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The recombination dynamics of ion pairs generated upon electron transfer quenching of perylene in
the first singlet excited state by tetracyanoethylene in acetonitrile is quantitatively described by the
extended unified theory of photoionization/recombination. The extension incorporates the hot
recombination of the ion pair passing through the level-crossing point during its diffusive motion
along the reaction coordinate down to the equilibrium state. The ultrafast hot recombination vastly
reduces the yield of equilibrated ion pairs subjected to subsequent thermal charge recombination and
separation into free ions. The relatively successful fit of the theory to the experimentally measured
kinetics of ion accumulation/recombination and free ion yield represents a firm justification of hot
recombination of about 90% of primary generated ion pairs. © 2005 American Institute of Physics.
�DOI: 10.1063/1.2140279�
I. INTRODUCTION

Most theories of electron transfer reactions in condensed
media, reviewed in Refs. 1,2, incorporate as input data the
thermal transfer rates between reactants separated by a dis-
tance r. These rates are controlled either by the tunneling
near the intersection point of reactant and product levels or
the system delivery to this point from the equilibrium posi-
tion. It is usually assumed that the system motion along the
reaction coordinate q proceeds faster than the modulation of
the interparticle distance r by encounter diffusion and that
the transfer always starts from the equilibrium position in the
reactant well. If one of these conditions is violated, the en-
counter theory has to account for the occurrence of the pro-
cess along r and q simultaneously. This has been done once
for a diffusion-controlled thermal ionization competing with
the diffusion along the reaction coordinate.3 In the present
work, we consider the geminate recombination of ion pairs
produced by bimolecular photoinduced electron transfer
�ionization�. The backward electron transfer proceeding be-
fore thermalization, known as “hot recombination,” does not
need any thermal activation and is therefore more efficient
and much faster than the subsequent thermal recombination
that conventional theories are confined to.

The chemical system investigated here consists of
perylene �Pe� in the first singlet excited state as electron do-
nor in the presence of tetracyanoethylene �TCNE� in aceto-
nitrile. The fluorescence quenching dynamics of Pe after ex-
citation by an ultrashort optical pulse was recently studied
both experimentally and theoretically.4 It was concluded that
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the electron transfer quenching results to both the ground and
the excited state of the ion pair with the rates W and W*,
respectively,

Pe+TCNE−←
WI

Pe* + TCNE→
WI

*

Pe+*TCNE−.

Using the abbreviations, D for Pe and A for TCNE, we con-
sider a four-level energy scheme �Fig. 1� including vibra-
tional sublevels �n=0, 1, 2, …� of the DA and D+A− states.
According to this scheme, both the excited and the ground
channels of ionization-recombination include hot transitions.
These two ionization channels are depicted separately in Fig.
2. It is useful to introduce the probabilities � and �* to pro-
duce equilibrated ion pairs through the ground and the ex-
cited channels, respectively. These pairs recombine thermally
to the neutral ground state.

The overall reaction scheme includes the recombination
of charged products assisted by vibrational and solvent relax-
ation. After the forward electron transfer generating the ion
pair in the ground state, the population moves down diffu-
sively and crosses a number of vibronic sublevels of neutral
products before reaching the equilibrium. A fraction 1−� of
the ion-pair population recombines during this stage, i.e.,
prior to thermalization, which is approximately equal to the
time scale of the longitudinal solvent relaxation �L. The re-
maining fraction of the ion-pair population ��� reaches equi-
librium and recombines thermally with a rate WR �see Figs. 1
and 2�. The fate of the excited ion-pair population is more
complex �see Fig. 2�. These ion pairs are born near contact,4

at a distance where electron transfer �either forward or back-
ward� is essentially limited by the solvent relaxation �1/�L�.
These ion pairs undergo charge recombination to one of the
vibrational states of the neutral products �dotted levels in

Fig. 1� with approximately this rate. This is followed by the
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even faster intramolecular vibrational relaxation to the neu-
tral ground state. Afterwards, this neutral population passes
diffusively through the lowest crossing point with the
charge-transfer states where a fraction �* converts back to
the ion pair in the ground state. This ion-pair population
undergoes equilibration and thermal recombination with a
rate WR. Therefore, the equilibrated ion-pair population,
which recombines thermally, consists of the fractions � and
�* of the primary ion-pair populations generated by the par-
allel pathways ��A� and �B� in Fig. 2�, with hot recombina-
tion taking place earlier.

The dynamics of hot-electron transfer at a fixed interpar-
ticle distance has been extensively studied with the nonequi-
librium generalization of the golden rule formula.5,6 As the
transfer was assumed to be limited by weak electronic cou-
pling, the hot transfer yield was very small. In the limit of
weak transfer, almost all the neutral ground-state population
originating from the recombination of excited ion pairs un-
dergoes complete equilibration, i.e., �*�1. Similarly, the hot
charge recombination of the ion pairs formed in the ground
state D+A− is almost insignificant, i.e., ��1. As a result, this
equilibrated ion-pair population is the product of forward
electron transfer with the rate WI and should represent 89%–
96% of the total quenching product. However, the opposite
result was found experimentally:7 Only 10% of the quench-
ing product ends up as equilibrated ion pairs. This indicates

FIG. 1. Ground and excited electronic states of the reactants, DA and D*A,
and charged products, D+A− and D+*A−, at contact distance. The dotted lines
represent vibrational excited states �n=1, 2, 3�; the crossing points for for-
ward transfer are marked by circles ��� and for backward transfer by bullets
�•�. The arrows show the direction of the intramolecular vibrational
relaxation.
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that hot recombination is efficient and should thus be better
described with a stochastic approach8,9 than with perturba-
tion theory. When the reaction is limited by the diffusion to
the crossing point rather than by the electronic coupling, this
approach allows ��1 to be obtained. This is the so-called
dynamic solvent effect �DSE� regime realizing at the highest
friction. It was first studied in the Marcus normal
region8,10–15 and opposed to the other regimes �of moderate
and low friction� in a few reviews.16,17 Later on the same
analysis was done also for the Marcus inverted region where
DSE takes place as well.18

The simplest version of a stochastic theory accounting
for the DSE was first developed in Ref. 19. It neglects the
reversibility of the transfer in the crossing point, because of
the instantaneous decay of the transfer product and thus re-
duces the problem to a single level with a sink. A similar
approach to the problem was applied in Ref. 20 and then in
Ref. 21. There is, however, no necessity for such a simplifi-
cation. Using the most general stochastic approach to the
problem, the reversible transfer between three intersecting
levels, D*A, D+A−, and DA, has been studied in Ref. 22. The
arrangement of the energy levels in the case E of Fig. 4�a� in
Ref. 22 is exactly the same as in Fig. 1. In the case of fast
transfer, the kinetics of ion-pair decay consists of a fast hot
recombination and a subsequent much slower thermal
recombination.22 Perturbation theory holds only in the oppo-
site limit of the weak transfer where the hot stage is almost
eliminated �Fig. 4�b� of the same work�. The relationship
between stochastic and perturbation theories has been inves-
tigated in more detail in Ref. 23. In this work, the analyti-
cally estimated � value was shown to change from 0 to 1
when the transfer in the intersection point becomes more
efficient.

In the following, only the results of the last two
papers22,23 will be used. They will be incorporated in the
unified theory �UT� of irreversible photoionization and re-
combination, which accounts for the r dependence of all
electron transfer rates and the encounter diffusion of the
counterions in a Coulomb well.1 As the original UT �Refs.
24,25� deals with thermal electron transfer only, it will be
generalized to account for hot recombination prior to equili-
bration.

II. EXTENDED UNIFIED THEORY

Using a general approach, we consider a set of energy
levels accounting for the electronic states and their vibra-

FIG. 2. Energy-level schemes illustrating the two chan-
nels to the thermalized ion pairs. The grey areas stand
for the nonthermalized levels while the wavy arrows
represent vibrational and/or solvent relaxation.
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tional sublevels26 involved in the overall reaction scheme
�Figs. 2�. All energies are assumed to have a quadratic de-
pendence on the solvent coordinate q,

UD*A =
q2

4�
, UD+A−

�n� =
�q − 2��2

4�
+ �GI + n�� ,

UD+*A− =
�q − 2��2

4�
+ �GI

*, �1�

UDA
�n� =

q2

4�
+ �GI + �GR + n�� ,

where �GI�0 and �GR�0 are the free energies of the pri-
mary ionization and of the subsequent charge recombination
to the ground state, respectively, �GI

* is the free energy of
electron transfer to the excited ion pair �Fig. 1�, � is the
solvent reorganization energy, � is the frequency of intramo-
lecular vibrational mode, and � is the Planck constant. The
index n stands for the nth vibrational sublevel of the appro-
priate electronic state.

As the relaxation of the high-frequency modes of the
excited reactant is assumed to be much faster than all the
electron transfer reactions considered, and as ��	kBT, the
vibrational excited states are not included in UD*A. Moreover,
since the transition between UD*A and UD+*A− proceeds in the
Marcus normal region, the vibrational excited sublevels of
the latter are not considered as well.

The reaction scheme �Figs. 2� shows the two pathways
associated with the forward electron transfer to the ion-pair
ground state D+A− and to the ion pair in the excited state
D+*A−. These processes occur at the term crossing points q1

�n�

and q1
*, where UD*A�q1

�n��=U
D+A−
�n� �q1

�n�� and UD*A�q1
*�

=UD+*A−�q1
*� �Fig. 1�, that is, at

q1
�n� = � + �GI + n��, q1

* = � + �GI
*. �2�

Similarly, charge recombination from the ground and excited
ion states takes place at the crossing points q2

�n� and q2
*�n�

�Fig. 1�, where the energies of the D+A− and D+*A− states are
equal to those of the DA state, respectively, that is, at

q2
�n� = � − �GR − n��,

�3�
q2

*�n� = � + �GI
* − �GI − �GR − n�� .

It is also seen from Fig. 1 that the crossing points q2
�n� lie to

both the left and the right of q2
�0�, so the index n in the

equation for q2
�n� may be either positive or negative.

The positions of all crossing points depend implicitly on
r because

��r� = �0�2 − 
/r� �4�

depends on the inter-reactant distance. In acetonitrile the
contact reorganization energy is taken as

�0 = 1.15 eV, �5�

and the average contact distance between Pe and TCNE is
4

=5 Å.
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The bimolecular forward electron transfer �ionization� is
universally described by the differential encounter theory
�DET� equations,1,24,25

Ṅ = − ckI�t�N�t� − N�t�/�D, �6�

where c= �A�=const and N�t�= �D*� is the survival probabil-
ity of the excited donor, provided that initially N�0�=1, kI�t�
is the time-dependent rate constant of ionization, and �D is
the lifetime of the excited donor in the absence of quencher.

In the original formulation of DET, kI�t� is the average
product of the thermal ionization rate WI�r� and the pair dis-
tribution function of the reactants n�r , t�.1 To account for
dynamic solvent effects, we extend the coordinate space to
include the solvent coordinate q as follows.3

kI�t� =� wI�r,q���r,q,t�dq d3r , �7�

where wI is the r- and q-dependent rate of ionization and
��r ,q , t� is the distribution function of the D*A pairs in the
extended coordinate space. The latter obeys the following
equation:3

���r,q,t�
�t

= − wI�r,q���r,q,t� + �D̂ + L̂���r,q,t� , �8�

where the operator of encounter diffusion of the neutral re-
actants is

D̂ =
D

r2

�

�r
r2 �

�r
, �9�

D being the encounter diffusion coefficient, and

L̂ =
1

�L
�1 + q

�

�q
+ 2�kBT

�2

�q2� �10�

is the diffusion operator in the solvent coordinate q. �L is the
longitudinal dielectric relaxation time of the solvent.

Since there are several parallel channels of ionization at
the points q1

�n� and q1
*, the total rate wI�r ,q� is

wI�r,q� = 	
n

wI
�n��r,q� + wI

*�r,q�

= 	
n

2�VIn
2 �r�

�
�q − q1

�n��r��

+
2�VI

*2�r�
�

�q − q1
*�r�� , �11�

where VI�r� and VI
*�r� are the electronic coupling constants

between the D*A and D+A− states and between the D*A and
D+*A− states, respectively. The quantity VIn

2 �r� includes the
Franck-Condon factor for the vibrational transition 0→n,

VIn
2 �r� = VI

2�r�
e−SISI

n

n!
, �12�

where SI=�iI /��, �iI being the reorganization energy of
intramolecular vibrational mode for the electron transfer

*
processes from D A. The electronic coupling constants VI�r�
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and VI
*�r� are assumed to decrease exponentially in r space

with the characteristic decay length LI,

VI�r� = VIe
−�r−
�/LI, VI

*�r� = VI
*e−�r−
�/LI. �13�

The accumulation and decay of the ion pairs produced
by ionization can be studied within UT �Ref. 1� after its
proper generalization. We first introduce the distribution
functions in the extended coordinate space ��r ,q , t� and
�*�r ,q , t� for the ion pairs in the ground and excited states,
and ��r ,q , t� for the neutral pairs in the ground state DA.
The time evolution of these functions obeys the following
diffusion equations:

��

�t
= 	

n

wI
�n�N�t�� + 	

n�0
wR

�n�� − 	
n�0

wR
�n��

+ �D̂cs + L̂cs�� , �14a�

��*

�t
= wI

*N�t�� + wR
*�0�� − 	

n�0
wR

*�n��* + �D̂cs + L̂cs��*,

�14b�

��

�t
= − wR

*�0�� + 	
n�0

wR
�n�� − 	

n�0
wR

�n�� + 	
n�0

wR
*�n��*

+ �D̂ + L̂�� , �14c�

with

D̂cs =
D

r2

�

�r
r2e−Uc/kBT �

�r
eUc/kBT, �15�

L̂cs =
1

�L
�1 + �q − 2��

�

�q
+ 2�kBT

�2

�q2� , �16�

where Uc�r�=−e2 /��r�r is the Coulomb potential accounting
for the spatial dispersion of the dielectric constant.

In Eqs. �14�, the recombination rates wR
�n��r ,q� and

wR
*�n��r ,q� through the ground and excited channels are

wR
�n� =

2�VRn
2 �r�
�

�q − q2
�n��r�� , �17�

wR
*�n� =

2�VRn
*2�r�
�

�q − q2
*�n��r�� , �18�

with

VRn
2 �r� = VR

2�r�
e−SRSR

n

n!
, �19�

where SR=�iR /��, �iR being the reorganization energy of
the intramolecular vibrational modes for the charge recombi-
nation processes to the neutral ground state. The r dependen-
cies of the electronic coupling constant for charge recombi-
nation are

VR�r� = VRe−�r−
�/LR, VR
*�r� = VR

*e−�r−
�/LR. �20�

Equations �8� and �14� should fulfill the boundary
1
conditions
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 ���r,q,t�
�r



r=


= 0, lim
q→±�

��r,q,t� = 0, �21a�


 ���r,q,t�
�r



r=


= 0, lim
q→±�

��r,q,t� = 0, �21b�


 ��*�r,q,t�
�r



r=


= 0, lim
q→±�

�*�r,q,t� = 0, �21c�


 ���r,q,t�
�r



r=


= 0, lim
q→±�

��r,q,t� = 0, �21d�

and the initial conditions

��r,q,0� = �1�q� = �4��T�−1/2 exp�− q2/4�T� , �22�

��r,q,0� = �*�r,q,0� = ��r,q,0� = 0. �23�

The total amount of ion pairs surviving at time t is cal-
culated as a sum

Pt�t� = P�t� + P*�t� , �24�

where

P�t� = c� d3r� ��r,q,t�dq ,

P*�t� = c� d3r� �*�r,q,t�dq �25�

are the populations of the ground and excited ion pairs, re-
spectively.

It is also useful to introduce the r distributions of D+A−

and D+*A− pairs initially produced through the ground- and
the excited-state channels m�r� and m*�r�,

m�r� = �
0

�

dt N�t� � dq	
n

wI
�n��r,q���r,q,t� , �26a�

m*�r� = �
0

�

dt N�t� � dq wI
*�r,q���r,q,t� , �26b�

where ��r ,q , t� and N�t� obey Eqs. �6� and �8�.
Equations �6�–�24� provide a formal basis for the theory

of ionization and geminate recombination accounting explic-
itly for hot transitions. This model was investigated numeri-
cally using a simulation algorithm given in the Appendix.
The results of the simulation are presented in the next sec-
tion.

III. REPRODUCING THE KINETICS OF QUENCHING
AND CHARGE RECOMBINATION

Two independent sets of experimental data have to be
reproduced: �1� the time dependence of the excited-state
population N�t� and �2� the time dependence of the ground-
state-ion pair population P�t�.7 Since the parameters for
charge recombination do not affect the ionization dynamics
in Eq. �8�, we will follow Ref. 4 and start with the fitting of
N�t�. Below we present the results for c=0.32 M only,

though analogous results are obtained for c=0.16 M as well.
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The following fixed parameters were used:4 �GI=−2.14 eV,
�GI

*=−0.6 eV, �GR=−0.69 eV, �=0.1 eV, LI=1.24 Å, and
�D=4.34 ns. On the other hand, the parameters VI, VI

*, SI, and
D were adjusted.

A remark concerning the choice of the solvent relaxation
time �L should be added. Like the other solvents, acetonitrile
exhibits non-Markovian polarization relaxation dynamics,
which is usually described in terms of several solvent modes
with different relaxation times. Acetonitrile is characterized
by at least two modes with an ultrafast inertial mode having
a relaxation time �1� 0.2 ps and a slower Debye-type mode
with �2�0.5 ps.27 Only the latter mode was taken into ac-
count because, with the energetic parameters adopted here,
the hot transitions predominantly occur when the relaxation
of the fastest mode is over and before the slowest mode has
started. Of course, the Markovian approach used in this pa-
per can only yield a limited precision of the description.

The strategy for choosing the best-fit parameters was the
following. In the ionization kinetics, several regimes, which
are controlled by different parameters, can be distinguished.
The quenching at early time proceeds at the kinetic regime
and can be well described with a rate constant k0=kI�t=0�.4

At this stage, the initial equilibrium distribution of reactants
in both q and r spaces is assumed not to be perturbed. This
quantity can be calculated using Eq. �7� with ��r ,q ,0� deter-
mined by Eq. �22�. Its value k0=322.6 Å3/ps was found ear-
lier from the best fit of the short-time kinetics in the 0–6.5 ps
interval.4 The VI, VI

*, and SI parameters able to reproduce this
k0 value were then chosen. This allowed the reduction of the
number of independent parameters. At longer times, the
quenching is controlled by the diffusive delivery of the reac-
tants to the ionization zone. In this regime, the role of D is
dominant, and its value can be determined rather precisely
from the analysis of the dynamics of the excited-state popu-
lation N�t� in the 0.2–1.2 ns interval �see Fig. 3 of Ref. 4�.
The excited-state population dynamics measured in an inter-
mediate time interval �1–300 ps� was used for the determi-
nation of the other parameters.

A. Double-channel ionization model

A few sets of parameters, which can be considered as
candidates for the best fit of quenching kinetics, were found.
At least two of them reproduce the experimental data of Ref.
4 quite well.

The first set of parameters is the same as that found in
Ref. 4 within the framework of the DET. These parameters
are

VI = 0.123 eV, VI
* = 0.138 eV, SI = 0, D = 3.05

� 10−5 cm2/s. �27�

Figure 3�a� shows that the excited-state dynamics N�t�, cal-
culated earlier in Ref. 4, can be well reproduced with these
parameters.

This close agreement between our results and those ob-
tained within the original DET is not surprising. Because
ionization through the ground channel occurs in the far
Marcus inverted region, the ion pairs should be predomi-

nantly formed at relatively large inter-ionic distances. This is
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illustrated by the m�r� dependence shown in Fig. 4�a�. Since
the electronic coupling at such distances is very weak, ion-
ization proceeds mostly as a nonadiabatic reaction and does
not violate the thermal distribution over the reaction coordi-
nate q.

B. Multichannel ionization model

A rather good fit of the ionization kinetics N�t� to the
experimental data �see Fig. 3�b�� was achieved with the fol-
lowing parameters:

VI = 0.048 eV, VI
* = 0.057 eV, SI = 2, D = 3.95

� 10−5 cm2/s. �28�

Since SI=2, the forward electron transfer proceeds through
several vibrational channels at q1

�n�. This changes consider-
ably the energetics of ionization and decreases the electronic
coupling constants VI and VI

*. The vibrational sublevels
lower the effective activation barrier of ionization, shifting
the reaction closer to the contact distance r=
. The distance
distribution of the ion pairs produced by ionization is pre-
sented in Fig. 4�b�. In this case, a somewhat larger value of
the diffusion coefficient D was used to reproduce the ob-

FIG. 3. Best fit of the ionization kinetics at c=0.32M and reported in Ref. 7
�dots� using the double-channel model �A� and the multichannel model �B�.
The best-fit parameters are given by Eqs. �27� and �28�, respectively.
served dynamics at long time scale.
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One remark concerning the sensitivity of the numerical
curve N�t� to a particular choice of the fitting parameters
needs to be added. Since the efficiency of the excited-state
ionization channel is considerably lower than that of the
ground-state one, the ionization kinetics is weakly sensitive
to the magnitude of VI

*, and therefore the uncertainty on this
value obtained from the fit is rather large. On the other hand,
a variation of the other fitting parameters within 5% leads to
a noticeable degradation of the fit.

C. Ion-pair accumulation-recombination kinetics

For the fitting of the ion-pair kinetics P�t� to the experi-
mental data, the best-fit parameters in Eq. �27� or alterna-
tively in Eq. �28� were used as input data and only the quan-
tities VR, VR

* , LR, and SR were adjusted.
With the parameters from Eq. �27�, a rather good fit of

P�t� to the experimental data in the 80–500 ps time window
was achieved �Fig. 5�a��. It shows that the equilibrated ion-
pair population never exceeds 11% of the primary quenching
product population Pt�t�. The reason is that most of the ini-
tially produced ion-pair population undergo ultrafast hot re-
combination after their birth at the q1 point. This conclusion
will be confirmed in the next section by the direct estimation

FIG. 4. Distributions of ion pairs generated in the ground state D+A−

�dashed lines� and the excited state D+*A− �dotted lines� as a function of the
separation distance m�r� and m*�r�: �A� double-channel model with param-
eters given by Eq. �27� and �B� multichannel model �Eq. �28��. The solid
lines are the overall ion-pair distributions.
of hot transition probability.
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The free ion yield P��� measured independently by pho-
toconductivity is even smaller and amounts to 6%.7 This
number was used to relate the experimental time profiles of
the transient absorption, given in the same work in arbitrary
units, to the absolute ion yield. A good fit of the double-
channel model �Eq. �27�� at long times was obtained with the
following set of parameters:

VR = 0.165 eV, VR
* = 0.165 eV, SR = 3, LR = 2.2 Å.

�29�

These values are in relatively good agreement with those
found in the literature. In particular, the contact values of the
electronic coupling constant VR and VR

* are comparable with
those found in a few independent studies on exciplexes �con-
tact ion pairs�. Values between 0.11 and 0.13 eV and between
0.15 and 0.4 eV are reported in Refs. 28 and 29, respectively.

The fit of the multichannel model to the ion-pair kinetics
P�t� using the ionization parameters given in Eq. �28� is
presented in Fig. 5�b�. The best fit was obtained with the

FIG. 5. Best fit of the ion-pair accumulation/recombination kinetics mea-
sured with c=0.32M and reported in Ref. 7 �dots� using the double-channel
model �A� and the multichannel model �B�. The solid lines are the numerical
results obtained within the original model �parameters of the fits are given
by Eqs. �29� and �30��, while the dashed lines are the same results but
accounting for D�r� and ��r� dependencies with �=1.6 Å �VR=VR

*

=0.15 eV, for the double-channel model, and VR=VR
* =0.075 eV for the

multichannel model�.
following set of parameters:
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VR = 0.093 eV, VR
* = 0.093 eV, SR = 3, LR = 2.2 Å.

�30�

Since the ion pairs are produced at closer distance than in the
double-channel model, efficient hot recombination can be
achieved with smaller electronic coupling constants VR and
VR

* .
It should be noted that the recombination dynamics at

relatively short times t�80 ps could not be reproduced.
However, a rather good fit was obtained at moderate times
80 ps� t�500 ps. Finally, the simulations at long times t
�500 ps predict a slow decay of the ion-pair population due
to the diffusion-assisted geminate recombination, while the
experimentally observed population remains constant.

The ion-pair population dynamics is determined by the
competition between production and recombination. The dis-
crepancy at short times can be due to either an underestima-
tion of the ion production or an overestimation of the ion
recombination.

The approach used here is only applicable if the elec-
tronic transitions are essentially nonadiabatic. It implies that
the single crossing of the nonadiabatic transition region re-
sults in a small transition probability hence electronic cou-
pling V must be sufficiently small. The DSE regime is a
consequence of multiple crossings of the nonadiabatic re-
gion. A thorough discussion of the physical mechanisms of
the friction influence on the criteria for nonadiabaticity was
given in Refs. 16,17. The applicability domain of the sto-
chastic approach for the parameters obtained in this paper
may be roughly estimated as V�kBT.30 Too large electronic
coupling were obtained with the double-channel model �SI

=0� as shown by Eqs. �27� and �29�. In this case, the adia-
batic corrections can be considerable. However, much
smaller values have been obtained with the multichannel
theory �SI=2� :V=0.048–0.093 eV �Eqs. �28� and �30��. The
effective electronic coupling between vibrational sublevels is
even smaller than these values by the square root of the
Franck-Condon factor as indicated by Eqs. �12� and �19�.
Therefore, the short-time discrepancy cannot be ascribed to a
nonapplicability of the model.

As noted above, acetonitrile exhibits a non-Markovian
polarization relaxation dynamics. The presence of several re-
laxation components can affect the ion-pair population dy-
namics especially at short times.31 This requires further in-
vestigation.

The fit to the experimental data at short times could also
be improved by taking into account a nonuniform distribu-
tion of inter-reactant distances. This is reasonable if D and A
form weak complexes with a coupling energy of the order of
kBT. In this case, the number of excited donors with a
quencher at contact distance is increased, and the electron
transfer rate at early time becomes substantially faster.

The influence of the spatial dispersion on the ion-pair
accumulation-recombination kinetics is considered in the

next section.
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D. Influence of the spatial dispersion of diffusion
coefficient and dielectric permittivity on the ion-pair
dynamics

The encounter diffusion at large separation differs from
that at the closest approach distance where the structure of
the few first solvent shells should be taken into account. This
can be done phenomenologically by assuming that the diffu-
sion coefficient is r dependent and becomes smaller at
shorter distances,32

D�r� = D�1 −
1

2
exp�
 − r


s
�� , �31�

where 
s is the diameter of a solvent molecule, which
amounts to 3.62 Å for acetonitrile, and D is the conventional
Fick diffusion coefficient at infinite separation. The actual
diffusion coefficient at contact distance is predicted to be
about twice as small. The probability for the charge recom-
bination of ion pairs born out of the recombination layer is
reduced because their penetration into this layer is slower. A
similar effect can be obtained in more viscous solutions by
decreasing the Fick diffusion coefficient. In such a diffusion-
controlled recombination, observed a few times
experimentally,1,33 the rate decreases with increasing
viscosity.34

If the spatial dependence of D�r� is taken into account,
the spatial dispersion of the dielectric constant ��r�, which
affects recombination in the opposite direction, should not be
ignored. The spatial dependence of the dielectric constant
results from the nonlocal screening of the Coulomb
potential.35,36 The simplest model accounting for the absence
of screening at short distances is35

��r� =
�

1 + ��/�0 − 1�� exp�− r/��
, �32�

where �0=2 is the optical dielectric constant, � is its static
value in the continuum, � is a fitting parameter, and �
=2��2 /
2��cosh�
 /��−1� is the correction for the excluded
volume of finite-size particles. If this effect is included in
Uc�r� appearing in Eq. �15�, the Coulomb well becomes
deeper,

Uc�r� =
e2

��r�r
. �33�

This potential is characterized by a sharp feature near con-
tact, which looks like an additional narrow and rather deep
well. It originates from the same Coulomb attraction but is
not screened by intercalated solvent molecules. The deepen-
ing of the Coulomb well accelerates the drift of ions toward
the region of maximum recombination rate, and thus this
latter process is enhanced. The depth of this well can be
adjusted by the independent parameter �.

Accounting for the spatial dispersion of both ��r� and
D�r� improves the fitting of the kinetics P�t� in the interval
30 ps� t�80 ps �dashed lines in Fig. 5�, but at long time
scale the ion state population is still underestimated. For a

further improvement of the theory, the chemical anisotropy
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of the reaction, which makes all the rates angular dependent
and affected by the rotational diffusion,37 should be taken
into account.

E. Internal conversion of the excited ion pairs
and free ion yield

In the simple scheme shown in Fig. 1, the potential of
the excited ion pair is not displaced horizontally relative to
that of the ground state. Since these two potentials do not
cross, the electron-vibration interactions are actually absent.
Thus, the straightforward transformation of electronic energy
of the ion pairs into vibrational energy, followed by vibra-
tional relaxation, is totally ignored. In reality, the two poten-
tials are displaced, and internal conversion can efficiently
compete with the above-considered mechanism of double
electron transfer, namely, charge recombination of the ex-
cited ion pair to the neutral products, followed by hot ion-
ization to the ion pair in the ground state �Fig. 2�. If internal
conversion dominates, then all ion pairs are deactivated with
100% efficiency and consequently �*=1.

This alternative has been considered using a time con-
stant of internal conversion of �ic=3 ps.7 However, this did
not bring any significant change. Although this mechanism
produces more ion pairs in the ground state, all of them are
born in or near the charge recombination layer and thus re-
combine much faster than they separate. Therefore their con-
tribution to the free ion yield is negligible. It can thus be
concluded that the free ion yield is only weakly sensitive to
a particular value of �*.

IV. HOT RECOMBINATION

The results of the fit indicate a significant role of hot
transitions in the recombination dynamics. The effect of hot
recombination on the formation of ions depends strongly on
the quenching channel. Let us start with the electron transfer
to the excited ion pair �Fig. 1�, which proceeds in the Marcus
normal region �at q1

*� and is followed by downward diffusion
to the bottom of the D+*A− well. Since the most effective
sinks at the q2

*�n� points lie in the Marcus inverted region
�Fig. 1�, the bottom is reached before the crossing points and
the subsequent recombination is mainly thermal, that is, it
goes “up and down” from this well to the neutral product
potentials.

On the contrary, the charge recombination following the
forward electron transfer to the ion pair in the ground state
D+A− �see Fig. 1� is in the Marcus normal region and in-
cludes “down-down” hot transition �Fig. 1�. Indeed, starting
from a crossing point q1

�n�, the system moves down to the
intersection points q2

�n� and further down to the bottom of the
well. Therefore, the ions pair undergoes first a charge recom-
bination to the neutral product at the points q2

�n� and thermal-
ize afterward. In other words, hot recombination at q2

�n� pre-
cedes thermalization, taking away a �1−�� fraction of the
ion-pair population and leaving only an � fraction that will
recombine thermally �“up-down”� afterwards.

On the other hand, the neutral product generated by
thermal charge recombination of the excited ion pair also

�n�
experiences a hot ionization at q2 �n�0� before reaching the
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bottom of the DA state. This is the secondary ionization pro-
ceeding with efficiency �* to the ion-pair state D+A− �Fig. 2�.

The distributions of ionization products were calculated
from Eqs. �26� with the parameters obtained from the best fit
of the ionization kinetics Eqs. �27� and �28�. As mentioned
above, excited ion pairs are produced near contact distance,
while those in the ground state are produced in a larger
amount and larger distance �see Fig. 4�. If we neglect the
encounter diffusion of the ions during the motion from q1 to
q2 and from q2

* to q2, the fractions of ions reaching equilib-
rium by the two parallel pathways can then be estimated as
��r�m�r� and �*�r�m*�r�. The r distributions of these equili-
brated ion pairs are shown by the dash-dotted lines in Fig. 4.
These distributions are significantly altered and reduced
compared to m�r� and m*�r� because of hot recombination.
These changes arise from ��r� and �*�r� whose values and
space dispersions are calculated below.

The value of � for a system subjected to a single cross-
ing during relaxation has been determined in Refs. 23 and
38. However, the present situation is more complex. Indeed,
immediately after the transition to the D+A− well near q1

�n�,
the system almost instantaneously reaches the lowest vibra-
tional level �n=0� because of the ultrafast intramolecular vi-
brational redistribution and crosses a number of vibrational
sublevels of DA while moving toward the bottom of the
D+A− well �Fig. 1�. If these vibrations participate in the
charge recombination, i.e., are being Franck-Condon active,
the survival probability of the ion pair reduces upon each
crossing. Similarly, hot transitions reduce by a factor 1−�*

the survival probability of neutral product, which moves
down from q2

*�n� toward the bottom of the DA well and
crosses several vibrational sublevels of the D+A− state.

Following Ref. 26, we consider a sequence of hot elec-
tronic transitions to the sublevels UDA

�n� . The probability of a
transition generating n vibrational quanta W2n can be calcu-
lated using the method developed in Ref. 23 In the present
notation it is given by

W2n =
2�VRn

2 �r�
A1n �1 + 2�VRn

2 �r�� 1

A1n
+

1

A2n��−1

, �34�

where

A1n =
2�

�L


�UD+A−
�n�

�q



q=q2
�n�

=
q2

�n� − 2�

�L
,

�35�

A2n =
2�

�L

�UDA

�n�

�q



q=q2
�n�

=
q2

�n�

�L

are the slopes of the potential intersecting at q2
�n�. Only those

points, which are to the right of q1
�0� and whose number is

nmax, need to be considered.
If ��	kBT, the mutual influence of the nearest crossing
points is negligible. Under this condition, the survival
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probability of the ion-pair population is the product of the
partial survival probabilities considered as independent
events,

��r� = �
n=0

nmax

�1 − W2n� . �36�

The r dependence of � originating from the r dependence of
both VR�r� and ��r� is depicted in Fig. 6.

A similar reasoning can be used to estimate the ground-
state ion population generated via the excited-state channel.
The value of �* is

�*�r� = 1 − �
n=0

nmax

�1 − W1n� , �37�

where

W1n =
2�VRn

2 �r�
A2n

*  �1 + 2�VRn
2 �r�� 1

A2n
* 

+
1

A1n
* ��−1

, �38�

A1n
* =

q*�n� − 2�

�L
, A2n

* =
q*�n�

�L
, �39�

where q*�n�=�−�GR+n��, and nmax is determined from the
condition q*�n�=2�. The difference between �*�r� and ��r�
shown in Fig. 6 is most pronounced at large separation where
�*→0, because hot ionization is switched off, and �→1,
because hot recombination is no longer efficient. Because of
the hot transfer processes, the population of thermalized ion
pairs is significantly reduced compared to those of their pri-
mary generated precursors.

The calculated ��r� and �*�r� dependencies, along with
the initial r distribution of ion pairs m�r� and m*�r� �Fig. 4�,
allow the efficiency of hot transitions in both channels to be
estimated. Introducing the efficiencies of ion-pair production

FIG. 6. Fractions of ion pairs having escaped hot recombination to the
neutral products � �solid lines� and thermalized fraction of excited ion pairs
�* �dashed lines� as a function of interionic distance r calculated using the
double-channel model �Eq. �29�� and the multi-channel model �Eq. �30��.
through the ground and excited channels,
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P0 = c� m�r�d3r , �40a�

P0
* = c� m*�r�d3r , �40b�

the amounts of thermalized pairs Pth and Pth
* participating in

the subsequent thermal recombination are then calculated as

Pth = c� ��r�m�r�d3r , �41a�

Pth
* = c� �*�r�m*�r�d3r . �41b�

These parameters, calculated for the double-channel model,
are

P0 = 0.89, P0
* = 0.10, Pth = 0.08, Pth

* = 0.04, �42�

and those for the multichannel model are

P0 = 0.96, P0
* = 0.03, Pth = 0.08, Pth

* = 0.02. �43�

Because of the hot transfer, the total amount of thermal-
ized pairs Pth+ Pth

* is equal to only 10%–12% of that of the
initially generated pairs, P0+ P0

*. Therefore, for the system
considered here, about 90% of the initially created radical
ion pairs undergo hot transitions, 4% of them dissociate into
free ions, and only 6% recombine through thermal channels.

V. CONCLUSIONS

This is, to our knowledge, the first relatively successful
fit of a backward electron transfer kinetics which takes into
account the hot recombination of photogenerated ion pairs.
The information obtained earlier from the best fit of the for-
ward electron transfer with the same system has been used.4

This study indicates the presence of two parallel channels of
ionization, to the ground and excited states of ion pairs,
whose products are located rather far and close to the con-
tact, respectively. Since the backward transfer occurs essen-
tially near contact, the closely spaced excited ion pairs dis-
appear almost completely upon geminate recombination
while those in the ground state have a high probability to
escape it and thus provide the main contribution into the free
ion yield.

The hot recombination of ion pairs is a decisive factor. It
is shown that, in the present system, the vast majority of ion
pairs have recombined through the hot channel before they
are equilibrated and start to recombine with the usual thermal
rates. Almost 90% of the ion pairs recombine before equilib-
rium is reached and the subsequent thermal recombination is
accelerated by their encounter diffusion. As a result, no more
than 6% of their initial population are finally separated �at
c=0.32 M�. Such a surprisingly fast back electron transfer
proceeding through the hot channel was also detected in
Ru�II�–Co�III� mixed-valence complexes in butyronitrile.39

In this case as well, less than 50% of the ion pairs generated
by the excitation of the metal-to-metal charge-transfer band
avoid this recombination and reach equilibrium. These ex-

amples show that the study of any system should start from
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the inspection of the energy scheme as presented in Fig. 1.
This has to be done to find out whether the quenching prod-
uct has to pass a crossing point �like q2� on its way to the
bottom of the well. If this is the case, one should care not
only for thermal but first of all for the hot transfer as a
dominant factor in the charge recombination.

Since hot transitions cannot be discussed in terms of rate
constant, their appropriate description has called for an ex-
tension of existing theories of electron transfer quenching in
solutions to explicitly account for reaction coordinate dy-
namics. In the theory presented here, both the chemical dy-
namics and the mutual spatial diffusion of the reactants have
been taken into account. It should be noted that the spatial
motion of the reactants was not considered in previous in-
vestigations of hot transitions.5,6,20–23 In particular, in Ref. 21
the average lifetime of the immobile ion pairs subjected to
hot and thermal recombination was calculated. On the con-
trary, we have considered here the competition between the
recombination of thermalized ion pairs and their diffusional
separation.

A second new element of the present investigation is
connected to the fact that both the ionization and recombina-
tion of the Pe-TCNE pairs are considerably affected by the
introduction of a high-frequency quantum mode. With such a
mode, many term crossings with different values of the vi-
brational quantum number are available for hot transition.
Therefore, the hot recombination efficiency is greatly en-
hanced. As a result, only the pairs created with a relatively
large inter-ionic distance have a finite probability to avoid
hot recombination. This allows the unusually small free ion
yield of this donor-acceptor pair to be explained.
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APPENDIX: SIMULATION METHOD

In the numerical simulations, the Brownian simulation
method in the form proposed before in Refs. 38 and 40 was
used. Here we outline some features of the program imple-
mentation specific to the model considered. The software is
available on the web �http://physics.volsu.ru/feskov�.

The first step in the simulations is the time propagation
of an ensemble of N �N=106–107� Brownian quasiparticles
representing the initial distribution of the excited donor-
acceptor pairs in extended coordinate space according to the
diffusion equations ��8� and �14�� and the reflective boundary
conditions at contact radius �21�. The important points of the
algorithm are as follows.

�1� The initial distribution of quasiparticles obeys Eq. �22�.
�2� The unreactive Brownian trajectory of quasiparticle is a

Markovian random process in �r ,q� space.
�3� The electronic transitions in donor-acceptor pairs are

modeled by hops of quasiparticles between the poten-
�n� *�n�
tial surfaces �1� at the crossing points qi , qi �i=1,2�.
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�4� The internal conversion of the excited ion pairs is ac-
counted for as an irreversible decay D*+A−→D+A−

with the characteristic time constant �ic.

An unreactive trajectory of the kth quasiparticle is cal-
culated as a set of coordinates �rk

�i� ,qk
�i�� at consecutive time

intervals �ti. Using well-known Green’s functions for the

diffusion operators D̂ and L̂ as the probability distributions
of random walks at r and q subspaces, one obtains the fol-
lowing simulation rules:

qk
�i� = qk

�i−1�e−�ti/�L + Xi
�2��rk

�i−1��kBT�1 − e−2�ti/�L� ,

rk
�i� = rk

�i−1� + Yi
�2D�rk

�i−1���ti +
2

rk
�i−1�D�rk

�i−1���ti,

for trajectory on the neutral state surface, and

qk
�i� = 2��rk

�i−1�� + �qk
�i−1� − 2��rk

�i−1���e−�ti/�L

+ Xi
�2��rk

�i−1��kBT�1 − e−2�ti/�L� ,

rk
�i� = rk

�i−1� + Yi
�2D�rk

�i−1���ti

+ �2 −
rc

rk
�i−1�� 1

rk
�i−1�D�rk

�i−1���ti,

for that on the ion state surface. Here Xi and Yi are the
Gaussian random numbers with zero mean value and unit
dispersion. The above equations are exact for unreactive dif-
fusion along q and are approximate for the spatial diffusion
along r, valid for small-time steps.

Each particle is assumed to occupy the volume �� in the
configuration space �r ,q�. This quantity appears naturally
when one relates the initial normalized probability distribu-
tion function �Eq. �22�� and the finite number N of Brownian
quasiparticles. Since the diffusion along r results in an alter-
ation of ��, an additional weight factor �k

�i� is introduced and
calculated at each time step as follows:

�k
�i� = �k

�i−1�� rk
�i−1�

rk
�i� �2

, ��k
�0� = 1� . �A1�

This guarantees the conservation of the distribution function
normalization in the absence of reactions

	
k

4��rk
�i��2��k

�i� = ��	
k

4��r�i��2�k
�i� = const. �A2�

The surface-hopping algorithm38,41 is applied to simulate
electronic transitions between the diabatic surfaces at the
crossing points qi�r�. The probability of survival at the same
surface is

pk
�i� = exp�−

2�Vel
2 �rk

�i−1���ti

��Uk
�i� � , �A3�

which is the well-known result of perturbation theory. Here
�Uk

�i�=U�rk
�i� ,qk

�i��−U�rk
�i−1� ,qk

�i−1�� and Vel�rk
�i−1�� is the corre-

sponding electronic coupling element.
The reaction flux j�ti� between two free-energy surfaces

can be easily calculated through the total configuration vol-

ume transferred from one surface to another during the time
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interval �ti. Since each hop of a quasiparticle generates the
elementary flux �jk

�i�=4��rk
�i��2��k

�i� /�ti, the total flux is

j�ti� = 	
k

�jk
�i� = ��/�ti	

k

4��rk
�i��2�k

�i�, �A4�

where the summation is taken over particles having trans-
ferred between the given surfaces.

The time-dependent survival probabilities of the excited
donors N�t� and radical-ion pairs P�t� are then directly deter-
mined by the reaction fluxes jI�t� and jR�t� for ionization and
recombination, respectively. Since the ionization proceeds
through two parallel channels the flux jI�t� is a sum

jI�t� + jI
*�t� = kI�t� =� d3r� dq wI�r,q���r,q,t� . �A5�

Similarly the recombination fluxes through the ground and
excited channels are

jR�t� =� d3r� dq wR�r,q���r,q,t� , �A6a�

jR
*�t� =� d3r� dq wR

*�r,q��*�r,q,t� . �A6b�

Using these quantities, the survival probability of the excited
donor state is calculated as

N�t� = exp�− c�
0

t

jI�t��dt� − t/�D� �A7�

and the kinetics of the ground- and excited-state ion pairs,

P�t� = c�
0

t

�jI�t��N�t�� − jR�t���dt�, �A8�

P*�t� = c�
0

t

�jI
*�t��N�t�� − jR

*�t���dt�. �A9�

The numerical integration in Eqs. �A7� and �A8� is per-
formed by the standard finite-difference methods.
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