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Excited-state diffusion-influenced reversible association–dissociation
reaction: Brownian dynamics simulation in three dimensions

Changryul Oh, Hyojoon Kim, and Kook Joe Shina)

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

~Received 11 March 2002; accepted 17 May 2002!

Excited-state diffusion-influenced reversible reaction,A* 1B�C* , is investigated in three
dimensions by suitably modifying the Brownian dynamics simulation algorithm of Edelstein and
Agmon @J. Chem. Phys.99, 5396~1993!# which requires the exact Green functions of the geminate
system. The proposed simulation algorithm is based on using the mixed look-up tables. For the
excited bound state, the unimolecular decay is coupled to the reactive movement and its trajectory
can be calculated with the aid of the excited-state look-up table. On the other hand, the unimolecular
decay of the excited unbound state is assumed to be independent of the reactive movement and its
trajectory is calculated with the ground-state look-up table. The optimum size of the time step is
found by fitting simulations performed for the geminate case to the analytic result. The simulation
results with varying concentration ofB particles as well as the ratio of unimolecular decay constants
are in excellent agreement with the kinetic theoretical predictions of Kwacet al. @J. Chem. Phys.
114, 3883~2001!#. © 2002 American Institute of Physics.@DOI: 10.1063/1.1492282#
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I. INTRODUCTION

Recently, the excited-state diffusion-influenced reacti
A* 1B�C* , has been investigated. For the geminate ca
Gopich and Agmon1–4 succeeded in obtaining exact Gre
functions for the geminate system in three dimensions~3D!
as well as an interesting kinetic transition behavior in
long time asymptotic region. When the lifetime of the u
bound state (A* ) is different from that of the bound stat
(C* ), they discovered a transition between two types of
haviors. In theA regime, the excited bound pair decays
t23/2exp(2k08t), wherek08

21 is the lifetime of the unbound
state. A pure exponential decay is obtained in theAB regime.
These two regimes are connected at the critical value of
parameters and the transition decay followst21/2exp(2k08t)
behavior.

Extension of Gopich and Agmon’s work1–4 to the
pseudo-first-order system in which@A* #, @C* #!@B#5cB

~constant in time! has been recently carried out by Kwa
et al.5 by reformulating the renormalized kinetic theoretic
formulation of Yanget al.6 in the configuration space. Dif
ferently from the geminate system, they found that the e
lution of the effective survival probability in the pseudo-firs
order system shows exponentially increasing or decrea
regions separated by a transition region depending on
ratio of two lifetimes. The transition line appears when t
lifetimes of bound and unbound states are equal (k05k08)
and its asymptotic value is equal to the equilibrium value
the ground-state system.

The purpose of the present work is to verify the theor
ical predictions of Kwacet al.5 with the Brownian dynamics
~BD! simulation. Some time ago, Edelstein and Agmon7 de-

a!Author to whom correspondence should be addressed. Electronic
statchem@plaza.snu.ac.kr
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veloped an efficient BD simulation method for the groun
state pseudo-first-order reversible reaction ofA1B�C in
one dimension~1D!. Their method is based on the exa
Green function for the ground-state reversible geminate
sociation in 1D obtained by Agmon.8 The main advantage o
this method is that the time step can be larger compare
other conventional BD simulations due to the incorporat
of the exact solution.

The exact Green function for the ground-state revers
geminate dissociation in 3D with spherical symmetry o
tained by Kim and Shin9 makes it possible to extend th
above BD simulation method to 3D. Actually, Kimet al.10

performed the BD simulation for the pseudo-first-order re
tion system ofA1B�C in 3D to investigate the long time
asymptotic behavior but it turned out that, due to large flu
tuations inherent in 3D simulations, their simulation cou
not reach the true power-law long time asymptotic regio
Recently, Popov and Agmon11 modified their original algo-
rithm and succeeded in carrying out the BD simulation in
to sufficiently long times revealing the ultimate power-la
asymptotic behavior.

However, the above efficient BD simulation has not be
carried out for the excited-state reversible dissociation re
tion. With the exact Green functions for the excited-sta
reversible dissociation reaction in 3D obtained by Gop
and Agmon4 and in 1D by Kimet al.,12 we should be able to
perform the BD simulations for the excited-state react
system in both dimensions. Since the theoretical predicti
of Kwac et al.5 in 3D shows only exponentially increasing o
decreasing behavior at long times, we believe that the ea
BD simulation algorithm of Edelstein and Agmon7 extended
to 3D should be sufficient enough to confirm the theoreti
results without resorting to more elaborate algorithm
Popov and Agmon.11
il:
9 © 2002 American Institute of Physics
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In this paper, we perform BD simulations for th
excited-state pseudo-first-order reversible diffusio
influenced reaction (A* 1B�C* ) in 3D by suitably adapt-
ing the algorithm of Edelstein and Agmon and the results
compared with the kinetic theoretical predictions of Kw
et al.5

This paper is organized as follows. In Sec. II we revie
the theoretical backgrounds on the excited-state revers
reaction for both the geminate and pseudo-first-order s
tems. In Sec. III, we propose an appropriate BD simulat
method in the excited-state reaction by utilizing the mix
look-up tables. The simulation results are presented in S
IV followed by a summary with some concluding remar
presented in Sec. V.

II. THEORETICAL BACKGROUND

The reaction system of interest is schematically writ
as
c-
-

e

le
s-
n

c.

n

A* 1B�
kd

ka

C* ,

A* →
k08

A,

C* →
k0

C,

where* denotes the excited state,ka andkd are the rate con-
stants for association and dissociation, respectively. Unim
lecular decay rate constants for the bound (C* ) and unbound
(A* ) excited states are denoted ask0 andk08 , respectively.

A. Geminate case

Let p(r ,tur 0) be the probability of finding the unboun
excited pair~A* and B! separated by a distancer at time t
given that it was initially separated byr 0 . Gopich and
Agmon4 assumed that the time evolution ofp(r ,tur 0) obeys
a Smoluchowski-type equation which is coupled to a kine
equation for the probabilityp(* ,tur 0) of finding the gemi-
nate pair in the excited bound state (C* ) at time t. For the
case without interaction potential betweenA* and B, they
obtained
p~r ,tur 0!ek08t5
1

4prr 0
H 1

A4pDt
H expF ~r 2r 0!2

4Dt G1expF2
~r 1r 022s!2

4Dt G J 2
a~g1a!~a1b!

~g2a!~a2b!
WS r 1r 022s

A4Dt
,2aADt D

2
b~a1b!~b1g!

~a2b!~b2g!
WS r 1r 022s

A4Dt
,2bADt D 2

g~b1g!~g1a!

~b2g!~g2a!
WS r 1r 022s

A4Dt
,2gADt D J , ~2.1!
n

where W(p,q)[exp(2pq1q2)erfc(p1q), s is the reaction
distance, and erfc(x) denotes the complementary error fun
tion. a, b, andg satisfy the following relations:

a1b1g52~kD1ka!/~skD!, ~2.2a!

ab1bg1ga5~k02k081kd!/D, ~2.2b!

abg52@~kD1ka!~k02k081kd!2kakd#/~DskD!,
~2.2c!

with kD54pDs the diffusion-controlled rate constant.D is
the relative diffusion constant betweenA* andB. They also
obtained other Green functions,

p~* ,tur 0!ek08t

52
ka

r 0kD
F a

~g2a!~a2b!
WS r 02s

A4Dt
,2aADt D

1
b

~a2b!~b2g!
WS r 02s

A4Dt
,2bADt D

1
g

~b2g!~g2a!
WS r 02s

A4Dt
,2gADt D G , ~2.3!
p~r ,tu* !ek08t

52
kd

rkD
F a

~g2a!~a2b!
WS r 2s

A4Dt
,2aADt D

1
b

~a2b!~b2g!
WS r 2s

A4Dt
,2bADt D

1
g

~b2g!~g2a!
WS r 2s

A4Dt
,2gADt D G , ~2.4!

p~* ,tu* !ek08t5
a~b1g!

~g2a!~a2b!
V~2aADt !

1
b~g1a!

~a2b!~b2g!
V~2bADt !

1
g~a1b!

~b2g!~g2a!
V~2gADt !, ~2.5!

whereV(p)[exp(p2)erfc(p).
The survival probability of initially bound state is give

by4
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S~ tu* !54pE
s

`

r 2p~r ,tu* !dr

52e2k08t
kd

Ds F 1

abg
1

11as

a~g2a!~a2b!
V~2aADt !

1
11bs

b~a2b!~b2g!
V~2bADt !

1
11gs

g~b2g!~g2a!
V~2gADt !G . ~2.6!

The long time asymptotic behavior of the effective bin

ing probability p8(* ,tu* )[p(* ,tu* )ek08t reveals an interest
ing kinetic transition behavior depending on the sign of
following quantity:

q[k082k02
kdkD

ka1kD
. ~2.7!

Whenq,0 ~the A regime!, p8(* ,tu* ) decays ast23/2 but it
shows an exponentially increasing behavior whenq.0 ~the
AB regime!. In the transition region (q50), it decays
as t21/2. The effective survival probability S8(tu* )
[S(tu* )ek08t shows a different transition behavior at lon
times: An exponential behavior in theAB regime, thet1/2

power-law behavior in the transition region, and the a
proach to a constant value in theA regime.

B. Pseudo-first-order case

The same reaction scheme in the pseudo-first-order
was originally treated by Yanget al.6 in their fully renormal-
ized kinetic theoretical formulation of bimolecular reactio
in liquid. Although they obtained general expressions of va
ous survival probabilities for the excited-state system, o
the ground-state system was analyzed at that time. Refor
lating the kinetic theory in the configuration space, Kw
et al.5 obtained the same results of Yanget al.6 and the
excited-state system was analyzed to compare with
excited-state geminate system of Gopich and Agmon.4

The pseudo-first-order binding and survival probabilit
of initially bound state are given, respectively, in the Lapla
transformed expressions as5,6

S~zu* !5@k f~z!/Keq#/d~z!, ~2.8!

p~* ,zu* !5@z1k081cBk f~z!#/d~z!, ~2.9!

with

d~z![~z1k08!@z1k01k f~z!/Keq#1~z1k0!cBk f~z!,
~2.10!

where z is the variable of the Laplace transformf (z)
5*0

` f (t)e2zt dt. The forward rate kernelk f(z) is given by

k f~z!5
ka

11ka /kDR~z!
. ~2.11!

The reaction–diffusion kernelkDR(z) can be obtained from

1

kDR~z!
5

G1~z!

kD~s!
U

s5z1a1~z!

1
G2~z!

kD~s!
U

s5z1a2~z!

, ~2.12!
e

-

se

i-
y
u-

e

e

where

G1~z![
a1~z!2k02k f~z!/Keq

a1~z!2a2~z!
, ~2.13!

G2~z![12G1~z!, ~2.14!

a1~z![$a~z!1@a2~z!24b~z!#1/2%/2, ~2.15!

a2~z![$a~z!2@a2~z!24b~z!#1/2%/2, ~2.16!

a~z![k01k081~cB1Keq
21!k f~z!, ~2.17!

b~z![k0k081~cBk01k08/Keq!k f~z!, ~2.18!

where Keq[ka /kd . Here, the diffusion rate kernelkD(s)
from the Collins–Kimball model is given by

kD~s![kD~11sAs/D !. ~2.19!

The long time asymptotic behavior of the effective bin
ing probability p8(* ,tu* ) of the pseudo-first-order system
shows a different kinetic transition from that of the gemina
case. It shows exponentially decreasing or increasing reg
separated by the transition line which appears when the
lifetimes are equal. The asymptotic value of the transit
line is equal to the equilibrium value for the ground-sta
system given by

p8~* ,`u* !5
cBKeq

11cBKeq
. ~2.20!

The long-time asymptotic behavior of the effective su
vival probability S8(tu* ) of the pseudo-first-order system
also shows exponentially increasing or decreasing reg
separated by the transition line with the asymptotic equi
rium value given by

S8~`u* !5
1

11cBKeq
. ~2.21!

III. BROWNIAN DYNAMICS SIMULATION

A. Ground-state system

In the ground-state BD simulation algorithm of Edelste
and Agmon,4 anA ~or C! particle is located at the origin an
N particles ofB are randomly distributed. We also assum
that direct correlations between noninteractingB particles
may be neglected. This arrangement insures thatA ~or C!
particle with the radius ofs is a fixed target and onlyB
particles are moving around. We can realize the pseudo-fi
order system taking advantage of the exact Green func
for a geminate pair of particles without loss of accura
Another assumption to realize the many-particle system
that the remaining particles are fixed while one parti
moves or reacts, which may cause error at short times
than one time step.

When the bound state~C! is selected at the origin, it will
remain there with the probability ofp0(* ,Dtu* ) after the first
time interval Dt. The binding probabilityp0(* ,Dtu* ) is
given by9
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p0~* ,tu* !5
a~b1c!

~c2a!~a2b!
V~aAt !1

b~c1a!

~a2b!~b2c!
V~bAt !

1
c~a1b!

~b2c!~c2a!
V~cAt !, ~3.1!

wherea, b, andc satisfy the following relations:

a1b1c5~11ka /kD!AD/s, ~3.2a!

ab1bc1ca5kd , ~3.2b!

abc5kdAD/s. ~3.2c!

Otherwise, it will undergo dissociation reaction and t
leavingB particle moves tor afterDt with the probability of
*s

r dr8 4pr 82p0(r 8,Dtu* ) where9

p0~r ,tu* !5
kd

4prsAD
H a

~c2a!~a2b!
WS r 2s

A4Dt
,aAt D

1
b

~a2b!~b2c!
WS r 2s

A4Dt
,bAt D

1
c

~b2c!~c2a!
WS r 2s

A4Dt
,cAt D J . ~3.3!

OtherB particles are moved with free diffusion within a tim
step.

When the unbound particle~A! is found at the origin, aB
particle atr 0 is selected and it undergoes association reac
ending up as a bound particle at the origin with the proba
ity of p0(* ,Dtur 0) given by9

p0~* ,tur 0!5
ka

4pr 0sAD
H a

~c2a!~a2b!
WS r 02s

A4Dt
,aAt D

1
b

~a2b!~b2c!
WS r 02s

A4Dt
,bAt D

1
c

~b2c!~c2a!
WS r 02s

A4Dt
,cAt D J . ~3.4!

Otherwise, it does not react withA and just moved tor
after Dt with the probability of *s

r dr84pr 82p0(r 8,Dtur 0)
with9

p0~r ,tur 0!4prr 0AD

5
1

A4pt
H expF2

~r 2r 0!2

4Dt G1expF2
~r 1r 022s!2

4Dt G J
1

a~c1a!~a1b!

~c2a!~a2b!
WS r 1r 022s

A4Dt
,aAt D

1
b~a1b!~b1c!

~a2b!~b2c!
WS r 1r 022s

A4Dt
,bAt D

1
c~b1c!~c1a!

~b2c!~c2a!
WS r 1r 022s

A4Dt
,cAt D . ~3.5!
n
l-

B. Excited-state system

In carrying out BD simulations for the excited-state ca
we also have to take into consideration of unimolecular
cays of excited-states, both bound and unbound. Theref
the fate of the excited bound state (C* ) at the origin is one
of the following.

~1! Stays there with the probability ofpb5p(* ,Dtu* )
given by Eq.~2.5!.

~2! Dissociates intoA* ~at the origin! andB ~separated
by r! with the probability of*s

r dr8 4pr 82p(r 8,Dtu* ) with
p(r ,tu* ) given by Eq.~2.4!.

~3! Undergoes a unimolecular decay toC with the
probability of Ub512pb2Sb , where Sb

[*s
`dr8 4pr 82p(r 8,Dtu* ) is the survival probability of dis-

sociatedB particle from the bound state. In the meantim
otherB particles are moved by free diffusion. Notice that t
fate ofC* is independent of otherB particles andC* under-
goes unimolecular decay only once during a time step.

On the other hand, the fate ofA* found at the origin
depends critically onB particles at large. For a randoml
selectedB particle atr 0 , A* undergoes one of the following

~1! Associates with theB particle to become the boun
stateC* with the probability ofpu5p(* ,Dtur 0) given by
Eq. ~2.3!.

~2! The B particle does not react withA* and moves to
r with the probability of *s

r dr8 4pr 82p(r 8,Dtur 0) with
p(r ,tur 0) given by Eq.~2.1!.

~3! Decays toA with the probability of Uu512pu

2Su , where Su[*s
`dr8 4pr 82p(r 8,Dtur 0) is the survival

probability of B particle in the unbound state.
If we performBD simulations for the geminate system

we can now move to the next time step. However, for
pseudo-first-order system in which there are many partic
of B, we have to choose otherB particles one by one and le
them move before going to the next time step. For the nexB
particle selected,A* survived in ~2! will experience again
three possible pathways:~1!–~3!. Now the problem is that
the unimolecular decay in the step~3! occurs twice to the
sameA* particle. Within a time step, everyB particle has to
be given a chance to move and if the step~3! is open to each
of N particles ofB, the unimolecular decay ofA* occursN
times as much as that ofC* within a time step. This cause
erroneously rapid relaxation of the system. Notice that o
A* ~or C* ! decays toA ~or C!, the simulation is terminated

In order to avoid this difficulty, we introduce the follow
ing assumption in our simulation. That is, the unimolecu
decay of theA* particle is independent of the reactive mov
ment ofB particles within a short enough time step. Then t
reactive movements ofB particles are considered as those
the ground state. Thus in the simulation for the initially u
bound state, we first askA* particle whether it will undergo

unimolecular decay with the probability ofUu512e2k08t or
not before selecting aB particle. If it does not, then aB
particle atr 0 is selected and we ask whetherA* undergoes
association with theB particle or not. The association occu
with the probability ofp0(* ,Dtur 0). Otherwise,A* remains
at the origin while theB particle moves tor with the prob-
ability of *s

r dr8 4pr 82p0(r 8,Dtur 0). Notice that probabili-
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ties are given in terms of those of the ground state sys
since we assume that there is no unimolecular decay duri
sufficiently small time step.

The calculation of the trajectory for particles at eve
time step is the most time consuming part and the preca
m
a

u-

lated look-up tables can be constructed from the above p
ability functions to reduce the computing time. Since E
~2.4! can be integrated analytically, the following relatio
turns out to be useful to construct the look-up table for
bound state:
to

ble
f the

ook-up
Q~r ,tu* !5p~* ,tu* !1E
s

r

dr8 4pr 82p~r 8,tu* !

5e2k08tH 1

Ds S kd

a
1kdr D WS r 2s

A4Dt
,2aADt D

~g2a!~a2b!
1

1

Ds S kd

b
1kdr D WS r 2s

A4Dt
,2bADt D

~a2b!~b2g!
1

1

Ds S kd

g
1kdr D

3

WS r 2s

A4Dt
,2gADt D

~b2g!~g2a!
2Fkd

D S 11
1

as D2a~b1g!G V~2aADt !

~g2a!~a2b!
2Fkd

D S 11
1

bs D2b~g1a!G

3
V~2bADt !

~a2b!~b2g!
2Fkd

D S 11
1

gs D2g~a1b!G V~2gADt !

~b2g!~g2a!
2

kd

abgDs
erfS r 2s

A4Dt
D J , ~3.6!

where erf(x) is the error function. Notice thatpb1Sb5Q(`,tu* ),1 which implies that the probability of the bound state
be in the ground state is 12Q(`,tu* ).

For the unbound state particle we can utilize the following relation for the ground-state system:10

Q0~r ,tur 0![p0~* ,tur 0!1E
s

r

dr8 4pr 82p0~r 8,tur 0!

52
ADt

r 0Ap
H expF2

~r 2r 0!2

4Dt G2expF2
~r 1r 022s!2

4Dt G J 1
1

2 FerfS r 2r 0

A4Dt
D 1erfS r 1r 022s

A4Dt
D G

1
1

r 0
S r 2

AD

a D ~c1a!~a1b!

~c2a!~a2b!
WS r 1r 022s

A4Dt
,aAt D 1

1

r 0
S r 2

AD

b D ~a1b!~b1c!

~a2b!~b2c!
WS r 1r 022s

A4Dt
,bAt D

1
1

r 0
S r 2

AD

c D ~b1c!~c1a!

~b2c!~c2a!
WS r 1r 022s

A4Dt
,cAt D . ~3.7!

By using the excited-state look-up table constructed from Eq.~3.6! for the bound state and the ground-state look-up ta
constructed from Eq.~3.7! for the unbound state, we are actually utilizing the mixed look-up tables in our simulation o
excited-state reaction system.

If the BD simulation is performed for the geminate system, the following relation can be used to construct the l
table for the unbound state particle:

Q~r ,tur 0!5p~* ,tur 0!1E
s

r

dr84pr 82p~r 8,tur 0!

5
e2k08t

r 0

H S r 1
1

a D ~g1a!~a1b!

~g2a!~a2b!
WS r 1r 022s

A4Dt
,2aADt D

1S r 1
1

b D ~a1b!~b1g!

~a2b!~b2g!
WS r 1r 022s

A4Dt
,2bADt D 1S r 1

1

g D ~b1g!~g1a!

~b2g!~g2a!
WS r 1r 022s

A4Dt
,2gADt D
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2F S s1
1

a D ~g1a!~a1b!1
ka

kD
aG WS r 02s

A4Dt
,2aADt D

~g2a!~a2b!
2F S s1

1

b D ~a1b!~b1g!1
ka

kD
bG

3

WS r 02s

A4Dt
,2bADt D

~a2b!~b2g!
2F S s1

1

g D ~b1g!~g1a!1
ka

kD
gG WS r 02s

A4Dt
,2gADt D

~b2g!~g2a!

1ADt

p H 2 expF2
~r 1r 022s!2

4Dt G2expF2
~r 2r 0!2

4dt G2expF2
~r 2r 0!2

4Dt G23 expF2
~r 02s!2

4Dt G J

2S s2
r 0

2
1

1

a
1

1

b
1

1

g D FerfS r 1r 022s

A4Dt
D 2erfS r 02s

A4Dt
D G1

r 0

2 FerfS r 2r 0

A4Dt
D 23 erfS r 02s

A4Dt
D GJ . ~3.8!

The reflecting boundary condition is used at the outer boundary when a particle is in the unbound state. When a
is already bound to the fixed target, the reflecting boundary condition is used both at the inner and outer boundarie
case, the probability functions, Eq.~3.5! and Eq.~2.1! for the ground- and excited-state simulations, respectively, should a
changed to the following well-known Green function with the reflecting boundary:

p~r ,tur 0!4prr 0AD5
1

A4pt
H expF2

~r 2r 0!2

4Dt G1expF2
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IV. RESULTS AND DISCUSSIONS

In order to reduce the simulation time, we must find o
the optimum size of a time step. For this purpose, we p
form BD simulations of the geminate system for several v
ues of the size of time step with mixed look-up tables:
excited-state look-up table given by Eq.~3.6! for the bound
state and the ground-state look-up table given by Eq.~3.7!
for the unbound state. The unimolecular decay of the
bound state is treated with the probability ofUu51

2e2k08t. The results are compared with analytic result cal
lated from Eq.~2.5!. Once the optimum size of the time ste
is found, it will be used in other simulations for the pseud
first-order system. In Fig. 1, simulation results of the tim
dependence of the effective binding probabilityp8(* ,tu* )

[p(* ,tu* )ek08t of the geminate case for several differe
sizes of time step (Dt) are plotted. The parameter values a
ka510.0, kd510.0, k050.5, k0850.1, D51.0, ands50.1.
According to Eq.~2.7!, the system is in theA regime (q
,0) in which p8(* ,tu* ) decays ast23/2. The power-law
behavior at long times may be a better choice than the ex
nential behavior~as in theAB regime! for comparison be-
tween results of simulations and the analytic theory. The t
steps are 0.05, 0.1, 0.5, and 1.0, respectively. The large
time step is, the faster the result is obtained but the m
inaccurate the result is. Since the time step 0.05 is in g
agreement with the analytic result for the present param
values, it will be chosen as the optimum size to be used
simulations of the pseudo-first-order system with the sa
parameter values.

The effect of lifetimes~in terms of several values of th
ratio, k08/k0! on the evolution of the effective binding prob
ability p8(* ,tu* ) of the geminate case from the analytic e
t
r-
l-
e

-

-

-

o-

e
he
re
d
er
r
e

pression of Eq.~2.5! is plotted in Fig. 2 for later comparison
with the simulation results of the pseudo-first-order syste
Other parameter values are the same as those in Fig. 1.
asymptotic kinetic transition behaviors at long times a
clearly shown for the geminate system.

Our BD simulation results of the effect of lifetimes o
the time dependence ofp8(* ,tu* ) for the pseudo-first-orde
case withcB510.0 are plotted in Fig. 3. The asymptot
power-law decay region with respect to the variation of t
ratio of the lifetimes of the excited states shown in Fig.

FIG. 1. Simulation results of the time-dependence of the effective bind

probability p8(* ,tu* )[p(* ,tu* )ek08t in the geminate case for several diffe
ent values of the size of time step. The solid line is the analytic res
Parameter values areka510.0,kd510.0,k050.5, k0850.1, D51.0, ands
50.1.
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does not appears in Fig. 3. Whenk0.k08 , the exponentially
decreasing behavior is observed in the long time region.
the other hand, it increases exponentially whenk0,k08 .
Whenk05k08 , the ultimate fate ofp8(* ,tu* ) is to reach the
equilibrium value. The kinetic theoretical~KT! results calcu-
lated from Eq.~2.9! is also plotted. The agreement betwe
the theory and simulations is very good.

In Fig. 4, simulation results of the effect of increasingcB

on the time dependence ofp8(* ,tu* ) are plotted whenk0

.k08 ~k050.5 andk0850.1!. Other parameters are the sam
as those in Fig. 1. The geminate case shows the power
decay, but exponentially decreasing behavior is observe
the pseudo-first-order cases. AscB increases, the exponen
tially decreasing behavior appears in the shorter time reg
The simulation results are in good agreement with the p
diction of the KT.

Simulation results of the effect of increasingcB in the
time dependence ofp8(* ,tu* ) are plotted in Fig. 5 when

FIG. 2. The time dependence ofp8(* ,tu* ) in the geminate case evaluate
analytically for several values ofk08/k0 . Other parameters are the same as
Fig. 1.

FIG. 3. Simulation results of the time dependence ofp8(* ,tu* ) in the
pseudo-first-order case withcB510.0 for several values ofk08/k0 . The solid
lines are the KT results. Other parameters are the same as in Fig. 1.
n

w
in

n.
-

k05k08(50.1). Other parameters are the same as those
Fig. 1. The geminate case shows the power law (t23/2) in the
long time region. In the pseudo-first-order case,p8(* ,tu* )
approaches to the equilibrium value at long times. Since t
case ofk05k08 corresponds to the ground-state system, t
ultimate value ofp8(* ,tu* ) can be determined by Eq.~2.20!.
Again the agreement between BD simulation and the K
results is very good.

When k0,k08 ~k050.1, k0850.2!, simulation results of
the effect of increasingcB on the time dependence of
p8(* ,tu* ) are plotted in Fig. 6. Other parameters are th
same as those in Fig. 1. The long time behavior of the gem
nate case shows power law decay, but that of the pseu
first-order case shows an exponentially increasing behav
As cB is increased, the exponential behavior appears in t
shorter time region. Notice that the agreement between B
simulation and the KT results is also very good.

Simulation results of the time dependence of the effe

tive survival probabilityS8(tu* )[S(tu* )ek08t are plotted in

FIG. 4. Simulation results of the effect of increasingcB on the time depen-
dence ofp8(* ,tu* ) for k08/k050.2. The solid lines are the KT results. Othe
parameters are the same as in Fig. 1.

FIG. 5. Same as Fig. 4 except fork08/k051.0.



n
the
rs at
is

la-

la-
in-
e in

ion
re-
.

the

3276 J. Chem. Phys., Vol. 117, No. 7, 15 August 2002 Oh, Kim, and Shin
Fig. 7 for several values ofk08/k0 in the geminate case and
compared with the analytic results calculated from Eq.~2.6!.
In the geminate case,S8(tu* ) the effective survival probabil-
ity also shows a kinetic transition behavior as inp8(* ,tu* ).
In the A regime, it approaches to the equilibrium and show
exponential behavior in theAB regime. In the transition re-
gion, t1/2 behavior appears in the long time region.

In Fig. 8, simulation results of the time dependence o
S8(tu* ) for the pseudo-first-order case (cB51.0) are plotted
for several values ofk08/k0 and compared with the KT results
calculated from Eq.~2.8!. Instead of the power law behavior
that appeared in the geminate case, exponentially increas
or decreasing behavior is shown in the pseudo-first-ord
system. Whenk05k08 , the curve reaches the equilibrium
value in the long time region like that ofp8(* ,tu* ). The
equilibrium value of S8(tu* ) can be obtained from Eq.
~2.21!.

When k0 is not much larger thank08 , the time depen-
dence of the effective binding probability shows a platea
region. This behavior was observed at long times in th

FIG. 6. Same as Fig. 4 except fork08/k052.0.

FIG. 7. Simulation results of the time dependence of the effective surviv
probability S8(tu* ) for several values ofk08/k0 in the geminate case. The
solid lines are the KT results. Other parameters are the same as in Fig.
s

f

ing
er

u
e

analysis of experiments of Huppertet al.13 on the excited-
state proton transfer of HPTS~8-hydroxypyrene 1,3,6-
trisulfonate! in water. However, kinetic theoretical predictio
of Kwac et al.12 shows that the plateau region appears in
transient time region and the exponential behavior appea
long times. The effective binding probability in this case

defined byp(* ,tu* )ek0t rather thanp(* ,tu* )ek08t because the
former was used in analyzing experimental results. Simu
tion results of the time dependence ofp(* ,tu* )ek0t are plot-
ted in Fig. 9. The unimolecular decay constants arek0

50.11 andk0850.10, respectively. We can observe the p
teau in the transient time region and the exponentially
creasing behavior at long times. The simulation results ar
good agreement with the KT results.

V. SUMMARY

We have presented the Brownian dynamics simulat
results of the excited-state diffusion influenced reversible
action of A* 1B�C* in 3D without a quenching process

al

1.

FIG. 8. Same as Fig. 7 except for the pseudo-first-order case withcB

51.0.

FIG. 9. Simulation results of the time dependence ofp(* ,tu* )exp(k0t) for
k08/k051.1. The solid lines are the KT results. Other parameters are
same as in Fig. 1.
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We performed the simulation using the mixed look-up tab
which are divided into two parts. For the initially boun
state, the unimolecular decay is coupled to the reac
movement and the excited-state look-up table is construc
On the other hand, the unimolecular decay is assumed t
independent of the reactive movement for the initially u
bound state and the ground-state look-up table is used.
unimolecular decay occurs independently with the proba

ity of 12e2k08t and the reactive movement can be traced a
the system is in the ground state. This assumption can
justified if the size of a time step is sufficiently small. Sin
the small time step requires more simulation time, we fi
the optimum size by performing simulations for the excite
state geminate system for which analytic results are av
able.

The present simulation results for the pseudo-first-or
system are in good agreement with the kinetic theoret
predictions of Kwacet al.5 In particular, their theory predicts
that the long time asymptotic behavior of the effective bin
ing probability p8(* ,tu* ) of the pseudo-first-order system
shows a different kinetic transition behavior from that of t
geminate case: Exponentially increasing~whenk0,k08! and
s

e
d.
be
-
he
l-

if
be

d
-
il-

r
al

-

decreasing~whenk0.k08! regions separated by the transitio
line ~whenk05k08!. The ultimate destination of the transitio
line is the equilibrium value reached also by the ground-s
system. All these theoretical predictions are confirmed by
present simulation study.
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