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The coupled processes of intermolecular photoinduced forward electron transfer and geminate
recombination between the (hole) donor (Rhodamine 3B) and (hole) acceptors (N,N-
dimethylaniline) are studied in three molecular liquids: acetonitrile, butyronitrile, and benzonitrile.
Two color pump-probe experiments on time scales from ~100 fs to hundreds of picoseconds give
information about the depletion of the donor excited state due to forward electron transfer and the
survival kinetics of the radicals produced by forward electron transfer. The data are analyzed with
a model presented previously that includes distance dependent forward and back electron transfer
rates, donor and acceptor diffusion, solvent structure, and the hydrodynamic effect in a mean-field
theory of through solvent electron transfer. The forward electron transfer is in the normal regime,
and the Marcus equation for the distance dependence of the transfer rate is used. The forward
electron transfer data for several concentrations in the three solvents are fitted to the theory with a
single adjustable parameter, the electronic coupling matrix element J; at contact. Within
experimental error all concentrations in all three solvents are fitted with the same value of J;. The
geminate recombination (back transfer) is in the inverted region, and semiclassical treatment
developed by Jortner [J. Chem. Phys. 64, 4860 (1976)] is used to describe the distance dependence
of the back electron transfer. The data are fitted with the single adjustable parameter J,,. It is found
that the value of J;, decreases as the solvent viscosity increases. Possible explanations are discussed.

© 2006 American Institute of Physics. [DOIL: 10.1063/1.2174009]

I. INTRODUCTION

Liquids are an important medium for electron transfer
processes. In spite of the ubiquity of liquids, understanding
photoinduced electron transfer between donors and acceptors
in liquids remains a challenging problem. Diffusion of do-
nors and acceptors in liquids masks the direct observation of
rates of electron transfer reactions, making the elucidation of
the distance dependent transfer rates a difficult task. Exami-
nation of the back transfer process (geminate recombination)
is further complicated because the distribution of radical pair
distances is not random but rather determined by the dynam-
ics of the forward transfer process. Measured kinetic curves
correspond to the electron transfer kinetics convolved with
the transport processes for donor and acceptor. Consequently,
to compare theoretical models of the electron transfer with
experiments, the appropriate model for the transport in solu-
tions has to be included.

Molecular dynamic and quantum chemistry simulations
can be used to create a complete description of the electron
transfer process in the solution. However, this approach re-
quires considerable computational resources and so far has
not been extended further than tens of picoseconds.1 More-
over, one is frequently interested in long-term products of
chemical reactions, such as the radical escape probability in
the electron transfer reaction. In such situations the precision
of molecular dynamics simulations is unnecessary, because
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the only process that happens is the transport of molecules
out of the reaction region, and the continuum description
provided by the diffusion equation is sufficient. Models
based on analytical descriptions of distance dependence of
electron transfer and the diffusion equation employ easily
accessible parameters of the system studied, such as concen-
trations, solvent viscosity, and reduction and oxidation po-
tentials of the solutes. Due to the accessibility of these pa-
rameters, the continuum-based models can be widely
applicable.

For chemical reactions in liquids the relative motion of
the reactants and the products needs to be considered. The
simplest description of the solvent as an unstructured
continuum with freely and independently diffusing particles
was found to be inadequate. Attempts to model the kinetics
of simplest chemical reactions such as molecular iodine
dissociation-recombination encountered a variety of dif-
ficulties.” More elaborate descriptions of the solvent take into
account the correlations in molecular positions as well as the
state of their motion. Correlations in particle positions can be
introduced through the pair correlation function g(r). Inter-
actions between solvent molecules, responsible for the ap-
pearance of solvent structure, also affect the relative motion
of the solvent. It was found that the microscopic mechanism
of the diffusion in the liquid is cooperative.3_5 The manifes-
tation of these correlations among molecular pairs is ex-
pressed through the introduction of the distance dependent
mutual diffusion coefficient D(r).%”

Once the forward electron transfer has occurred, the
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FIG. 1. Schematic of the potential surfaces and dynamic processes. The
forward electron transfer is in the normal regime, and the geminate recom-
bination is in the inverted regime.

geminate recombination can take place. Details of the spatial
distribution of the radicals involved in the back electron
transfer reaction depend sensitively on the parameters of the
forward electron transfer. As a consequence, forward elec-
tron transfer and geminate recombination kinetics become
intrinsically coupled. Previously, the ability of a theoretical
model based on the Smoluchowski diffusion equation to cor-
rectly describe the process of the photoexcited forward elec-
tron transfer in a variety of solvents from subpicosecond to
nanosecond time scales has been demonstrated.** The com-
bined theory of forward electron transfer and geminate re-
combination was tested once for times >100 ps and demon-
strated good agreement with experirnent.10

In this paper we present experimental data on photoin-
duced forward electron transfer and geminate recombination
in simple polar liquids studied by pump-probe spectroscopy
with subpicosecond time resolution. The solvents employed
in the study are acetonitrile, butyronitrile, and
benzonitrile—a sequence of polar, nonhydrogen bonding lig-
uids of increasing viscosity. The donor-acceptor electron
transfer system studied is Rhodamine 3B (R3B)-N,N-
dimethylaniline (DMA). Photoexcited R3B* (R3B”) accepts
an electron, while DMA donates the electron. The R3B* con-
centration is much smaller than the DMA concentration, and
R3B* photoexcitation serves as a trigger for the reaction.
Consequently, we call R3B the donor (hole donor) and DMA
the acceptor (hole acceptor). Once the donor undergoes pho-
toexcitation, the sequence of events depicted in Fig. 1 fol-
lows. If there is no acceptor nearby, the donor returns to the
ground state through the process of spontaneous emission or
nonradiative relaxation. Otherwise the donor-acceptor pair
undergoes a charge transfer process with a distance depen-
dent rate constant kf(r). Once the charge has moved to the
acceptor, the competition between charge recombination and
radical escape takes place. If the rate of the charge recombi-
nation k,(r) is high enough, most of the radical pairs formed
by forward transfer undergo geminate recombination. On the
other hand, it is possible for some radical pairs to diffuse
apart, resulting in a long-lived population of radicals. Below,
the processes of forward electron transfer, geminate recom-
bination, and radical escape will be studied with experiments
and theory.

Il. THEORY

For any donor-acceptor pair, the rate coefficient of the
electron transfer reaction is experiencing fluctuations due to
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the random motion under the influence of solvent. This
makes the rate equation stochastic, which influences the
macroscopic behavior of the process. Both molecules dif-
fuse, rarely coming into contact. Due to the short range na-
ture of the electron transfer process, the rate is negligible at
most distances, but once molecules come into close proxim-
ity, the rate of the forward electron transfer as well as the
back electron transfer can be substantial.

The following illustrates the general approach to the sta-
tistical description of this problem. Consider a single donor
and acceptor pair in the solvent. The kinetic equation that
describes the evolution of population of this pair is given by

dPeJdt = = k{rps(1)]Pey,

(1)
dPcrldt = k{rpa(1)]Pey = kp[rpa()]Pcr,

where kq(rp,) and k,(rp,) are the time dependent forward
and back electron transfer rates that both depend on relative
position rpa(f) of the donor-acceptor pair. P, is the time
dependent probability of finding the donor excited state, and
Pcr is the time dependent probability of finding the system
in the charge transfer state. The random relative position of
the donor-acceptor pair satisfies the stochastic Langevein
equation, which in simplified form can be written as

drpa

f? =-VU(rpy) + 7(1), (2)

where ¢ is the friction coefficient of the fluid, U(rp,) is the
potential of the mean force, and 7(¢) is the noise function
due to the random forces exerted by the solvent molecules.
The friction coefficient and the noise term are related
through the fluctuation-dissipation theorem,

() (7)) = kpTESt - 7), 3)

where kjp is the Boltzmann constant, and 7 is the tempera-
ture. Equation (2) was obtained by an analysis of the full
dynamics of a two solute-solvent system by Deutch and
Oppenheim. 1

Consequently the averaged behavior of the single donor-
acceptor pair can be found in several steps: (1) the set of all
possible paths satisfying the Langevein equation [Eq. (2)] is
found; (2) along each random trajectory the system of kinetic
equations [Eq. (1)] is solved; and (3) solutions are averaged
over all possible trajectories. The statistical average over all
trajectories of all donor-acceptor pairs is a nontrivial problem
that can be solved using the path integral formalism.'*"

Lin et al. have introduced a mean-field treatment of the
forward electron transfer-geminate recombination process in
solid solution, where the donor and multiple acceptors are
immobile."* The starting point for the liquid solution prob-
lem is their treatment for solid solution. Rate equations de-
scribing a single donor surrounded by a set of n acceptors are
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dP 1 <
76)(=— ;+zkf(ri) Pey,
,- 4)
dld)fT = kf(ri)Pex - kb(ri)PéIT'

For every specific configuration, this system of equations can
be solved, and the decay of the excited state and the popu-
lation of the charge transfer state as a function of time are
obtained. The quantities of interest are the excited state sur-
vival probability P.,(r) and the charge transfer state (radical)
survival probability Per(f)=3/L, PL(1). Both of these quan-
tities have to be averaged over the static distribution of
donor-acceptor distances, with the average performed for
Pcr depending on the results obtained for P,,.

An ensemble average of the equation for the excited
state survival probability was carried out by Inokuti and
Hirayama (IH) for solid solution treated as a continuum
without excluded volume.'® Later, IH theory was generalized
by Huber to explain the appearance of stretched exponential
relaxation in a variety of systems.16

To obtain the ensemble averaged equations of Lin et a
several assumptions have to be made. The solution of the
first equation in Eq. (4) is taken to be independent of the
second equation. Using the IH approach the first equation is
averaged, and the excited state survival probability (P., (7)) is
obtained. (P,.,(7)) is substituted into the second equation of
Egs. (4).

dp ET(I)
1

ll4

T =k (r)(Po0) ki) Pl ). (5)
Assuming that all acceptors have statistically identical kinet-
ics, it is possible to write the rate equation for the “typical”
acceptor,

d(Pcr(1)

dt = k(r){Pex(t)) = ky(r){Pcr(1)), (6)

and average over the distribution of acceptors.

Employing these two assumptions, statistical indepen-
dence of forward-backward transfer and statistical homoge-
neity of acceptors, the “mean-field” approximation of the
electron transfer and geminate recombination in solid solu-
tions is derived.

The solid solution model forms the basis for the exten-
sion to liquid solution.'®!7"2! The excited state survival prob-
ability is given by

Pex(t) = exp(— f_)

Xexp(— 477Cf [1- S(t|r0)]r§g(r0)dr0), (7)
R77'1

where 7, C, and R,, denote the donor lifetime, acceptor con-
centration, and the donor-acceptor contact distance (sum of
their radii), respectively. g(ry) is the radial distribution func-
tion that determines the distribution of donor-acceptor dis-
tances. S.,(t|ro) is the survival probability, that is, the prob-
ability that the donor is still in the excited state at time 7 if it
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was initially excited at t=0 and at the distance r, from the
acceptor for system with a single donor-acceptor pair. Equa-
tion (7) is the result of the statistical averaging over all pos-
sible initial donor-acceptor separations.

The excited state survival probability for the single
donor-acceptor pair satisfies the following diffusion equation
with associated initial and boundary conditions:

d
ESex(ﬂrO) = L:OSex(t|r0) - kf'(rO)Sex(t|rO),

®)
J
Sex(0|r0) =1, — S(t|r0)|r0:R =0, Sex(t|oo) =1,
(71"0 m

where the k(o) is the distance dependent electron transfer
rate, and L;’O is the adjoint of the Smoluchowski operator,

== exp(v<r0>)ﬁi(0(ro)ré expl- V(ro»i). ©)
ry ro ary

V(ry) is the potential. Here it is the potential of the mean
force because there are no Coulomb interactions between the
donor and acceptor prior to or following electron transfer.
Other forms of the potential can be employed.'® D(r,) is the
distance dependent diffusion coefficient. The potential of the
mean force is needed to give the correct description of the
equilibrium donor-acceptor distribution, and it is expressed
through the radial distribution function V(ry)=-In(g(ry)).
The initial condition S,,(0|ry)=1 implies that after the in-
stantaneous excitation the donor is in a well-defined excited
state, independent of the position of the acceptor molecule
(no exciplex formation). For very low concentration of do-
nors, relatively low concentration of acceptors, and the na-
ture of the molecules used in the experiments, this is an
excellent assumption. However, when the donor is dissolved
in a solvent that is the acceptor, the charge transfer process
can be influenced by the formation of the e>(ciplexe:s,22’23

The second boundary condition in Eq. (7) indicates that
it is impossible for donor and acceptor molecules to ap-
proach each other closer than the contact distance R,,=R;
+R,, where R; and R, are radii of the donor and acceptor,
respectively. The boundary condition on the right indicates
that the depletion of the acceptors can be neglected on the
time scale of the experiment.

Once the charge is transferred to the acceptor, there are
two competing processes: geminate recombination and radi-
cal escape (the radical pair becomes separated and geminate
recombination does not occur). The probability of finding the
system in the charge transferred state is given by

© [t
Pcr(t) =47ch f Scr(t—1'|ro)Sex('|ro)
R, J0

XPex(t')dl/g(ro)kf(ro)réd"o- (10)

Scr(t|rp) is the survival probability of the charge transferred
state for the single donor-acceptor pair problem, that is, the
pair is still in the charge transfer at time ¢ if it was created at
t=0 with the donor-acceptor distance r. Scr(t|r,) satisfies
the equation, analogous to Eq. (8) with the appropriate initial
and boundary conditions,
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FIG. 2. Transient absorption difference spectra (difference between pump
on and pump off) at 8 ps delay between pump and probe. Solid line denotes
spectrum for R3B in acetonitrile without DMA acceptors. Dashed line de-
notes spectrum with DMA acceptors. Dotted line denotes properly normal-
ized difference of spectra without and with acceptors showing the spectrum
associated with the production of radicals by forward electron transfer.

J
(;_tSCT(ﬂro) = L} Scrltlro) = ky(ro)Scr(tlro),
(11
Jd
Ser(0rg) =1, o S(lroly=r, =0, Scrlf|) =1,
0

where k,(r,) is the rate of the electron transfer from acceptor
back to the donor.

lll. EXPERIMENTAL PROCEDURES

To elucidate the kinetics of the forward and backward
charge transfers, we need to measure the kinetics of two
species: the photoexcited R3B*, which serves as a donor, and
either R3BY (neutral radical) or DMA®, the radical products
of the forward charge transfer reaction. Because DMA in
both its neutral and positively charged states has a small
extinction coefﬁcient,24 the time resolved kinetics of R3B*
and R3BY were studied.

Time resolved pump-supercontinuum probe spectra of
the R3B-DMA solution in acetonitrile are shown on Fig. 2.
The solid curve corresponds to the spectrally resolved pump-
probe difference spectrum (difference between spectra with
and without the pump pulse) of the donor R3B" without
acceptors, and the dashed curve is the difference spectrum
with DMA in the solution. Analysis of these two spectra
makes it possible to extract kinetic information for the elec-
tron transfer system. R3B" is used to monitor the forward
transfer, and R3B? is used to monitor the back transfer. The
important simplifying feature of the spectra is that the wave-
length region longer than 620 nm only has a contribution
from the stimulated emission of the R3B". Therefore, this
region can be used to monitor its kinetics. Using the R3B"
kinetics, it is possible to eliminate the contribution of R3B"
from the time resolved spectra and obtain the R3B? kinetics.
To obtain the R3B? kinetics, the pump-probe signal of R3B”
without DMA is scaled to the signal of the R3B-DMA mix-
ture in the wavelength region longer than 620 nm. The scal-
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ing factor is used to scale the spectrum of R3B”™ without
DMA, which is then subtracted from the R3B-DMA mixture
signal. The resulting spectrum is the contribution of the
charge transferred state (R3B° radical) to the pump-probe
signal, shown as the dotted curve in Fig. 2. To obtain the
kinetics at every time separation between pump and probe,
one compares the spectrum of R3B" with DMA against the
“ruler,” the spectrum of the R3B" without acceptors. In prac-
tice, it is only necessary to measure the data on the two
samples at two wavelengths: one in the stimulated emission
region (620 nm) and one that has radical absorption.

This procedure can be formalized in the following way.
There are four major R3B contributions to pump-probe spec-
trum: the ground state bleach [(GSB)—depletion of the
ground state of R3B*], R3B™ excited state absorption (ESA),
stimulated emission (STIM), and absorption of the charge
transfer (CT) neutral radical R3B°.

S(N,1) = Sgsp(N.1) + Sgsa(N.1) + Ssrpm(N. 1) + Ser(N,1).
(12)

The pump-probe signal at any wavelength \ is determined by
the concentrations of the photoactive species and their molar
extinction coefficients,

S(\,1) = (- erap+(N) + egsa(N) + egr(N))
Xcrap*(1) + (= er3p+(N) + €g3p0(N))cr3po(?).

(13)

The first negative term in Eq. (13) reflects the contribution to
the GSB because R3B*s are in the excited state. The second
negative term is the contribution to the GSB because of the
generation of CT neutral R3B radicals. Wavelengths longer
than 620 nm correspond to the stimulated emission of the
excited state of R3B*. Consequently, the measurement in this
wavelength range allows us to determine the concentration
of the photoexcited charge donors.

S(620,1)
estm(620)

Once the concentration of the photoexcited R3B* is known,
the contribution from the excited state R3B* (ground state
bleach and excited-state—excited-state absorption) can be
eliminated from the spectrum. The rest is the signal propor-
tional to the charge transfer state R3B°. Because of the scal-
ing procedure there is no need to know the extinction coef-
ficients of various states. It was found that the wavelength
that gives the maximum signal for the charge transfer state
(radicals) is 565 nm (see Fig. 2, short dash curve), the maxi-
mum of the ground state bleach produced by radical genera-
tion. Therefore, the time dependent signal of the R3B° radi-
cal state can be found using the following equation:

SO(565,t))
59620,1))° (1)

crap(t) = (14)

SCT(565,1) = (SA(565,t) - §4(620,1)

where $4 is the time resolved pump-probe signal for a
sample with acceptors, and S° is signal for the sample with-
out acceptors. The wavelengths in nanometer are shown in
the parentheses.
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FIG. 3. Schematic of the two color pump-probe experiment. 1 and 2 are
polarizers set at the magic angle, 3 is the sample, 4 is the diffraction grating,
and 5 and 6 are the photodetectors for the two colors. The two probe colors
are collinear passing through the sample and are then separated by the
diffraction grating for independent detection.

The experimental difficulty in the measurements lies on
the fact that we measure small concentrations of the charge
transfer radical, given by Eq. (15), which is obtained as a
difference between two rather large signals. Thus, it is nec-
essary to measure each of these signals with very high accu-
racy, taking care to avoid problems of long-term drifts of
pump and probe beams for the samples with and without
electron acceptor. To improve the sensitivity of the measure-
ment, single color two color pump-probe measurements were
used. The scheme is shown in Fig. 3. The probes (565 and
620 nm) propagate collinearly. The measurements were car-
ried out in a manner to eliminate correlated noise. Instead of
additive, noise became multiplicative and did not cause sig-
nificant degradation of the weak radical signal. Samples with
and without acceptors were regularly interchanged under
computer control to update the ratio S°(565,7)/5%(620,1),
which is also sensitive to drifts in pump-probe overlap.
Pump-probe experiments were performed at the magic angle
to avoid the influence of molecular reorientation.

The output of a Ti:sapphire oscillator/regenerative am-
plifier was used to pump an optical parametric amplifier
(OPA) at 1 kHz repetition rate. The signal output of the OPA
at 1.9 um was summed with a portion of the output of the
region, giving a pump pulse at 565 nm. The idler output of
the OPA at ~1.25 um was frequency doubled to give a
probe beam at ~620 nm, a wavelength in the range of the
stimulated emission of Rhodamine 3B.

IV. RESULTS

The experimental approach described in the previous
section provided measurements of both excited state and the
charge transferred state (radical) concentrations. The forward
electron transfer kinetics and the geminate recombination
have common qualitative features in all of the three solvents.
We will discuss these using the kinetics in the butyronitrile
solvents as an example. The quantitative analysis in all of
three solvents will be presented in the next section. Figure
4(a) illustrates the kinetics of the electron transfer process in
the butyronitrile for 3 ps, a relatively short time period. The
Gaussian curve centered at t=0 is the instrument response
with a full width half maximum of 200 fs. It is the cross
correlation between the 565 nm pump pulse and the 620 nm
probe pulse. The cross correlation time limits the resolution
of the experiment. Figure 4(b) shows forward electron trans-
fer on an extended time scale. In Figs. 4(a)-4(c), the top
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FIG. 4. Examples of the time and concentration dependences of the forward
electron transfer. The solvent is butyronitrile. (a) is the data for 3 ps. The
Gaussian centered at t=0 is the 200 fs instrument response. (b) is the data
for 450 ps. (c) is the data on a semilog plot. In all plots the top curve is the
decay without acceptors and the other curves (top to bottom) have acceptor
concentrations of 0.17M, 0.27M, and 0.48M.

curve shows the excited state lifetime of R3B” in butyroni-
trile, which is 1.2 ns. The other curves show the kinetics of
the forward electron transfer in the presence of acceptor con-
centrations: 0.17M, 0.27M, 0.48M (top to bottom). The
higher the concentration of acceptors, the faster the decay of
the excited state due to increased electron transfer. The log
scale plot of the excited state kinetics [Fig. 4(c)] shows two
regions. The first region, up to ~20 ps, displays nonexpo-
nential kinetics, which corresponds to forward electron trans-
fer with one or more acceptors in close proximity to a donor
at r=0. The electron transfer at short time does not involve
significant change in relative position (non-stationary). After
~20 ps, the kinetics of the electron transfer is mainly diffu-
sion controlled. The decays appear exponential, but the de-
cay is dependent on the concentration of acceptors. Previous
experiments of this type began at ~50 ps.9

The kinetics of the electron transfer state Pr(z) in buty-
ronitrile are shown in Figs. 5(a) and 5(b) on two time scales.
The rapid rise of Pcp(7) and rapid decay of P () correspond
to the electron transfer in closely spaced donor-acceptor
pairs. The charge transfer signal reaches its maximum at
~5 ps. Up to that time, the rate of the forward electron trans-
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FIG. 5. Examples of the time and concentration dependences of the radical
concentration kinetics to 50 ps (a) and 450 ps (b). The solvent is butyroni-
trile. In (a), the initial rise which occurs as radicals are formed faster than
they recombine. The curves (top to bottom) have acceptor concentrations of
0.17M, 0.27M, and 0.48M.

fer exceeds the rate of the geminate recombination. The po-
sition of the Pcp(f) maximum is independent of the acceptor
concentration in the concentration range used in the experi-
ment. After ~5 ps, the geminate recombination rate exceeds
the forward electron transfer rate. It can also be seen that the
forward electron transfer and the recombination kinetics
slow down as time increases. At short times, donors that
happen to have acceptors close by rapidly undergo forward
electron transfer that produces a radical pair with small sepa-
ration. For such closely spaced radical pairs, back transfer is
rapid and there is little probability that they will diffuse apart
prior to geminate recombination. For donors that do not have
nearby acceptors, forward transfer will be slower, and more
widely separated radical pairs are produced. Geminate re-
combination will be slower, and there will be increased prob-
ability that the pair will diffuse apart before recombination
can occur.

Figure 6 displays the data for the forward electron trans-
fer and the radical kinetics in butyronitrile. The experimental
curves are offset for clarity (top curves: 0.48M, middle
curves: 0.27M, and bottom curves: 0.17M). The amplitudes
of each pair of curves have been scaled to match at ~100 ps.
There are two time regimes again. At short times the kinetics
are dominated by the initial donor-acceptor spatial configu-
rations; the donor-acceptor diffuse flow has not reached
steady state. In this regime, the forward electron transfer (up-
per curve in each pair at short times) dominates the geminate
recombination. At longer time, the kinetics of the radicals
formed by forward transfer follows rather closely the excited
state kinetics. In the three-dimensional space it is possible
for the radical pairs to escape recombination, although the
exact probability of escape depends on the details of the
radical pair interaction. The highest concentration curve
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FIG. 6. Data for the forward electron transfer and the radical kinetics in
butyronitrile. The experimental curves are offset for clarity (top curves:
0.48M, middle curves: 0.27M, and bottom curves: 0.17M). The amplitudes
of each pair of curves have been scaled to match at ~100 ps. The forward
electron transfer data are the upper curves in each pair at short times.

(0.48M) displays evidence that there is some escape. From
the data, the upper bound on the probability of escape can be
placed at 5% of the initial excited donor concentration.

V. COMPARISON TO THEORY

First, the forward electron transfer kinetics will be ana-
lyzed quantitatively using Egs. (7)—(11). To create an accu-
rate quantitative model the electron transfer rate, structural,
and transport properties of the solvent have to be known.

The forward electron transfer rate was modeled using the
Marcus equationzs"28

k(r) = —,—277 J; ex (— (AG;+ M) )\S(r)))
fiNAdaNg(r)kgT 4Ng(r)kgT
Xexp(— Br) (16)

\,(r) is the solvent reorganization energy,

e (1 1)(1 1 2)
— ==l =+—=—]+N\,

8meg\e, &/\rg r, r

where ¢, and &, are the optical and static dielectric constants,
respectively; r; and r, are the donor and acceptor radii, re-
spectively; g is the permittivity of free space; e is the charge
of the electron; N\;=0.10 eV is the inner sphere reorganiza-
tion energy, Ref. 9. The free energy of the electron transfer
reaction AG, was obtained from electrochemical
measurements” and corrected for the specific dielectric con-
stants of the three solvents. The distance dependence of the
forward electron transfer rate is characterized by the param-
eter Bf, which was fixed at 1 A for the three solvents, a
typical value through solvent electron transfer.*?

The structural and transport properties of the solvent are
described by the pair distribution function and the distance
dependent diffusion coefficient. The pair distribution func-
tion of the solvent was estimated using Percus-Yevick
method, in the hard sphere approximation.”‘36 A packing
fraction of hard spheres of 45% was used because molecular
dynamic simulations predict values between 43% and 48%
for dense, room-temperature liquids.3773g The solvent contact

Ay(r) =
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TABLE I. Various parameters used in calculations.
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n T, T, g ODDA'l prad

Solvent £, £, (cP) (°C) (°C) (A) (A?/ns) (A2/ns)
Acetonitrile 36.6 1.8 0.34 82 -42 3.6 440 380
Butyronitrile 20.9 1.9 0.62 118 -110 3.7 240 210
Benzonitrile 25.9 2.3 1.27 191 -11 4.5 120 100

“Donor-acceptor (R3B"~DMAP) diffusion constant.
°Radical pair (R3B—DMAY) diffusion constant.

distance was obtained by scaling the solvent contact distance
of the acetonitrile using density and molecular weight of the
solvent. The packing fraction of the solvent was assumed to
be the same. It has been demonstrated that the solute radial
distribution function tracks that of the solvent for relatively
low solute concentrations.* Therefore, the radial distribution
function of the solvents was used but adjusted for the donor-
acceptor contact distance, which is the sum of the R3B and
DMA radii of 4.12 and 2.75 A, respectively. A detailed dis-
cussion of the radial distribution function as used in the de-
termination of donor-acceptor electron transfer in solution
has been given.”’18

The mutual diffusion coefficient for the donor-acceptor
pair was found by scaling the value 438 A2/ns found previ-
ously by the solvent viscosity.9 The mutual diffusion coeffi-
cients used in the calculations are shown in the Table I. The
diffusion coefficient of an ion in a polar liquid is well de-
scribed by the Stokes-Einstein equation

kT

— ’ 17
67R (17)

where R is the radius of the diffusing ion. Once electron
transfer has occurred the donor becomes neutral and its dif-
fusion constant increases. In contrast, the acceptor goes from
neutral to charged and its diffusion slows down. To deter-
mine the value of the diffusion coefficient after the electron

transfer event, the Spernol-Wirtz correction*'* for the
Stokes-Einstein equation was used.
kT
D=———, (18)
6’7TRfSW

where fqw is the Spernol-Wirtz correction factor. To obtain
the correction for the diffusion coefficients, melting and boil-
ing temperatures of the solute and solvent have to be known.
Solvent melting and boiling temperatures are shown in the
Table 1. Boiling and melting temperatures for DMA are T,
=2.5°C and 7,=194 °C.® We were unable to find melting
and boiling temperatures of R3B, instead we have used pa-
rameters of geometrically similar 9-phenylanthracene mol-
ecule, T,,=154 °C (Ref. 44) and T,=417 °C (Ref. 45). For
both solute molecules we determined the Spernol-Wirtz cor-
rection factors in all of the solvents. These factors are close
in magnitude. By our estimates the neutral molecule has the
diffusion coefficient approximately 2.8 times larger than its
ion. At the same time the mutual diffusion coefficient be-
comes only 15%-20% smaller after electron transfer. Before
the electron transfer, the mutual diffusion is determined pri-
marily by the diffusion coefficient of smaller, neutral DMA.

After the electron transfer, the diffusion coefficient of DMA
decreases and becomes approximately equal to that of the
neutral R3B. Consequently, the change in the value of the
mutual diffusion coefficient is not dramatic. The distance de-
pendence of the diffusion coefficient was described by the
expression developed by Northrup and Hynes,46

D(r)=D{1—%exp< (19)

where r, is the donor-acceptor contact distance, and o is the
solvent diameter.

The values of all of the input parameters for the three
solvents are given in Table 1. With these input parameters,
the only unknown parameter is the donor-acceptor electron
coupling J; and, as discussed below, J, for the back transfer.

Figure 7 shows the forward transfer data and fits to the
data for the three solvents [acetonitrile, butyronitrile, and
benzonitrile (top panel to bottom panel)] in two forms. The
first column shows the data for the three solvents as taken.
The top curve in each panel in the first column is the R3B”
lifetime decay in the absence of acceptors. The other three
curves in each panel are for the three concentrations (top to
bottom) 0.17M, 0.27M, and 0.48M. Each panel also has the
result of the simultaneous fits to the three concentrations.
The calculated curves are in excellent agreement with the
data. The J; values that produced the fits for the three sol-
vents are Jf:225, 231, and 210 cm™! for acetonitrile, buty-
ronitrile, and benzonitrile, respectively. Within experimental
error, these values are the same. The matrix element J; re-
flects the magnitude of the electronic interaction between the
donor and acceptor at contact. It would be expected to be
relatively insensitive to changes in the series of relatively
similar solvents. Although the solvents are similar, the diffu-
sion constants, dielectric constants, and radial distribution
function vary with solvent. The fact that all of the data could
be fitted, the three acceptor concentrations in each of three
solvents, with a single adjustable parameter over a substan-
tial range of times, shows that the theoretical description of
forward electron transfer works well.

Another way of assessing the efficacy of the theory is
shown in the second column of Fig. 7. There is a scaling
relationship with concentration for the theoretical curves
given in Eq. (20).
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FIG. 7. Forward electron transfer data and fits for the
three solvents: acetonitrile, butyronitrile, and benzoni-
trile (top panel to bottom panel). The top curve in each
panel in the first column is the R3B" lifetime decay in
the absence of acceptors. The other three curves in each
panel are for the three acceptor concentrations: (top to
bottom) 0.17M, 0.27M, and 0.48M. All of the forward
electron transfer data are fitted with a single adjustable
parameter J;=220+10 cm™!. The second column shows
that the forward electron transfer data obey the scaling

relationship, Eq. (17).

0 100 200 300 400 0 100 200
t{ps) 1{ps)

£(t) = % 1n[Pex(r)exp(f)}

—dr J (1 = S (tlro)) e ro)dro, (20)
Rm

where f(7) is independent of concentration. If the data are
plotted in this manner, the curves for the various concentra-
tions should be superimposable. Second column of Fig. 7
shows the data for each solvent with the three acceptor con-
centrations plotted as f(¢). In addition, the calculated curve,
the right hand side of Eq. (20), is also shown. While not
absolutely perfect, the data do display the scaling behavior of
Eq. (20), and the calculated f(r) describes the scaled data
well. The scaling behavior supports the theoretical model for
forward transfer.

Geminate recombination is more difficult to deal with
both experimentally and theoretically. As discussed above,
the radical concentration kinetics must be extracted from the
populations of ground state and excited state species. The
back transfer kinetics is exceedingly sensitive to the spatial
distribution of radical pairs generated by the forward trans-
fer. Therefore, even small errors in the description of the
forward transfer can lead to large uncertainties in the de-
scription of the geminate recombination. In addition, gemi-
nate recombination occurs in the inverted regime; the Mar-
cus form of the transfer rate given in Eq. (16) underestimates
the rate of the electron transfer. The tunneling mechanism

300 400

becomes important: to model the distance dependent back
electron transfer rate, a treatment developed by Jortner was
employed,‘w’48

2 Z eSSt
ky(r) = — 72
ﬁ\477)\s(r)kBT n=0 n!
( (AG, + \g(r) + nhv)
Xe -
ANg(r)kyT

)eXP(— Byr), (21)

with S=\y/hv. Using Eq. (21) to model the distance depen-
dence of the back transfer adds extra parameters that have
unknown values. To avoid introduction of a rather large
number of fitting parameters, we have chosen typical values
for the mean quantum mode’s frequency v=1550 cm™', the
reorganization energy of the vibrational mode A\,=0.4 eV,
and B,=1 A, respectively. Therefore, there is again a single
adjustable parameter, J,. A mean frequency of 1550 cm™!
corresponds to a typical aromatic stretch, while \, values
between 0.2 and 0.6 eV are reasonable for aromatic mol-
ecules such as Rhodamine 3B and DMA *"#

If the model takes into account all the processes on all
the time scales, it should be possible to fit the kinetics of the
electron recombination at different DMA concentrations and
in different solvents using the same value of the back elec-
tron transfer coupling constant. The radical recombination
data and the fits to the data are shown for the three solvents
in Fig. 8. The top, middle, and bottom panels are for the
solvents acetonitrile, butyronitrile, and benzonitrile, respec-
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3 TABLE II. Debye-Stokes-Einstein orientation relaxation times 7,. R3B and
0.035 b DMA are taken to be spheres with radii of 4.12 and 2.75 A, respectively.
0.030F
0.025 Solvent DMA 7, (ps) R3B 7, (ps)
o5 0:020¢ Acetonitrile 70 260
0.015E Butyronitrile 130 450
0.010 Benzonitrile 260 880
0.005}
0.025E having a random distribution of orientations and a very broad
3 range of separations determined by the radial distribution
0.020 | function. Some of the orientations are undoubtedly more fa-
0.015 vorable than others, that is, the electronic interaction is a
o’ [ function of angles. However, all angles are present, and
0.010} while orientational relaxation will take unfavorable orienta-
[ tions into favorable orientations, it will also take favorable
0-005: orientations in unfavorable ones. In a theoretical study of
[ forward electron transfer, the combined influence of a distri-
0.020 bution of distances and orientations without orientational and
spatial diffusion was examined.” It was found that the time
0.0151 dependence of electron transfer with both angular and dis-
1 tance dependent transfer rates was not significantly different
o® 0.010} in functional form from the time dependence with a distance
i dependence only if the distance dependent parameters were
0.005 changed only slightly.50 In the absence of an exact knowl-
I edge of the distance dependences, the orientational depen-
0.0004

0 100 200 300 400
t{ps)

FIG. 8. The radical kinetics data and fits for the three solvents: acetonitrile,
butyronitrile, and benzonitrile (top panel to bottom panel). The three curves
in each panel are for the three acceptor concentrations: (top to bottom)
0.17M, 0.27M, and 0.48M. All of the forward electron transfer data are
fitted with a single adjustable parameter, J,,. Different values of J, are re-
quired for each solvent.

tively. The data for the three concentrations of DMA [0.17M,
0.27M, and 0.48M (top to bottom)] have been offset along
the vertical axis for clarity. For each solvent, the three curves
in each panel (top to bottom) have their zero radical concen-
trations at 0.01, 0.005, and 0.0 on the vertical axis. The qual-
ity of the fits is reasonably good, although it is not nearly as
good as those found for the forward electron transfer. The
theoretical fits show deviations from the experimental data,
particularly at short time. The quality and consistency of the
fits with concentration are significantly better for acetonitrile
than for the other two solvents.

The fits to the geminate recombination data which yield
the matrix elements are J,=110, 53, and 30 cm™! in acetoni-
trile, butyronitrile, and benzonitrile, respectively. In contrast
to the forward transfer data, the back transfer fits are not as
good and do not yield the same values of J, in each solvent.
One possible explanation for the change in value of J, with
solvent involves the role of the dependence of the rate of
electron transfer on the relative orientation of the radical pair.
In both the forward and back transfer theories R3B*, DMA
(donor and acceptor), R3B, and DMA™* (radical pair) are all
treated as spheres. In the model, there is no angular depen-
dence to the electronic interaction matrix element. The for-
ward transfer process begins with the donors and acceptors

dence was washed out. Therefore, it is unlikely that it would
be possible to observe the influence of orientations on for-
ward electron transfer when the rate of orientational relax-
ation changes from one solvent to another because of differ-
ences in viscosity.

However, the situation for the geminate recombination
of radical pairs is quite different from the forward transfer.
The distribution of distances and orientations of the radical
pairs formed by forward transfer will be determined by the
distance and orientation dependence of J. The radical pairs
will tend to be close together and have the orientations that
were most favorable for forward transfer. If the angular dis-
tribution formed in the forward transfer process is not the
most favorable distribution for the geminate recombination,
then orientational relaxation could increase the rate of back
transfer by taking radical pairs from unfavorable configura-
tions to more favorable configurations. For such a process to
be important, orientational relaxation would need to be faster
than or at least on the time scale of geminate recombination.
Table II lists the orientational relaxation times for DMA and
R3B calculated with the Debye-Stokes-Einstein equation

-= T (22)

where 7, is the orientation relaxation time, 7 is the solvent
viscosity, and V is the volume with the molecules approxi-
mated as spherical, which is adequate for our purposes. The
orientational relaxation times differ substantially for the
three solvents. While the orientational sampling cannot be
ruled out, the orientational relaxation times are relatively
slow. The orientational relaxation of R3B in all three sol-
vents is too slow to play a role. The fastest orientational
relaxation time is 73 ps for DMA in acetonitrile. In all three
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TABLE III. Estimation of the longitudinal relaxation times 7; of the sol-
vents.

Solvent 7 (ps)
Acetonitrile 8
Butyronitrile 29
Benzonitrile 103

solvents, >50% of the geminate recombination has occurred
in <50 ps. The range of angles sampled at relatively short
times in the three solvents decreases as for the solvent vis-
cosity increases. This is the same trend as for the J,’s. There-
fore, it is possible that the decrease in J,’s with increasing
solvent viscosity is the result of a time dependent angular
dependence of the transfer rate that has the effect of decreas-
ing the angle averaged J, as the rate of orientational relax-
ation slows.

Another time dependent effect that is not taken into ac-
count explicitly in the theory is the longitudinal relaxation of
the solvent that occurs following forward electron transfer.
Prior to electron transfer, R3B* is positively charged and
DMA is neutral. Following electron transfer, R3B is a neutral
radical and DMA?* is a positive radical. The longitudinal re-
laxation time 7; of the solvent, that is, the time for the sol-
vent to fully solvate the change in the charge distribution,
can be calculated approximately using51

TL:—OTD, (23)
&

S

where €, and g, are the optical and static dielectric constants,
respectively, and 7 is given in Eq. (22). In Eq. (21), AG, is
the equilibrium value obtained from the optical transition
energy and AGy, which was determined electrochemically.
Following the forward transfer, it will take ~ 7; to obtain the
equilibrium value. At shorter times, AG, will be larger than
the equilibrium value, and systems will be farther into the
inverted regime, which should reduce the rate of geminate
recombination. Table III gives the estimates of 7; for the
three solvents and the parameters used to calculate them. The
viscosities are in Table I. The 7;’s fall in a range that could
produce a significant solvent dependence that would be
manifested in the fitting as differences in J,’s. In acetonitrile,
most of the geminate recombination is on the time scale of or
significantly slower than 7;. Butyronitrile is intermediate,
and in benzonitrile, most of the geminate recombination oc-
curs at times less than 7;. In contrast to the orientational
relaxation times, the longitudinal relaxation times span the
range of times that could be responsible for the trend ob-
served in the J,’s. It is important to note that there is also a
very fast (hundreds of femtoseconds) inertial component to
the solvation following electron transfer. This component
would be expected to be larger and faster in acetonitrile™
and become progressively smaller and slower as the solvent
viscosity increases. Therefore, in acetonitrile, the geminate
recombination will essentially occur with the equilibrium
value of AG,. This may explain why the quality of the fits
for the data taken in acetonitrile is much better than for the
other two solvents where solvation is occurring on the time
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scale of the geminate recombination. While consideration of
the differences in solvation is suggestive, it is certainly not
conclusive and other solvent dependent properties, such as
the mean quantum mode’s frequency in Eq. (20), could
change with solvent.

VI. CONCLUDING REMARKS

In this paper we have addressed the coupled problems of
forward electron transfer and geminate recombination in lig-
uid solutions. Dilute R3B* was photoexcited and acted as the
hole donor to DMA (hole acceptor) in several concentrations
in three solvents. Using transient absorption to observe the
simulated emission and ground state bleach of R3B™, it was
possible to follow both the forward electron transfer to pro-
duce radicals and the recombination of the radicals. The for-
ward transfer process is in the normal regime of electron
transfer. The radicals formed by electron transfer display a
long-lived component, and analysis shows that a few percent
of the radicals escape geminate recombination in spite of the
fact that forward electron transfer has a very limited spatial
extent and occurs mostly between donors and acceptors that
are in close proximity.

A statistical mechanics theory was applied to the data to
determine if the dynamics could be described with the model
that had previously been tested on longer time scales
(>50 ps) for forward electron transfer in a variety of
solvents’ and only once for geminate recombination in a
single solvent.'” The theory includes'® the distance depen-
dence of the transfer rate, diffusion of the donors and accep-
tors, the radial distribution function that describes the con-
centration of acceptors near a donor, and the hydrodynamic
effect (donor-acceptor separation dependence of the diffusion
constant). In fitting the forward electron transfer data a single
adjustable parameter was used, Iy, the electronic coupling
matrix element at donor-acceptor contact. It was possible to
fit three concentrations in each of three solvents with a single
value of J; (220+10 cm™!) within experimental uncertainty.
The agreement between the calculated curves from the fits
and the data was very good.

The theoretical description of the geminate recombina-
tion is more complex with more uncertainties. The geminate
recombination dynamics are exceedingly sensitive to the spa-
tial distribution of radical pairs formed by the forward trans-
fer process. Even a small error in the description of the for-
ward transfer can lead to substantial errors in the geminate
recombination calculation. The agreement between theory
and data was reasonable but not excellent. The shapes of the
curves were approximately correct, particularly for the data
taken with acetonitrile as the solvent. For each solvent, it
was possible to fit the data from samples with different ac-
ceptor concentrations with a single adjustable parameter, J,,
the electronic coupling matrix element at contact between
the radicals. However, each solvent gave a different value of
Jp,, with J,, decreasing as the solvent viscosity increased. Pos-
sible explanations for the differences in J;, with solvent were
discussed.

In previous experiments that examined forward transfer
in liquids9 and geminate recombination'’ the time scale of
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the measurements, >50 ps, resulted in diffusion controlling
most of the dynamics, although it was still necessary to use a
distance dependent transfer rate, diffusion, the radial distri-
bution function, and the hydrodynamic effect to describe the
data. In the experiments presented here, measurements ex-
amined the dynamics from ~200 fs to hundreds of picosec-
onds. In the very short time regime, the forward electron
transfer is dominated by the essentially static distribution of
donors and acceptors that exist at the time of the excitation
pulse. The forward transfer that occurs at short times is to
nearby acceptors, producing closely spaced radical pair. The
closely spaced radical pairs undergo rapid geminate recom-
bination. As can be seen in Figs. 5, 6, and 8, a great deal of
the geminate recombination occurs at times <50 ps. The
very good agreement between theory and experiments for the
forward transfer and the reasonable agreement for geminate
recombination demonstrate that the theory can describe elec-
tron transfer kinetics for both very closely spaced initially
static donor-acceptor distributions and the longer time scale
diffusion controlled distance distribution.
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