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Viscosity dependence of geminate recombination efficiency
after bimolecular charge separation

A. A. Neufeld and A. I. Burshtein
Department of Chemical Physics, Weizmann Institute of Science, 76100 Rehovot, Israel

G. Angulo and G. Grampp
Graz University of Technology, Institute of Physical and Theoretical Chemistry, Graz, Austria

~Received 30 May 2001; accepted 15 November 2001!

The efficiency of geminate recombination after bimolecular ionization of an excited electron donor
~or acceptor! is studied. For ions starting from inside or outside the recombination layer, the
recombination efficiency has the opposite viscosity dependence. As a result the latter becomes
nonmonotonous, provided the kinetic controlled ionization gives way to a diffusional one, creating
the more remote ions the higher the solvent viscosity. This effect, first discovered experimentally,
receives its explanation here, which is conceivable only on the basis of the Integral Encounter
Theory of remote electron transfer in the liquid state. ©2002 American Institute of Physics.
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I. INTRODUCTION

Photoinduced electron transfer reactions play a key
in many chemical and biological processes. After photoex
tation of the electron donor (D→D* ) or acceptor (A
→A* ), electron transfer between them creates a gemin
pair of counterions. In solutions, where the relative dista
between reactants is not fixed, but modulated by their
chastic~usually diffusive! motion, these ions may either re
combine or be well separated by diffusion. The subsequ
bimolecular recombination proceeds during stochastic
counters in a homogeneous solution and usually has a m
longer time scale. For instance, the geminate process
photoexcitation of a donor is represented as

D* 1A→ @D1 . . . A2#→
w̄

D11A2

t⇓ ⇓WR

D @D . . . A#, ~1.1!

where @D1 . . . A2# denotes the geminate ion pair,D1

1A2 denotes the pair of ions, well separated by diffusio
while @D . . . A# represents the ground state of neutral pro
ucts of geminate recombination. Nothing changes in p
ciple if an initially excited molecule is not a donor, but a
acceptor of electrons.

The charge separation quantum yieldw̄ ~average numbe
of the free ions per one photogenerated ion pair! is usually
determined from the measurements of the relative quan
yield of fluorescenceh5I /I 0 , whereI andI 0 are fluorescent
intensities with and without quenchers, respectively, and
photoionization quantum yieldf ~average number of free
ions per one absorbed quantum!. Then w̄ is given by the
following relationship

w̄5
f

12h
. ~1.2!
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When calculating the quantum yield of geminate cha
separation, rather than the kinetics of this process, one
consider the ionization and recombination processes s
rately. In such a case the irreversible ionization creates
initial ion distribution for the subsequent gemina
recombination.1,2 Thus, in the stationary case, the problem
subdivided into two parts: calculating the distribution of io
created by photoionization,f (r 0), and calculatingw(r 0)
which is the partial yield of ion separation, provided th
started from distancer 0 . The total quantum yieldw̄ is ob-
tained by averaging the partial one over the distribution
initial separations:

w̄5E w~r 0! f ~r 0!d3r 0 . ~1.3!

Geminate recombination of the ion pairs was the sub
of numerous theoretical studies. The main result of th
calculations is the partial charge separation yieldw(r 0). This
quantity increases withr 0 and approaches unity atr 0→`.
However, in order to calculate the average quantum yieldw̄,
Eq. ~1.3!, one needs to know the initial distribution of ion
f (r 0), which crucially depends on the viscosity of the sol
tion. The reduced characteristics of this distribution is giv
by the average initial separation

^r &5E r f ~r !d3r ~1.4!

which logarithmically increases with viscosity.3 However,
such a reduction is not well suited, as it will be shown in S
IV. Therefore, we employ the Integral Encounter Theo
~IET!, which provides the most efficient way for a straigh
forward calculation of the charge separation quantum yie
Besides, IET keeps Eq.~1.3! valid ~see Sec. IV!, which sim-
plifies the qualitative interpretation of the results obtained

Usually the charge separation quantum yield is rep
sented by the ratio of recombination efficiencyZ and the
encounter diffusion coefficient of counterionsD̃:
2 © 2002 American Institute of Physics
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w̄5
1

11Z/D̃
. ~1.5!

According to the primitive but popular ‘‘Exponential Model
~EM!, the uniform recombination ratek2et competes with
the rate of diffusional separation from spherical react
zoneksep}D̃ @see Fig. 1~a!#, so that the expectation of EM i
invariableZ}k2et5const. In the more sophisticated conta
or rectangular approximations of the reaction zone the
combination efficiencyZ depends on diffusion. Howeve
this dependence is either ascending or descending, but n
passes through the maximum that appears in our experim
at a certain viscosity~Fig. 2!. The explanation for this extre
mum observed in a system of perylene~donor! with
N,N-dimethylaniline is the main goal of the present artic
This is actually the first experimental indication that high
exergonic backward electron transfer is never contact, w

FIG. 1. The schematic representation of the exponential model~EM! and
contact approximation~CA!. In EM the reaction sphere of radiuss is trans-
parent for particles, which leave it by a single jump. In CA the same sph
is an excluded volume and recombination takes place only at its sur
when it is touched.

FIG. 2. The experimentally measured viscosity dependence of the reco
nation efficiencyZ in the reaction of the electron transfer quenching
perylene byN,N-dimethylaniline~DMA !. The mixtures of dimethylsulfox-
ide ~DMSO! with glycerol were used to change the viscosity of the solve
Excitation energy of peryleneE52.83 eV, DGi520.56 eV, DGr

522.27 eV, the solvent~outer-sphere! reorganization energy isl0

50.885 eV, L51Å,t54.3 ns. The theoretical fit~solid line! was done
with wi5230 ns21, l i50.1298 eV for ionization andwr51320 1/ns,l i

50.2346 eV for recombination that was considered as multichannel~pho-
non assisted! transfer with vibronic quantum modev543.51023 eV and
corresponding reorganization energy 0.608 49 eV~these parameters wer
taken from Ref. 4!.
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the forward transfer changes from remote to contact, as
encounter diffusion of neutral reactants speeds up.

The outline of this article is the following. Section I
summarizes the results of some model calculations ofZ for
ions initially separated by distancer 0 . In Sec. III the Integral
Encounter Theory~IET! is used for the calculation of the
charge separation quantum yield. An analysis of the dista
dependence of the Marcus electron transfer rates is also
sented there, especially for the highly excited donor. T
viscosity dependence of the recombination efficiency is a
lyzed in Sec. IV. It is shown, that at sufficiently high exe
gonicity of recombination its efficiency may have a max
mum in the viscosity dependence conditioned by the cha
in the initial distribution of ions at increasing viscosity. How
ever, the fit of the whole experimental data by the numeri
calculations, based on IET, will be postponed until our n
paper, which accounts for the few additional factors affect
ion recombination.

II. RECOMBINATION EFFICIENCY

A pair of counterions@D1 . . . A2#, initially separated
by a small distancer 0 , can either recombine to the groun
state of neutral products@D . . . A#, or be well separated with
characteristic time, related to the solvent viscosity. In
following, we discuss two different models, allowing for th
analytic calculation of the partial charge separation yi
w(r 0). They are the contact and rectangular approximati
of the recombination layer.

A. Contact approximation

The earliest consistent model of the phenomenon, allo
ing for an analytic solution, was the contact approximati
for the rate of recombination. In such an approximation
actual recombination rateWR(r ) is replaced by ad-function,
at a distance of the closest approachs @see Fig. 1~b!#, i.e.,

WR~r !.kc

d~r 2s!

4prs
, kc5E WR~r !d3r . ~2.1!

The relative motion of ions is treated as diffusion in a Co
lomb well with Onsager radiusr c . Note, that thed-function
approximation, Eq.~2.1!, may alternatively be introduced b
appropriate change in the boundary condition at the dista
of closest approach.

In the contact approximation the partial charge sepa
tion yield depends on the diffusion coefficient and starti
distancer 0 :5–9

w~r 0!5
1

11Z~r 0 ;D̃ !/D̃
, ~2.2!

as well as the corresponding recombination efficiency:

Z~r 0 ;D̃ !5
q~r 0!z

11@12q~r 0!#z/D̃
. ~2.3!

Here

z5
kc

4pr c

@er c /s21#, ~2.4!

re
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bi-
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wherer c is the Onsager radius of the Coulombic attracti
and

q~r 0!5
12exp~2r c /r 0!

12exp~2r c /s!
<1, q~s!51. ~2.5!

Note, that the recombination efficiency is independent of
diffusion only for ions, created at contact distancer 05s:
Z(s)5z5const.

At any r 0.s the recombination efficiencyZ(r 0 ;D̃), de-
fined by Eqs.~2.3!–~2.5!, monotonously increases with a
increase in the diffusion coefficientD̃ ~or with a decrease in
the solvent viscosity! and approaches the plateauq(r 0)z.
This allows subdividing the geminate reactions into the sa
classes, as bimolecular ones: diffusion and kinetic control
The former case appears at slow diffusion and only for
noncontact creation of ionsr 0.s, while in the opposite
limit the recombination efficiency does not depend on dif
sion and is smaller, the larger the initial separation of io
r 0 ,

Z~r 0 ;D̃ !5H q~r 0!D̃

12q~r 0!
diffusional D̃!@12q~r 0!#z

q~r 0!z kinetic D̃@@12q~r 0!#z.
~2.6!

Diffusion acceleration of the recombination efficiency w
observed in the reaction of Ru-tris~2,28-bipyridine!,
Ru~bipy!3

21 , with methylviologen,MV21, studied in Ref.
10. It was considered in Ref. 11 and later2 as a manifestation
of the noncontact creation of ions. However, the theory
noring the spin states of ions, failed to reproduce the non
ear dependence of the recombination efficiency on visco
observed experimentally in Ref. 10. Later on, it was attr
uted to a spin conversion in the ion pair, which controls
recombination from initially created triplet state to a sing
ground state of the products.12–14

It should be stressed that the contact approximation
applicable only if the initial separationr 0 sufficiently ex-
ceeds the external radius of the recombination layer. Thi
possible only under the diffusional control of the forwa
electron transfer, which creates radical ions farther from e
other, the slower the diffusion of the reactants. This is
quite clear whether this condition is satisfied in the case
reactions studied in Ref. 10. If this condition is not met a
the forward electron transfer is under kinetic control, then
products are located near the contact. In such a case
rectangular approximation ofWR(r ) should be better em
ployed instead of the contact one. The rectangular mode
the recombination layer allows the exact analytic solution
ions starting from either the exteriority or interior of th
layer.15

B. Rectangular model of the remote reaction layer

The rectangular approximation of the recombination r
is introduced as
Downloaded 14 Feb 2002 to 132.76.33.15. Redistribution subject to AI
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WR~r !5H 0 s<r ,r 1

W0 r 1<r<r 2

0 r 2,r .

~2.7!

The exact analytic solution, obtained in Ref. 15 for high
polar solvents (r c50), predicts a different viscosity depen
dence of the recombination efficiencyZ(r 0 ;D̃), at a differ-
ent initial separation of ions.

In Table I L5r 22r 1 is the width of the rectangular re

action layer, R5r 11L/2, j5AW0 /D̃, and k5(jr 1

21)/(jr 111). The parameter of the kinetic recombinatio

z5W0Lr 1 ~2.8!

coincides with that which follows from Eq.~2.4! at r c50,
provided the contact approximation is valid:r 15s, L→0.
For this very case Eq.~2.1! giveskc.4ps2LW0 .

Figure 3 shows the recombination efficiency at differe
initial separations, indicated in the figure, as a function
viscosity, measured by the mean encounter time for neu
reactantstd5s2/D̃. The rectangular approximation of th
real recombination layer, used in our calculations, is sho
by the dotted line on Fig. 4~a!. For ions, starting from inside
this layer, the recombination efficiency increases with
creasing viscosity and does not depend on the initial sep
tion r 0 until it is less thanr 1 ~two upper curves in Fig. 3!.

TABLE I. Recombination efficiency vs separation.

Z(r 0 ;D̃) r 0

A z@cosh(jL)1jr1sinh(jL)21#

j2LR
s<r 0<r 1

B jr 0@ejL2ke2jL#

ej(r 02r 1)1ke2j(r 02r 1)
21 r 1<r 0<r 2

C r 2

r 0

z

11@12r 2 /r 0#j2LR
r 2<r 0

FIG. 3. The viscosity dependence of the recombination efficiencyZ(r 0 ;D̃)
at fixed starts from contact region~thin solid line!, from inside the remote
recombination layer~long dashed and dashed lines! and outside of it~dotted
line!. The corresponding initial separations are indicated in the figure.

true Z(D̃) dependence, calculated via the average quantum yieldw̄, Eq.
~2.10!, is indicated by the thick solid line. The parameters, defining rect
gular recombination layer:r 151.1s, r 251.4s, W050.156 ns21 (s
510Å). The horizontal line representz50.0585 Å2/ns, Eq.~2.8!. The pa-
rameters, defining the ionization layer, and used to calculate the ave
quantum yield, are indicated in Fig. 4~A!.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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This effect is attributed to an increase in the residence t
in the reaction layer, which makes recombination inside
more efficient. The opposite, descending dependence ofZ on
viscosity is observed for outer starts. At a sufficiently lar
initial separationr 0 , the recombination efficiency is well es
timated by the contact approximation formulas, Eqs.~2.3!–
~2.5!, setting

kc5E WR~r !d3r 5W0•
4

3
p~r 2

32r 1
3!. ~2.9!

The result is identical to Eq.~2.6!. At high viscosities the
reaction is controlled by diffusion and the recombination
ficiency is reduced when diffusion slows down~the lowest
curve in Fig. 3!.

Thus, the recombination efficiency parameterZ(r 0 ;D̃)
has the opposite viscosity dependence for ions, starting f
inside and outside the reaction layer. The mixed situat
takes place in between, when ions start from behind the o
border of the reaction layer: the viscosity dependence of
recombination efficiency may have a minimum, the sho
dashed line in Fig. 3. However, theaveragequantum yieldw̄
available experimentally, accumulates all these opportuni
as well as the true recombination efficiency

Z~D̃ !5D̃F 1

w̄
21G . ~2.10!

As a result the viscosity dependence ofZ(D̃) is essentially
affected by the shape of the initial ion distribution which al
changes with viscosity. The high sensitivity of the results
the shape of the functions, subject to convolution in E
~1.3!, makes undesirable any simplification of them. On
other hand, the average charge separation quantum yie
available for the exact numerical calculations by means
the efficient and convenient integral encounter theory, wh
is formulated in the following section.

FIG. 4. The shape of the ionization~solid lines! and recombination~dashed
lines! rates in ~A! NI subregion, 2DGI(s)50.5 lc , 2DGR(s)
52.0 lc , and~B! II—subregion,2DGI(s)52DGr51.25 lc . The pre-
exponential factors, Eq.~3.13!, are wI5500 ns21, wR51000 ns21; the
space decrement of electron tunnelingL/s50.142 (s510 Å), outer-
sphere reorganization energylc51 eV. The highly polar solvent (r c

50), and room temperature (T5293 K).
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III. INTEGRAL ENCOUNTER THEORY

The IET is the modest version of Encounter Theory th
proved to be very profitable in studying a number of app
cations including those which are prohibitive for conve
tional rate description. The fresh review of the progress t
IET made during last decade is given in Ref. 16. The new
version of IET is given in matrix formulation17 which allows
to consider as many stages and reactants as really comp
complex reaction in liquid solution. However, for the prese
goal it is enough to use one of the earliest and simp
formulations of IET given in Ref. 18.

The irreversible ionization, followed by geminate char
recombination, is described by a reduced set of IET eq
tions where the bimolecular recombination of ions in t
bulk is neglected. These equations describe the short
evolution of the system after instantaneous excitation:18

Ṗ* ~ t !52cE
0

t

R* ~t!P* ~ t2t!dt2
P* ~ t !

t
, ~3.1!

Ṗ1~ t !5cE
0

t

R†~t!P* ~ t2t!.dt . ~3.2!

Here c is the concentration of quenchers present in gr
excess, P* (t) is the survival probability of excitation
P1(t)5@D1#5@A2# is that for ions,R* (t) andR†(t) are
the IET kernels~memory functions!. Initially P* (0)51 and
P1(0)50, but ast→` excitations disappear (P* (`)50),
while the charge concentration levels off indicating t
photoionization~free ion! quantum yield,

P1~`!5f5cw̄. ~3.3!

Here

c512h5
cR̃* ~0!t

11cR̃* ~0!t
~3.4!

is the total quantum yield of ions while charge separat
quantum yield

w̄5R̃†~0!/R̃* ~0! ~3.5!

equals the fraction of them which escaped gemin
recombination.18 In the next section it will be shown, tha
Eq. ~3.5! may be represented in the form of Eq.~1.3!.

Thus, within the framework of IET all the quantities o
interest are expressed via the Laplace transformed kerne

R̃* ,†~s!5E
0

`

R* ,†~ t !e2stdt, ~3.6!

for arguments50. These kernels are different:R̃* accounts
solely for the irreversible ionization, whileR̃†, in addition,
takes into account the recombination into the ground sta

R̃* ~s!5Fs1
1

t G E WI~r !ñ~r ;s!d3r ~3.7!

R̃†~s!5R̃* ~s!2Fs1
1

t G E WR~r !m̃~r ;s!d3r . ~3.8!
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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The Laplace transformed pair correlation functionsñ(r ;s)
and m̃(r ;s) obey the following auxiliary equations18

Fs1WI~r !1Lr1
1

t G ñ~r ;s!51, ~3.9a!

@s1WR~r !1L r
c#m̃~r ;s!5WI~r !ñ~r ;s!, ~3.9b!

with the reflective boundary conditions at the distance
closest approach,s. Here t is the lifetime of the excited
donor, while the linear operators

Lr5
1

r 2

]

]r
r 2D~r !

]

]r
~3.10a!

L r
c5

1

r 2

]

]r
r 2D̃~r !S ]

]r
1

1

T

dU~r !

dr D ~3.10b!

define the relative motion of neutral reactants and ions,
spectively. In our model the motion is diffusive with th
distant dependent encounter diffusion coefficients for neu
and charged reactants,D and D̃. U(r ) in Eq. ~3.10b! is the
potential of the external forces~the Boltzmann constantkB

51, and thus the absolute temperatureT is measured in units
of energy!. For the nonscreened Coulomb attraction one h
for instance,

U~r !

T
52

r c

r
, ~3.11!

wherer c5e2/(eT) is the Onsager radius, which is express
via the elementary chargee and dielectric constant of th
mediume.

Our numerical approach to the calculation of the cha
separation quantum yieldw̄ is based on Eqs.~3.5!–~3.10!,
and we need to specify the explicit form of the distan
dependence of the rates of the forward and backward e
tron transfer,WI(r ) andWR(r ). In the simplest case of th
single-channel electron transfer, these rates introduced
the following Marcus’ form:19,2

W~r !5wA lc

l~r !
e22~r 2s!/L

3expF2
@DG~r !1l~r !#2

4l~r !T
G , ~3.12!

where

w5
ApV0

2

AlcT
. ~3.13!

HereV0 andL are matrix elements and the length of electr
tunneling, whilel(r ) is the distance dependent reorganiz
tion energy,

l~r !5l i1loS 22
s

r D , ~3.14!

composed from the intramolecular contribution (l i) and the
‘‘outer-sphere’’~medium! part,
Downloaded 14 Feb 2002 to 132.76.33.15. Redistribution subject to AI
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2r A

1
1

2r D

2
1

s D . ~3.15!

Here r A and r D are the radii of the acceptor and donor, r
spectively, and

g5
1

n2
2

1

e
~3.16!

is the so-called Pekar’s factor, being determined by the m
dium refraction indexn and the dielectric constante.

The positions and shapes of the reaction layers for
recombination and ionization are determined by their ex
gonicities at contact,DGi ,r5DGI ,R(s), and contact reorga
nization energylc5l(s)5l i1lo .20,2 The sum of the free
energies of the backward and forward electron transfe
fixed by the constant energy of photoexcitationE:

DGI~r !1DGR~r !52E. ~3.17!

For the backward electron transfer the free energy is

DGR~r !5DGr1TS r c

s
2

r c

r
D , ~3.18!

while that for forward transfer,DGI(r ), is readily deter-
mined from Eqs.~3.17!–~3.18!. If 2DG(s),lc , than the
transfer occurs in the so-called Marcus normal region, a
the corresponding rateW(r ) monotonously decreases wit
the increase in the relative distance between reactants. In
opposite situationW(r ) has a bell shape with the maximum
shifted out of contact, the more the larger is2DG(s)
.lc . Thus, the type of transfer rates entirely depends on
relative values of the contact free energies. IfuDGi u increases
with replacing the electron acceptor, thenuDGr u decreases
and vice versa, since the sum of them is fixed by Eq.~3.17!.
As it was shown in Ref. 21, one should discriminate betwe
three different situations:E,2lc , E52lc andE.2lc . The
borderline situationE52lc was rigorously studied in Ref
21. In the present article we concentrate on the case
fairly high excitation energyE.2lc .

Figure 5 shows the contact values of the ionization a
recombination rates forE52.5lc . This figure can be divided
in two equal parts. In the left half, ionization is less exe
gonic than recombination, while in the right half the situati
is the opposite. As a result, in the former case the ioniza
layer is located inside the recombination one, while in t
latter they interchange their positions~see their schematic
representation at the bottom of Fig. 5!.

When ions are generated outside the recombina
layer, one should expect the monotonous decrease of th
combination efficiencyZ, with increasing viscosity, which
hinders delivery of remote ions to the inner recombinat
zone. However, in this case the highly exergonic photoi
ization can hardly compete with thermal ionization a
therefore is worse suited for experimental study in the la
free energy region.

The more abundant is the opposite situation which
lows for the generation of ions inside the recombinati
layer. At fast diffusion, when ionization is under kinetic co
trol the initial distribution of ionsf (r 0) reproduces the shap
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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of the ionization rate,WI(r ). In this caseZ is expected to
increase with viscosity, which prolongs the ion residence
the recombination layer that should be crossed on their
out. At higher viscosities when the kinetic control gives w
to the diffusional one, the actual ionization may occur at
outer periphery of the ionization layer, and even outside
recombination layer, as in the previous case.

This is a distinctive feature of the phenomenon not st
ied earlier: the initial conditions for recombination are vari
with the viscosity of the solution. When the viscosity i
creases, the initial ion distributionf (r 0) is shifted out of
contact, acquires a bell shape and at least its wing sh
itself outside the recombination layer~see Fig. 6!. This
proves to be sufficient to provide the maximum in the v
cosity dependence of the true recombination efficien
Z(D̃). Initially Z increases, approaches a maximum and o
then decreases with viscosity. In the following section
above statement will be discussed in more detail on the b
of the exact numerical calculations.

FIG. 5. The separation of different regions of the forward and backw
electron transfer atE52.5 lc . In the left half the ionization layer is posi
tioned inside that of recombination~shadowed in the bottom scheme!. In the
right half vice versa. These main regions are subdivided into the more
row NI ~normal ionization, inverted recombination!, II ~both reactions occur
in inverted regions! and IN~inverted ionization, normal recombination!. The
parameters are the same, as for Fig. 4.

FIG. 6. The normalized distributionsf (r 0) over the initial ions separation a
different values of viscosity, indicated in the figure. The other paramet
defining the ionization layer, are the same as for Fig. 4.
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IV. INITIAL ION DISTRIBUTION

In the unified theory2 the charge separation quantu
yield after irreversible photoionization,w̄, was given by the
expression~1.3!, which is the average of the partial separ
tion yield w(r 0) over the initial distribution of ionsf (r 0).
This important recipe of the charge separation quantum y
calculation remains valid in IET as well, although both mu
tipliers under the integral in Eq.~1.3! have a bit of difference
in definitions.

Making the substitution of kernels~3.7! and ~3.8! at s
50 into Eq.~3.5!, one has

w̄512
*WR~r !m̃~r ;0!d3r

*WI~r !ñ~r ;0!d3r
. ~4.1!

The solution of Eq.~3.9b! establishes the relationship be
tween two pair distributions:

m̃~r ;0!5E G̃~r ,r 0 ;0!WI~r 0!ñ~r 0 ;0!d3r 0 . ~4.2!

The Green function of ions subjected to geminate recom
nation,G̃(r ,r 0 ;s), obeys the following equation:

@s1WR~r !1L r
c#G̃~r ,r 0 ;s!5

d~r 2r 0!

4prr 0

. ~4.3!

The reflective boundary condition should be used with t
equation, the same as with Eq.~3.9!.

On substitution of Eq.~4.2! into Eq. ~4.1!, it is readily
seen, that the latter can be written in the form of Eq.~1.3!,
where the partial separation yield of ions is

w~r 0!512E WR~r !G̃~r ,r 0 ;0!d3r , ~4.4!

and their normalized initial distribution is given by the IE
formula:22

f ~r 0!5
WI~r 0!ñ~r 0 ;0!

*WI~r !ñ~r ;0!d3r
. ~4.5!

At fast diffusion, when ionization is under kinetic contro
this distribution reproduces the shape ofWI(r ), but moves
away, when the viscosity increases and ionization beco
diffusion controlled.2,3 The transformation of these distribu
tions with increasing viscosity is shown in Fig. 6. Hence,
the lowest viscosity ions start mainly from inside the remo
recombination layer, while at higher viscosity they also st
from outside.

V. DISCUSSION

The most common simplification of the initial distribu
tion f (r ) is its reduction to ad-function, located at a given
initial distance between the ions,r 0 :

f ~r !.
d~r 2r 0!

4pr 0
2

. ~5.1!

As a result the average quantum yieldw̄ is also reduced to
the partial separation yield of ions, starting from this ve
distance,r 0 :
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w̄→w~r 0!. ~5.2!

It seems reasonable to chooser 0 equal to the average initia
separation, Eq.~1.4!. This approximation shows the righ
tendency: the start from inside the recombination zone
changed by a start from outside, sincer 05^r & increases mo-
notonously at increasing viscosity. Nevertheless, such an
proximation proves to be too rough, because the real in
distribution is not pointlike, but very broad. Part of it
covered by the recombination zone, while another part
pears outside it~Fig. 6!. When the residence time in th
recombination zone is sufficiently large, the inner starts~for
which ions inevitably cross the recombination layer! contrib-
utes to the charge separation yieldw̄, much less than the
outer starts~for which ions may avoid the recombinatio
layer at all!. This happens despite the fact, that only the
wing of f (r 0) shows itself outside the recombination laye
As soon as this wing starts to dominate,Z falls down with
further increase of viscosity. In the opposite situation of f
diffusion, the contribution of the far wing is negligible, whil
the ion started from the interior of the recombination contr
utes more toZ when the viscosity increases.

Hence, the maximum in the viscosity dependence oZ
indicates equilibration of inner and outer start contributio
into the charge separation yield, as well as in the recomb
tion efficiency. The maximum depends not only on the po
tion of the initial distribution regarding the reaction layer, b
also on the strength of the recombination and the width
the layer which determines the residence time in there.

Thus, it is much better to account for the real initial io
distribution f (r 0), instead of itsd-function approximation,
and to use the true recombination rateWR(r ), instead of its
rectangular model. It may be done on the basis of the e
numerical solution of the IET equations. The results obtain
with the particular reaction rates of the electron transfer,
dicated on Fig. 4 are represented in Fig. 7. In NI case A
remote recombination layer is shifted far away from t
quasi-contact ionization layer, while in II case B both fo

FIG. 7. The viscosity dependence of the recombination efficiencyZ(D̃) for
the Marcus-type rates of ionization and recombination, Eq.~3.12!. All the
parameters are the same as for Fig. 4. The viscosity is measured by the

encounter time for the neutral reactantstd5s2/D̃. The excitation energy of
the donorE52.5 lc .
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ward and backward transfers are in inverted region hav
exactly the same free energies (DGI(s)5DGR(s)) so that
the shapes of both layers are identical. Correspondingly,

recombination efficiency parameterZ(D̃) has a well pro-
nounced maximum in the former case, while in the latter o
can see only the monotonous decrease of recombination
ficiency with increasing viscosity. This is because at any
nite diffusion the initial ion distribution is wider than ioniza
tion layer, and hence, aligned mainly outside both react
layers of the same shape and width. Even stronger separ
is inherent to IN case when the recombination layer is
cated nearer to contact, deeply inside ionization one and
responding initial distribution of ions.

Only the monotonous increase ofZ with D̃, peculiar to
case B, was experimentally observed until now10 and sub-
jected to the theoretical description in a number
works.11–14 However, in~Fig. 2! we have demonstrated th

fresh experimental evidence of the nonmonotonousZ(D̃) be-
havior, typical for case A. The system studied experimenta
is the electron transfer quenching of perylene~Per! by N,N-
dimethylaniline~DMA !, which has been widely used.23 This
process is characterized by the high excitation energy of
electron acceptor~Per,E52.83 eV), ionization in the Mar-
cus normal region (DGi520.55 eV) and highly exergonic
recombination proceeding in the Marcus inverted regi
DGr522.28 eV.

The special measures were undertaken to get the m
mum located inside the available range of the viscosity va
tion. This variation should not be accompanied by the cha
ing of any of the other physical properties of the solvent.
meet this requirement in the fairly wide viscosity range t
dimethylsulfoxide ~DMSO!-glycerol mixtures were used
These mixtures show almost a constant refraction index
well as a similar and high dielectric constant. Perylene~Al-
drich, 99.5%), glycerol~Aldrich 99.8%,,0.1% H2O) were
used as received. DMA~Aldrich, .99%) was distilled under
reduced pressure (17 mbar, 77 °C! and always handled unde
argon. DMSO~Fluka, 0.05% H2O) was twice crystallized by
freezing cycles.24 The concentrations of perylene, 231025

M, and of the DMA, 0.033 M, were kept constant througho
all the laser flash photolysis experiments. Absorption, em
sion, and lifetime equipments used, have already b
described.25 After the laser experiments the kinematic vi
cosities were determined using a thermostated Ubbelo
viscosimeter. All the measurements were done setting
temperature at 20.060.1 °C. A more detailed outline of the
experimental technique will be given elsewhere.

Several additional factors have to be taken into acco
when fitting the experimental data, like the multiphon
character of the electron transfer in the Marcus inverted
gion, singlet-triplet conversion in the ions pair, etc. This w
be done in our next article. However, we would like to stre
that the nonmonotonous viscosity dependence of the rec
bination efficiency, Fig. 2, may be considered as the true o
rather than due to the collateral modulation of the reorga
zation energy and Coulombic forces, which may occur
some other mixtures.
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VI. CONCLUSIONS

The viscosity dependence of the charge separation q
tum yield was studied a few times theoretically, within t
exactly solvable models, assuming the initial separation
ions is given. For the narrow recombination layer adjacen
contact, the distant starts are implied, while for the rem
recombination layer not only are outer starts possible,
they are also possible from the interior of the reaction zo
The former situation was studied with the conventional c
tact approximation, while the latter requires rectangular s
plification of the recombination rate shape.2 In any case only
the recombination assisted by diffusion was under invest
tion, but not the influence of the initial ion separation whi
is also affected by diffusion.

The distinctive feature of the present work is a prop
account of the initial ion separation which is not the fittin
parameter and changes with solvent viscosity. In fact, thi
not a single distance in a pair, but a distribution of distan
produced by a precursor bimolecular electron transfer~ion-
ization!. At large viscosity this reaction is controlled by di
fusion and all starts are distant. In less viscous solvents
distribution of starting distances shifts to contact and un
kinetic control coincides in form with the ionization rate.
the latter case ions generated near the contact appear d
inside the recombination layer provided the backward tra
fer is highly exergonic and therefore remote.

The interchange in the positions of the initial ion dist
bution and recombination layer is responsible for the nonm
notonous viscosity dependence of the recombination e
ciency which increases with viscosity for inner starts a
decreases for outer ones. This main conclusion of the inte
encounter theory is qualitatively confirmed by an experim
tal study of the system with a highly variable viscosity. T
efficient programs for solving integral equations which a
developed and used here, proved to be suitable for a qu
tative fitting of the theory to the experimental data shown
Fig. 2. A more detailed and complete work accounting
spin conversion in the ion pair and parallel recombination
them to the triplet state of the products is now in progres
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