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Viscosity dependence of geminate recombination efficiency
after bimolecular charge separation
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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. 2802 American Institute of Physics.
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I. INTRODUCTION When calculating the quantum yield of geminate charge

separation, rather than the kinetics of this process, one may

~ Photoinduced electron transfer reactions play a key rolgqngjger the ionization and recombination processes sepa-
in many chemical and biological processes. After photoexCixately. |n such a case the irreversible ionization creates an

H *
tation of the electron donor(—D™) or acceptor &  nitial jon distribution for the subsequent geminate

y .
—A"), electron transfer between them creates a geminaig,.ombpinatior:2 Thus, in the stationary case, the problem is

pair of counterions. In solutions, where the relative distancey,pgivided into two parts: calculating the distribution of ions
between reactants is not fixed, but modulated by their stox

- o ; X ) Created by photoionizationf(ry), and calculatinge(rg)
chastic(usually diffusive motion, these ions may either re- |, hich is the partial yield of ion separation, provided they
combine or be well separated by diffusion. The subsequent . S

. o . : started from distance,. The total quantum yieldp is ob-

bimolecular recombination proceeds during stochastic en:_. : : S

. . tﬁlned by averaging the partial one over the distribution of
counters in a homogeneous solution and usually has a much.,. A
. . . initial separations:

longer time scale. For instance, the geminate process after

photoexcitation of a donor is represented as —
o= | o(ro)f(ro)dno. (1.3
0]
D*+A— [D"...A"]—=D"+A" Geminate recombination of the ion pairs was the subject
of numerous theoretical studies. The main result of these
7l IWg calculations is the partial charge separation yig{dy). This
D [D...A] (1.1  Qquantity increases with, and approaches unity ap— .

. _ _ . However, in order to calculate the average quantum yeld
where [D” ...A"] denotes the geminate ion paiD™  Eq.(1.3), one needs to know the initial distribution of ions
+A" denotes the pair of ions, well separated by diffusion.f(r ), which crucially depends on the viscosity of the solu-

while [D ... A] represents the ground state of neutral prodtjon. The reduced characteristics of this distribution is given
ucts of geminate recombination. Nothing changes in prinpy the average initial separation

ciple if an initially excited molecule is not a donor, but an

acceptor of electrons. B <r>:j rf(r)dr (1.4
The charge separation quantum yieldaverage number

of the free ions per one photogenerated ion)piairusually ~ which logarithmically increases with viscosityHowever,

determined from the measurements of the relative quantursuch a reduction is not well suited, as it will be shown in Sec.

yield of fluorescencey=1/1,, wherel andl, are fluorescent |V. Therefore, we employ the Integral Encounter Theory

intensities with and without quenchers, respectively, and thélET), which provides the most efficient way for a straight-

photoionization quantum yieldp (average number of free forward calculation of the charge separation quantum yield.

ions per one absorbed quanturiThen ¢ is given by the Besides, IET keeps E@1.3) valid (see Sec. Iy, which sim-

following relationship plifies the qualitative interpretation of the results obtained.
Usually the charge separation quantum vyield is repre-
— ¢ sented by the ratio of recombination efficiengyand the
1= 7’ (€2 encounter diffusion coefficient of counteriobs
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the forward transfer changes from remote to contact, as the
encounter diffusion of neutral reactants speeds up.
The outline of this article is the following. Section I
summarizes the results of some model calculationg fufr
ions initially separated by distancg. In Sec. Il the Integral
Encounter Theory(IET) is used for the calculation of the
A B charge separation quantum yield. An analysis of the distance
) ) ] dependence of the Marcus electron transfer rates is also pre-
FIG. 1. The schematic representation of the exponential m@e) and g0 0 there, especially for the highly excited donor. The
contact approximatiofiCA). In EM the reaction sphere of radiusis trans- . . ! . a .
parent for particles, which leave it by a single jump. In CA the same spher&/iSCOsity dependence of the recombination efficiency is ana-
is an excluded volume and recombination takes place only at its surfacdyzed in Sec. IV. It is shown, that at sufficiently high exer-
when it is touched. gonicity of recombination its efficiency may have a maxi-
mum in the viscosity dependence conditioned by the change
in the initial distribution of ions at increasing viscosity. How-
ever, the fit of the whole experimental data by the numerical
;M (1.5 calculations, based on IET, will be postponed until our next
1+2/D paper, which accounts for the few additional factors affecting
ion recombination.

(P:

According to the primitive but popular “Exponential Model”
(EM), the uniform recombination ratk_., competes with
the rate of diffusional separation from spherical reaction|. RECOMBINATION EFFICIENCY

zoneksey D [see Fig. 18], so that the expectation of EM is A pair of counteriondD* ...A"], initially separated

invariableZock _,,=const. In the more sophisticated contact . . .
L . by a small distance,, can either recombine to the ground
or rectangular approximations of the reaction zone the re- :
S o e state of neutral producf® . . .A], or be well separated with
combination efficiencyZ depends on diffusion. However,

. L . . characteristic time, related to the solvent viscosity. In the
this dependence is either ascending or descending, but nevér™ . . . .

. . X ollowing, we discuss two different models, allowing for the
passes through the maximum that appears in our experiments

at a certain viscosityFig. 2). The explanation for this extre- a??'g’“%ﬁ:k::g't%g ::)Lr:thaectF:aar:garlegtgirgjla?eaparigrr:];[:glr?s
mum observed in a system of perylerdonop with pL o y g pp

N,N-dimethylaniline is the main goal of the present article.Of the recombination layer.
This is actually the first experimental indication that highly A. Contact approximation

exergonic backward electron transfer is never contact, while . - Jieot consistent model of the phenomenon, allow-

ing for an analytic solution, was the contact approximation
for the rate of recombination. In such an approximation the

181 actual recombination rat/g(r) is replaced by a-function,
at a distance of the closest approachisee Fig. 1b)], i.e.,
—— Numerical fit S(r—o)
1,6 ; ~k — 7 = 3
: e  Experimental results Wg(r)=Kk, ypr k.= f Wg(r)d=r. (2.1

The relative motion of ions is treated as diffusion in a Cou-
lomb well with Onsager radius;. Note, that thes-function
approximation, Eq(2.1), may alternatively be introduced by
appropriate change in the boundary condition at the distance
of closest approach.

In the contact approximation the partial charge separa-
tion yield depends on the diffusion coefficient and starting

10 : : : : - . - distancer :5~°
0 20 40 60 80 100 120 140
n/cP 1
¢(ro)= ==

FIG. 2. The experimentally measured viscosity dependence of the recombi- 1+ Z(rO ;D)/ID
nation efficiencyZ in the reaction of the electron transfer quenching of . . . - .
perylene byN,N-dimethylaniline(DMA). The mixtures of dimethylsulfox- as well as the correspondlng recombination eff|C|ency.
ide (DMSO) with glycerol were used to change the viscosity of the solvent.
Excitation energy of perylene€=2.83 eV, AG;=-0.56 eV, AG, Z( 0;~ _ q(ro)z . 2.3
=—2.27 eV, the solvent(outer-sphere reorganization energy is\g 1+[1—q(rq)]z/D
=0.885 eV,L=1A,r=4.3 ns. The theoretical fitsolid line) was done
with w;=230 ns'!, \;=0.1298 eV for ionization anav,=1320 1/ns\; Here
=0.2346 eV for recombination that was considered as multichaimiel
non assistedtransfer with vibronic quantum mode=43.510°% eV and c /
corresponding reorganization energy 0.608 49 (f\ése parameters were = _[erc 7—1], (2.9
taken from Ref. % s

1,4

Z/cP”’

1.2

(2.2
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wherer . is the Onsager radius of the Coulombic attractionTABLE I. Recombination efficiency vs separation.
and

Z(ry;D) ro
q(ro)= Msl, q(o)=1. (2.5 A z[ coshgl)+érsinhEL)—1] o<ry<r,
l—exp—r /o) #LR
B érole’—xe ] 1 r1<ro<r,
Note, that the recombination efficiency is independent of the efo— 1) 4 e £(ro—1)
diffusion only for ions, created at contact distangg=o: c ry z Fa=<rfo
Z(o)=z=const. ro L+[1—r,/ro]é%LR

At any r o> o the recombination efficienc&(ro;ﬁ), de-
fined by Egs.(2.3—(2.5), monotonously increases with an
increase in the diffusion coefficiel (or with a decrease in
the solvent viscosity and approaches the plateayr)z.
This allows subdividing the geminate reactions into the same  Wg(r)=4 Wy risrs=r, 2.7
classes, as bimolecular ones: diffusion and kinetic controlled. 0 r,<r.

The former case appears at slow diffusion and only for the } . . ) )
noncontact creation of ions,> ¢, while in the opposite The exact analytic solutloq, obtamed in Rgf. 15 for highly
limit the recombination efficiency does not depend on diffu-Polar solvents (.= 0), predicts a different viscosity depen-
sion and is smaller, the larger the initial separation of ionglence of the recombination efficiend@(r,;D), at a differ-
ent initial separation of ions.

In Table IL=r,—r, is the width of the rectangular re-

O 0'$I’<I’1

lo,

qro)d - action layer, R=r,;+L/2, é=\W,/D, and x=(ér,
2r0:B)=1 1-q(ro) diffusional D<[1-q(ro)]lz  —1)/(¢r,+1). The parameter of the kinetic recombination
0> - 0
q(ro)z kinetic  D>[1—q(ry)]z z=Wolr, (2.9

(2.6)  coincides with that which follows from Eq2.4) atr. =0,
provided the contact approximation is validi=0o, L—0.
Diffusion acceleration of the recombination efficiency waspgqy this very case Eq2.1) givesk.=4ma?LW,.
observed in the reaction of Ru-t#&52'-bipyridine), Figure 3 shows the recombination efficiency at different
Ru(bipy); ", with methylviologen,MV>*, studied in Ref. initial separations, indicated in the figure, as a function of
10. It was considered in Ref. 11 and l&tas a manifestation viscosity, measured by the mean encounter time for neutral

of the noncontact creation of ions. However, the theory ig'reactantSsza-z/f). The rectangular approximation of the

noring the spin states of ions, failed to reproduce the nonlinge 5| recompination layer, used in our calculations, is shown

ear dependencg of the repombination efﬁCie”CY on visco;i%y the dotted line on Fig.(4). For ions, starting from inside
observed ex_perlmental_ly n Ref. ,10' La_ter on, It was att”,b'this layer, the recombination efficiency increases with in-
uted to a spin conversion in the ion pair, which controls 'tscreasing viscosity and does not depend on the initial separa-

recombination from initially created triplet state to a singlety; - - ntil it is less tharr (two upper curves in Fig.)3
ground state of the product:* 0 !

It should be stressed that the contact approximation is

applicable only if the initial separation, sufficiently ex- 0.08
ceeds the external radius of the recombination layer. This is
possible only under the diffusional control of the forward
electron transfer, which creates radical ions farther from each
other, the slower the diffusion of the reactants. This is not
quite clear whether this condition is satisfied in the case of
reactions studied in Ref. 10. If this condition is not met and
the forward electron transfer is under kinetic control, then its
products are located near the contact. In such a case the 0.02 —rr— a
rectangular approximation ofVg(r) should be better em- 1 10 ) - 100 1000
ployed instead of the contact one. The rectangular model of 74=0"/D[ns]

the recombination layer allows the exact analytic solution for

. - . - . . . _ FIG. 3. The viscosity dependence of the recombination efficiét{cy; D)
lons starting from either the exteriority or interior of this at fixed starts from contact regidthin solid ling, from inside the remote

layer!® recombination layeflong dashed and dashed linemd outside of i{dotted
line). The corresponding initial separations are indicated in the figure. The
true Z(D) dependence, calculated via the average quantum yiel&q.
(2.10, is indicated by the thick solid line. The parameters, defining rectan-
B. Rectangular model of the remote reaction layer gular recombination layerr;=1.1o0, r,=1.40, W,=0.156 ns! (o
. . L =10A). The horizontal line represent0.0585 &/ns, Eq.(2.9). The pa-
The rectangular approximation of the recombination ratgameters, defining the ionization layer, and used to calculate the average
is introduced as quantum yield, are indicated in Fig(A)).

0.06

Z[A%/ns]
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50 600 1ll. INTEGRAL ENCOUNTER THEORY
—AGye) /A= 0.5 ~AGys) /A =1.25

i The IET is the modest version of Encounter Theory that

B proved to be very profitable in studying a number of appli-

- 400 cations including those which are prohibitive for conven-

tional rate description. The fresh review of the progress that
IET made during last decade is given in Ref. 16. The newest
version of IET is given in matrix formulatidd which allows

- 200 to consider as many stages and reactants as really compose a

complex reaction in liquid solution. However, for the present

goal it is enough to use one of the earliest and simplest

formulations of IET given in Ref. 18.

18 The irreversible ionization, followed by geminate charge
recombination, is described by a reduced set of IET equa-
tions where the bimolecular recombination of ions in the

FIG. 4. The shape of the ionizatigsolid line9 and recombinatiofidashed bulk is neglected_ These equations describe the short time

lines rates in (A) NI subregion, ~AG,(6)=0.5Ac, —AGg(0)  eyplution of the system after instantaneous excitatfon:
=2.0 \., and(B) ll—subregion,—AG(c)=—AG,=1.25 \.. The pre-

exponential factors, Eq3.13, arew,;=500 ns!, wg=1000 ns’; the ¢ P* (1)

space decrement of electron tunnelihgo=0.142 (=10 A), outer- p*(t):_cf R*(T) P*(t—T)dT— , (3.1
sphere reorganization energy,=1 eV. The highly polar solventr{ 0 T

=0), and room temperaturd €293 K).

40 -

30

20 -

10 A

P*(t)=cfotR*(T)P*(t—»r).dr. (3.2

This effect is attributed to an increase in the residence tim@are ¢ is the concentration of quenchers present in great
in the reaction layer, which makes recombination inside itexcess,P*(t) is the survival probability of excitation,
more efficient. The opposite, descending dependenZeoof P*(t)=[D*]=[A"] is that for ions,R* (r) andR'(7) are
viscosity is observed for outer starts. At a sufficiently largey, o |g1 kernelmemory functions Initially P*(0)=1 and
i_nitial separatiorr, the recomb_inati_on efficiency is well es- P*(0)=0, but ast— excitations disappearPt* (=) =0),
timated by the contact approximation formulas, E@s3~  \yhile the charge concentration levels off indicating the

(2.9), setting photoionization(free ion quantum vyield,
4 _
kC=J Wr(r)d3 =W,- §w(r§—r§). (2.9 P (%)=¢=1e. (3.3
I . . . . Here
The result is identical to Eq2.6). At high viscosities the
reaction is controlled by diffusion and the recombination ef- cR*(0)7
ficiency is reduced when diffusion slows dowtie lowest y=l-n=——-—— (3.4

curve in Fig. 3. 1+cR*(0)7

Thus, the recombination efficiency paramefr ;D) is the total quantum vyield of ions while charge separation
has the opposite viscosity dependence for ions, starting fromuantum yield
inside and outside the reaction layer. The mixed situation __ ~
takes place in between, when ions start from behind the outer ¢ =R'(0)/R*(0) (3.5

border of the reaction layer: the viscosity dependence of thgquaIS the fraction of them which escaped geminate

recombination efficiency may have a minimum, the short- .., hinatiod® In the next section it will be shown, that

available experimentally, accumulates all these opportunities, = Thys, within the framework of IET all the quantities of

as well as the true recombination efficiency interest are expressed via the Laplace transformed kernels:
] _ .
Z(D)=D|=-1[. (2.10 R*'*(S)=J R*T(t)e sldt, (3.6
¢ 0

As a result the viscosity dependenceZ{D) is essentially for arguments=0. These kernels are differef®* accounts
affected by the shape of the initial ion distribution which alsoggjely for the irreversible ionization, whilR!, in addition,
changes with viscosity. The high sensitivity of the results ajes into account the recombination into the ground state:
the shape of the functions, subject to convolution in Eq.
(1.3, makes undesirable any simplification of them. On the
other hand, the average charge separation quantum yield is
available for the exact numerical calculations by means of
the efficient and convenient integral encounter theory, which
is formulated in the following section.

~ 1 ~
R*(s)=|s+ — fW|(r)v(r;s)d3r 3.7
T

Rf(s)=R*(s)— s+1
.

f Wr(r) z(r;s)d3r. (3.9
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The Laplace transformed pair correlation functiors ;s) , [ 1 1 1
and u(r;s) obey the following auxiliary equatiots No=e€%y Z“L E_ o (3.19
SHW,(r)+L,+ E H(ris)=1, (3.99 HererA andr are the radii of the acceptor and donor, re-
T spectively, and
[s+Wgr(r)+ L m(r;s)=W,(r)u(r;s), (3.9p 1 1
y==-= (3.16

with the reflective boundary conditions at the distance of n> €

closest approachy. Here 7 is the lifetime of the excited g the so-called Pekar’s factor, being determined by the me-

donor, while the linear operators dium refraction indexn and the dielectric constat
1 9 J The positions and shapes of the reaction layers for the
Er:_z(;_rzD(r)a_ (3.10a recombination and ionization are determined by their exer-
r r

gonicities at contactAG; ,=AG, (o), and contact reorga-
nization energy\ ;=\ (c)=X\;+\,.2%2 The sum of the free

gfzi irZB(r)(iJri du(r) (3.108 gnergies of the backward and forward glegtron transfer is
r2 ar or T dr fixed by the constant energy of photoexcitatigin
define the relative motion of neutral reactants and ions, re- AG(r)+AGg(r)=—¢. (3.1

spectively. In our model the motion is diffusive with the For the backward electron transfer the free energy is
distant dependent encounter diffusion coefficients for neutral

and charged reactant®, andD. U(r) in Eq. (3.10b is the
potential of the external forceghe Boltzmann constarkg
=1, and thus the absolute temperatiliie measured in units
of energy. For the nonscreened Coulomb attraction one hagvhile that for forward transferAG,(r), is readily deter-

rC rC
———), (3.18

o r

AGR(r)=AG,+T

for instance, mined from Eqgs(3.17—(3.18. If —AG(o)<\., than the
transfer occurs in the so-called Marcus normal region, and
U(r) re the corresponding raté/(r) monotonously decreases with
T T P (3.19 the increase in the relative distance between reactants. In the

opposite situatiotW(r) has a bell shape with the maximum

wherer .= e?/(€T) is the Onsager radius, which is expressedshifted out of contact, the more the larger isAG(o)
via the elementary charge and dielectric constant of the >)_. Thus, the type of transfer rates entirely depends on the
mediume. relative values of the contact free energie$Al6G;| increases

Our numerical approach to the calculation of the chargawith replacing the electron acceptor, thihG,| decreases
separation quantum vyielg is based on Eq93.5—(3.10), and vice versa, since the sum of them is fixed by BdlL?).
and we need to specify the explicit form of the distanceAs it was shown in Ref. 21, one should discriminate between
dependence of the rates of the forward and backward ele¢hree different situations£<<2\., £=2\, and€>2\.. The
tron transferW,(r) andWg(r). In the simplest case of the borderline situationf=2\. was rigorously studied in Ref.
single-channel electron transfer, these rates introduced hawd. In the present article we concentrate on the case of a

the following Marcus’ formt®:2 fairly high excitation energy¥>2\..
Figure 5 shows the contact values of the ionization and
W(r)=w N¢ o200l recombination rates faf=2.5\.. This figure can be divided
A(T) in two equal parts. In the left half, ionization is less exer-

gonic than recombination, while in the right half the situation

is the opposite. As a result, in the former case the ionization
3.12 layer is located inside the recombination one, while in the

latter they interchange their positiorisee their schematic

F{ [AG(r)+\(r)]?
Xexp - —m@M@M@M@M@M8M8M8M8M8—
AN(N)T

where representation at the bottom of Fig. 5
5 When ions are generated outside the recombination
_ \/;Vo (3.13 layer, one should expect the monotonous decrease of the re-
NS ' combination efficiencyZ, with increasing viscosity, which

) hinders delivery of remote ions to the inner recombination
HereV, andL are matrix elements and the length of electron o However, in this case the highly exergonic photoion-

tunneling, whilex(r) is the distance dependent reorganiza-j;ation can hardly compete with thermal ionization and

tion energy, therefore is worse suited for experimental study in the large
o free energy region.
)\(r)=)\i+)\0(2— ik (3.19 The more abundant is the opposite situation which al-

lows for the generation of ions inside the recombination
composed from the intramolecular contribution)(and the  layer. At fast diffusion, when ionization is under kinetic con-
“outer-sphere”(medium part, trol the initial distribution of ionsf (r) reproduces the shape
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10% 3 IV. INITIAL ION DISTRIBUTION

,-—Wi’f‘ff\ In the unified theory the charge separation quantum

yield after irreversible photoionizatior, was given by the
expression1.3), which is the average of the partial separa-
tion yield ¢(ry) over the initial distribution of iond (rg).

1 This important recipe of the charge separation quantum yield
IN calculation remains valid in IET as well, although both mul-

. tipliers under the integral in E1.3) have a bit of difference

0 05 10 15 20 25 in definitions.

—AGHo) /A Making the substitution of kernel8.7) and (3.8) at s

=0 into Eq.(3.5), one has

—  JWR(D)u(r;0)dr

~ -1 L _ 4.1
mm — recombination layer ¢ . 3
— ionization layer JWi(r)v(r;0)dr
#~ unpenetrable contact sphere The solution of Eq.(3.9b establishes the relationship be-

FIG. 5. The separation of different regions of the forward and backwardWeen two pair distributions:
electron transfer af=2.5 \.. In the left half the ionization layer is posi-

: o A . ~ . [ = ] ~ ) 3
tl_oned |nS|c_ie that of recomblnat!(ishaQOwed in the po‘ttom _sche}nm the M(f :0)= f G(I‘,I‘O,O)W|(I‘o) V(I‘O,O)d ro- (4_2)
right half vice versa. These main regions are subdivided into the more nar-

row NI (normal ionization, inverted recombinationl (both reactions occur . . . . .
in inverted regionsand IN (inverted ionization, normal recombinatiothe ~ 1N€ Green function of ions subjected to geminate recombi-

parameters are the same, as for Fig. 4. nation,G(r,rq:s), obeys the following equation:

~ S(r—rgp)
[S+Wg(r)+L1G(r,rg;8)= —. 4.3

of the ionization rateW,(r). In this caseZ is expected to 4rrry

increase with viscosity, which prolongs the ion residence in ) . ) ,
the recombination layer that should be crossed on their way "€ reflective boundary condition should be used with this
out. At higher viscosities when the kinetic control gives Wayequatlon, the. Same as with E@g)_ o )
to the diffusional one, the actual ionization may occur at the On substitution of Eq(4.2) |_nto Eq. (4.1), it is readily
outer periphery of the ionization layer, and even outside th&é€": that the latter can be written in the form of Eq3),
recombination layer, as in the previous case. where the partial separation yield of ions is

This is a distinctive feature of the phenomenon not stud- ~
ied earlier: the initial conditions for recombination are varied ~ ¢(fo)=1- f Wr(r)G(r,ro;0)dr, (4.4
with the viscosity of the solution. When the viscosity in-
creases, the initial ion distributiof(ry) is shifted out of 22
contact, acquires a bell shape and at least its wing show@rmula:

and their normalized initial distribution is given by the IET

itself outside the recombination laydsee Fig. 6. This W, (o) 7(ro:0)

. ) : g . 1{Fo)v(lo;
proves to be sufficient to provide the maximum in the vis- f(rg)= ~————. (4.5
cosity dependence of the true recombination efficiency, JWi(r)w(r;0)d°r

Z(D). Initially Z increases, approaches a maximum and onlyAt fast diffusion, when ionization is under kinetic control,
then decreases with viscosity. In the following section thethis distribution reproduces the shapeWf(r), but moves
above statement will be discussed in more detail on the baseway, when the viscosity increases and ionization becomes
of the exact numerical calculations. diffusion controllec®® The transformation of these distribu-
tions with increasing viscosity is shown in Fig. 6. Hence, at
the lowest viscosity ions start mainly from inside the remote
recombination layer, while at higher viscosity they also start
from outside.

V. DISCUSSION

The most common simplification of the initial distribu-
tion f(r) is its reduction to a5-function, located at a given
initial distance between the ions;:

8(r—ro)

' f(r)~ 29 5.1
1.0 12 14 16 (r) amt? (5.

z=ry/0

FIG. 6. The normalized distributiorfgr,) over the initial ions separation at As a result the average quantum yIQ&dIS also reduced to

different values of viscosity, indicated in the figure. The other pa\rameters',[he partial separation yield of ions, starting from this very
defining the ionization layer, are the same as for Fig. 4. dlstance,ro:
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0.10 20 ward and backward transfers are in inverted region having
—AG(0) /A =05 —AG(0) /Ao =1.25 exactly the same free energie&®,(o) =AGg(0)) so that
the shapes of both layers are identical. Correspondingly, the

recombination efficiency paramet&(D) has a well pro-
nounced maximum in the former case, while in the latter one
L 10 can see only the monotonous decrease of recombination ef-
ficiency with increasing viscosity. This is because at any fi-
nite diffusion the initial ion distribution is wider than ioniza-
tion layer, and hence, aligned mainly outside both reaction
layers of the same shape and width. Even stronger separation
Y I, B S 0 is inherent to IN case when th_e r_eco_mb_inat_ion layer is lo-

7 10 100 1000 1 10 100 1000 cated nearer to contact, deeply inside ionization one and cor-

7,4 [ns] 7,4 [ns) responding initial distribution of ions. ~
_ Only the monotonous increase Bfwith D, peculiar to
FIG. 7. The viscosity depe_nd_enc_e of the recomb_inat.ion efficiet{€y) for case B, was experimentally observed until Adand sub-
the Marcus-type rates of ionization and recombination, BdL2. All the eL%Cted to the theoretical description in a number of
0

parameters are the same as for Fig. 4. The viscosity is measured by the m 11-14 . .
encounter time for the neutral reactams= c2/D. The excitation energy of rks: However, m(Flg' 2) we have demonstrated the

the donor€=2.5 X\.. fresh experimental evidence of the nonmonotorﬂfﬁ) be-
havior, typical for case A. The system studied experimentally
is the electron transfer quenching of peryléRen by N,N-

— dimethylaniline(DMA), which has been widely usédThis

¢—¢(ro). (52 process is characterized by the high excitation energy of the
It seems reasonable to choageequal to the average initial electron accepto{Per,£=2.83 eV), ionization in the Mar-
separation, Eq(1.4). This approximation shows the right cus normal region4G;=—0.55 eV) and highly exergonic
tendency: the start from inside the recombination zone isecombination proceeding in the Marcus inverted region,
changed by a start from outside, singe=(r) increases mo- AG,=-2.28 eV.
notonously at increasing viscosity. Nevertheless, such an ap- The special measures were undertaken to get the maxi-
proximation proves to be too rough, because the real initiahyym located inside the available range of the viscosity varia-
distribution is not pointlike, but very broad. Part of it is tjon. This variation should not be accompanied by the chang-
covered by the recombination zone, while another part apng of any of the other physical properties of the solvent. To
pears outside i(Fig. 6). When the residence time in the meet this requirement in the fairly wide viscosity range the
recombination zone is sufficiently large, the inner stéts  gimethyisulfoxide (DMSO)-glycerol mixtures were used.
which ions inevitably cross the recgmblnatlon layeontrib- These mixtures show almost a constant refraction index, as
utes to the charge separation yigld much less than the gl as a similar and high dielectric constant. Peryléak
outer starts(for which ions may avoid the recombination yjch 99.5%), glycerolAldrich 99.8%,<0.1% H,0) were
layer at al). This happens despite the fact, that only the far,co as received. DM#aldrich, >99%) was distilled under
wing of f(ro) shows itself outside the recombination layer. .oq4,ced pressure (17 mbar, 77 %0d always handled under
As soon as this wing starts to dominai#falls down with argon. DMSO(Fluka, 0.05% HO) was twice crystallized by
further increase of viscosity. In the opposite situation of faStfreezing cycle* The concentrations of perylenex20~5

d|ﬁq3|on, the contnbuﬂop of Fhe far wing is neghg!ble, Wh”.e M, and of the DMA, 0.033 M, were kept constant throughout
the ion started from the interior of the recombination contrib- . . . :
. o all the laser flash photolysis experiments. Absorption, emis-
utes more t&Z when the viscosity increases. . e )
sion, and lifetime equipments used, have already been

Hence, the maximum in the viscosity dependence of . 5 . . o
indicates equilibration of inner and outer start contributionsdescnbe&' After the laser experiments the kinematic vis-

into the charge separation yield, as well as in the recombinecCSities were determined using a thermostated Ubbelohde

tion efficiency. The maximum depends not only on the posi_viscosimeter. All the measurements were dong setting the
tion of the initial distribution regarding the reaction layer, but tempgrature at 20’{,)0'1 C A mo-re detailed outline of the
also on the strength of the recombination and the width ofXPerimental technique will be given elsewhere.

the layer which determines the residence time in there. Several additional factors have to be taken into account

Thus, it is much better to account for the real initial ion When fitting the experimental data, like the multiphonon
distribution f(r,), instead of itss-function approximation, character of the electron transfer in the Marcus inverted re-
and to use the true recombination r&t&(r), instead of its ~ 9ion, singlet-triplet conversion in the ions pair, etc. This will
rectangular model. It may be done on the basis of the exadte done in our next article. However, we would like to stress
numerical solution of the IET equations. The results obtainedhat the nonmonotonous viscosity dependence of the recom-
with the particular reaction rates of the electron transfer, inbination efficiency, Fig. 2, may be considered as the true one,
dicated on Fig. 4 are represented in Fig. 7. In NI case A theather than due to the collateral modulation of the reorgani-
remote recombination layer is shifted far away from thezation energy and Coulombic forces, which may occur in
guasi-contact ionization layer, while in Il case B both for- some other mixtures.

A B

0.08 -

Z[A?/ns]
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