
JOURNAL OF CHEMICAL PHYSICS VOLUME 118, NUMBER 21 1 JUNE 2003
Excluded volume effect on diffusion-influenced reactions in one dimension
Joonho Park, Hyojoon Kim, and Kook Joe Shina)

School of Chemistry, Seoul National University, Seoul 151-747, Korea

~Received 31 January 2003; accepted 6 March 2003!

The excluded volume~EV! effect between nonreactive like-particles of diffusion-influenced
pseudo-first-order reactionA1B→C is investigated by the hierarchical Smoluchowski approach of
Kuzovkov and Kotomin@Rep. Prog. Phys.51, 1479~1988!# and the many-particle kernel formalism
of Leeet al. @J. Chem. Phys.113, 8686~2000!# in one dimension. Contrary to the three-dimensional
analysis, the latter theory can be formulated without additional approximations in one dimension so
that more accurate results are obtained. Although formulations and resulting expressions are
different, these two theories show almost identical results numerically. The EV effect becomes
significant at higher concentrations ofB molecules as in three dimensions. However, we found that
the EV effect in one dimension is more pronounced than in three dimensions. A similar trend
appears as the size of theB molecule increases. Theoretical results are compared with Monte Carlo
simulations. The simulation results reveal much larger EV effect than that predicted by both
theories. This behavior may be attributed to the ‘‘cage’’ effect which is not considered in both
theories. ©2003 American Institute of Physics.@DOI: 10.1063/1.1570409#
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I. INTRODUCTION

Since the pioneering work of Smoluchowski,1 a great
deal of attention has been paid to the diffusion-influenc
reaction. Let us consider the following irreversible reacti
in which one molecule or a walker~A! and many other mol-
ecules or traps~B’s! diffuse in an inert continuum-like sol
vent together until they are close enough to react.

A1B→C. ~1!

Then what is the survival probability ofA at time t? Al-
though this is one of the simplest reaction models in liqu
the exact solution cannot be obtained in general since it
many-body problem. It is well known that the Smoluchows
approach becomes exact when~1! the moleculeA is static
and ~2! B molecules do not interact with each other.2

The approximation~1!, which is often called the static
donor approximation, has attracted much attention3–6 in the
theory of lattice random walks~the trap-target problem! and
it has been known that the validity of this approximati
improves as the dimensionality increases. In three dim
sions ~3D!, the Smoluchowski solution is highly accura
except at very long times. However, as Szabo noted,2 the
major deficiency of the Smoluchowski approach may be
to the second approximation~2!, the neglect of the like-
particle correlation betweenB molecules. Even for a hard
sphere model, theB molecules have the finite excluded vo
ume ~EV! not accessible to other molecules. Therefore,
more realistic reactive systems, the Smoluchowski appro
could predict erroneous results sinceB molecules are re-
garded as point particles with no EV.

Numerous approaches which extend the Smoluchow
approach have been presented.7,8 The importance of the EV

a!Author to whom correspondence should be addressed. Electronic
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effect in reaction dynamics has been noticed by many wo
ers. Kalin9 and Kuzovkov and Kotomin10–12investigated this
problem by considering the like-particle correlation in t
hierarchical Smoluchowski equation approach. Kuzovk
and Kotomin also predicted microscopic dynamical clust
ing of similar reactants at long times. Fayer and his c
workers have noted the EV effect between acceptors of
electron transfer reaction model in solid13 and in liquid.14

They used approximate methods such as the lattice me
of Blumen and Manz15 and the separable probability distr
bution method to investigate the EV effect in solid. Howev
in liquid, they underestimated the EV effect and focused o
on the validity of the static donor approximation. Later, Ju
and Lee16 found that the EV effect was larger than that fou
by the lattice method of Blumen and Manz using their
duced distribution function method.

More recently Leeet al.17 re-investigated the EV effec
in 3D with the many-particle kernel~MPK! theory18 and also
with Brownian dynamics simulations. Their theoretical res
seemed to agree with Brownian dynamics~BD! simulations
for their chosen parameters. However, they introduced a
additional crude approximations in the MPK theory in ord
to obtain an approximate analytic solution which accou
for the EV effect. This prevents an accurate comparison
tween theory and simulation. In fact, when the size of aB
molecule becomes larger, the MPK theory shows that
survival probability decays faster than the BD simulati
result. They noted that this dubious behavior maybe due
the additional approximations in the MPK theory or to som
statistical errors in their BD simulations.

The purpose of this work is to investigate the EV effe
in the above irreversible pseudo-first-order reaction sys
in one dimension~1D!. The 1D model is more interestin
one because there is so called the ‘‘bus effect’’19 in which a
given pair ofA andB molecules cannot react unless otherB
molecules separating these two disappear. Furthermore,
il:
7 © 2003 American Institute of Physics
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simpler to apply theories and simulations in 1D.
The physical quantity of our interest is the survival pro

ability of the A molecule. We also consider here the targ
problem in which theA molecule is static at the origin an
only B molecules move around diffusively. Theoretically, w
adopt two approaches. The Kuzovkov and Kotomin~KK !
theory12 based on the hierarchical Smoluchowski equatio
with the Kirkwood superposition approximation incorporat
the EV effect in terms of the like-particle correlation. Th
evolution equations of the pair distribution functions in 1
are readily available in literature. However, the calculation
the survival probability from these evolution equations
nontrivial and requires a rather sophisticated numerical a
rithm. In fact, we developed an efficient numerical algorith
for this purpose some time ago20 and it is utilized in this
work.

The other theoretical approach is the MPK theory of L
et al.17 for which we reformulate to incorporate the EV effe
in 1D. We find that additional approximations introduced
3D formulation are not necessary in 1D and, therefore,
accuracy of the results of the MPK theory is much improv
We find, interestingly, results from both the KK and MP
theories show almost identical results numerically althou
formulations and resulting expressions are different.

Theoretical results are compared with an efficient Mo
Carlo ~MC! simulation algorithm that we develope
previously.21 It will be shown that the predictions of th
MPK theory deviate significantly from the present Mon
Carlo simulations adopting efficient techniques when the
effect is large.

The outline of this paper is as follows. In Sec. II, w
review the KK theory and reformulate the MPK theory
incorporate the EV effect in 1D. An efficient MC algorithm
adopted in this work is explained in Sec. III. The results
theory and simulations are compared and discussed in
IV and we conclude the present work in Sec. V.

II. THEORY

We consider the irreversible reaction betweenA and B
molecules given in Eq.~1!. The concentration ofB mol-
ecules,cB , is assumed to be constant in time. For the tar
problem, anA molecule is fixed at the origin and onlyB
molecules undergo diffusive motions.

A. The hierarchical Smoluchowski theory

The rate equation for the above reaction scheme, Eq.~1!,
for the pseudo-first-order case (@A#!@B#5cB) and for the
contact reactivity is written by18,22

d

dt
@A#52k~ t !@A#cB52k0CAB~s,t !, ~2!

wherek(t) is the rate coefficient,k0 the intrinsic rate con-
stant, ands the reaction distance. The evolution of the p
distribution functionCAB(x,t), with x the position ofB mol-
ecule, is given by the following hierarchical kinetic equatio
-
t

s

f

o-

e

e
.

h

e

V

f
ec.

t

r

:

]

]t
CAB~x,t !5LAB~x!CAB~x,t !2SAB~x!CAB~x,t !

2E dx8SAB~x8!CABB~x,x8,t !, ~3!

where CABB(x,x8,t) is the three-particle distribution func
tion. The usual Smoluchowski diffusion operator,Lab(x), is
given by

Lab5
]

]x
D~x!

]

]x
, ~4!

where the diffusion coefficient,D(x), is approximated as a
constant,D5Da1Db . The sink function,SAB(x), is as-
sumed to depict a simple contact reactivity

SAB~x!5 1
2 k0d~x2s!. ~5!

In order to truncate the hierarchical structure of Eq.~3!,
Kuzovkov and Kotomin12 introduced the Kirkwood superpo
sition approximation

@A#cB
2CABB~x,x8,t !>CAB~x,t !CAB~x8,t !

3CBB~ ux82xu,t !. ~6!

By rewriting Eq. ~3! with the normalized pair correlation
function rAB(x,t) given by

CAB~x,t ![rAB~x,t !@A#cB , ~7!

the following evolution equations for the pair correlatio
functions can be obtained:12

]

]t
rAB~x,t !5LABrAB~x,t !2SAB~x!rAB~x,t !

1k~ t !cB@12XBB~x,t !#rAB~x,t !, ~8!

]

]t
rBB~x,t !5LBBrBB~x,t !12k~ t !@A#

3@12XAB~x,t !#rBB~x,t !. ~9!

Here,rBB(x,t) is the like-particle correlation function forB
molecules andXab(x,t) is given, in 1D, as

Xab~x,t ![
rab~x1s,t !1rab~x2s,t !

2
,

~ab5AB or BB!. ~10!

It is worthwhile to note the physical meaning of the thi
term on the right-hand side of Eq.~8! because it is the only
difference from the Smoluchowski solution. The third ter
can be interpreted as the difference between global con
tration decay and local competitive reactions. In the Smo
chowski approach, the two effects are treated as the sam
the KK theory, however, the local environmental fluctuati
is treated differently from global one because of the EV
fect.

We can ignore the second term on the right-hand side
Eq. ~9! because we assume@A#→0 in the pseudo-first-orde
limit. And if we assume that the initial distribution ofB
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molecules is that of equilibrium, the like-particle correlatio
function rBB(x,t) does not evolve in time, that is

rBB~x,t !'rBB~x![gBB~x!, ~11!

where gab(x) is the equilibrium pair correlation function
between the moleculesa and b. Note that, for the second
order case,rBB(x,t) evolves in time due to the presence
the second term in Eq.~9!. A similar argument can be ex
tended to the three dimensional pseudo-first-order case
which the KK theory reduces to the Jung and Lee’s metho16

which simply regarded the like-particle correlation functi
as a step function.

Due to the symmetry in 1D, we can consider only ha
infinite system for whichSAB(x)5k0d(x2s) andXBB(x,t)
now becomes

XBB~x,t !5rBB~x2s,t !, ~12!

which is different from Eq.~10!. If we further assume that al
the molecules are hard spheres,XBB(x,t) can be simplified
as

XBB~x,t !5rBB~x2s,t !'gBB~x2s!5H 1 x>s1sBB

0 x,s1sBB
,

~13!

wheresBB is the diameter of aB molecule. When aB mol-
ecule is in contact with theA molecule at the reaction dis
tance, the EV effect as shown in the expression of Eq.~13!
tells us that the otherB molecules should be found in th
areax>s1sBB .

With the help of Eq.~13!, Eq. ~8! can be simplified as

]

]t
rAB~x,t !5LABrAB~x,t !2SAB~x!rAB~x,t !

1k~ t !cB@12gBB~x2s!#rAB~x,t !. ~14!

Note that Eq.~14! is now decoupled from Eq.~9! since
gBB(x2s) is given by Eq.~13!.

It is interesting to consider two limiting cases of E
~14!:

~i! WhensBB50, gBB(x2s)51 @i.e., XBB(x,t)51] for
x>s and Eq.~14! reduces to the usual Smoluchowski equ
tion;

~ii ! when sBB→`, gBB(x2s)50 @i.e., XBB(x,t)50]
and Eq.~14! is written by

]

]t
rAB~x,t !5LABrAB~x,t !2SAB~x!rAB~x,t !

1k~ t !cBrAB~x,t !. ~15!

Therefore, the global concentration decay term@the last term
in Eq. ~15!# is due tosBB→`, so it can be interpreted as th
maximum EV effect. As the EV effect is decreased, so
the last two terms in Eq.~14!. That is, the difference betwee
the global concentration decay and the competitive reac
decreases. WhensBB50, those terms vanish. This mea
there is no EV effect. So Eq.~15! is the limiting expression
of the maximum EV effect.

It is not easy to solve the coupled differential equatio
Eqs. ~2! and ~14! even numerically. We recently presente
or
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-
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simple and efficient numerical methods for solving kine
equations similar to the above equations.20 These methods
utilize the finite-difference method for the pair distributio
function and the Runge–Kutta method with adaptive tim
steps to evolve the kinetic equation for the concentrati
Because the main difficulty, especially for the long time d
namics, arises from implementing boundary conditions,
introduced the boundary doubling method to reduce the tr
cation error, which results from the fact that the outer spa
boundary is truncated at a finite separation instead of infin
The method is based on the fact that the range covered
diffusive motion is proportional tot1/2 and thus the outer
boundary can be simply doubled at every quadruple time

B. The many-particle kernel „MPK… theory

In the MPK theory of Leeet al.,17 the kinetic equation
for the pair distribution function is also given by Eq.~3! but
the following truncation approximation is introduced inste
of Eq. ~6!:

CABB~x,x8,t !>CABB
NEV~x,x8,t !gBB~ ux82xu!, ~16!

where the superscriptNEV denotes the system with no EV
effect.

Since we consider only the right half-infinite region (x
>0) in this work,gBB(ux2su)5gBB(x2s). With the help
of Eq. ~16! and SAB(x)5k0d(x2s) for the sink function,
the integration part of Eq.~3! becomes

E dx8k0d~x82s!CABB
NEV~x,x8,t !gBB~ ux2x8u!

5k0CABB
NEV~x,s,t !gBB~ ux2su!. ~17!

With the expression ofgBB(x2s) in Eq. ~13!, Eq. ~17! is
rewritten as

E dx8k0d~x82s!CABB
NEV~x,x8,t !gBB~ ux2x8u!

5k0CABB
NEV~x,s,t !@12vB~x!#, ~18!

where

vB~x!5H 1 for x,s1sBB

0 for x>s1sBB
. ~19!

Using the MPK theory,18 the three-particle correlation func
tion with no EV effect can be written as

ĈABB
NEV~x,s,s!>cB@gAB~x!1 ĵNEV~x,s!#ĈAB~s,s!, ~20!

whereĵNEV(x,s) is the many particle kernel representing t
deviation from equilibrium of the mean distribution ofB
molecules around anA molecules given that aB molecule is
in contact with theA molecule. We have denoted the Lapla
transform of a function f (t) by f̂ (s)[*0

`dte2stf (t)
[L@ f (t)#.

The survival probability Ŷ(s)5@A#s /@A#0 in the
Laplace domain is given by

Ŷ~s!5Fs1
k0cB

F̂~s!
G21

, ~21!
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where

F̂~s!5F̂NEV~s!2 Î EV0~s!2 Î EV1~s!, ~22!

F̂NEV~s!5
kf

eqcBŶNEV~s!

12sŶNEV~s!
, ~23!

Î EV0~s!5
cBk0

s
@12e2sBBAs/D#, ~24!

Î EV1~s!52
cB

2k0

s@12sŶNEV~s!#
AD

p H SAp

s
1

2

aDVS a

2As
D

2
2

a
2Fe2sBBAs/DLF 1

At
e2aAterfcS b

At
D G

2LF 1

At
e2aAt1sterfcS b

At
1stD G G J . ~25!

In the above equations,kf
eq@5k0gAB(s)# is the equilibrium

rate constant,a52cBAD/p, b5sBB /(2AD), and V(x)
5exp(x2)erfc(x), where erfc~x! denotes the complementar
error function.

The EV effect in the MPK theory is included viavB(x)
in both Î EV0(s) and Î EV1(s). Also gAB(x) contributes to
Î EV0(s) whereasĵNEV(x,s) does toÎ EV1(s). In the three di-
mensional investigation of the EV effect by Leeet al.,17 the
additional ‘‘coarse’’ approximations are made forĵNEV(x,s)
and also the linearization approximation is introduced

vB(x) in order to evaluateÎ EV1(s). As they mentioned in
their work, these approximations may lead to less relia
predictions of the MPK theory. Fortunately, these appro
mations are not necessary in 1D case, thereby, the M
theory can be tested more accurately against other theori
well as against simulations.

Let us also consider the two limiting cases for the MP
theory:

~i! When sBB50, these equations are reduced to t
NEV case.

Î EV0~s!50, Î EV1~s!50, so F̂~s!5F̂NEV~s!. ~26!

In this case, the survival probability reduces to that
the SM theory;

~ii ! whensBB→`, Eqs.~24! and ~25! are reduced to

Î EV0~s!5
cBk0

s
, ~27!

Î EV1~s!52
cB

2k0

s@12sŶNEV~s!#
AD

p H SAp

s
1

2

aD
3VS a

2As
D 2

2

aJ . ~28!

In order to evaluate the time-dependence of the surv
probability from Eqs.~21!–~25!, we used the Fortran Li-
brary, IMSL, for the numerical inverse Laplace transform23

The complex error function was coded using series exp
sion expression in a handbook.24
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III. MONTE CARLO SIMULATIONS

Our MC simulation technique was described in detail
the previous work.21 The main assumptions of our MC simu
lations are similar to those of the diffusion equation a
proach. For the initial conditions in this work, a reacta
moleculeA is fixed at the origin. Then manyB molecules are
randomly distributed in a 1D lattice. Based on the Einstei
Smoluchowski relation the displacement for one MC step
defined asL5A2Dt. The optimum size of the time ste
should be found until the simulation results converge. T
optimum size of the system should be also found to m
mize the finite edge effect which can be further minimiz
by using the periodic boundary condition and the minimu
image convention. If oneB molecule collides withA at the
reaction distance, the reaction occurs with the probability
unity ~corresponds to the Smoluchowski absorbing bound
condition! and the simulation is stopped and the time is
corded. Those records are averaged until the system
verges. The EV effect betweenB molecules can be consid
ered by not allowing the overlap betweenB molecules from
the implantation time on.

The computational cost is reduced greatly by the pa
lelized programming, integer operation, and the safe dista
method that we introduced in our previous work. The fa
that all particles move the same distance in the lattice mo
leads to additional methods of improving the speed. We
fine the safe distanceas the distance a particle can trav
without colliding with nearest neighbor particles. Within th
distance, one can move the particle safely without check
reactive collisions which is the most time consuming part
the MC simulation. The safe distance should be upda
when the particle moves by that distance.

The finite size effect is important at long times. So, t
system size should be sufficiently large to investigate
long time phenomena. The number of particles should
also increased proportionally to the system volume to ma
tain the same concentration. This requirement costs la
computing time. Although the inclusion itself of the exclude
volume betweenB molecules makes the computations e
pensive, the faster decay resulted from the EV effect allo
us to use the smaller system size and rather lowers the c
putational cost. Our simulations~including numerical calcu-
lations! were done on a LINUX PC cluster with 16 Pentiu
III cpu’s.

IV. RESULTS AND DISCUSSIONS

In this work, we only consider the diffusion-limited cas
with infinite value of k0 ~practically, .109) which corre-
sponds to the Smoluchowski absorption boundary condit
The reduced time (t), the reduced concentration (fB), and
the reduced radius ofB molecule (rB) are used in all figures
as defined byt5t3(109 s21), fB5cB3(1029 m), and
rB5r B3(109 m21), respectively. For the pseudo-first-ord
target system in which anA molecule is fixed at the origin
and only B molecules are moving diffusively, the relativ
diffusion constant appearing in the Smoluchowski operato
actually that ofB molecules. In all figures, the diffusion con
stant is given byD51.031029 m2 s21. Since the presen
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MC simulations are performed over the entire interval a
the KK and MPK theories are presented over the half in
val, the survival probabilities obtained from these theor
are squared in order to compare with MC results.

When there is no EV effect, the exact survival probab
ity with the Smoluchowski absorption boundary conditi
(k0→`) for the half-infinite space is given by2

Y~ t !5
@A#

@A#0

5e22cBADt/p. ~29!

The time profiles of survival probabilities with no EV effe
obtained from Smoluchowski’s exact solution~SM! @the
square of Eq.~29!# and the Monte Carlo simulation~MC! are
plotted in Fig. 1 for several values of the concentration oB
molecules in order to check the accuracy of the present
simulation. The reduced radius ofB molecule for the case
without EV effect isrB50.0. As is well know, the reaction
distances does not affect the reaction rate in 1D. As show
in the figure, our MC simulation results show good agre
ment with the SM results at various concentrations ofB mol-
ecules.

The EV effect on the time profiles of survival probabi
ties obtained from the KK theory, the MPK theory, and t
MC simulation are plotted in Fig. 2 for several values offB

with rB50.5. The SM result is also plotted for compariso
In the presence of the EV effect, the survival probabil
from the KK theory should be calculated with Eqs.~8! and
~12!. The results from the KK theory and the MC simulatio

FIG. 1. The time profiles of survival probabilities~with no EV effect! ob-
tained from Smoluchowski’s exact solution~SM! and the Monte Carlo simu-
lation ~MC! for several values of the concentration ofB molecules. The
reduced time (t), the reduced concentration (fB), and the reduced radius o
B molecule (rB) are used in all figures as defined byt5t3(109 s21),
fB5cB3(1029 m), and rB5r B3(109 m21), respectively. The reduced
radius in this figure isrB50.0. The diffusion constant ofD51.0
31029 m2 s21 is used in all figures.
d
r-
s

-

C

-

.

show that the values of the survival probabilities are cons
erably lowered compared to that of the SM theory~with no
EV effect! asfB increases as shown in Fig. 2. However, t
MC simulation results become much lower than the K
theory results asfB increases. It is interesting to notice th
the MPK theory also gives almost the same results as the
theory over a considerable time range with the present
rameter values. In either of the KK or MPK theory, the E
effect is incorporated through the three-particle distribut
function coupled to the sink function representing the re
tion events. However, the EV effect in terms of the like pa
ticle correlation is present irrespective of the reaction. T
lack of description of this kind of contribution in the KK~or
MPK! theory may be the cause of the discrepancy against
MC results.

The reaction-independent like particle correlations c
lead to the ‘‘cage’’ effect: TheB molecules farther away from
the A molecule may form a shell-like structure blocking th
escape of unreactedB molecules near theA molecule. In the
nearer region fromA molecule, the concentration ofB mol-
ecules is lower due to the reaction and this causes the l
concentration gradient. Therefore,B molecules are more
likely to approach towardA than to escape due to the E
effect.

The dependence of the time profiles of survival pro
abilities ~with the EV effect! on the size ofB molecules (rB)
from the KK theory, MPK theory, and MC simulations a
plotted in Fig. 3 forfB50.1. The EV effect becomes mor
pronounced asrB increases in this figure just as the form
does asfB increases in Fig. 2. This shows that the increas
size ofB molecules may correspond to the effective increa

FIG. 2. The EV effect on the time profiles of survival probabilities obtain
from the Kuzovkov and Kotomin~KK ! theory, the many particle kerne
~MPK! theory, and the MC simulation for several values offB with rB

50.5. The SM result is also plotted for comparison.
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FIG. 3. The dependence of the time profiles of surviv
probabilities~with the EV effect! on the size ofB mol-
ecules (rB) from the MPK theory and MC simulations
at fB50.1: ~a! rB50.0, ~b! rB50.5, ~c! rB51.0, and
~d! rB51.5.
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of its concentration. Again, as in Fig. 2, the MC results sh
much lower values than the KK~or MPK! theory. It appears
that the MC results are consistently lower than the pres
theoretical predictions as either the size or the concentra
of B molecules is increased.

It is rather surprising to compare Fig. 3 with the simil
figure in the 3D case of Leeet al.17 Their Brownian dynam-
ics ~BD! simulations show very good agreement with t
MPK theory except at large size ofB molecules contrary to
large discrepancy shown in 1D system. Since sev
‘‘coarse’’ approximations were made in the MPK theory wi
the EV effect in 3D, it is not clear whether the good agre
ment between the MPK theory and their BD simulation
due to the dimensional effect or the approximations or, m
be, some statistical errors in the simulation.

V. CONCLUDING REMARKS

We have investigated the EV effect on the pseudo-fi
order irreversible diffusion-influenced reaction,A1B→C,
in 1D and the survival probability ofA molecules is obtained
by the Kuzovkov and Kotomin~KK ! theory,12 the many par-
ticle kernel~MPK! theory of Leeet al.,17 and Monte Carlo
~MC! simulations.
nt
n

al

-

y

t-

Contrary to the formulation of MPK theory in 3D, n
additional coarse approximations are made in 1D formu
tion, thereby, the MPK results become more accurate in
than those of 3D. It is interesting to notice that, althou
formulations and resulting expressions are different,
MPK theory predicts almost identical results as those of
KK theory numerically. This may be due to the fact that t
differences decrease in the pseudo-first-order limit and a
for the irreversible system.

As in the previous investigation in 3D system, the E
effect becomes more pronounced as either the concentra
or the size of theB molecules is increased. Although both th
KK and MPK theories predict the EV effect successfully f
limited parameter regions with small EV effect, these the
ries are shown to give very poor predictions for the syst
with large EV effects system. In fact, the MC results sho
much lower values compared to both theoretical predictio

We believe that the EV effect is important due to tw
reasons. First, occupation of the finite volume affects
environment as if the concentration ofB molecules is higher.
As mentioned previously, the global concentration decay
A molecules is identical to the decrease by the competi
reaction when theB molecules have no correlation betwee
them which corresponds to the Smoluchowski case. This
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cupation effect is considered in both the KK and MPK the
ries. The other reason is the cage effect due to the bloc
of the outer shell structure ofB molecules as well as to th
diffusive movement toward theA molecule driven by the
local concentration gradient produced by the reaction n
the A molecule. This cage effect is not considered in bo
theories because the simple Smoluchowksi diffusion op
tor, in which the movement ofB molecules is only dependen
on the concentration gradient, is used. Both effects are
cluded in MC simulations and this leads to a rather big d
ference from the theoretical predictions.
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