formula (3) predicts
that the error increases with a decrease in temperature
or with an increase in pressure. This fact constrains the
region where the MC method is applicable.

Figure 6 shows the dependence of the rate constant

 (solid lines) and  (horizontal segments of
straight lines) on pressure for the forward reaction at an
equilibrium state of the reaction mixture composition.
It is seen that the constant determined by Eq. (2) is
independent of pressure and the constant determined by
Eq. (1) leads to a decrease in pressure to its minimal
value achieved in the high-pressure limit and is propor-
tional to pressure in the low-pressure limit. Figure 7
shows the temperature dependences of the same con-
stants at different pressures. The higher the pressure

(curves 1–5), the higher the values of . In the high-
pressure limit they correspond to the dependence of the

pressure-independent constants  (dashed lines) on

temperature. The temperature dependence of in
turn coincides with the experimental dependence in the
high-pressure limit [8].

DISCUSSION

The reversible unimolecular reaction has several
specific features, which were observed when we con-
sidered the results of MC modeling. First, these are the
characteristic changes in the rate constants in the
course of reaction. Second, this is the dependence of
the equilibrium values of rate constants on pressure.
Let us analyze the main regularities of isomerization
kinetics using the Lindemann scheme [11] modified for
the description of the reversible reaction [5]:

(II)

kc t–
2( ) kt c–

2( )

kc t–
1( ) kc t–

2( )

kc t–
1( )

kc t–
2( )

kc t–
2( )

1 ) A M  A* M,+ +
k1

k–1

2 ) A*  B*,
kAB

kBA

Steps (1) and (3) are the reversible processes of isomers
A and B activation and deactivation in collisions with
species M of the medium. Step (2) reflects interconver-
sions of the active states of isomers A* and B*.

For the sake of simplicity, we will consider that both
isomers have the same dynamic characteristics (this is
a correct assumption for the model molecule). That is,
we assume that k1 = k3, k–1 = k–3, and kAB = kBA. Using
these assumptions we obtain for the relative concentra-
tions XA* and XB* of excited molecules A* and B*

where X = XA + XA* is the total relative concentration
of the initial isomer in the active and inactive, α  =
(k1 + k–1)CM /kAB, and CM is the concentration of the
molecules of buffer gas. The rate of isomer A transfor-
mation is

(4)

Therefore, we obtain for the apparent rate constant
determined as a specific rate of isomerization

(5)

Analogously, we obtain for the reverse reaction

3 ) B* M  B M.+ +
k–3

k3

XA*

k1

k1 k 1–+
------------------1 αX+

2 α+
-----------------,=

XB*

k1

k1 k 1–+
------------------1 α 1 X–( )+

2 α+
-------------------------------,=

wAB kABXA*.=

k˝Ù AB,
I( ) wAB

x
---------

kABk 1–

k1 k 1–+
------------------ 1 αX+

2 α+( )X
----------------------.= =

1.00

0.75

0.50

0.25

0 500 1000 1500 2000 2500

1

2

Number of collisions

Relative concentration of isomer

Fig. 3. Dependence of the relative concentrations of (1) cis
and (2) trans-isomers on time (expressed in the number of
collisions) at 2000 K and 0.1 atm and the initial distribution
function corresponding to 300 K. The initial mixture con-
tained only the cis-isomer.
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(6)

The expression for the rate of isomerization (4) and the

corresponding constants  and  describe all
possible acts of isomerization. However, in step (2) iso-
meric transformations with the participation of the
active molecule between two consecutive collisions of
this molecule with buffer gas species create two oppo-
sitely oriented flows that compensate for each other and
do not result in the changes in the isomer concentra-

tions. To take this into account, the factor 

should be introduced into Eqs. (4)–(6). In this case the
expressions for the rate constants take the following
forms:

(7)

(8)

The above equations show that apparent rate con-
stants (5)–(8) depend on the concentration X of the iso-
mer A and change in the course of reaction. The reason
for such a dependence is the disturbance of the equilib-

kapp BA,
I( ) wBA

1 X–
------------

kABk1

k1 k 1–+
------------------ 1 α 1 X–( )+

2 α+( ) 1 X–( )
------------------------------------.= =

kapp AB,
I( ) kapp BA,

I( )

k 1– CM

kAB k 1– CM+
-----------------------------

kapp AB,
I( ) k1k 1– CM

2

kAB k 1– CM+
----------------------------- 1 αX+

α 2 α+( )X
--------------------------,=

kapp BA,
I( ) k1k 1– CM

2

kAB k 1– CM+
----------------------------- 1 α 1 X–( )+

α 2 α+( ) 1 X–( )
----------------------------------------.=

rium distribution of both isomers over energy as a result
of the reaction. As can be seen from scheme (II), the
formation of excited molecules of each isomer occurs
as a result of energy exchange in collisions and isomer-
ization. On the one hand, the forward reaction results in
a decrease in the concentration of highly excited mole-
cules of the initial isomer. One the other hand, the for-
ward reaction should be considered as additional chem-
ical activation for the reverse reaction because the mol-
ecule of the product isomer is highly excited when it is
formed. This excitation is preserved at least up to the
moment when the product collides with the diluent gas.
At the same time, the reverse reaction affects the for-
ward reaction in a similar way. It results in populating
the highly excited states of the initial molecule. Thus,
up to the moment when the equilibrium composition of
the reaction mixture is achieved and when the forward
and reverse reactions balance each other, the concentra-
tions of excited molecules of both isomers differ from
their equilibrium values: for the initial isomer it is
lower and for the product isomer it is higher than the
equilibrium values (see Fig. 2). The magnitude of this
effect depends on the ratio of the rates of the forward
and reverse reactions and as a consequence on the ratio
of isomer concentrations. The apparent rate constants
of isomerization are in turn determined by the concen-
trations of molecules above the reaction barrier, and
this results in their dependence on the ratio between the
concentrations of isomers in the course of the reaction.

2

20
0

40 60 80 100 120
Number of collisions

4

6

8

10
× 10–5, s–1

1

2

3

4

ki
1( )

Fig. 4. Dependences of the rate constants ( ) of reversible isomerization on time (expressed in the number of collisions) at

2500 K and 0.01 atm and the initial distribution function corresponding to 300 K (1)  and (2)  and 2500 K (3)  and

(4) . At the initial moment the system contained cis-isomer.

ki
1( )

kc t–
1( )

kt c–
1( )

kc t–
1( )

kt c–
1( )
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The rate with which the total relative concentration
of the initial isomer X changes can be described in the
following form:

This expression functionally coincides with the expres-
sion for the rate of changing the relative concentration
of the initial isomer in the one-step reaction A  B
when the forward and reverse rate constants are the
same:

(9)

Xd
dt
-------

dXA

dt
----------

dXA*

dt
------------+ kAB XA* XB*–( )–= =

=  –
k1CM

2 α+
------------- X 1 X–( )–[ ] .

kapp AB,
III( ) kapp BA,

III( ) k1CM

2 α+
-------------= =

This expression suggests that although the nonequilib-
rium distribution of isomers over energies during the
reaction is a characteristic feature of the process, the
disturbance in the distribution function for reacting
molecules is such that the macrokinetic changes in the
concentrations of both isomers follow the simple mass
action law. The rate constants in this case are the com-
binations of the rate constants of separate steps of the
process.

After analyzing kinetic scheme (II), we obtained
three different pairs of expressions for the apparent rate
constants of the forward and reverse isomerization
reactions. Each of these pairs allows one to calculate
the macrokinetic profile of changes in the concentra-
tions of isomers, but the physical meaning of these con-
stants and their properties are different. The constants

1.000.750.550.250
Relative fraction of the cis-isomer in the mixture

1'

3'

3 4'

2'

4

2

1

3

6

9

ki × 10–6, s–1

Fig. 5. Dependences of the rate constants (ki) of the forward and reverse isomerization reactions on the relative fraction of the cis-

isomer in the mixture at 2000 K and 0.1 atm: (1, 1') , (2, 2') , (3, 3') , and (4, 4') . (1–4) Calculation from the

initial mixture contains only the trans-isomer to the equilibrium composition. Open circles shows the calculation of the  values

using the  values and formula (12).
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 and  obtained from Eqs. (5) and (6)
determine the complete rate of isomeric transformations,

whereas  and  obtained from Eqs. (7)
and (8) determine only a component of the complete
rate that results in changes in the concentrations of iso-

mers. The rate constants  and  in Eq. (9)
result from mathematical rearrangements that reduce
the representation of multistep kinetics to the form of
the kinetics of one-step reversible reaction.

All three pairs of rate constants respond to the
changes in the pressure in a different manner. Let us
first consider the dependences of rate constants on pres-
sure taken under the conditions of material and energy
equilibrium. Assuming the same dynamic characteris-
tics of isomers, the ratio of their concentrations at equi-
librium is equal to unity 1 (X = 1/2) and the rate con-
stants of the forward and reverse processes are equal. In
the high-pressure (hp) limit (α  ∞), all three types
of constants coincide:

With a decrease in pressure, the rate constants deter-
mined by Eqs. (5) and (6) do not change. The constants
determined by Eqs. (7)–(9) depend on pressure. For the
process under study, this dependence is due to the
necessity of collisional stabilization of excited reacting
molecules for transforming one isomer into another. In

kapp AB,
I( ) kapp BA,

I( )

kapp AB,
II( ) kapp BA,

II( )

kapp AB,
III( ) kapp BA,

III( )

kapp
hp k1kAB

k1 k 1–+
------------------.=

the low-pressure (lp) limit (α  0), these constants
become proportional to the pressure of buffer gas:

(10)

(11)

Comparison of Eqs. (10) and (11) shows that the values
of rate constants determined from Eq. (9) are lower than
the values determined from Eqs. (7) and (8) on the plot
of their dependence on pressure (if the rate of deactiva-
tion is much higher than the rate of activation (k–1 @ k1),
then their ratio is 1/2). The reason for a more pro-
nounced dependence of k(III) (Eq. 9) on pressure is an
additional effect associated with the above-discussed
disturbance of the equilibrium functions of isomer dis-
tribution over energies in the course of the process. This
results in an increase in the characteristic time of estab-
lishing the equilibrium and lowering the values of k(III).

The results of MC simulations support analytical

conclusions drawn above. Thus, the rate constants 

and  calculated using formulas (2) by the numeri-
cal integration of the distribution function found by the

MC method correspond to the constants  and

, and the constants  and  calculated
using macrokinetic definition (1) correspond to the

constants  and  (Eqs. (7) and (8)). The con-
stants described by dashed curves in Fig. 6 are analo-

kapp
II lp,( ) k1k 1– CM

k1 k 1–+
--------------------,=

kapp
III lp,( ) 1/2k1CM.=
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Fig. 6. Dependences of the rate constants of the transition
from the cis- to trans states of C2H2Cl2 kc – t  on pressure at
temperatures (1) 1750 K, (2) 2000 K, and (3) 2500 K. Hor-

izontal segments show , solid lines show , and

dashed lines show .
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Fig. 7. Dependences of the rate constants of the transition
from the cis- to trans states of C2H2Cl2 on temperature:
(1−5) calculation using formula (1) at (1) 0.001, (2) 0.01,
(3) 0.1, (4) 1 and (5) 10 atm; (6) calculation using formula
(2) at any pressure and the coinciding experimental depen-
dence [8] in the high-pressure limit.
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gous to rate constants  and  (Eq. (9)).
These constants were obtained by the processing of the
calculated dependences of isomer concentrations on
time using the method that is usually used to determine
the rate constants of reversible reactions from experi-
mental data (i.e., using the slope of the line in the
{ln(X – X∞), t} coordinates). The functional depen-
dences of the respective analytical expressions and the
results of numerical calculation agree very well. To
illustrate this, Figure 5 shows the dependence of the

rate constant of the reverse reaction  on time calcu-
lated using the MC method (curves 1 and 1') and the
same dependence (open circles) calculated by multi-
plying the values of the rate constant of the forward

reaction  by the coefficient obtained from the anal-
ysis of scheme (II):

(12)

To estimate the parameter α, we assumed that k1 ! k–1,
and the deactivation of excited molecules occurs at
each collision. For kAB, we used the value of the specific

rate constant kc – t( ), where  ≈ Ea, c + v cRT/2 is the
average energy at which the reaction occurs, and v c is
the number of vibrational degrees of freedom. Using
these assumption we obtained for the case shown in
Fig. 5 (T = 2000 K and P = 0.1 atm) that α = 1.73.

To conclude the above analysis, we wish to under-
line that the presence of three pairs of apparent rate
constants that describe the same process is due to the
fact that we consider actively interacting reactions with
exchange in energy and species rather than two inde-
pendent reactions. Note also that all apparent constants
considered above are not the rate constants in the strict
sense, although they are specific reaction rates.

For practical purposes, when one considers isomer-
ization processes and their rate laws, the most conve-
nient form of the isomerization rate constants is Eq. (9)
because in this case the constants do not change during

the process unlike those defined by Eqs. (5)–(8). How-
ever, one should take into account that any other reac-
tions of the kinetic model in which isomers are
involved (e.g., the reactions of their formation by
recombination or the parallel reactions of their dissoci-
ation) may substantially affect the energy states of iso-
mers and the isomerization rate constants. This work is
a good illustration of mutual effects of two reaction
with the participation of the same reactants.
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