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Abstract

Kinetics of transient photocurrents caused by the electron transfer (ET) reactions in weakly polar solvents is computed on the assumption that
ions are formed by dissociation of exciplexes, the primary product of the ET reactions. The rise time of the photocurrent arising from the time
dependent polarization of geminate solvated ion pairs in the applied electric field is shown to be less than the fluorescence decay time of exciplexes,
the precursors of the ions. The obtained time dependence of the photocurrent agrees well with the photoconductivity traces in the solutions of
9,10-dicyanoanthracene and durene observed by Zhou et al. [J. Zhou, B.R. Findley, T.M. Francis, E.A. Nytko, C.L. Braun, Chem. Phys. Lett. 362
(2002) 63-71; J. Zhou, R.P. Shah, B.R. Findley, C.L. Braun, J. Phys. Chem. A 106 (2002) 12-20]. Their interpretation of the experimental data
rests on the alternative assumption that free ions are generated not from exciplexes but from solvent-separated ion pairs originally produced on the
ET quenching of the excited states of 9,10-dicyanoanthracene by durene. However, the performed analysis of the photocurrent kinetics supports

the conclusion that ions arise by dissociation of exciplexes.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

It is well established that photoexcitation of electron donor
(D) and acceptor (A) molecules in solutions gives rise to electron
transfer reactions between excited molecules and non-excited
ones which result in fluorescence quenching and free radical ion
formation. Two electron transfer (ET) mechanisms have been
proposed to explain the free ion formation. In the work of Rehm
and Weller [1], it is assumed that initially the ET quenching
produces geminate solvent-separated radical ion pairs A~ + D*.
These pairs can either dissociate to free ions or recombine to
the neutral ground states. In the second mechanism [2-8], it
is assumed that initially the ET quenching of excited states
produces exciplexes (A~% D*?) which can dissociate to solvent-
separated ion pairs followed by their separation to free ions, see
Scheme 1.
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Over the past decades, considerable progress has been made
toward understanding of the parameters that control the primary
stages of the photoinduced charge transfer in various systems
[6-13]. However, a mechanism of free ion formation in mod-
erately polar and non-polar solvents still remains controversial.
Because of small free ion yields, the dc photoconductivity tech-
nique is of frequent use to study the free ion formation in these
liquids. One of the unresolved problems is the relation between
the photocurrent kinetics and life times of geminate solvated ion
pairs and exciplexes for both mechanisms of ionization.

The photoconductivity method with the nanosecond time
resolution is based on the measurements of the displacement
currents arising from time dependent dipoles of excited states
and geminate solvated ion pairs produced by excitation of
the sample between electrodes of the photoconductivity
cell with short light pulses [14-17]. Both exciplexes and
solvent-separated radical ion pairs (SSRIP) can contribute to
the photocurrent transients observed on the nanosecond scale.
However, kinetics of the displacement current arising from
generation and decay of exciplexes is different from that of
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Scheme 1.

the ion conductivity. Contrary to exciplexes with the life times
of 0.1-100ns, the ion component of photocurrent can last for
milliseconds or hundreds of microseconds until the ions arrive
at the electrodes or recombine in the bulk of liquid. It has been
shown that in many donor—acceptor systems the exciplex fluo-
rescence decay observed after short light pulses is accompanied
by the build-up of a slow component of photocurrent attributed
to the conductivity of ions generated by the photoinduced
ET reactions between electron donor and acceptor molecules
[8,18-21]. The decay curves of the exciplex fluorescence and
the photocurrent rise curves were reproduced approximately
by simple exponential functions, Ipp(f) ocexp(—#/tpr) and
J(#) o< 1—exp(—t/tyise ), respectively. However, the rise time (#ise)
of the photocurrent was found to be markedly less than the
decay time (fgr) of the exciplex fluorescence [8,18-21]. The
distinction between the exciplex fluorescence decay time fpr,
and the build-up time of photoconductivity #isc becomes more
pronounced with decreasing polarity of solvent. The discrep-
ancy between fgr, and fgse is one of the main arguments against
the exciplex mechanism of ionization described by Scheme 1.

To explain the distinction between #p1, and #se, Mataga and
co-workers [8,18] have assumed the existence of an ensemble
of various exciplexes and radical ion pairs with different life
times. Zhou et al. [19,20] have interpreted 1/t as a rate of free
ion formation in the exponential model. Basing on the obtained
discrepancy between fpp, and fse, they have concluded that in
moderately polar solvents the precursors of free radical ions are
different in nature from exciplexes (or contact ion pairs). The
authors [20] have concluded also that the number of exciplexes
which dissociate to free ions is insignificant, and the free ions are
formed, according to the Rehm—Weller mechanism, mainly from
those solvent-separated ions which are originally produced by
the direct ET quenching of the photo-excited electron acceptors
by electron donors. Such an explanation seems plausible. The
free ion quantum yields in weakly polar solvents are far less
than unity. So, it is quite possible that the exciplexes are not
precursors of free ions even if they are the main primary product
of the ET fluorescence quenching.

It should be noted that the equality between fp, and tge
would be expected only when the photoconductivity signal is
proportional to the concentration of ions in Scheme 1. For
solvents of low and moderate polarity, like dichloromethane
or tetrahydrofuran, the Onsager radius is much more than the
initial distances between solvent-separated geminate ions. The
conductivity kinetics of the geminate ion pairs bound by the
Coulomb attraction differs from that of homogeneous chem-
ical reactions of free charges. The investigations of the pair
recombination kinetics for geminate electron—cation pairs in
non-polar hydrocarbon matrices [14,22-25] and electron—hole
pairs in amorphous semiconductors and polymers [26-31] have

shown that if the geminate charge pairs are created by a very
short generation pulse, their conductivity decays rapidly down
to the level of the free charge conductivity. The decay kinetics of
the geminate charge conductivity is rather complex. In any case,
the current of geminate charge pairs does not rise at sufficiently
long times after a generation pulse.

Thus, the rise of photocurrent observed at times comparable
to the exciplex fluorescence decay time suggests the existence of
the long-lived precursors of SSRIP. The life time of the precur-
sors is thought to be close to #pr.. It would be appear reasonable
that the precursors of the ions are the exciplexes (or contact ion
pairs), which dissociate to ions. On the other hand, the #g[, times
were found to be comparable to the characteristic times of the
diffusion escape of the geminate ions from the Coulomb well.
In this case, the build-up time of photocurrent is determined not
only by the life time of exciplexes, but by the time dependence of
electric dipoles of the geminate solvated ion pairs in the electric
field as well. However, up to now, there has been no work done
to analyze the transient photoconductivity of liquid solutions in
the case that the diffusion separation time of geminate ions in
the Coulomb well is commensurable with the life time of their
precursors.

The goal of the present study is to test the validity of the exci-
plex mechanism of photoionization in solutions. The approach
used consists in calculating the time dependence of the photocur-
rent arising from dissociation of exciplexes with consideration
for polarization of the spatial distribution of geminate solvated
ions in the external electric field. We correlate our calculations
with the results of the experiments of Braun and co-workers
[19,20] who have studied the ET quenching of the photoex-
cited molecules of 9,10-dicyanoanthracene (DCA) by simple
aromatic electron donors in moderately polar solvents using
the time resolved photoconductivity method and fluorescence
time-correlated single-photon counting technique.

Below a simple model of exciplex dissociation is considered,
which allows one to find the photocurrent as a function of time
having regard to the contribution to the photoconductivity signal
from both exciplexes and geminate solvated ions. It is concluded
that the rise time of the photocurrent caused by polarization of
geminate ion pairs in the electric field is really less than the life
time of exciplexes, assumed precursors of the ions. The obtained
results agree well with the exciplex mechanism of photoioniza-
tion in which free ions are formed by dissociation of exciplexes,
and the exciplexes are assumed to be the primary product of the
ET quenching in solutions. In addition, it is shown that the mea-
surements of photoconductivity make it possible to obtain the
exciplex life time in weakly polar liquids even if the exciplexes
are not detected by other methods.

2. Electric polarization of exciplexes and
solvent-separated geminate ion pairs

Before analyzing the photoconductivity kinetics, we describe
briefly the main experimental results of Braun’s group [19,20]
which are essential to the following consideration. Fig. 1
demonstrates the time dependence of photocurrent induced by
photoexcitation of the DCA molecules in the solutions of DCA
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Fig. 1. Time dependence of the photocurrent induced in liquid solutions
by the UV laser pulses (at 355 and 367nm) with a full width at half
maximum of 0.4 ns. Points show the experimental photoconductivity curves
for the 0.0001 M solution of DCA with 0.1 M durene in dichloromethane
(A), 1,2-dichloroethane (B) and 3-pentanone (C). Points A from Ref. [20],
points B and C from Ref. [19]. The dashed curves show the exponential
functions 1 — exp(—#/tg1,). The solid curves represent the results of calculations
of the reduced displacement current (joYFI)’lj in the diffusion model at
a=09nm, b=0.25nm, c¢=0.1, p; =20D, ¢=1.5, and tp =0.24 ns. The fol-
lowing additional parameters were used for calculations. Case of A—for solid
curve 1: kp/o =30, ¥ =0.16, tgen = 1 ns, tp, =32 ns, pg = 16 D, Trec = 0.9 ns. Case

with 0.1 M durene in different solvents (from Refs. [19,20]).
DCA and durene were used as the electron acceptor and donor,
respectively. The initial peak observed in dichloromethane and
1,2-dichloroethane has been attributed to the positive part of the
“dipole” signal due to the exciplex formation. At sufficiently
long times (at #>60ns for dichloromethane), the photocurrent
is seen to rise to a steady positive value assigned to the current of
free ions. After subtracting the “dipole” signal, the rise time #ge
of the remaining photocurrent was obtained by fitting photocur-
rent to the function 1 —exp(—#/tise). The free ion yield (Ygr) per
each quenching event was found from the measurements of the
free ion photocurrent. The s times, free ion yields Yry and exci-
plex fluorescence decay times #pp, obtained for different solvents
are listed in Table 1. The g, time was derived from the fluo-
rescence decay curves at the emission wavelengths A > 580 nm
assigned to emission from exciplexes formed between DCA*
and durene. As seen from Table 1 and Fig. 1, the photoconduc-
tivity rise time g is shorter than zpr..

We consider the exciplex mechanism of ionization [2-8]
shown in Scheme 1. It is assumed that the exciplexes (A~%,D*?)
are the primary product of the ET quenching of the excited states
A* of the electron acceptor A by the electron donor D, and the
geminate solvated ions D* and A~ arise as the result of the
exciplex dissociation. In the framework of the mechanism, we
determine below kinetics of the transient photocurrents induced
by generation and dissociation of exciplexes and compare it with
the experimental data on the ET quenching of DCA*.

Let us consider first a limiting case of the infinitely short light
pulses when the pulse duration is far less than the life time of
the excited states A*. According to the reaction scheme shown
in Scheme 1, the time-dependent number (V) of the exciplexes
produced in liquid between electrodes of the photoconductivity
cell after a short light pulse at time =0 can be presented in
the form N = Nexu where u(f) has the form of the biexponential
function [7]

1
ut)y = —=4 . {exp (_t> —exp (_I)] (1)
(tg_eL - Z‘];Ll) IFL fgen

with the life times of the exponents given by [7]

foh fi1 = 2ot + 31 £ [0 — 3% + dkotkioen] P} @)
Here, Nex =noko1¢plgen is the total number of exciplexes pro-
duced in the sample between the electrodes in the course of the
ET quenching of A*, cp is the electron donor concentration,
no is the initial number of the excited states A* photogener-
ated between the electrodes at 1 =0 (np < cp), x1 =ko1¢p + 7y ! s
V1 =k10+te_xl, 70 is the life time of A* at ¢cp=0 (for DCA,
79~ 10ns [20]), and tex is the exciplex life time at k10 =0.
The rate constant 7' comprises all possible modes by which
the exciplexes can disappear at k1o =0: the dissociation to ions,

of B—kp/o=10, ¥ =0.355, tgen=1.67ns, trg. =48 ns, trc=1ns; for curve
2: tgir=18.8ns, po=12D; for curve 3: t4ir=22ns, po=11D. Case of C:
tgen =1.05ns, tr. = 10.4 ns, tre = 1.6 ns, po =12 D; for curve 4: kp/o =5, Yy =1;
for curve 5: kp/o =10, ¥ =0.581; for curve 6: kp/o =30, ¥ =0.28. The dotted
curves represent the contribution from the dipole signal.
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Table 1

The exciplex fluorescence decay times (fp.), photocurrent rise times (fise), free ion yields (Ygr) for the quenching of DCA* by durene in different solvents, the
calculated rise times (#632) of the j» component of the displacement current, the dissociation probability (¢g) of the ion pairs, and the values of kp/o, at which #¢32 and

g were calculated

Solvent trr, (ns) trise (NS) Yr 1632 (nS) kplo q

DCM (¢ =8.997) 32 21 43 %1073 19.8,20.2 10, 30 0.98 x 1072, 2.69 x 1072
DCE (¢=10.42) 48 25 8.8 x 1073 28.2,30.8 10, 30 247 x1072,6.67 x 1072
MPT (13.11) 224 17.4 0.053 16.3,18.4 10, 30 7.99 x 1072, 0.199

PT (17.0) 10.4 7.4 0.122 94,99 5,10 0.122,0.21

The solvents are dichloromethane (DCM), 1,2-dichloroethane (DCE), 4-methyl-2-pentanone (MPT) and 3-pentanone (PT). The values of fr, #se and Ypy from Ref.
[19]. Numbers in brackets are dielectric constants at 7=293.2 K. The parameters used for calculations were a =0.9 nm, »=0.25nm, c=0.1,p; =20D and T=293.2 K.

the radiative decay and the intramolecular back transfer of the
electron from A~ and D" leading to triplet or ground states.
For the DCA/durene pair in 1,2-dichloroethane, 4-methyl-2-
pentanone and 3-pentanone, the exciplex rise times fgen have not
been measured, but they can be evaluated as follows. The fluores-
cence decay curves reported [19,20] allow one to conclude that
at cp=0.1M the equilibrium between A*+D and (A~%,D*%)
is strongly shifted to the right, and k1o < koicp + 7 ! In par-
ticular, Fig. 2 in Ref. [20] shows that for the solution of DCA
with 0.1 M durene in dichloromethane the fluorescence decay at
A =440 nm is biexponential with the first life time #yen ~ 0.98 ns.
At A=440nm, the fluorescence intensity Ir (f) decays rapidly
down to the slowly dropping plateau at ¢>10ns so that the
ratio I (0)/IgL(#¥) is about 30 at £*=10-15ns. At feen K t¥,
the steady-state condition dn/df=kioN — (1/t¢9+koicp)n=0
gives the estimate of kjo/(7, ! +ko1cp) =n(r*)/N(t*) where n
is the time-dependent number of the photoexcited molecules
A* in the sample between the electrodes. On the other
hand, at A =440nm both exciplexes and DCA* contribute to
the slow component of fluorescence at r>10ns. This gives
the estimate of n(t*)/N(t*) < Ir (t*)/Ir(0) = 1/30, and hence,

it

100 150

t,ns

Fig. 2. Time dependence of the j, component of the polarization current induced
by an infinitely short light pulse at 7= 0. Dashed curves were obtained from Egs.
(13) and (A.6) at tgif = 13 ns (the dashed curve 2) and #4;f =30ns (the dashed
curve 3); tp. =32 ns, foy = 1 ns. Solid curves 4 and 5 show the time dependence
of ja/jogr calculated by Eqgs. (10) and (18) using the numerical solutions of
the Smoluchowski equation. The parameters used were: ¢=0.1, R, =6.33 nm,
a=0.9nm, b=0.25nm, kp/o =10, p1 =20D, tgen =1ns, tp. =32 ns; tgir =13 ns
(curve 4), and tgir=30ns (curve 5). The dotted curve 1 shows the exponential
function 1 — exp(—#/tpL) at tpr, =32 ns.

klo/(to_1 +ko1cp) < 1/30 at cp =0.1 M. From Eq. (2) it follows
that at y;/x; < 1 the life times of the exponents can be presented
in the form
—1
—1 ~1 To
e N Ty + ———kio 3)
FL ex T(;l + kOICD

k1o

1
t -
korep + 1,

1 -1
gen ~ T + koiep | 1+

“)
To estimate fgen, we have used the fluorescence quenching rate
constant kqy found from the Stern—Volmer plot [20]. Accord-
ing to Scheme 1, fluorescence quenching of A* follows the
Stern—Volmer equation [7]

% = 1+ kquTocp 5)
where kqu =ko1(1 +k10Tex)" L, @9 and @ are the fluorescence
quantum yields of A* in the absence and in the presence of
the quencher, respectively. Since ko >kqu, the exciplex rise
time can be evaluated from Eq. (4) as fgen <1/(7y ! +kquep).
For the DCA/durene pair, we determine below the photocon-
ductivity kinetics assuming that tgen = 1/(7y T4 kquep). Such an
approximation only slightly affects the photocurrent rise time
because at cp=0.1M and kg, ~ 1010°M~1s=1 [20] the time
1/(10_l +kquep) ~ 1ns is far less than fgr.

In an applied electric field, both the exciplexes and geminate
solvated ions arising from exciplex dissociation are polarized.
Electric polarization of exciplexes is caused by reorientation of
their dipoles along the external field. We assume that in sol-
vents with viscosity of the order of 1cP the rotational times
of exciplexes (0.1-0.2 ns [17]) are less than the time resolution
of photoconductivity measurements (about 1ns). In this case,
a reasonable approximation is that the angular distribution of
the exciplex dipole moments with respect to the electric field
reaches equilibrium instantly and therefore, the average projec-
tion of the exciplex dipoles on the electric field direction follows
the time dependent number of exciplexes described by Eq. (1).
So, for every exciplex generated in liquid between electrodes of
the photoconductivity cell after an infinitely short light pulse at
t=0, the time dependent projection of the electric dipole on the
direction of the external electric field is given by

t
p(t) = pexu(t) + /O kau(t") pgip(t — 1) dt’ (6)
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where pex = pg Fo/3kgT is the projection of the exciplex
dipole [17], F the external electric field strength (F < 10kV/cm
[19,20]), po = erapé the exciplex dipole moment, e the electron
charge, rap ~ 0.35 nm the centre-to-centre distance between A~
and D* in the sandwich type configuration of (A~%,D*) [13], §
the degree of the charge transfer in the exciplex (6 < 1), the factor
@ ~ 1.5 takes into account the increase of the electric field acting
on the exciplex dipole caused by surrounding solvent molecules
[17], T the absolute temperature, and kg is the Boltzmann con-
stant. The second term in the right-hand side of Eq. (6) is an
electric dipole of the solvent-separated ion pair A~ + D" at the
time ¢ gained in the course of motion of the ions in the combined
Coulomb and external electric fields. Here, kqNexu(?') df’ is the
number of ion pairs generated in the time interval (7,7 +dr’) due
to dissociation of exciplexes, kq is the dissociation rate constant,
and pyip(1) is the electric dipole gained by the instant of time #
by that geminate ion pair A~ + D" which was produced at time
t1 =0.

The time variation of p causes the displacement current (j)
across the load resistor in the measurement circuit, also called
the polarization current [23,24]. The displacement current j is
related to the time derivative dp/dt through [17]
. dj 1dp
IRy T
where £ is the distance between the electrodes, and trc is the
RC-time of the circuit that is equal to a product of the cell capac-
itance and the load resistor. In the displacement current mode of
measurements [17], Trc dj/dt < j, and the displacement current
is j=h~! dp/dz. Substituting ¢ = — ¢ into the integral of Eq. (6)
and differentiating it with respect to time #, one obtains that at
u(0)=0

dp du

a = pexa

(N

T du(t —t
+ ka / %pgip(ll)dtl ®)
0 t

Thus, in the displacement current mode, the time depen-
dent polarization current per each exciplex produced in liquid
between electrodes of the cell after an infinitely short light pulse
at t=0 can be written as the sum

d
jo=h""! d—’; = j1(0) + Yja0) ©)

where j| = (pex/h) du/dt is the “dipole” current arising from gen-
eration and decay of the exciplex dipoles, V¥ = kqtpL X kqTex 1S
the probability of the exciplex dissociation, and j, is the dis-
placement current arising from the time dependent polarization
of the spatial distribution of the ion pairs A~ + D" in the electric
field given by

Tdu(t —t
jo = (htp) ™! /O %[)gip(ﬂ)dl‘l (10)

To analyze the photocurrent kinetics, the j» component of the
displacement current is conveniently presented in the following
form

t
ot = p0y (teL )~ u(e) + 1 /0 ult — 1) jgp(rdn (1)

where pgip =Ppgip(0) is the initial electric dipole of the solvent-
separated ion pair A~ +D*, and Jeip(D) = B! dpgip/dt is the
polarization current of the ion pair produced at time #=0. Here,
we anticipate that in the electric field the initial spatial distri-
bution of the pair A~ + D* is polarized because of the assumed
dependence of the exciplex dissociation rate on the initial ori-
entation of the ion pair with respect to the external electric
field.

As shown previously [23-25], at sufficiently long times the
current of geminate charges is approximately equal to the free
ion current, thatis jgip, — jog att — 0o where ¢ is the probability
for the ion pair A~ + D* to escape geminate recombination and
form free ions, and jj is the current of a single pair of the free
ions A~ and D* given by

jo=h"lemF (12)

Here, m=De/kgT is the sum of the ion mobilities, and D is the
sum of the diffusion coefficients of the ions A~ and D*. Since
at t — 00 jaip — jog, from Eq. (11) it follows that j> — g-jo, and
therefore, j — Ypr-jo at t — oo where Ypy =gy is the free ion
yield. For solvents of moderate and low polarity, the dissociation
probability is assumed to be g < 1 [32,33].

In Appendix A, a build-up of the displacement current is
analyzed at #gen < tFL. The rise time of the jo component of the
displacement current is demonstrated to coincide, as might be
expected, with gy in the case that t4ir < 1, Where 7gif = R% /Dis
the diffusion separation time of geminate ion pairs, R, = ¢*/ekg T
is the Onsager radius, and ¢ is the dielectric constant. The times
tqir estimated in Appendix A are shown in Table 2. As seen, the
t4if times are comparable to #pr . In this case, the time dependence
of j, at sufficiently long times, as shown in Appendix A, might
be approximated by

2 _ —t ! H _
P2~ iglexp () / exp () Wa(t)g~dny (13)
Jogq IFL 0 1FL

where the function W,(¢) given by Eq. (A.6) describes the decay
of the geminate ion survival probability at long times.

Fig. 2 shows the time dependence of the value j>/jog cal-
culated by Eq. (13) at tpp. =32 ns as for the exciplexes formed
between DCA* and durene in dichloromethane. Results of cal-
culations obtained at 7gif =13 ns and zg;=30ns are presented
for comparison. As seen, the function j>(#) is not monotonic.
For example, at #4;f = 13 ns the current j, reaches its maximum
value j™* ~ 1.21 x jogq at time ™** ~ 90-100 ns. As seen from
Fig. 2, the maximum of the curve j,(¢) is very wide and smooth.
At > M3 the value of jp/jog slowly decreases with increasing
time and approaches unity from above at r— oo. Such a time
dependence of j; is caused by the power o = 1/2 in Eq. (A.6), see
Appendix A. The decay of j, at #>™?* is so slow that the value
of jo» drops only by a few percent as the time increases from
100 to 400 ns. This insignificant decrease of the geminate ion
photoconductivity at long times is difficult to identify because
it is superimposed on the usually observed decay of the photo-
conductivity caused by the bulk recombination of ions with the
radical ions of other photogenerated ion pairs and recombination
with “intrinsic” ions responsible for conductivity of the sample
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Table 2

The sum (D) of the diffusion coefficients of the anion of DCA and cation of durene, the Onsager radius (R.), the diffusion separation time (#4if) of a geminate ion
pair and the energy (AGssrip) of formation of the SSRIP in different solvents: dichloromethane (DCM), 1,2-dichloroethane (DCE), 4-methyl-2-pentanone (MPT)

and 3-pentanone (PT)

Solvent D (cm?/s) R. (nm) t4if (ns) AGssrrp (V)
For DUR/DCA For HMB/DCA
DCM (n=0.436cP) 3.08 x 1073 6.33 13 2.96 2.77
DCE (n=0.845cP) 1.59 x 1073 5.47 18.8 291 2.72
MPT (n=0.572cP) 235% 1073 4.35 8.05 2.84 2.65
PT (n=0.472¢cP) 2.84x 1073 3.352 3.95 2.79 2.6

Numbers in brackets are the viscosity of solvent at 7=293.2 K. The values of D =2D;,, were obtained at the Stokes radius of ions rjop =0.32nm and 7=293.2 K,

see Appendix A.

in the dark. So, from the experimental point of view, it makes
sense to consider only a build-up of the displacement current at
t<t™ The rise of j, at <™ is not exponential. However,
to compare calculations with the experimental times f;ge, we
define the characteristic rise time (#432) of the photocurrent by
the condition

Jate32) = [1 — exp(—D)] x j™ = 0.6321 x j™** (14)

The results of calculations presented by the dashed curves in
Fig. 2 show that the time #43> equals about 17.75ns and 14.6 ns
at tgir =13 ns and at 7gjf =30 ns, respectively. The longer is the
diffusion separation time of an ion pair, the shorter is the rise
time fg3> of the photoconductivity curve. As seen, the time 7432
is less than fp;, =32 ns.

Such a semi-quantitative approach demonstrates that the rise
time of the displacement current g3 <fpr, can be obtained at
reasonable values of z4ir. It should be noted that the #53; time
decreases with decreasing the sum of the diffusion coefficients
D of the ions. So, the photocurrent rise time cannot be inter-
preted as the characteristic escape time of geminate ions from
the Coulomb well, which is expected to be inversely proportional
to D.

Thus, the rise time of photoconductivity is determined, as
discussed above, by the time dependence of the polarization
current jgip =p! dpgip/dt at times comparable to f4ir. Numeri-
cal calculations of the function jgiy(#) are presented in the next
sections.

3. Exciplex dissociation in the diffusion model of a
solvent-separated radical ion pair

To find the function pg;,(?), the extended reaction scheme of
the free ion formation shown in Scheme 2 is used. The exci-
plex (A~% D*9) first dissociates into a “complex” or a transition

Kas k12 ka3 ;
A*D EZ (AP DY) S (A.D)s e AHD >

ons
k1u k11 Oc
l‘co lkn lﬁet

A (A, D) A+D

Scheme 2.

state (A~...D%)rs which eventually separates into the gemi-
nate solvent-separated ions A~ + D*. It is suggested that for the
solvent-separated ions the distance, r, between the centers of the
ions is greater than some distance @ ~ 1 nm so that at r>a the
evolution of the spatial distribution of the solvent-separated ions
can be described by a diffusion equation. We shall call the dis-
tance a the recombination radius for the geminate ions A~ + D*.
When the distance r lies between rap ~0.35nm and a ~ Inm,
the ion pair is thought to form a new transition state (A~. . .D%)tg
which can turn again into the exciplex or can dissociate into the
solvent-separated ions. At rap < r<a, both the ion solvation and
desolvation occur within the complex (A™...D%)ts. According
to Scheme 2, the ion pair A~ + D* can disappear either by an
intermolecular back transfer of the electron from A~ to D* or
by the repeated formation of the complex (A~...D%)rs when
the distance r reaches the recombination radius »=a. Here, o
and o are the intrinsic recombination rate constants (in cm?3/s)
describing these processes, respectively. The rate constant ki
in Scheme 2 comprises the irradiative intramolecular return ET
and radiative decay of exciplexes.

Little is known about the primary stages of the solvent-
separated ion formation. Fig. 3 shows how the solvent-separated
ions A~ + D* with different initial separation distances are pro-
duced from exciplexes constituted of the anion of DCA and
the cation of durene. Because of the fluctuations, the low den-
sity region of liquid (a void) can appear near the exciplex in
the site, which solvent molecule 1 occupies. The cation D*
can transfer to this place after dissociation of the exciplex. In
this case, the solvent-separated ion pair A~ + D* is formed with
the centre-to-centre distance r| =rap + ds ~ 0.8-0.95 nm where
ds ~0.45-0.6 nm is a diameter of the solvent molecules [34]. If
after the exciplex dissociation the cation D* occupies the place of
solvent molecule 2, the initial distance between A~ and D* will

be rp =4/ r% + d2 ~0.9-1.1 nm. For other initial orientations of
the pair A~ + D* shown in Fig. 3, the distance between centers
of the ions is about r3 ~ 1.1-1.2nm and r4 ~ 1.15-1.3 nm. As
seen, initial distances between centers of the solvent-separated
ions A~ and D* are larger than some minimum distance a of
the order of 1 nm determined by the sizes of the ions and sol-
vent molecules. We assume, for simplicity, that in the absence of
the external electric field the initial distribution of the solvent-
separated ion pairs over the distances between ions is isotropic
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Fig. 3. Diagram for the solvent-separated ion pair formation due to the exciplex
dissociation. Top: The exciplex (at the left) dissociates into the ion pair separated
by a solvent molecule; the rectangles are the ions A~ and D*, the open circles
denote solvent molecules. Bottom and centre: possible initial orientations of the
anion of DCA and the cation of durene after dissociation of exciplexes.

and given by the following quasi-equilibrium function

R
A-exp(c), ata <r <a-+b;
Jo(r) = r (15)

0, atr>a+b, r<a;
where the parameters a and b are expected to be 0.9 £0.2 and
0.1-0.3 nm, respectively. The coefficient A is determined by the
condition that f; is normalized to 1.

We consider the contact approximation for recombination of
the ion pair A~ +D*, in which the ions disappear only when
they reach the recombination sphere r=a. Neglecting kg in
comparison with kojcp, it can be shown that the free ion yield
is

Ye1 = gkalkin + kall — y(1 — )}~ (16)

where y=o0c/(0.+0e) is a probability for the recombin-
ing ions to produce again the complex (A~...D%)ys after
geminate recombination, and the constant kg4 is equal to
kq= k12k23{k21 + ko3[l —y(1 — q)]}_l . Aty < 1, we obtain that
Yr1 & ¥q where Y ~ kq/(k11 +kq).

The life time of the complex (A~...D*)Ts will be considered
to be less than the time resolution of photocurrent measure-
ments (about 1 ns). Thus, on the nanosecond scale the complex
is assumed to turn instantly either into the exciplex or into the
solvent-separated ions with the initial distribution function f.

At r>a, the probability density f(r,0,f) of the solvent-
separated ions is determined by the Smoluchowski equation

L +V|-DVf+ Lo(F+ P)f| =0 (17)

with the initial condition f=fy at time #=0. Here, Ij"C and F
are the vectors of the Coulomb and external electric field,
respectively, f(r,0,f)d’r is the probability for the coordinates
(r,0) of the ion pair A~ +D™* to be in the infinitesimal volume
d3r=r2dr-27sin0do, and 0 is the angle between the radius-
vector directed from A~ toward D* and the external field. (The
external field is directed along 6=0.) Since [ fodr =1, the
electric dipole of the ion pair produced at =0 is determined by

Paip(t) = e / reos Of (r, 6, n)d’r (18)
r>a

To solve Eq. (17), the “radiation” boundary condition [35] at
r=ais used:

af(a,0,1)

“am = —si(a, 6, 1) (19)
_ % & _ eFcos6

= D{Br—i_(}"z kT )f] (20)

where 0 =0 +0¢, and sy(7,0,f) is the radial component of the
flux density. We consider the limiting case of . =0 when dis-
sociation of the complex into ions is irreversible. The effect of
o on the photocurrent kinetics is discussed in Section 7. At
o =0, the dissociation probability in the absence of the external
electric field is determined by

q=4n / T So(r)y(rydr Q1)

where y(r) is the dissociation probability for a single ion pair
with the initial distance r between the ions given by [36,37]

exp(—Re/r) + (%2 = 1) exp (~Re/a)

1+ (%D — 1) exp (—R./a)

y(r) = (22)

Here, kp =47 DR is the Langevin diffusion-controlled recombi-
nation rate constant of free ions. As seen from Fig. 4 and Table 1,
the values of ¢ > Ypy can be obtained only at kp/o >5-10. Fig. 4
shows that the value of g depends weakly on the parameter b in
the interval of b from 0.1 to 0.3 nm.

In the electric field, the initial spatial distribution of the
solvent-separated ions is expected to be polarized due to polar-
ization of both the complexes (A™...D*)rs and exciplexes. The
external electric field lowers the barriers of the exciplex disso-
ciation and the ion pair solvation by the value of the order of
eFrcos 0 if the angle 6 <7/2 and raises them if 6 > /2. Thus, in
the electric field, the initial distribution function can be written
as

fo(r, 0, F) = fo(r)(1 + wcosh) (23)

where fo(r) is given by Eq. (15), w=eFro/kgT, and
70 ~0.4-0.5nm is an assumed interionic distance correspond-
ing to a limiting stage for dissociation of the exciplex and the
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Fig. 4. The dissociation probability of a solvent-separated ion pair versus the
ratio kp/o calculated by Eqgs. (21) and (22) for the initial distribution function
given by Eq. (15). Solid curves 1 and 3 demonstrate the results of calculations for
dichloromethane at » = 0.25 nm and two magnitudes of the recombination radius:
a=0.7nm (curve 1) and a=0.9 nm (curve 3). The dashed curves 2 and 4 were
obtained for 1,2-dichloroethane at »=0.25 nm and two values of a: a=0.7 nm
(curve 2) and @ = 0.9 nm (curve 4). The dotted curves were obtained at b = 0.1 nm.

transition state (A~...D*)rs. The parameter w is related to the
initial electric dipole pgip through the equation

— rcos Ofo(r, 6 F)d3r—er e
Dgip = olr, b, = m3

where rm =47 [ fo(r)r*dr is the mean initial distance.
The initial polarizability of the solvent-separated ion
pairs can be written in the Langevin form pgip/eF =
pi/3ekBT where plze(rorm)”z. This gives p1~32D and
pgip/eF ~6x 10" em? V! at rp=0.5nm and r;, =0.9 nm.

4. The spatial distribution of the geminate ions at F =0

In this section, the evolution of the spatial distribution
function f{(r,f) in the absence of the external electric field
is considered. To find f(r,f), the Smoluchowski equation was
solved numerically with the initial condition f=fy(r) at t=0.
Calculations have shown that at kp/o > 1, regardless of the
form of fy(r), the distribution function takes rapidly the form
of the sharp peak at r=a with the width of the order of
Ar=kgTleFc(a)=a*/R. ~0.1-0.2nm where Fc(a)=elea® is
the Coulomb field at r=a. This distribution formed in the nar-
row layer a<r<a+ Ar arises from the diffusion relaxation of
the ions in the Coulomb field near the sphere r=a. Its formation
takes a time of the order of Ar2/D= (Cl/RC)4tdif ~ 4 x 10 %14
for dichloromethane.

At t/tgir>0.01, a broad part of the distribution function with
the width of the order of (4Dr)!/> appears as the result of the
diffusion escape of ions from the recombination sphere. At
t>0.1 x tgir the form of the broad part of f(r,f) was shown to
depend only weakly on both kp/o and the parameters of the
initial distribution fy(r) although the dissociation probability ¢
depended on them. The form of the function x*f(x,7)/q depends
mainly on 7 =1#/;; where x=r/R.. At t>0.01 x t4ir, a relative
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Fig. 5. The time dependence of the reduced survival probability U(W/q — 1)
in dichloromethane calculated at the width of the initial distribution function
b=0.25nm. The solid curves were obtained for a =0.9 nm, the dashed curves
fora=0.7 nm and a = 1.1 nm. The numbers near curves are the value of kp/o, the
numbers in brackets are the recombination radius ¢ measured in nm. The dotted
line shows the time dependence of (t;¢/7r1)"/? corresponding to the asymptotic
formula (24).

portion of ions in the narrow layer (a,a+ Ar) decreases with
increasing time.

Fig. 5 shows the numerical results of the long-time behavior
for the survival probability W= [ roa S d3r of the ion pair pro-
duced at #=0in dichloromethane. For the sufficiently long times,
the theory [36] predicts the following asymptotic behavior of W

Laif

172
W) = g [1 +u! (;) } (24)

where U=1 + (kp/o — 1) exp(—R./a). Calculations have shown
that at times #>0.0174ir, the reduced survival probability
U(W/q — 1) is independent practically of the parameter b of the
initial distribution as the distance b increases from 0.1 to 0.3 nm
at fixed values of o and a. In addition, at #/f4; >0.01, the value
of W/g, as seen from Fig. 5, depends weakly on both the value of
kp/o and the recombination radius a in the interval of kp/o from
1 to 100 and in the interval of a from a=0.7nm to a=1.1 nm.
This arises from the fact that, as mentioned above, for long times
a broad part of the distribution function x*f(x,7)/q takes an uni-
versal form, which depends only slightly on kp/o and fy. Similar
results were obtained previously [38,39] for the electron—cation
pairs in non-polar liquids.

5. Time dependence of the polarization current of
geminate SSRIP

The distribution function f{r,0,f) was found by the numer-
ical solution of Eq. (17) at low values of the parameter
c=eR.FlkgT<0.2 that corresponded to the field strength
F<8kV/cm for dichloromethane and F<4kV/cm for 3-
pentanone, typical for the photoconductivity measurements
[19,20]. The dimensionless variables jgip/jo and pgip/eR. are
convenient to use for calculations because they are related by
a simple formula jgip/jo = (ceRe)™! dpgip/dt. Figs. 6-8 demon-
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Fig. 6. Time dependence of the survival probability (dashed curves) and the
reduced displacement current jgip/jo (solid curves) calculated for the ion pair
produced at #=0 in dichloromethane with the isotropic initial distribution fy ()
given by Eq. (15). The parameters used were b=0.25nm, R. =6.33nm, c=0.1.
The numbers near curves are the values of kp/o. The numbers in brackets are
the recombination radius @ measured in nm. The horizontal dotted lines show
the level of gr calculated by Eq. (26).
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Fig. 7. The time dependences of the ratio F,,/F obtained for the isotropic (solid
curves) and polarized (dashed curves) initial spatial distribution of the gemi-
nate ion pairs. The parameters used were a =0.9 nm, R =6.33 nm, »=0.25 nm,
¢=0.1. The numbers near curves are the values of kp/o. The dashed curves were
obtained at kp/o = 10. The numbers in brackets near dashed curves are the values
of p; measured in D.
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Fig. 8. Projection of the reduced electric dipole pgip/eR. on the direction of the
external electric field as a function of the parameter T = D/ Rg. The numbers
near solid curves are the p; values measured in D, number O corresponds to
the isotropic initial distribution. The dotted lines (a and b) show the linear time
dependence pgip/eR. = ¢t and pgjp/eR. = ctqr, respectively. The parameters used
were a=0.9nm, b=0.25nm, ¢=0.1, R, =6.33 nm, kp/o =10.

strate examples of how the displacement current, the survival
probability W = [ f d*r and the electric dipole depend on
time for the ion pair produced at =0 in dichloromethane.
At F<10*V/cm, the degree of the initial polarization of
the ion pairs is rather small because w=eFro/kgT<0.02 at
ro =0.4-0.5nm. So, it is interesting first to consider the time
dependence of the displacement current for the case of w=0
when the initial distribution function fj is independent of 6.

5.1. Isotropic initial distribution

Fig. 6 demonstrates the peculiarities of the geminate ion cur-
rent kinetics. As noted earlier [14,23-27], at short times, the
result of calculations is that jgp/jo ~ 1 for an isotropic initial
distribution. This implies that all the ions contribute to the con-
ductivity signal at short times as if they were free. At #<0.17g;f,
the displacement current kinetics depends markedly on the ini-
tial distribution, on the value of a/R. and on the recombination
rate constant 0. Geminate nature of the charge carriers manifests
itself in the fact that at > 10_4tdif , the value of jgip/jo is less
than W. Moreover, as can be seen from Fig. 6, for some condi-
tions the displacement current can become negative in certain
time interval. This arises, as noted [23—-25], from the anisotropy
of the ion spatial distribution gained in the external field when
the number of the ion pairs with 8 < /2 becomes more than that
with 6> /2. The ions of the geminate ion pairs with 8 <7m/2
drift in the Coulomb field against the direction of the external
electric field force decreasing the projection of the geminate pair
electric dipole on the direction of the external field and giving a
negative contribution to the conductivity. Such a kinetic picture
agrees with the time dependence of the mean projection Fy, of
the electric field, acting on geminate ions, on the external field
direction. The mean field Fy, is determined by [24]

Fn=F— % [ Fe(r)cos 6 (r, 6, 1) d*r (25)
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where Fc = e/er? is the Coulomb field. At short times, averaging
over 6 of the second term in the right-hand side of Eq. (25) gives
F, =~ F because of the isotropy of the initial distribution. At ¢
— 00, Fyy — F because the ions become free. However, as seen
from Fig. 7, the field Fy, can be significantly less than F'in certain
time interval. Fig. 7 demonstrates that the time profile of Fi, has
a depression at the same times as for the time dependence of the
displacement current shown in Fig. 6.

At t— 00, both W and jgip/jo tend to the dissociation prob-
ability (gr) of a geminate ion pair in the external field. It is
conceivable that at ¢ < 1 the electric field dependence of gr
may be approximated by

ar~q(1+3) (26)
where g is given by Eq. (21). Such an assumption agrees
with the electric field dependence of the dissociation con-
stant K of weak electrolytes [40], which takes the similar
form K(F)/K(0)=~1+c/2 at low electric fields. As seen from
Fig. 6, at long times the calculated values of W and jgip/jo do
approach the gp probability found from Eq. (26). It should
be noted that at ¢ 1 Eq. (26) can be derived [41,42]
in the model of Onsager [43], in which the recombination
radius for the geminate charges is assumed to be infinitely
small.

5.2. Polarized initial distribution

Fig. 8 shows the time dependence of pgjp/eR. obtained at
different dipole moments p; of the initial spatial distribution.
As discussed in Appendix A, the initial polarization of ion
pairs lowers the current /™! dpgip/dt at short times as compared
with the current for an isotropic initial distribution. More-
over, at sufficiently large values of pi, the initial current can
become negative although the degree of the initial polarization
still remains rather small: w = ergF/kgT = cp%(e2rch)_1 ~
0.011 at ¢=0.1, p;=40D, rpn~ 1nm, and R, =6.33nm. The
effect of the electric polarization of the initial distribution fy
on the initial current jg;, can be explained as follows. At short
times, the geminate ions are separated small distances, at which
the Coulomb field Fc is much more than F. As noted above,
the geminate ions with 6 <7/2 drift in the field Fc — Fcos6
against the direction of the external electric field force giving
a negative contribution to the current. Although the drift veloc-
ity m(Fc — F cos 0) at 6 < /2 is less than that at 0 > /2, for the
polarized initial distribution fo(r, €) the number of ion pairs with
0 < /2 is more than that with 6 > /2 even at short times. This
leads to a decrease of the current at short times in comparison
with the isotropic initial distribution. Such an explanation is in
line with the effect of p; on Fyy, at short times, see Fig. 7.

It should be noted that the initial dipole moment of the ion
pair A~ + D%, as seen from Figs. 7 and 8, has no effect on both
the electric dipole pgip and the field Fi, at £>0.1 x #g;¢. This
is explained as follows. Most of geminate ions recombine at
t<0.1 x tgif. As to the ion pairs survived at ¢>0.1 x tgif, their
spatial distribution takes an universal shape, which depends
weakly on fo(7,0).

Thus, the results of calculations presented in Figs. 6-8 show
that at short times the kinetics of the geminate ion current
depends on the function fy and the recombination rate constant
o. As to sufficiently long times > (0.01 — 0.1) X tgf, that are of
interest for the photoconductivity measurements on the nanosec-
ond scale, the time dependence of jgi, weakly depends on both fj
and o. This allows us to describe the photoconductivity kinetics
at rather arbitrary initial distribution by choosing only the value
of o as a fitting parameter.

6. Comparison with experiment

Calculations of the transient photocurrents were carried out
in three steps. (i) First, for an infinitely short light pulse at =0,
the time dependence of h~'dp/dr and j, was calculated by Egs.
(9) and (10), respectively, where pyjp(#) was obtained from Eq.
(18). Results are presented in Fig. 2 and Fig. 9. (ii) The obtained
function 4~ 'dp/dr was substituted in the right-hand side of Eq.
(7), and the displacement current j(f) was found having regard
to the RC-time of the measurement circuit. (iii) Finally, the
obtained current j(r) was convoluted with the time profile of the
laser pulse. We assumed Gaussian form for the time dependence
of the laser pulse intensity L(f) = rr‘l/ztp_l exp (—t2/t§) with
1, =0.24ns that corresponded to the fwhm of 0.4ns [19,20].
The results of calculations with consideration for the RC-time
and the finite duration of the light pulse are presented in Fig. 1
and Table 1.

Fig. 2 demonstrates the time dependence of the reduced
current jp/grjo obtained by using the numerical solution of
the Smoluchowski equation. The parameters used correspond
to the case of the quenching of DCA* by 0.1 M durene in
dichloromethane. As seen from Fig. 2, at t>0.01zg4;f a time
dependence of j; is similar to that found above from Eq. (13).
In particular, at zgif=13 ns the time profile of j, has a smooth
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Fig. 9. Therise time of the j, component of the displacement current induced by
an infinitely short light pulse in different solvents as a function of kp/o. The sol-
vents are 1,2-dichloroethane (DCE, open circles), dichloromethane (DCM, black
squares), 4-methyl-2-pentanone (MPT, triangles) and 3-pentanone (PT, black
circles). The parameters used were ¢ =0.9nm, b=0.25nm, p; =0, ¢c=0.1. The
following parameters were also used for calculations. Case of DCM: g1, =32 ns,
tgen = 1 ns. Case of DCE: tg =48 ns, fgen = 1.67 ns. Case of MPT: tg, =22.4 ns,
tgen = 1.3 ns. Case of PT: tpr. = 10.4 ns, tgen = 1.05 ns.
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maximum j7% at time M™** =95-110ns. At >, the value
of jo/grjo slowly decreases with increasing time from ~1.11 at
t=100ns down to x1.06 at r=400ns. As previously, we define
the photoconductivity rise time #¢3; by the condition (14). For
the solid curves in Fig. 2, the rise time is g3 =18.9ns and
632 =13.4ns for tg;r=13ns and #gir =30 ns, respectively. The
rise time is seen to decrease with increasing the diffusion sepa-
ration time.

Fig. 9 shows how the calculated rise time of the j»
component of the displacement current depends on kp/o.
For dichloromethane, the exciplex rise time was fgen=1ns
at cp=0.1M [20]. For 1,2-dichloroethane (DCE), 4-methyl-
2-pentanone (MPT) and 3-pentanone (PT) the bimolecular
quenching rate constants kg, have not been measured, but they
can be estimated from available data on the rate constants mea-
sured for the quenching of DCA* by durene in other solvents of
different viscosity n [20]. The values of 1/kqy plotted against n
in the range of 1 from n=0.37cP (acetonitrile) to n=1.32cP
(1,2-dichlorobenzene) yield an ascending curve from which
the kqu rate constants for DCE, MPT and PT are estimated
to be 5 x 10%, 6.7 x 10° and 8.5 x 10° M~ s~ 1, respectively.
This gives tgen= (ro_l + kqucD)’1 =1.67ns, fgen=1.3ns and
tgen =1.05ns at cp =0.1 M for DCE, MPT and PT, respectively.

As noted above, at a=0.7-0.9 nm the values of kp/o <5-7
give too small escape probabilities g < Yry. On the other hand, it
can be shown that in the other limiting case of an infinitely large
ratio kp/o, the time g3, tends to tgr. at kp/o — 00. As seen from
Fig. 9, in the interval of kp/o between about 3-5 and 30-50 the
calculated time 7635 is markedly less than 7, and rather close to
the experimental photocurrent rise time #se, see Table 1.

It is worth while noting that at fixed values of fg. and #ge;, the
times 7632 plotted in Fig. 9 are determined mainly by the diffusion
separation time Rg /D although the model relies upon several
parameters. Indeed, numerical calculations have shown that at
fixed value of o, the g3, time depends weakly on the recombi-
nation radius a. For example, for dichloromethane at kp/o =10,
the time 32 increases from 18.2ns to only 19.05ns as the
recombination radius increases from a=0.7nm to a=1.1 nm.
At kp/o =100, the increase of the recombination radius from
a=0.7nm to a= 1.1 nmresults in the increase of 743, from 18.65
to 25.6 ns. In addition, calculations show that the 763, time plot-
ted in Fig. 9 is practically independent of the parameters b
and p; of the initial distribution function fy(7,0). In the case
of dichloromethane, the time f¢3; remains unchanged with an
accuracy of 0.1 ns as the value of b increases from 0.1 to 0.3 nm.
The change of the initial dipole moment of the ion pair A~ + D*
from p1 =0 to p; =40 D does not affect practically the time #43>.
Similar results have been obtained for other solvents. Such a
weak dependence of the rise time of the jo» component of photo-
conductivity on the initial spatial distribution of geminate ions
arises from the fact that at large values of #/#4ir>0.01-0.1, cor-
responding to the nanosecond scale, the distribution function
f(r,6,p) takes an universal form, which depends only weakly on
fo.

The RC-time was evaluated by a formula [17]

TRC = (R + Ruv)(Ceenl + Cstray) 27

where Ccej =€&Scenn/4mh is the capacitance of the photocon-
ductivity cell, Sce is the area of the electrodes of the cell,
Cstray ~ 1 pF is the stray capacitance, R and Ryy are the load
resistor of the signal side (R) and the high voltage side (Rpy) of
the connections to the electrodes of the cell. At R=Rpgy =50 L,
Scell & 1cm?, h=0.1cm [20], Eq. (27) gives 0.9, 1, 1.25 and
1.6 ns for trc in DCM, DCE, MPT and PT, respectively.

Fig. 1 shows a comparison between the time dependence of
the displacement current j=j; + ¥jp, calculated with consider-
ation for the finite RC-time and laser pulse duration, and the
experimental photoconductivity curves. As seen, the exciplex
model of photoionization adequately describes the transient pho-
tocurrents observed. The values of kp/o and the probability of
exciplex dissociation i = Yrj/q were chosen so that the calcu-
lated function j(#) coincided with an experimental photocurrent
curve. In particular, for the case of dichloromethane (Fig. 1A),
the jo component of the current has been calculated at kp/o =30
that gives ¢=0.0278 and v = Yr1/g=0.16. It should be noted
that the parameters of the model are not uniquely determined
by the form of the curve j(). For the case of Fig. 1A, the same
time dependence of the displacement current can be obtained,
for example, at kp/o =10 and other parameters of fy(r,6) pro-
vided that ¥ is determined as ¥ = Yrj/q. This is due to the fact
that the time profile of jo» depends only weakly on kp/o and
Jo(r,0).

For 1,2-dichloroethane, the theoretical curves, as seen from
Fig. 1B, lye rather close to experimental points although at times
5-20ns the calculated current is somewhat less than the exper-
imental photosignal. The possible reason of such a discrepancy
is discussed in the next section. For more polar solvents MPT
and PT, the contribution of the “dipole” signal j; (f) to the polar-
ization current is very small (j; < vj2) because of the greater
values of Ygr.

Table 1 includes the rise times fg3; calculated for a few
magnitudes of kp/o at which the model gave a good fit to the
experimental photoconductivity curves in Fig. 1. As seen from
Fig. 1 and Table 1, the times #¢3; obtained are rather close to the
experimental rise times #s. Thus, the difference between fyjse
and tg is simply explained by the peculiarities of the geminate
ion recombination kinetics. What is interesting is that if the time
dependence of the exciplex concentration is known, the pho-
toconductivity rise time is determined mainly by the diffusion
separation time Rg /D of the ions because the time profile of
the j» component of photocurrent depends only weakly on other
parameters of the model.

7. Discussion

7.1. A build-up of photocurrent as an indication of the
primary formation of immobile precursors of ions
(exciplexes)

As shown above the kinetics of the photocurrent transients
observed in the DCA/durene solutions is in good agreement with
the exciplex mechanism of photoionization shown in Scheme 2.
It should be noted that a build-up of photocurrent is difficult to
explain by the mechanism of Rehm and Weller [1] described by
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the following reaction scheme
A*+D — A~ + DT — free ions (28)

Here, contrary to the exciplex mechanism, the primary prod-
uct of the photo-induced ET is the mobile charge carriers, i.e.
the solvent-separated ions A~ +D*. According to the reaction
scheme (28), the time dependence of photocurrent stimulated by
an infinitely short light pulse at 7= 0 is described by the following
convolution integral

t
JRW(?) = no /O exp (—kquept Ykssep Jaip(t — t')dt’

t
= nocpkss / exp [kquen (1 — )] jgip(71)dny (29)
0

where kg is the rate constant of the solvent-separated ion pair
formation upon the ET quenching of the excited states A*.
Here, we neglect the transient effect in fluorescence quench-
ing and assume, for simplicity, that the number of the excited
acceptor molecules A* decays exponentially with the decay time
(kqucD)_1 so that ng exp(—kqueptkssep dr’ is the number of the
ion pairs A~ + D* produced in the time interval (¢, +d7’). The
current jgip in Eq. (29) depends on the initial distribution func-
tion fqu(r) of the electron transfer distance. The theory [11,44,45]
allows one to find fqu(r) by considering the distance dependent
rate of the electron transfer from D to A* and the mutual diffu-
sion of reactants. However, at > 0.1#4;r the geminate ion current
Jeip» as noted above, depends only slightly on fqu(r). Because
of this, the current jgp in Eq. (29) is thought to drop on the
nanosecond scale as shown in Fig. 6 at #> 0.1z7g4;s. In this case, at
cp =0.1 M the time profile of jrw, as seen from Eq. (29), is the
peak with a duration of the order of (kqucD)’1 ~ 1 ns followed
by a smooth decay to the free ion current with a characteris-
tic decay time of the order of z4;r. As seen, the mechanism of
Rehm and Weller cannot explain a build-up of photoconductiv-
ity because in the reaction scheme (28) there is no a long-lived
immobile precursor of the ions A~ + D*. Thus, the build-up of
photocurrent is a good indicator of the existence of a long-lived
precursor of ions, that is an exciplex.

It should be noted that the solvent-separated ions A~ +D*
generated by the direct ET in the reaction (28) can affect pho-
toconductivity at short times even if their contribution to the
free ion current is insignificant. Let us assume, for example,
that the fluorescence quenching occurs by the exciplex mecha-
nism shown in Scheme 2 and in parallel by the Rehm—Weller
mechanism described by the reaction scheme (28). Now sup-
pose that only a small part of the photocurrent measured at
long times #> t4ir is due to the reaction (28). The current jrw
increases with decreasing time while the j, component of the
photocurrent resulting from the exciplex dissociation decreases
with decreasing time. Thus, at short times the current jrw
can become comparable to the photocurrent caused by the
exciplex dissociation. This can explain a deviation of the cal-
culated curves from experimental points in Fig. 1B at short
times and rather short rise times (5—7 ns) of photoconductiv-
ity for the DCA/hexamethylbenzene pair in tetrahydrofuran and
dichloromethane [19]. Thus, a build-up of photoconductivity

observed after a short light pulse is more important for exper-
imental verification of the photoionization mechanism than an
exact evaluation of the photoconductivity rise time.

Itis of interest to estimate the free energy, A Gssrip, of forma-
tion of the solvent-separated ion pair A~ + D* from the neutral
electron acceptor (DCA) and electron donor (durene or hexam-
ethylbenzene) in solvents under study. The values of AGssrip
were calculated by the Weller equation [5]

2

AGssrip = EQX — E§4 — < 1 As (30)
er

at the distance between ions r=0.9 nm where E¢ = —0.91eV

is the reduction potential of DCA in acetonitrile [46,47], E]%"
is the oxidation potential of the electron donor in acetonitrile
(about 1.82 eV for durene and about 1.63 eV for hexamethylben-
zene [47]). Using the Born approach, the value of A, is estimated
by the equation

1 1) &
c=(-—— )= (€19)
& 19 B

Here, £, =36.64 is the dielectric constant of the solvent (acetoni-
trile) where E7 and Effd have been measured, and rg =0.3 nm
is the radius of the radical ions in the Born approach. Table 2
presents the AGssrip values obtained. As seen, the free energy
change for the excited-state direct ET in the reaction (28)
is AE=AGssrip — Ego>—0.3eV where Egg=2.9eV is the
assumed excitation energy of DCA* [47]. For polar solvents,
it is assumed that the efficiency in the SSRIP formation in the
reaction (28) is low at AE>—0.4eV [13]. On the other hand,
at AE>—0.4eV the exciplexes with partially charge transfer
are formed in non-polar and polar solvents [9,13,46,48-57]. It
is possible that the small driving force of the direct formation
of SSRIP (AE>—0.4eV) is also a reason of a low efficiency in
the solvent-separated ion generation in weakly polar solvents as
well as in polar liquids.

7.2. The ET quenching of DCA* by
1,2,4,5-tetraisopropylbenzene and hexaethylbenzene

The exciplex mechanism of photoionization gives an insight
into why the short photoconductivity rise times fjse =4—10ns
are observed when the benzene donors, substituted with bulky
groups, are used as the fluorescence quenchers [19-21]. As
noted [19-21], for the “bulky” electron donors, like 1,2,4,5-
tetraisopropylbenzene (TIPB) and hexaethylbenzene (HEB), the
exciplex emission was not detected. To explain the experimen-
tal data, we assume that exciplexes are the primary product of
the ET quenching of DCA* by these bulky electron donors, and
the time dependent concentration of exciplexes has the form of
the biexponential function described by Eq. (1). For the sake
of simplicity, we assume also that the life time of exciplexes is
determined mainly by their dissociation and hence, ¥ =1. By
choosing kp/o and parameters of the initial distribution func-
tion fp(r) in such a way to fulfill the condition g = Yy , we have
tried to find the exciplex decay time tgp in Eq. (1), at which
the calculated rise time fg3> is equal to frge. Fig. 10 shows
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Fig. 10. The rise time of photocurrent versus the decay time of exciplexes pro-
duced by the quenching of DCA* by 1,2,4,5-tetraisopropylbenzene (1) and
hexaethylbenzene (2) in dichloromethane. The parameters were a=1.05nm,
b=0.25nm and ¢=0.1. The following parameters were also used. Case 1:
fgen =6.3 s, kp/o =120. Case 2: tgen = 1.1 18, kp/o = 65. The dotted line shows
a plot in the case of the equality #637 = fpL..

the time 763, as a function of tgp, for the case of the quench-
ing of DCA* in dichloromethane by TIPB and HEB. For these
donors, free ion yields in dichloromethane are Yrr=0.23 and
Yr1 =0.14, respectively [19,20]. To obtain the values of g = Y,
we assume the parameters a = 1.05 nm, b=0.25 nm, kp/o =120
for TIPB and kp/o =65 for HEB. The exciplex rise time was
estimated to be fgen=(7, ! +kqucD)_1 =6.3ns for TIPB and
fgen=1.1ns for HEB at ¢p=0.1M and 7o~ 10ns [20]. The
quenching rate constants used were kqu = 5.9 x 108M~!s~ 1 and
kqu=28 x 10°M~!'s~! for TIPB and HEB, respectively [20].
Fig. 10 shows that the experimental photoconductivity rise times
10 and 7 ns for the DCA/TIPB and DCA/HEB pairs [19] can be
obtained at tgr. =4 ns for TIPB and #g; = 8 ns for HEB. Thus, the
study of the photocurrent kinetics allows one to find the exciplex
life time when exciplexes cannot be detected by other methods.
However, to test the hypothesis, the systematic investigations of
the quenching of DCA* by “bulky” electron donors are called
for, including the effect of a donor concentration on both the
photoconductivity kinetics and the fluorescence decay kinetics
of DCA*.

7.3. Effect of the repeated exciplex formation on the
photoconductivity rise time

The photoconductivity rise times are found above under the
assumption that the dissociation of exciplexes is irreversible,
and therefore o, =0. At finite values of o, the interconversion
between the ions A~ + D™ and exciplexes can manifest itself in
a magnetic field effect on the exciplex fluorescence [58]. How-
ever, the following arguments show that for the DCA/durene pair
under study, neglect of the repeated exciplex formation does
not introduce a large error in the photoconductivity rise time
obtained.

The times #g and fge, in Eq. (1) are the experimentally deter-
mined values. So, the value of kqu(r)d? in Eq. (6) takes into

account the dissociation of all exciplexes in the time interval
(7, +dr'), including both the primary exciplexes produced by
the ET quenching of DCA* and the “secondary” ones formed
due to recombination of ions. At a finite value of o, the repeated
formation of exciplexes due to ion recombination can affect the
exponential decay of exciplexes at long times because the time
dependence of the survival probability W for the geminate ions
A~ +D* obeys the power law at > tq4ir. Thus, the rate of the
repeated exciplex formation, being proportional to o. dW/dt,
is expected to change an exponential decay of exciplexes at
sufficiently long times. The nonexponential emission decay
was observed for the solutions of 1,2,4,5-tetracyanobenzene as
the electron acceptor with alkylbenzene donors [59,60]. The
nonexponential decay was ascribed to the occurrence of the
interconversion between the SSRIP and the contact radical
ion pairs. As to the DCA/durene and DCA/hexamethylbenzene
pairs, the exciplex fluorescence was observed to be exponential
during, at least, the time interval of the order of (2-3) x gL after
an excitation pulse [19-21]. This implies that the repeated for-
mation of exciplexes can be neglected at times comparable to zy_.
The conclusion is consistent with the experimental results [47]
which indicate that for the similar systems the solvent-separated
ions disappear mainly by the return ET from A~ to D, and there-
fore o./o < 1. Gould et al. [47] have studied the recombination
rate of the ion pairs formed by DCA™ and the cations of the alkyl-
benzene donors as a function of the free energy change AG_¢
for the return transfer of the electron from DCA~ to D*. They
have found that the obtained solvent reorganization energy and
the electronic coupling matrix element can be attributed to the
SSRIP rather than contact ion pairs [9,47]. Although the exper-
iments [47] were carried out for the acetonitrile solutions, the
range of —AG_¢=2-2.9¢V studied in [9,47] covers, as seen
from Table 2, the values of AGssrip=—AG_=2.6-3.0eV in
weakly polar solvents.

8. Conclusions

Kinetics of the dc transient photocurrents has been analyzed
in the framework of the exciplex mechanism of photoionization
in which free ions arise from the exciplex dissociation, and exci-
plexes are the primary product of the photoinduced ET reactions
in solutions. It has been shown that a relatively shortrise time fyjse
of the photoconductivity in comparison with the exciplex fluo-
rescence decay time #pr, results from the fact that the diffusion
separation time of the geminate ion pairs is comparable to 7y .
Thus, the discrepancy between tpr, and #se cannot be an argu-
ment against the exciplex mechanism of photoionization. Quite
the reverse, the build-up of photoconductivity after a short laser
pulse is a good indicator of the existence of exciplexes as long
lived precursors of the geminate solvated ions.

The main distinction between the mechanism for free ion for-
mation proposed in Ref. [20] and our model is as follows. The
authors [20] have concluded that in moderately polar solvents,
the ET quenching of DCA* by electron donors such as durene
results in direct formation of two different kinds of ion pairs,
SSRIP and exciplexes (contact ion pairs). The SSRIP dissociate
into free ions, while the contribution of the exciplex dissocia-
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tion to the free ion photocurrent in the author’s opinion [20] is
small. Such a mechanism cannot explain the build-up of pho-
tocurrent observed. If the primary product of the ET quenching
is mobile charge carriers such as the SSRIP, their separation into
free ions, as discussed in Section 7, will result in the decay of
photoconductivity rather than its rise.

The calculated photoconductivity rise times agree well with
the experimental data on the ET quenching of the excited states
of DCA by durene in moderately polar solvents [19,20]. Thus,
the rise of photoconductivity observed [19,20] supports the exci-
plex mechanism of photoionization shown in Scheme 2. It is
demonstrated that the dc photoconductivity method can be used
to determine the exciplex life time in weakly polar liquids even
if the exciplexes are not detected using transient absorption and
fluorescence spectroscopy.
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Appendix A

Below we make an approximate estimate of the rise time of
the j> component of the displacement current in the limit of small
values fgen/tF. < 1. At times comparable to fgr, the function u(z)
takes the form u ~ exp(—#/tgL). Inserting u(¢) into Eq. (11), we
obtain that at £ >> fgen

. _ —t _ ! n .
Jo(t) ~ t exp <> {Pgiph 1+_/ exp <> ]gip(tl)dtli|
tFL 0 IFL

(A1)

First we suppose that the diffusion separation of geminate
ions occurs so rapidly that #i < trr. In this case, at sufficiently
long times the current jyi, in the integral of Eq. (A.1) is expected
to be independent of time and equal to the free ion current, that is
Jeip =jog = const on the nanosecond scale. Indeed, calculations
of jgip in non-polar solvents [23,24] have shown that jy;, ~ jog at
1>0.1 X tgir. At pgip = 0, substitution of jgip =joq in Eq. (A.1)
gives jo(t) =jog(1—exp(—t/trL)). As seen, the rise time of the j,
component coincides with zgr.. If the initial spatial distribution
of the ion pair A~ + D" is polarized in the electric field, the time
dependence of jsj, can be approximated by

Jein(®) = —pRiph ™' (1 = 98D + jog (A2)

where 4(7) is the delta-function. For the polarized initial spatial
distributions of the ions A~ + D™, their geminate recombina-
tion is assumed to result in an additional negative current at
short times described by the first term in the right-hand side
of Eq. (A.2). This is explained as follows. Let us consider the
displacement current induced in the external circuit by charge
transfer reactions between A* and D after an infinitely short
light pulse at time #=fj;gn. Assume that the solvated ion pair
A~ +D*, produced at =0 as the result of the exciplex dissoci-
ation, recombines at time 7= frec Where frec > 0> fligne. If in the

external electric field the initial electric dipole of the ion pair
A~ +D* formed at r=0is p(g)ip, the integral of the displacement
current with respect to the time between 7 = fjjgh and £ = 0 is equal
to + pgip / h. On the other hand, the total electric charge passed
through the load resistor of the external circuit during the time
interval from f=fjjgp¢ t0 1=t is equal to zero. Therefore, to
reduce the total electric charge to zero, the integral of the cur-
rent jgip of the ion pair A~ + D* over time from the instant of
its creation at r=0 to its geminate recombination at ¢ =t has
to be equal to — pgip / h. Because of this, the current jgip for the
polarized initial spatial distribution of the ion pair A~ +D* is
thought to be less at short times than the current for the isotropic
initial distribution. Substituting Eq. (A.2) in Eq. (A.1) gives

o (¢ —t —t
J?—() =1—-(1—-27)exp () ~ 1 —exp <>
Jogq IFL IFL

where z= p(g)ip(h jotFL)*1 < < 1. Really, as shown in Section 3,

(A.3)

the dipole pgip can be presented in the Langevin form pgip =

p%F/3kBT where p1/e=0.5-0.7 nm is the distance of the order
of the initial distance between the solvent-separated ions A~
and D™. This gives the estimate of z = ( p% / 3e? Rg)tdif/fFL <1
at R. >3 nm and t4;¢/tgr, < 1.

Thus, in the exciplex model of photoionization the photocur-
rent rise time, as evident from Eq. (A.3), coincides with g1, only
when 24if < tgL. However, this is not the case.

To make an estimate of #4i¢, the diffusion coefficient of an ion
has been determined by the Stokes formula D;on = kg T/67rionn
where 7 is the viscosity of solvent, and rioy is the Stokes radius
of the ion. We assume, for the sake of simplicity, that both radi-
cal anions of DCA and cations of durene have the same Stokes
radius rjon = 0.32 nm. Such an assumption is based on the results
of Lim et al. [61] who have carried out the direct measurements
of the mobilities of several radical anions and cations in n-
hexane by using a time-of-flight photoconductivity technique.
For the anions of p-benzoquinone, anthraquinone, chloranil and
octafluoronaphthalene they obtained rather close values of the
ion mobility (between 8 x 10™* and 9.4 x 10~* cm? V~1s™1),
which corresponded to the Stokes radii 0.35, 0.32, 0.3 and
0.3 nm, respectively. The close magnitudes of rio, for the ions
of different sizes suggest that the ion mobility is determined
not only by the ion size, but the ion-solvent interaction as
well. The radius rion =0.32 nm agrees with the Stokes ion radii
0.29-0.36 nm of several organic donors and acceptors, like DCA
or pyrene, used for interpretation of the photoconductivity data
in polar liquids [62]. The sum of diffusion coefficients D = 2Djq,
obtained at rjo, =0.32 nm and the diffusion separation time are
presented in Table 2. As seen, the time #4if is comparable to fp,
and hence, the condition #gif < gL is not fulfilled.

A rough estimate of the rise time of the j, component of the
photocurrent can be made under the assumption that at suffi-
ciently long times jgip ~ joW where W is the survival probability
of the geminate ion pair [36]. The assumption is thought to be
justified at low electric fields F' when the drift displacement of
charges mFt along the external electric field is far less than the
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diffusion length (4Dr)"/?

mFt ¢ t <1
V4Dt 2\ tar
where c=eFR:/kgT. At ¢c=0.1, the condition (A.4) is fulfilled
at #/t4ir <50. Taking into account the long time behavior of W
[36], the function jgip(f) may be approximated by

(A4)

Jein(f) = —pliph ™" (1 = @)8(t) + joWa(1) (A.5)
t . o
1+ (ﬂ) , att > feuts
Wa Tt
2= e\ (A.6)
q 1+< > , att < fteut;
Trlcut

Here, o =1/2, and 7., =(0.01 —0.1) X zgi¢ is the cutting time
used to provide a finite current at short times. Substituting Eq.
(A.5) in Eq. (A.1) and taking into account that z < 1, we obtain
Eq. (13).
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