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Long time behavior of reversible diffusion-influenced reaction perturbed
by photolysis: Brownian dynamics simulation
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New power law behaviort(®?) in the asymptotic relaxation of pseudo-first-order reversible
diffusion-influenced reactionA+ B+« AB perturbed by photolysis is confirmed by a Brownian
dynamics simulation in one dimension when the photolytic dissociation distance is equal to the
thermal dissociation distance as predicted by Yahgl. [Phys. Rev. Lett79, 3783(1997]. For

larger photolytic dissociation distances, however, our simulation curves follow the thermal
relaxation curve at the beginning and deviate from the latter to shd{® power law behavior at
longer times. The effect of photolytic perturbation on various nonequilibrium initial states is also
examined by Brownian dynamics simulations. 199 American Institute of Physics.
[S0021-960699)51208-1

I. INTRODUCTION the condition that the photolytic dissociation distangg, is

) o ~ the same as the thermal dissociation distamce,which is
Recently, the relaxation kinetics of the diffusion- the reaction distance.

influenced reversible reactioA+ B+« AB , has been widely The main purposes of this article af® to confirm the
investigated theoretically. The superposition approximatiothew power law behavior predicted by Yaegal? for the
(SA) approach proposed by Lee and Karplugs modified  case ofry= o by the BD simulation method an@) to ex-
to predict the asymptoti¢™*? power law for the pseudo- amine the relaxation behavior for amy larger thana for
first-order systerﬁ’.3 More refined results along this approach which no theoretical explanation is available, &8 to in-

have been reported to describe the relaxation kinetics in nQfestigate the effect of the photolytic perturbation on the non-
only the asymptotic but also the transient regidtsCom-  equilibrium initial state.

puter simulation studies confirmed/?> power law behavior

in one dimension for the pseudo-first-order system by several
workers with their Monte Carft’ and Brownian dynamics
(BD)® % simulation methods.

Although thege theories 6_‘" predict the™* asymptotic Consider a reversible reactidm- B— AB with the equi-
power law behawor in one gllm_ensmn, they all shpw SOM&iprium constantK eq=[ AB]eq/Cal Aleq Wherecg is the con-
discrepancy with the simulation in the transient region, MOr&tant bulk concentration d (the pseudo-first-order model
distinct at high concentration. A rigorous kinetic theoreticalwhen the initial equilibrium system is perturbed by photoly-
investigationt® revealed that the dynamical correlation effectsis each ofA's dissociated fromAB's by the perturbation
is not properly incorporated in the above theories. All theseés a geminate partnBrseparated by the photolytic disso-

above theories apd simulat.io.n.s consj_de_red the case of trb‘?ation distance ; and the equilibrium distribution of other
thermal perturbation of the initial equilibrium system by an B's. Then the concentration deviation Af defined byg(t)

Il. THEORETICAL BACKGROUND
1/2

abrupt temperature change. —(TAMDT=TAL)/ (TAT.—TA can be expressed
Recently, Yanget al!? predicted a new power law be- A= AT/ ([Alo~ [Ale P by
havior (%2 andt™>?in one and three dimensions, respec-  &(t)=S(t|ro) — S(t|*), (1)

tively) in the asymptotic relaxation of the concentration de-
viation of the same reversible reaction system perturbed b
photolysis The initial equilibrium system is perturbed by a
photoflash with a short duration which is turned on at time
zero abruptly to break up some fraction AB molecules to

produce geminate pairs é&f andB molecules separated by a |
distance . The role of these geminate pairs, which does nofalr
exist in the thermal perturbation case, is proven to be so

crucial as to change the power law behavior in the long time t
limit. They presented a simple probabilistic arguments under ~ S(t|*)= kdfodTefdeS(t— 7l0), 2

here[A], is the initial concentration oA. Since one can
et[Aleqt[ABleq as a constanf,Al, can be determined
exactly in terms ofcg and Kq.S(t[*) and S(t|ro) are the
conditional probabilities of finding\'s in the unbound state
at timet for initially bound A’'s and for initially geminate
s with A-B separatiorr o, respectively.
Whenr,=o , we can utilize the relatidr

dAuthor to whom correspondence should be addressed; electronic maiWherekd 'S the thermal dissociation constant and Eg.can
statchem@plaza.snu.ac.kr be simplified as
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1d mentary error functions, respectively, akdthe recombina-
&)= Ky &S(ﬂ* ) (3 tion rate constant. Otherwise it will move xowith the prob-
ability of [3dx'p(x’,At|*) with®
The long time behavior o§(t|*) is well known in one di-
mension &% X \ \ﬁ
Japt© VD

Kq
lt* =
p(X,t[*) A

w
S(t|*) ~ [1—b(4wDt) 2], (4
t—oo
X t
whereD is the diffusion constant and a time-independent ~W| —= )\, \ﬁ ' (7)
constant. Hence the long time power law behaviogd) in V4Dt D
one dimension is given By whereW(a,b)=exp(2ab+b?)erfqa+b) . When an unbound
Et) ~ t732 (5)  particle atx, is selected, it will end up in the trap with the
toce probability of p(*,At|x,) given by
In general, however,, need not be the same asand k, Xo t
one cannot utilize Eq(2) in this case and the asymptotic p(*,tlxo) = X w \/:J\_ )
behavior ofé(t) is yet to be determined. Another interesting 4Dt
phenomenon would be the effect of photolytic perturbation
S ) . Xo t
to the nonequilibriuminitial states for which no theoretical ~W| —=\, \ﬁ i 8
explanation has been provided yet. Our simulation results for V4Dt D

these cases will be presented after a brief review of the BI%r move tox with the probability of/Xdx’ p(x’,At|x,) with®
simulation method. 0 J 0

1 (X—Xg)? (X+Xg)?
ll. BD SIMULATION p(X,tIXo)—m exp ~ 5 | TeA ~—apr -

We perform the BD simulations with the aid of the
method of Edelstein and Agmbwith minor technical varia- _ ﬁw Xt %o K, \/E )
4Dt D
Here we assume that the remainiNg-1 particles are

tions. Their simulation method utilizes the exact analytical D

solutions of one-dimensional reversible diffusion equation

for a geminate pat?i® under the assumptions that direct fiyeq during the time intervalt , which may cause error at

correlations between noninteracting like particles may be i9gnort times less thadt . The endpoint of the stochastic

nored and the particld or ABis immobile, namely, regarded { 5jectory is found by comparing a uniformly distributed ran-
as a static trap. Under these assymptlons as many theoriggm number, & ¢<1 , with the integral of the exact solu-

also do, the method can be applied to a pseudo-first-ordgfy, The particle ends up in the trap 4 p(*,At) and it

system of our concern. ends up being unbound §>p(*,At) . In the latter case, the

To simulateN particles in the system of sizg, one  gngpoint &) is found from the following relatiof:
particle is randomly selected and moved to a new location

(€)

which is calculated as follows. When the selected particle is  — 5 At)+ fxgp(x,At)dx. (10)
in the bound stat€éAB), it will remain there with the prob- 0
ability of p(*,At|*) after At given by’ The calculation of the trajectory for every particle at every

1 t t step is the most time consuming part and the precalculated
p(*,t|*)=K MQ()\_ \/;) —LQ(M \[5” (6) look-up tables are constructed from the above probability
functions. Since Eqg7) and(9) can be integrated analyti-

where Q(x)=exp@derfc(x) , A.=(k,=A)/2 , A’=k? cally, the following relations turn out to be useful to con-
—4Dky, erf(x) and erfck)denote the error and the comple- struct the look-up tables more efficiently:

p(* %)+ f:dx’ p(x’ t|*)=erf(x/\/4Dt)+ %exq —X2IADt)[ N, Q(X/ADt+ N _\t/D) =\ _Q(x/JADt+\ /D)1,
(119

X 1 1 k
p(*,t|xo) + jo dx’'p(x’,t|xg) = Eerf[(x+x0)/\/4Dt]+ Eerf[(x—xo)/\/4Dt]+ Krexr[— (X+Xg)2/4Dt]

X{Q[(X+Xo)/ V4Dt + X\ _Jt/D]— Q[ (Xx+Xg)/ VADt+\ \t/D]}. (11b
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The look-up table method reduces the computing time — - - T
greatly but requires much more memory space. We use the 00
interpolation method to reduce the memory space.

In our simulation, each particle has only one chance to
move or to remain duringit by generating a “random list”
which is found to help reducing errors during the first few
time steps. The reflecting boundary conditions are used at the
inner (x = 0) and the outerX=L) boundaries, respectively, — Simulation
when a particle is bound to the trap. After the trials of all | - Theory(SA)
particles, one can continue the next step. Incorporating the 15 -
exact solutions into the calculation of the trajectaky, can
be much larger than that in the conventional BD or in the
lattice random walk simulations. T o 4 2 3

In order to reduce the computing time of the trajectory, log,, t
Fhe radius of inﬂu-ence of the reversible .trap@\,, s E.llso. FIG. 1. Time dependence of the concentration deviation for a thermally
introduced? In the_ interval[0, x,,] the reaction dynamics is perturbed case. The present BD simulation re@dtid) is compared with
calculated by using the precalculated look-up tables conte theoretical predictiotdots. See the text for the parameters.
structed from the exact solutions but free diffusion is as-
sumed in the intervdlX,e,, L].

The initial photolysis is represented by a compulsorythe theory is carried out by using our previously developed
dissociation of the particl&B by planting theB particle at  method!” Actually, we use this comparison to check the fi-
the photolytic dissociation distance,— o away fromx=0.  njte system size error due to the artificial reflecting boundary
Note that only oneA or AB can exist in each realization of condition. This error makes the concentration of the system
the system and all the othé& particles are in their equilib-  hjgher than the given valli@nd therefore the slope becomes
rium distribution. The numbers of realizations with and with- more Steep_ For a given Concentration, the smaller the bound-
out the initial photolysis can be estimated from the ratio Ofary, the smaller number of particles can be used. By this
[AB]eq/[Aleg™ CaKeq- comparison we could find an optimum size of the system. To

The effect of photolytic perturbation on the nonequilib- reduce the computing time, we set the size of the system as
rium initial state is examined as follows. The initial equilib- small as possible.
rium system is first perturbed thermally and we wait until @  The time dependence of the concentrationAdfor the
nonequilibrium state is reached after a certain period of timephotolytic perturbation case is plotted for several values of
Then the photolytic perturbation is turned on and the relaxy , in Fig. 2. The thermal perturbation case is also plotted for
ation behavior thereafter is monitored as described above. comparison. Indeed the equilibrium is reached more rapidly

The converged result for the photolytically perturbedin the photolytic perturbation case. Note that the deviation
system is much more difficult to obtain than that of previousfrom the thermal perturbation case starts at alteut0~ /2
t~? decay simulations since more rapid decay requires mor@hen r,— =2 , and at about=10 whenr,— =10 ,
accurate results. Up t0>810° realizations are averaged to \which is consistent with the Einstein—Smoluchowski law in
obtain the present results. Since all realizations are indepemhe form of Ar,/Ar;~+/At,/At; . We can infer that the

dent of each other, we can reduce the computing time greatlyeminate correlations affect dynamics seriously from this de-
by the parallel programming method. The simulations argjiation starting point.

performed on an IBM SP2 model massively parallel process-
ing (MPP) computer with 40 nodes.

log,, &(t)

0.000 |- -

IV. RESULTS AND DISCUSSION

The values of parameters in our simulations kre D 0001 L rro=0 |
=1,ky=1,cg=0.01, andN=10 (L=1000). The values are e fo

chosen to obtain the converged results easily in a physically
reasonable condition. In order to check the validity of the
present simulation, we compare, in Fig. 1, the simulation
result for the thermal perturbation case in one dimension
with that of the SA-based thedhf which predictst™/?
asymptotic power law behavior. The SA-based theory is cho- o0 |
sen because the more rigorous kinetic theoretical prediction I S e T

is not available in one dimension and the formeris knownto ~ ~{ ,  , ,
yield rather good agreement with the simulation at low 45 -0 05 00 05 10 15 20 25 30 35
concentrations.Since the concentration of our system is low log, t

enough, the SfImUIatlon result I‘.Q’ in _gOOd agreement W!th t,h IG. 2. Survival probabilities of for several values af,, for the photolyti-
theory at all times. The numerical integration of the Kineticcayy perturbed case. Thermally perturbed cétséck solid) is also plotted
equationdEgs.(2.9), (2.10, (2.12, and(2.17) of Ref. §] in for comparison. The parameters are the same as those in Fig. 1.

—— Thermal case

-0.002 -

-0.003 -

log,, IAMMA(O)]
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FIG. 3. Time dependence of the concentration deviations for several values

of r, for the photolytically perturbed cases. The parameters are the same &4C- 4- Time dependence of the concentration deviatidss for ro=o
those in Fig. 1. and for the nonequilibrium photolysis. The times)(when the perturbation

is turned on are 1, 10, 100, and 1000 from top to bottom, respectively. Other
parameters are the same as those in Fig. 1. Theftimak solid) and pho-
tolytically (solid) perturbed cases for the equilibrium initial state are plotted

In Fig. 3, the time dependence of the concentration defor comparison.
viation, &(t) , for the photolytic perturbation case is plotted
for several values af, . Again, the thermal perturbation case
is plotted for comparison. As a reference, we add a straig
line with the slope=—3/2. For the photolytic perturbation
cases,t 32 asymptotic power law behavior is clearly ob-
served for o= o as Yanget al? predicted. For larger values o
of ry , however, our simulation curves follow the thermal doequilibrium state. . . .
relaxation curve at the beginning and deviate from the latter Fr_om t_he above observat|on_, the p_hotolytlc perturbation
to showt ~*2 power law behavior at longer times. A slightly technique is found to be useful in making the early stage of
less steep slope<(3/2) detected for a very large valuesrgf the _r(_ala.xatlc_)n. I§|net|cs toward equ|||br|um.from a given non-
(e.g., ro—o=10) may indicate that the asymptotic power equilibrium initial state faster than that without it. o
law region has not been reached yet.rjgets even larger, In summary, the asymptotic power law behavior in the

the departure from the thermal relaxation curve would bé:)seudo—flrst—order reversible diffusion-influenced reaction,

- . A+ B« AB perturbed by photolysis in one dimension is in-
further delayed reminding us the fact that the relaxation be-" ~ : . .
Y g stigated by the BD simulation methotd.*? asymptotic

havior should be the same as that of the thermally perturbef® S
case folr s oo yp power law behavior is clearly observed fgr= o as Yanget
0 .

12 :
We could not carry out the simulation belogg)=1.0 = BTTCRR oY A0S TELee B OCREr B (O
x 1072 . In order to obtain noise-free data at the value of 9

—3/2 . .
£(t)=1.0x 10‘4,the hundredfold more realizations than served to show™ *'“ asymptotic power law behavior. For the

those até(t)=1.0x 103 should be averaged. That means ponequilibrium photolysis, we find the plateau region which

the average over 810 realizations is beyond the limita- implies a pseudoequilibrium state due to the difference be-
tion of our computing power tween the relaxation times of the bulk and the geminate cor-

For all the above results, the photolytic perturbation isrelatlons.
applied to the initial equilibrium states. Although there is no
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