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Excited-state diffusion-influenced reversible association—dissociation
reaction: Brownian dynamics simulation in three dimensions
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Excited-state diffusion-influenced reversible reactidk; +B=C*, is investigated in three
dimensions by suitably modifying the Brownian dynamics simulation algorithm of Edelstein and
Agmon[J. Chem. Phy99, 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 Bfparticles as well as the ratio of unimolecular decay constants
are in excellent agreement with the kinetic theoretical predictions of Kavat. [J. Chem. Phys.

114, 3883(200)]. © 2002 American Institute of Physic§DOI: 10.1063/1.1492282

I. INTRODUCTION veloped an efficient BD simulation method for the ground-

. e . _state pseudo-first-order reversible reactionfof B=C in

Recently, the excited-state diffusion-influenced reacuonbne dimension(1D). Their method is based on the exact
L D ) ) X .

A*+B=C", has been investigated. For the geminate €S8 reen function for the ground-state reversible geminate dis-

. _4 . . .
Gopich and Agmoh succeeded in obtaining exact Green _, . ..nin 10 obtained by AgmdhThe main advantage of
functions for the geminate system in three dimensi@id) . . .
) . o o L this method is that the time step can be larger compared to
as well as an interesting kinetic transition behavior in the h tional BD simulati due 1 the i i
long time asymptotic region. When the lifetime of the un- Of tﬁr convetn |(7n? simulations due to the incorporation
bound state A*) is different from that of the bound state ot the exact sojution.

(C*), they discovered a transition between two types of be- The exact Green function for the ground-state reversible
haviors. In theA regime, the excited bound pair decays asdeminate dissociation in 3D with spherical symmetry ob-
t~32exp(—ki) wherek()’l is the lifetime of the unbound tained by Kim and Shihmakes it possible to extend the

: : : 10
state. A pure exponential decay is obtained inAfBregime.  2P0ve BD simulation method to 3D. Actually, Kiet al.
These two regimes are connected at the critical value of thBerformed the BD simulation for the pseudo-first-order reac-

parameters and the transition decay follow$2exp(—kjt) tion system ofA+B=C in 3D to investigate the long time
behavior. asymptotic behavior but it turned out that, due to large fluc-

Extension of Gopich and Agmon’s wdi¢ to the tuations inherent in 3D simulations, their simulation could
pseudo-first-order system in whidiA*], [C*]<[B]=cg not reach the true power-law long time asymptotic region.
(constant in time has been recently carried out by Kwac Recently, Popov and Agmbhmodified their original algo-
et al® by reformulating the renormalized kinetic theoretical ithm and succeeded in carrying out the BD simulation in 3D
formulation of Yanget al® in the configuration space. Dif- to sufficiently long times revealing the ultimate power-law
ferently from the geminate system, they found that the evoasymptotic behavior.
lution of the effective survival probability in the pseudo-first- However, the above efficient BD simulation has not been
order system shows exponentially increasing or decreasinggrried out for the excited-state reversible dissociation reac-
regions separated by a transition region depending on thiéon. With the exact Green functions for the excited-state
ratio of two lifetimes. The transition line appears when thereversible dissociation reaction in 3D obtained by Gopich
lifetimes of bound and unbound states are eqkgkky)  and Agmord and in 1D by Kimet al,*? we should be able to
and its asymptotic value is equal to the equilibrium value forperform the BD simulations for the excited-state reaction
the ground-state system. system in both dimensions. Since the theoretical predictions

The purpose of the present work is to verify the theoret-of Kwac et al in 3D shows only exponentially increasing or
ical predictions of Kwaet al> with the Brownian dynamics decreasing behavior at long times, we believe that the earlier
(BD) simulation. Some time ago, Edelstein and Agrhda-  BD simulation algorithm of Edelstein and Agmoextended
to 3D should be sufficient enough to confirm the theoretical
Author to whom correspondence should be addressed. Electronic mail€SUlts without resorting to more elaborate algorithm  of
statchem@plaza.snu.ac.kr Popov and Agmon?
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In this paper, we perform BD simulations for the . ka .
excited-state  pseudo-first-order  reversible  diffusion- AT +B=C7,

Kk
influenced reactionA* + B=C*) in 3D by suitably adapt- ¢
ing the algorithm of Edelstein and Agmon and the results are ko
compared with the kinetic theoretical predictions of Kwac ~ A*— A,
etal® ko

This paper is organized as follows. In Sec. Il we review  C*— C,

the theoretical backgrounds on the excited-state reversibkﬁheré denotes the excited state, andkg are the rate con-
reaction for both the geminate and pseudo-first-order SySsiants for association and dissociation, respectively. Unimo-
tems. In Sec. |ll, we propose an appropriate BD simulationecylar decay rate constants for the bousd Y and unbound
method in the excited-state reaction by utIIIZIng the miXGd(A*) excited states are denoted |Q:Sand ks, respective|y_
look-up tables. The simulation results are presented in Sec.

IV followed by a summary with some concluding remarks A- Geminate case

presented in Sec. V. Let p(r,t|ro) be the probability of finding the unbound
excited pair(A* andB) separated by a distanceat timet
given that it was initially separated by,. Gopich and
Agmorf assumed that the time evolution pfr,t|r,) obeys
a Smoluchowski-type equation which is coupled to a kinetic

Il. THEORETICAL BACKGROUND equation for the probabilityp(*,t|ro) of finding the gemi-
nate pair in the excited bound stat€*) at timet. For the

The reaction system of interest is schematically writtencase without interaction potential betweéfi and B, they
as obtained

, 1 1 (r—rg)? (r+ro—20)2 a(yta)(a+B) [r+ry—20
kat — _ _ _
p(r tlro)ef’= 477”0[ 477Dt+ex% 4Dt %ex‘{ 4Dt } (y—a)(a—p) "'\ yabt ' “ﬁ>
Blatp)(B+y) [r+ro—20 y(BHy)(yta) [r+ro—20
- —B/Dt | — —yyDt]| ¢, 2.1
@ AB-» M| abr ‘”—t) B=ne-w | s VP } @D
|
where W(p,q)=exp(Pa+gderfcp+q), o is the reaction p(r t|*)ek6t
distance, and erfg) denotes the complementary error func-"
tion. «, B, and vy satisfy the following relations: Kg @ ( r—o ot
=—— w ,— a+/Dt
a+ B+ y=—(ko+ka)/ (ko) (2.2 ko | (y—a@)(a=p) "\ JaDt" *
aB+ By+ya=(Ko—kj+kq)/D, (2.2b B r-o
+(a—ﬁ)(ﬂ—7)w Jabt' Bt
aBy=—[(kp+ka)(ko—Ko+ kd)_kakd]/(DUkD):(z 2
. Y r—o
+ w ,—y\/D_t”, (2.9
with kp=4xDo the diffusion-controlled rate constam.is (B=7)(y=a) | JaDt
the relative diffusion constant betwedri andB. They also
obtained other Green functions, ) a(B+7)
p(*,t[*)eol= ——————O(—a\D1)
p(*,t|r0)ek5t ('y—a)(a—,B)
By+a)
L ka o ro—o _ +fﬂ(_ﬁ\/ﬁ)
rokp (7—a)(a—,3)w(\/ﬁ’ @Dt (a (B)(i) 14
y(a+
——O(— 2.
+ B W rO_U,_B\/a> +(B_,y)(,y_a) ( 7\/D_t)r ( 5)
(a=pB)(B~—v) '\ /4Dt

whereQ(p) =exp?erfc(p).
om0 7\/5) 1 (2.3 The survival probability of initially bound state is given

V4Dt by*

Y
T Ema
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S(t|*)=47rfwr2p(r,t|*)dr

kg 1 1+ ao
_ _akyt 9 _
= gy T = a(a—p) A DY
1+ Bo
* Bla—p) (=) U AIDY
AR LAV T} 2.6

+ —_—
Y(B=y)(y—a)
The long time asymptotic behavior of the effective bind-

ing probability p’ (*,t *)Ep(*,tl*)e"t’)t reveals an interest-

ing kinetic transition behavior depending on the sign of the

following quantity:

kakp
kKatkp
Wheng<0 (the A regime, p’(*,t|*) decays as™%? but it
shows an exponentially increasing behavior wigen0 (the
AB regime. In the transition region =0), it decays
as t Y2 The effective survival probability S'(t|*)

ES(t|*)ekc'>I shows a different transition behavior at long
times: An exponential behavior in th&B regime, thet/?

q=ko—ko— (2.7
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where
I'y(2)=1-Ty(2), (2.14
ai(2)={a(2) +[a*(2) - 4B(2)]"} 12, (215
ax(2)={a(2)-[a*(2)-4B(2)]"} 12, (2.16
a(z)=Kko+Ko+(Ca+ K ke(2), (2.17
B(z)=Kkokgy+ (Cakot kj/Keg k1(2), (2.18

where K=Kk, /Ky. Here, the diffusion rate kernedp(s)
from the Collins—Kimball model is given by

kp(s)=kp(1+o/s/D). (2.19

The long time asymptotic behavior of the effective bind-
ing probability p’(*,t|*) of the pseudo-first-order system
shows a different kinetic transition from that of the geminate
case. It shows exponentially decreasing or increasing regions
separated by the transition line which appears when the two
lifetimes are equal. The asymptotic value of the transition

power-law behavior in the transition region, and the ap-line is equal to the equilibrium value for the ground-state

proach to a constant value in tiheregime.

B. Pseudo-first-order case

system given by

_ CgKeyg
1+cgKeq

p’(*,|*) (2.20

The same reaction scheme in the pseudo-first-order case

was originally treated by Yanet al® in their fully renormal-

The long-time asymptotic behavior of the effective sur-
vival probability S'(t|*) of the pseudo-first-order system

ized kinetic theoretical formulation of bimolecular reactions ) . > g ;
in liquid. Although they obtained general expressions of vari-2/S0 shows exponentially increasing or decreasing regions

ous survival probabilities for the excited-state system, onlySeParated by the transition line with the asymptotic equilib-
the ground-state system was analyzed at that time. Reform(ium value given by
lating the kinetic theory in the configuration space, Kwac
et al® obtained the same results of Yamgal® and the
excited-state system was analyzed to compare with the
excited-state geminate system of Gopich and Agfhon.

The pseudo-first-order binding and survival probabilitieslil. BROWNIAN DYNAMICS SIMULATION
of initially bound state are given, respectively, in the LapIaceA_ Ground-state system

1
 1+cgKeq

S (o|*) (2.2)

transformed expressions°&s
S(z|*)=[k(2)/Keglld(2),
p(*,z*)=[z+ko+Ccari(2)]/d(2),

(2.8
(2.9
with

d(2)=(z+ky)[z+ko+ k1(2)/Kegl + (24 Ko) Crk1(2),
(2.10
where z is the variable of the Laplace transforii(z)
=[5 f(t)e"?'dt. The forward rate kernet(z) is given by

Ka
0 Tk Tkon(d) @4
The reaction—diffusion kernddpr(z) can be obtained from
1 I'i(z I'y(z
' :kﬂ) +kx> o
DR(Z) D(S) s=z+a,(2) D(S) s=z+a,(z)

In the ground-state BD simulation algorithm of Edelstein
and Agmort' anA (or C) particle is located at the origin and
N particles ofB are randomly distributed. We also assume
that direct correlations between noninteractiBgparticles
may be neglected. This arrangement insures #abr C)
particle with the radius obr is a fixed target and only
particles are moving around. We can realize the pseudo-first-
order system taking advantage of the exact Green function
for a geminate pair of particles without loss of accuracy.
Another assumption to realize the many-particle system is
that the remaining particles are fixed while one particle
moves or reacts, which may cause error at short times less
than one time step.

When the bound staf€) is selected at the origin, it will
remain there with the probability @(* ,At|*) after the first
time interval At. The binding probabilityp®(* ,At|*) is
given by
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a(b+c) c+a) B. Excited-state system
P°C )= e f>+—(a N | . N .
n carrying out BD simulations for the excited-state case,
c(a+b) we also have to take into consideration of unimolecular de-
+ —Q(C\/E), (3.2 cays of excited-states, both bound and unbound. Therefore,
(b—c)(c—a) the fate of the excited bound stat€¥) at the origin is one
wherea, b, andc satisfy the following relations: of the following.
(1) Stays there with the probability gf,=p(*,At|*)
a+b+c=(1+k,/kp)D/o, (3.28  given by Eq.(2.5).
(2) Dissociates intdA* (at the origin and B (separated
ab+bc+ca=kg, (3:20 by 1) with the probability of ["dr 4ar'2p(r’,At|*) with
_ p(r.t|*) given by Eq.(2.4).
abe=ky\D/o. 3.29 (:|%) Undergoes a unimolecular decay © with the
Otherwise, it will undergo dissociation reaction and theprobability of Up=1-pp— S, where S
leavingB particle moves ta after At with the probability of = [7dr’ 4ar'2p(r’,At|*) is the survival probability of dis-
[rdr’ 4mr2po(r’ At]*) wheré sociatedB particle from the bound state. In the meantime,
otherB particles are moved by free diffusion. Notice that the
pO(r t|*) = Kg { a W( r-o a\/f) fate of C* is independent of otheB particles andC* under-
' Anra+D | (c—a)(a—b) Jabt' goes unimolecular decay only once during a time step.

On the other hand, the fate é* found at the origin

b b\[) depends critically orB particles at large. For a randomly

(a b)(b— c)

selected particle atry, A* undergoes one of the following.
(1) Associates with thd8 particle to become the bound
c state C* with the probability ofp,=p(*,At|ry) given by
Th-oc-a ( Jabt’ Cf)] (3 Eq.3.
(2) The B particle does not react witA* and moves to
OtherB particles are moved with free diffusion within a time r with the probability of [T dr’ 47 ?p(r’,At|ro) with
step. p(r,t|ro) given by Eq.(2.2).

When the unbound particl@) is found at the origin, & (3) Decays toA with the probability of U,=1—p,
particle atr is selected and it undergoes association reaction-S,, where S,= [ dr’ 47r'?p(r’,At|ry) is the survival
ending up as a bound particle at the origin with the probabl|-probab|||ty of B particle in the unbound state.
ity of p°(*,At|ro) given by If we performBD simulations for the geminate system,
we can now move to the next time step. However, for the

Ka a rO o at pseudo-first-order system in which there are many particles
4mrao\D | (C—a)(a— b) J4aDt’ of B, we have to choose oth& particles one by one and let
them move before going to the next time step. For the Bext

J_

p°(* tlro) =

b -0 b \/— particle selectedA* survived in(2) will experience again
(a b)(b— c) ,/ three possible pathway$1)—(3). Now the problem is that
the unimolecular decay in the stéB) occurs twice to the

c

i (b—c)(c—a)W

ro— 0o sameA* particle. Within a time step, evel particle has to
/4Dt ot (3.4 be given a chance to move and if the st8pis open to each
of N particles ofB, the unimolecular decay o&* occursN
Otherwise, it does not react with and just moved to  times as much as that @* within a time step. This causes
after At with the probability of [{dr’4zr'?p°(r’,Atlry)  erroneously rapid relaxation of the system. Notice that once

with® A* (or C*) decays toA (or C), the simulation is terminated.
0 ) In order to avoid this difficulty, we introduce the follow-
p(r.t[ro)4mrroD ing assumption in our simulation. That is, the unimolecular

ment of B particles within a short enough time step. Then the
reactive movements @ particles are considered as those in

F{ (r+ro—20)2
X _——e—

decay of theA* particle is independent of the reactive move-
4Dt }

1 (r—ro)
7= i AT

the ground state. Thus in the simulation for the initially un-

a(cta)(ath) ftro—20 a\/—) bound state, we first ask* particle whether it will undergo
(c=a)(a=h) V4Dt unimolecular decay with the probability &f,=1—e *o! or
b(a+b)(b+c) (41— 20 not _before sglectlng & particle. If it does not, then &
+ bt particle atr is selected and we ask wheth&t undergoes
(a=b)(b—c) V4Dt association with th@® particle or not. The association occurs
with the probability ofp®(*,At|r,). Otherwise A* remains
c(b+c)(c+a) r+ro—20 eVt (3.5 at the origin while theB particle moves ta with the prob-
(b—c)(c—a) /4Dt ability of f{dr’" 4ar'?p°(r’,At|ro). Notice that probabili-
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ties are given in terms of those of the ground state systerated look-up tables can be constructed from the above prob-
since we assume that there is no unimolecular decay duringability functions to reduce the computing time. Since Eq.
sufficiently small time step. (2.4 can be integrated analytically, the following relation

The calculation of the trajectory for particles at everyturns out to be useful to construct the look-up table for the
time step is the most time consuming part and the precalctbound state:

Q) =p(*, 1)+ [ ar amr2p(rt 1)

r—o r—o
W ,—a\/Dt W| —=,—- 8Dt
\4Dt “ ) K V4Dt P ) 1 (kd )
+— 7+|<d|r

=g kot i(ﬁJrk r) +i(—d+ r)
Dola %) (y—a)a—B) Do\B %) (a=B)(B—7) Do

r_
w| —=~ — Dt

J4Dt { d 1 ) Q(— a D) {kd( 1 )
G D\ e BTG D ) AT
m_{ﬁ( _)_ } Q(_'y\/a) _ Kq r—o
“a=mE-» |D\ ) B = a) apype Jaot) ) (3.6

where erfg) is the error function. Notice that,+ S,=Q(,t|*)<1 which implies that the probability of the bound state to

be in the ground state is-1Q(,t|*).
For the unbound state particle we can utilize the following relation for the ground-state system:

)
Qo(r,t|ro)zp°(*,t|ro)+J dr’ 4arr"2p%(r’ ,t|rq)

B Dt (r—rg)? (r+ry—20)? 1 r—ro r+ro—20
__fox/; &0~ Zpt | P bt [T 2 erf Tt Jrerf—H
1 JD\ (c+a)(a+b) [r+r,—2c 1 JD\ (a+b)(b+c) [r+ro—20
+E "a /(c—a)(a—b) ( J4Dt t +E b (a—b)(b—c) W( 4Dt b\ﬁ)
1 D\ (b+c)(c+a) [r+ry—2c
Ll Jemoea M bt 'C\ﬁ)' &7

By using the excited-state look-up table constructed from (Bdf) for the bound state and the ground-state look-up table
constructed from Eq3.7) for the unbound state, we are actually utilizing the mixed look-up tables in our simulation of the

excited-state reaction system.
If the BD simulation is performed for the geminate system, the following relation can be used to construct the look-up

table for the unbound state particle:

)
Q(r,t|r0)=p(*,t|r0)+f dr'4mr'?p(r’ tlrg)

_e_két 1\ (y+a)(at+pB) r+ro—20 B
T ( a) (y—a)(a—p) Japt Dt
1\ (a+B)(B+7Yy) r+ro—20 1\ (B+y)(y+a) r+ro—20
* ”E)(a—ﬁ)(ﬂ—ww( N TRRAGH R LA (ﬁ—y)(y—a)w( o 7t
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rO_O'
1 Ky W Jabt’ aﬁ) Ky
— 0'+; (7+a)(a+,8)+ga y—a)(a=p) — 0'+E (a+ﬂ)(ﬂ+7)+gﬁ
ro_O' rO_O'
W[ ——=.—8\D W| —=,—y\D
e AP @ (m m)
(@B B—y Ty Bt Y =)

Dt (r+ro—20)?
* Vﬂzex‘{‘T

(r—=rop)? (r—ro)? (ro—0o)?
OB gt | T Tabt | T3 bt

)

)
+_
2

(3.9

. r+ro—20 y rg—o y r—ro 3 rgy—o
rfl ———| —erfl — er —-3erfl —
V4Dt V4Dt V4Dt V4Dt
The reflecting boundary condition is used at the outer boundary when a particle is in the unbound state. When a patrticle
is already bound to the fixed target, the reflecting boundary condition is used both at the inner and outer boundaries. In this
case, the probability functions, E@®.5 and Eq.(2.1) for the ground- and excited-state simulations, respectively, should all be
changed to the following well-known Green function with the reflecting boundary:

1 (r—rg)? (r+ro—20)2 VD [r+ry—20 Dt
=— -+ - | - —W| ———, — }
p(r t|ro)4arr oD \/m[ex;{ Dt ex 2Dt - W N (3.9
|
IV. RESULTS AND DISCUSSIONS pression of Eq(2.5) is plotted in Fig. 2 for later comparison

) ) ) ] with the simulation results of the pseudo-first-order system.
In order to reduce the simulation time, we must find outgher parameter values are the same as those in Fig. 1. The
the optimum size of a time step. For this purpose, we peraqymnotic kinetic transition behaviors at long times are

form BD simulations of the geminate system for several Val'clearly shown for the geminate system.

ues of the size of time step with mixed look-up tables: the o, Bp simulation results of the effect of lifetimes on

excited-state look-up table given by E@.6) for the bound a0 time dependence @ (*,t|*) for the pseudo-first-order

state and the ground-state look-up table given by Bd)  ase withcy=10.0 are plotted in Fig. 3. The asymptotic

for the unbour_1d state. The_ unimolecular d_e_cay of the UNhower-law decay region with respect to the variation of the
bound state is treated with the probability ®,=1 a4 of the lifetimes of the excited states shown in Fig. 2
—e X!, The results are compared with analytic result calcu-
lated from Eq.(2.5). Once the optimum size of the time step
is found, it will be used in other simulations for the pseudo-
first-order system. In Fig. 1, simulation results of the time
dependence of the effective binding probabiliy(* ,t|*) 0fF o geminate A

' . . k,/k,=0.2
=p(*,t|*)eko! of the geminate case for several different o
sizes of time stepAt) are plotted. The parameter values are

k,=10.0, ky=10.0,kq=0.5, k(=0.1, D=1.0, ando=0.1. . A

According to Eq.(2.7), the system is in thé\ regime = 0 |- 0.05

<0) in which p’(*,t|*) decays ag %2 The power-law % oL |- 0.1 i
behavior at long times may be a better choice than the expc 2 o ?:g

nential behavior(as in theAB regime for comparison be- =2 — analytic !

tween results of simulations and the analytic theory. The time -3 - % .

steps are 0.05, 0.1, 0.5, and 1.0, respectively. The larger tr I
time step is, the faster the result is obtained but the more §
inaccurate the result is. Since the time step 0.05 is in goot - T T T S T T
agreement with the analytic result for the present paramete 45 10 05 0.0 05 10 1.5
values, it will be chosen as the optimum size to be used fo log,t

simulations of the pseudo-first-order system with the same _ _ , o
parameter values. FIG. 1. Simulation results of the time-dependence of the effective binding

. . probability p’(*,t|*)zp(*,t|*)e"5t in the geminate case for several differ-
The effect of lifetimes(in terms of several values of the ent values of the size of time step. The solid line is the analytic result.

ratio, ko/Ko) on the evolution of the effective binding prob- parameter values ate=10.0,ky=10.0,k,=0.5, kj=0.1, D=1.0, ando
ability p’(*,t|*) of the geminate case from the analytic ex- =0.1.
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T T j ! T T T T v T T
2+ -1 =
: L =10.0 -
geminate 0 %
4 L (analytic) i
L 1 T
i —~ 2 | 7
—_ *_ -
o g 6,=0.01
Qé -05 M eminate |
g 3 ’
° ke) ;
4 | Vst u
5L k,7k,=0.2 ; 4
6 1 . L " 1 . ' " 1
-2 -1 0 1 2

log, .t log, t

FIG. 2. The time dependence pf(*,t|*) in the geminate case evaluated FIG. 4. Simulation results of the effect of increasinigon the time depen-
analytically for several values &f/k,. Other parameters are the same as in dence ofp’ (*,t|*) for kj/ko=0.2. The solid lines are the KT results. Other
Fig. 1. parameters are the same as in Fig. 1.

does not appears in Fig. 3. Whig>k;, the exponentially k,=kgy(=0.1). Other parameters are the same as those in

decreasing behavior is observed in the long time region. Ofig. 1. The geminate case shows the power law/) in the

the other hand, it increases exponentially whey<kg . long time region. In the pseudo-first-order capé(*,t|*)

Whenky=k{, the ultimate fate op’ (*,t|*) is to reach the approaches to the equilibrium value at long times. Since the

equilibrium value. The kinetic theoreticéT) results calcu- case ofko=k{ corresponds to the ground-state system, the

lated from Eq.(2.9) is also plotted. The agreement betweenultimate value ofp’ (*,t|*) can be determined by E(.20).

the theory and simulations is very good. Again the agreement between BD simulation and the KT
In Fig. 4, simulation results of the effect of increasinyg  results is very good.

on the time dependence qf (*,t|*) are plotted wherk, When kq<k{ (kg=0.1, k{=0.2), simulation results of

>kg (ko=0.5 andk{=0.1). Other parameters are the samethe effect of increasingcg on the time dependence of

as those in Fig. 1. The geminate case shows the power lap/ (*,t|*) are plotted in Fig. 6. Other parameters are the

decay, but exponentially decreasing behavior is observed isame as those in Fig. 1. The long time behavior of the gemi-

the pseudo-first-order cases. Ag increases, the exponen- nate case shows power law decay, but that of the pseudo-

tially decreasing behavior appears in the shorter time regiorfirst-order case shows an exponentially increasing behavior.

The simulation results are in good agreement with the preAs cg is increased, the exponential behavior appears in the

diction of the KT. shorter time region. Notice that the agreement between BD
Simulation results of the effect of increasig in the  simulation and the KT results is also very good.

time dependence op’(*,t|*) are plotted in Fig. 5 when Simulation results of the time dependence of the effec-

tive survival probabilityS’(t|*)zS(t|*)ek<lJt are plotted in
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FIG. 3. Simulation results of the time dependencepd(*,t|*) in the log,t

pseudo-first-order case witly= 10.0 for several values df/k,. The solid
lines are the KT results. Other parameters are the same as in Fig. 1.

FIG. 5. Same as Fig. 4 except fhf/ko=1.0.
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FIG. 6. Same as Fig. 4 except flf/ko=2.0.

Fig. 7 for several values df)/k, in the geminate case and
compared with the analytic results calculated from ).
In the geminate cas&/(t|*) the effective survival probabil-
ity also shows a kinetic transition behavior aspif(*,t|*).

Oh, Kim, and Shin
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FIG. 8. Same as Fig. 7 except for the pseudo-first-order case agith
=1.0.

analysis of experiments of Huppest al!® on the excited-

state proton transfer of HPT$8-hydroxypyrene 1,3,6-
trisulfonatg in water. However, kinetic theoretical prediction
of Kwac et al'? shows that the plateau region appears in the

In the A regime, it approaches to the equilibrium and showstransient time region and the exponential behavior appears at

exponential behavior in thAB regime. In the transition re-
gion, t2 behavior appears in the long time region.

In Fig. 8, simulation results of the time dependence off

S'(t]*) for the pseudo-first-order caseg=1.0) are plotted
for several values dfy/k, and compared with the KT results

calculated from Eq(2.8). Instead of the power law behavior
that appeared in the geminate case, exponentially increasiqg

long times. The effective binding probability in this case is
defined byp(*,t|*)eke! rather tharp(*,t|*)e*et because the
ormer was used in analyzing experimental results. Simula-
tion results of the time dependencep(f ,t|*)e*e! are plot-

ted in Fig. 9. The unimolecular decay constants ke
=0.11 andk;=0.10, respectively. We can observe the pla-
au in the transient time region and the exponentially in-

or decreasing behavior is shown in the pseudo-first-ord
system. Whenkg=kg, the curve reaches the equilibrium
value in the long time region like that qf’(*,t|*). The
S iy .

(ezqtznjlgbrlum value of S'(t|*) can be obtained from Eg. V. SUMMARY

. When Ko is not much larger thaik}, the time depen- We have presented the Brownian dynamics simulation
dence of the effective binding probability shows a plateauesults of the excited-state diffusion influenced reversible re-
region. This behavior was observed at long times in theaction of A* +B=C* in 3D without a quenching process.

eJireasing behavior at long times. The simulation results are in
good agreement with the KT results.
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FIG. 7. Simulation results of the time dependence of the effective survivaFIG. 9. Simulation results of the time dependencep@f,t|*)expkqt) for
probability S'(t|*) for several values oky/k, in the geminate case. The k{/ko=1.1. The solid lines are the KT results. Other parameters are the
solid lines are the KT results. Other parameters are the same as in Fig. 1same as in Fig. 1.
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We performed the simulation using the mixed look-up tablegdecreasingwhenky>kg) regions separated by the transition
which are divided into two parts. For the initially bound line (whenky=Kk(). The ultimate destination of the transition
state, the unimolecular decay is coupled to the reactivéine is the equilibrium value reached also by the ground-state
movement and the excited-state look-up table is constructedystem. All these theoretical predictions are confirmed by the
On the other hand, the unimolecular decay is assumed to h@Eesent simulation study.

independent of the reactive movement for the initially un-

bound state and the ground-state look-up table is used. THECKNOWLEDGMENT
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