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Monte—Carlo model of the diffusion�limited reaction kinetics
in microheterogeneous media.

Comparison with the experimental plots of the forward and backward
electron phototransfer kinetics on the pore diameter in silica gel
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The kinetics of the diffusion�limited decay reaction A + B → B was simulated by the
Monte—Carlo method on a two�dimensional square lattice with defects presented by randomly
distributed sites. The cases were considered where [B] >> [A] at the random initial distribution
(quenching reaction) and [B] = [A] with the initial distribution of the A and B particles on
neighboring sites (geminate recombination). The kinetic curves were approximated by the
simplest analytical equation [A]/[A]0 = (1 – ϕ)exp[–(kt)1–h] + ϕ (where k and ϕ are con�
stants). The plots of the heterogeneity parameter (h) and time�averaged first�order rate con�
stant vs. concentration of defects (p) or B particles (in the case of quenching) were obtained
and compared with similar correlations obtained earlier by the experimental study of the
kinetics of forward (quenching reaction) and backward (geminate recombination) electron
phototransfer on the surface of different porous silica gels. The experimental plots of h vs. silica
gel porosity are in satisfactory agreement with the plots of h vs. p in the model space, if the
fraction of volume inaccessible for reactants, calculated from the free silica gel volume, is
chosen as the p parameter for silica gel.

Key words: Monte—Carlo method, fractal, dimensionality of space, diffusion�limited reac�
tion, quenching, geminate recombination, electron phototransfer, silica gel, pore diameter.

The kinetics of diffusion�limited bimolecular reac�
tions in disordered, low�dimensional, and fractal media
does not obey the classical kinetic laws.1—9 The kinetic
behavior of the simplest pseudo�monomolecular reaction
of particle decay on traps differs for the three� (3D) and
two�dimensional (2D) spaces. In the so�called "gas" ap�
proximation when the filling of the space with particles
and traps (q) is much lower than unity, the probability of
particle survival (w(t)) in the 2D space at rather short
times with the logarithmic accuracy has the form

w(t) ≈ exp{–[qt/ln(1/q)]},

which differs from the decay kinetics for the 3D space1

w(t) ≈ exp(–qt).

The asymptotic behavior at long times (t → ∞) for
spaces with different dimensionalities also differs

w(t) ≈ exp[–(qt)1/2],
w(t) ≈ exp[–(q2/3t)3/5]

in the cases of 2D and 3D,2 respectively. Fluctuations of
trap densities in spaces with different dimensionalities

should be taken into account to correctly describe the
asymptotic behavior of the probability of particle decay.2,3

The importance of taking into account fluctuations for
description of various physicochemical phenomena has
been considered in detail elsewhere.4

The kinetic laws describing bimolecular processes re�
flect the initial spatial distribution of reacting particles
and their subsequent spatial and reaction dynamics. The
influence of the space dimensionality on the kinetic regu�
larities is evidently caused by the difference in the inten�
sity of diffusion "stirring" of reactants and by different
topological restrictions (organization of space). Diffusion
is restricted in spaces with an effective dimensionality
lower than 3D, i.e., the Einstein law is violated

<r2> = Dt,

where r is the displacement from the initial position (in
the case, naturally, <r> = 0), and D is the diffusion coef�
ficient. From the viewpoint of formal kinetics, this results
in kinetic laws where the reaction rate constant is time�
dependent. Exact analytical data are lacking and, there�
fore, one has to use numerical simulation for theoretical
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analysis, while approximate expressions should be used to
process experimental results.

In the case of the diffusion�limited reaction A + B → B
at [B] >> [A] and the random initial distribution of re�
actants (photochemical quenching reactions), the decay
kinetics of the A particles in the space with a dimension�
ality lower than three is theoretically described by the
series

[A](t)/[A]0 = exp(–C1t1–h + C2t2(1–h) – C3t3(1–h) + ...), (1)

where 0 ≤ h ≤ 1, [A]0, C1, C2, C3, etc. are constants; in
particular, h is the so�called heterogeneity constant re�
lated to the space geometry.10,11 The exponent of Eq. (1)
contains the sign�variable series, which imposes rigid re�
strictions on the constant values C1, C2, C3, etc. Experi�
mental kinetic curves of fluorescence decay in the pres�
ence of a quencher in disordered media with micro�
reactors, such as micelles, microemulsions, and vesicles,
are satisfactorily described, in many cases, by Eq. (1)
containing the first term or two first terms in the expo�
nent.11—14

To describe the kinetics of various processes in dis�
ordered media, the following empirical expression is
widely used:

[A](t)/[A]0 = (1 – ϕ)exp[–(kft)
1–h] + ϕ, (2)

where kf, 0 ≤ h ≤ 1, and ϕ are constants.11—19 The
ϕ parameter takes into account both experimental fea�
tures of the system (for instance, the presence of residual
absorbance or luminescence of other, longer�lived, or
intermediate products) and a possible contribution of other
terms in the exponent in Eq. (1). The corresponding plot
of the effective rate constant of the first�order reaction vs.
time (k(t)) is described as follows:

k(t) = (1–h)kf
1–ht–h. (3)

Polychromatic kinetic curves, which are satisfactorily
described by law (2), are experimentally observed for both
chemical reactions and various processes of physical re�
laxation (in particular, mechanical or dielectric) in many
microheterogeneous disordered media, such as glasses and
polymers.6,15 The time dependence of the rate constant
can be caused by both spatial and energy heterogeneity.

We successfully used Eq. (2) for adequate description
of the kinetics of diffusion�limited quenching of the trip�
let states of quinones via the electron transfer from aro�
matic amines and the geminate recombination (backward
electron transfer) of the corresponding radical ion pairs
on the surface of several varieties of porous silica gels.16—19

The heterogeneity constant (h) was established to depend
substantially on the silica gel structure and to increase
with an increase in its porosity.17

Since analytical expressions capable of predicting the
kinetics of bimolecular reactions in disordered spaces with

a specified geometry are lacking, one has to use numerical
simulation methods, among which the Monte—Carlo
(MC) method is the most efficient. Lattice models are
most popular among various procedures for MC calcula�
tion of the kinetics of bimolecular reactions. According to
these models, particles involved in reactions are randomly
wandering over sites of the correspondingly organized lat�
tice.11,13,14,20

In this work, the MC method was used to calculate the
kinetics of the diffusion�limited reactions A + B → B
for [B] >> [A] and the random initial distribution of the
reactants (quenching reaction), as well as for [B] = [A]
and the pairwise initial localization of A and B on neigh�
boring sites (geminate recombination) for a two�dimen�
sional square lattice with chaotically arranged defects,
i.e., the sites forbidden for both A and B reactants. The
results of calculations were compared with the experi�
mental kinetics of the forward (quenching) and backward
(geminate recombination) electron phototransfer on silica
gels with different pore diameters16—19 and in the narrow�
pored glass.21—24

Calculation procedure

The silica gel surface was simulated by a method similar to
that used previously for other microheterogeneous disordered
media.11,13,14,20 Sites, which will further be forbidden for the
reacting particles A and B, are chosen randomly, with a speci�
fied concentration on the two�dimensional square lattice of
200×200 sites. The fraction of defects (р) varies within 0 ≤ p ≤ 0.5
for the percolation threshold at р = 0.41.11 The reaction par�
ticles A and quencher molecules B are randomly distributed on
thus created surface containing defects. In the case of simula�
tion of the quenching reaction, the mutual distribution of the A
and B particles is not correlated, and the condition [B] ≥ 100[A],
[B] << 1 is fulfilled, where [A] and [B] are the fractions of sites
occupied by the A and B molecules, respectively. For simulation
of the geminate recombination, the A particles are distributed
randomly on the free sites of the lattice, and the B particles
occupy one of the four neighboring free sites. In this case,
[A] = [B] << 1. The B particles are further considered to be fixed
in both models, and the A particles are randomly wandering
over the lattice. It is accepted that the probability of transfer of
the A particles to one of the adjacent sites is 1/4 regardless of the
number of free adjacent sites.

In the MC methods, the time is not usually introduced ex�
plicitly but is measured in arbitrary units (∆th = 1 time unit) and
considered as proportional to the number of MC increments. In
addition to thus defined "uniform" time, we used another ap�
proach when the time, distributed according to the Poisson law

∆tP = λexp(–λt)

with the mean jump time <∆tP> = 1/λ, is ascribed to each
elementary MC increment. To match the times in the kinetic
plots calculated for the uniform and Poisson distributions, the
corresponding times were re�normed by the equation th = λtP. It
turned out that the results are virtually independent of the
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method used for determination of the time of interstitial transi�
tion. Therefore, all results are presented hereinafter for the Pois�
son time distribution at λ = 1.

The reaction act is considered as accomplished if the
A particle at some time moment is found on the same site with
the B particle due to wandering, and this corresponds to the
same MC trajectory. To obtain reliable statistical results, aver�
aging was performed over 105—106 MC trajectories, and the
root�mean�square error did not exceed 1% of the calcu�
lated value.

The kinetic curves calculated by the MC method were ap�
proximated by Eq. (2). Thus, the plots of h and the time�aver�
aged first�order rate constant <k> calculated from the first mo�
ment of function (3), vs. p were obtained

<k> = (1 – h)kf/Γ[1/(1 – h)], (4)

where Γ is the gamma function. In the case of the quenching
reaction, the plots of h vs. [B] were additionally obtained.

Results and Discussion

Kinetics of the quenching reaction. The MC�simulated
plots of the A concentration vs. time (the number of MC
increments) for the quenching reaction A + B → B in the
interval of the effective conversion ([A] – ϕ) from 0 to 0.9
are satisfactorily described by Eq. (2), and ϕ takes notice�
able values (≥0.01) only at p ≥ 0.3 (Fig. 1). The kinetic
curves differ substantially from monoexponential curves
even for a two�dimensional lattice without defects, be�
cause for p = 0 the observed h value ranges from 0.12
to 0.17, depending on the B concentration. At the same
time, Eq. (2) cannot exactly describe the kinetic curves at
deeper conversions. The h and ϕ fitting parameters, which

are obtained by approximation using Eq. (2), can depend
(at fairly high p) on the time interval chosen for the ap�
proximation.

The observed dependence of the heterogeneity pa�
rameter (h) on the B concentration (Fig. 2) also exhibits
incomplete adequacy to Eq. (2) for description of the
simulated kinetic curves, while the h value is assumed to
be a characteristic of the space geometry for the given
type of reactions in the framework of the theory of ran�
dom wandering. The h value, obtained by using Eq. (2),
depends on [B] even at low p when ϕ = 0, Eq. (2) de�
scribes well the whole kinetic curve up to high conver�
sions, and h is almost independent of the time interval
chosen for approximation. It is of interest that the ob�
served dependence of h on [B] passes through a maximum
at [B] = 0.07 for all p which are lower than the percolation
threshold (р = 0.41).

At the same time, the h value obtained using Eq. (2)
increases, as expected, with an increase in p, i.e., with an
increase in the microheterogeneity of the space (Fig. 3).
Compare the plots of h vs. p in a model space with the
experimental dependences of h on the characteristics of
silica gel obtained on analyzing the kinetic curves with
"tail" of triplet state quenching on the surface of silica gels
with different pore sizes (diameters from 2.2 to 100 nm)
using Eq. (2).16,17 One has to choose a parameter for
silica gels that would be similar to the fraction of defects
in the model space. Porous silica gels are chaotic aggre�
gates of spherical particles of amorphous SiO2 with a con�
trolled size, which determines the surface area per weight
unit and the diameter of pores formed upon spherical
particle adhesion.25 One of the most important character�
istics of porous silica gels is the free (internal) volume,
which is also related to the size of spherical particles form�
ing silica gel. The chaotic structure of porous silica gels

Fig. 1. Monte—Carlo kinetics of decay of the A particles in the
reaction A + B → B at [B] = 0.1, [A] = 0.001, and the fraction of
forbidden sites p = 0.4 (1), 0.3 (2), and 0 (3). Lines correspond
to approximation by Eq. (2), kf = 0.055 (1), 0.055 (2), and 0.064
(time of MC increment)–1 (3); h = 0.42 (1), 0.34 (2), and
0.17 (3); ϕ = 0.045 (1), 0.011 (2), and 0 (3).
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Fig. 2. Plots of the calculated heterogeneity parameter (h) vs.
concentration of the B particles, obtained by the approximation
of the corresponding kinetic curves consisting of 1000 MC in�
crements by Eq. (2), at p = 0.5 (1), 0.3 (2), and 0 (3).
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suggests that the forbidden volume fraction (1 minus the
free volume fraction) can serve as an analog for the frac�
tion of forbidden sites in the model space. In fact, the
dependence of the experimental h value on the forbidden
volume fraction corresponds well to the plots of h vs. p for
the model space (see Fig. 3). Thus, it seems highly prob�
able that the macrocharacteristics of silica gel can be used
as a measure of its microstructure, which determines the
specific features of trajectories of molecular processes, in
particular, diffusion of adsorbed molecules.26

A dependence of the kinetic parameters on the
quencher concentration is significant for studying the ki�
netics of quenching reactions. In the three�dimensional
space available for chaotically distributed reactants, the
decay of the A particles in excess B particles is described
by a monoexponential law with the rate constant increas�
ing linearly with an increase in the B concentration. This
makes it possible to obtain the rate constant of the bimo�
lecular reaction А + B from the slope of the correspond�
ing plot. However, in the case of a space with a lower
dimensionality, an attempt to use the <k> value (see
Eq. (4)) as an analog of the first�order rate constant for
decay of the A particles results in a substantially nonlinear
dependence of <k> on [B]. The corresponding quenching
rate constant (the second�order reaction А + B) <kq> is
equal to <k>/[B] and increases with an increase in [B]
(Fig. 4). Correspondingly, the plots of <kq> vs. p ob�
tained at different [B] do not coincide but reflect the
general tendency of decreasing the quenching efficiency
with an enhancement of the space heterogeneity. A simi�
lar trend was observed for analysis of the experimental
data on the kinetics of quenching of triplet states on the
surface of silica gels with different pore diameters using
Eq. (2) (Fig. 5).16,17 However, the experimental plots
of <kq> vs. forbidden volume fraction differ noticeably

from the model curves. Evidently, the efficiency of diffu�
sion of molecules adsorbed on the real porous surface is
determined by the chemistry of surface, e.g., the concen�
tration of silanol groups, rather than by the surface geom�
etry only.17

Note that the experimental plots of the average rate
constant of decay of the triplet states on the silica gel
surface vs. concentration of the co�adsorbed quencher
were approximated by a linear law, although the known
experimental data17 indicate the deviation from linearity
toward increasing <kq> with an increase in the quencher
concentration.

Kinetics of geminate recombination. The MC�simu�
lated kinetic curves of geminate recombination are shown
in Fig. 6. The initial region exhibiting the sharpest changes
in [A] is satisfactorily described by Eq. (2). The ϕ values,

Fig. 3. Plots of the heterogeneity parameter (h) vs. fraction of
forbidden sites (p) on the lattice, obtained by the approximation
of the MC�kinetic curves of quenching by Eq. (2), at [B] =
0.1 (1), 0.02 (2), and 0.3 (3) and the dependence of the experi�
mental h values on the forbidden volume fraction in silica gels
with a mean pore diameter of 100, 14, 6, 4, and 2.2 nm (4).15,16
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Fig. 4. Plots of the averaged quenching rate constant (<kq>) vs.
concentration of the B particles obtained using Eq. (4) and the
approximation of the corresponding kinetic curves by Eq. (2) at
p = 0 (1), 0.3 (2), and 0.5 (3).
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Fig. 5. Plots of the averaged quenching rate constant (<kq>) vs.
fraction of forbidden sites (p) on the lattice, obtained by the
approximation of the corresponding kinetic curves by Eq. (2), at
[B] = 0.3 (1), 0.1 (2), and 0.02 (3) and the properly scaled
dependence of the experimental <kq> values on the forbidden
volume fraction in silica gels with a mean pore diameter of 100,
14, 6, 4, and 2.2 nm (4).15,16
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which were obtained by the approximation of the MC
kinetic curves by Eq. 2, decrease and h increase with the
p increase. The plots of h vs. p for the model space and the
dependences of the experimental h values on the forbid�
den volume fraction in silica gel, obtained by analysis of
geminate recombination on the surface of silica gels with
different pore diameters,16—19 are in a poorer agreement
than those in the case of quenching; however, the charac�
ters of the experimental and calculated plots coincide
(Fig. 7). The kinetics of geminate recombination on the
microporous glass surface in similar systems is described

by Eq. (2), and the h values range from 0.3 to 0.4,23,24 the
h values in this interval being much lower than h obtained
by the corresponding approximation of the MC data on a
planar surface without defects. Unlike quenching, the ex�
perimentally studied geminate recombination of radical
pairs born in the triplet state is controlled by diffusion and
also includes the spin evolution and kinetically con�
trolled process of the so�called intersystem recombina�
tion.16—19,21—24 The transition from diffusion to kinetic
control is accompanied by a decrease in h, which ex�
plains quantitative discrepancies between the experimen�
tal and simulated data on the geminate recombination
kinetics.16

It should be mentioned in conclusion that a good
agreement between the experimental data and results
of numerical calculations was obtained for the diffu�
sion�limited quenching reaction. This suggests that the
Monte—Carlo simulation of the kinetics of diffusion�lim�
ited reactions in microheterogeneous disordered spaces
with a complex dimensionality is appropriate for the quan�
titative description of experimental data on the basis of
real parameters of porous media. This study revealed a
relationship between the macrocharacteristics of the po�
rous material (free volume, surface area) and parameters
of diffusion motion of adsorbed molecules.
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