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The solvent reorganization energy of electron-transfer reactions is calculated for a solvent undergoing a structural
phase transition from the isotropic to nematic phase. The calculation is based on the response function of the
solvent polarization fluctuations obtained from Monte Carlo simulations of a model fluid of hard dipolar
spherocylinders in a range of densities covering both the isotropic and nematic phases. The reorganization
energy shows a significant anisotropy with respect to the orientation of the donor-acceptor complex relative
to the nematic director in the nematic phase. A possibility to control electron-transfer rates arising from
solvation anisotropy is discussed.

1. Introduction

The biological environment for photosynthetic charge separa-
tion1 and media employed for solar energy conversion2 are
highly dielectrically anisotropic. Liquid crystals present an
excellent model solvent for studying electron transfer (ET) in
anisotropic media3 with a potential for technological applica-
tions.2 The limited body of experimental evidence currently
available points to quite dramatic changes in ET rates for some
reactions occurring in the range of temperatures close to the
point of isotropic-nematic (IN) phase transition of the solvent.3

The existing experimental data do not allow an unambiguous
assignment of the origin of observed changes to either retarda-
tion of solvent orientational motions in nematic mesogens
(solvent dynamics effect) or to the variation in the reaction
activation barrier. An understanding of the origin of the rate
alteration and factors making the ET system sensitive to small
changes in solvent parameters is important for clarifying the
effect of anisotropy in biological systems and may help in
designing molecular electronic devices with strong nonlinear
response to an external action.4 Measurements5 and computer
simulations6 of the solvent dynamics in the IN transition region
show that the local solvent dynamics is not substantially affected
by the macroscopic orientational order in the solvent. These
observations call for a thermodynamic explanation of the rate
constant variation in terms of a change in the activation barrier
of ET in the transition region. One can anticipate that solvation
properties of the medium, represented by the solvent component
of the ET driving force and the ET solvent reorganization energy
λs,7a may experience substantial changes due to the structural
phase transition. To understand the effect of solvent anisotropy
on ET activation, we have performed Monte Carlo (MC)
simulations of the distribution of microscopic fluctuations of
the solvent polarization in a range of solvent densities covering
both the isotropic and nematic phases. This paper presents our
initial results focusing primarily on the solvent reorganization
energy of ET.

2. Model

We report here the first calculation of the solvent reorganiza-
tion energy of ET in a solvent transforming from an isotropic
to a nematic phase. The ET solvent reorganization energyλs is
defined within the Marcus picture of ET either through the
energy of vertical transition7a or through the width of Gaussian
nuclear fluctuations of the donor-acceptor energy gap7b of the
donor-acceptor complex (DAC). Within the linear response
approximation used in the present paper, which is essentially
equivalent to the assumption of the Gaussian statistics,7c-e the
energy gap variance defines the solvation chemical potential
and, therefore, the complete thermodynamics of solvent
reorganization.7f,g The definition ofλs in terms of the width of
energy gap fluctuations is then equivalent to that in terms of
the average vertical energy gap. In polar liquids, the donor-
acceptor gap fluctuates because of thermal fluctuations of the
nuclear solvent polarizationP coupled to the difference in the
vacuum electric field of the DAC,∆E0, in the final and initial
states.8 The correlation function of the polarization fluctuations
δP

in the vicinity of the DAC (theR and â subscripts stand for
Cartesian components) then fully definesλs.9 In eq 1,〈...〉 stands
for the statistical average in the system containing both the solute
and the solvent. The goal of the present paper is to obtain the
polarization correlation function from computer simulations
carried out on a model fluid undergoing the IN phase transition.
This correlation function is then used to calculateλs. The
functionøRâ is obtained from the simulations of the pure solvent
thus neglecting the component ofλs originating from restructur-
ing of the solute-solvent density profile7c (density reorganiza-
tion energy,9a see below).

We have chosen a model fluid of hard spherocylinders (HSCs)
with longitudinal point dipoles (m2/(σ3kBT) ) 1.0, wherem is
the dipole moment,σ is the diameter, and the length/diameter
aspect ratio is 5.0). This fluid is known to form a nematic
phase10 with increasing its packing fractionη (ratio of the
volume occupied by the solvent molecules to the total volume
of the liquid) atη > 0.407. Because the attraction forces affect
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øRâ(r ′,r ′′) ) (kBT)-1 〈δPR(r ′)δPâ(r ′′)〉 (1)
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weakly the thermodynamic state of the fluid of HSCs,10

changing the density is used here to drive the solvent from the
isotropic to nematic phase. The choice of a relatively simple
fluid of HSCs allowed us to run extensive MC simulations (0.6-
0.8 million production cycles) with 800 solvent molecules and
directly generate the Fourier transform of the polarization
response functionøRâ(k) (the details of the simulation procedure
will be published elsewhere11). The polarization response
function poorly converges in computer simulations,12a and it is
hard to obtain for more complex model fluids.12b,c,d øRâ(k) is
inaccessible experimentally and has been studied only theoreti-
cally for a few model isotropic fluids.12,13 This is the first
calculation of the polarization correlation function performed
in a nematic solvent.

The response function obtained from computer simulations
is used to calculate the solvent reorganization energy according
to the equation9

In eq 2, øL(k) ) ∑R,â k̂RøRâk̂â is the longitudinal response
function (k̂R are the Cartesian components of the unit wave-
vectork̂). øL(k) represents the solvent response to a spherically
symmetric (longitudinal) solute field.12,13This type of the solute
electric field is employed in the Marcus two-sphere configuration7a

modeling the DAC as two spheres of radiiRD (donor) andRA

(acceptor) separated by the distanceR > RD + RA (intermo-
lecular ET).7a The Marcus configuration withRA ) RD ) 4 Å
andR ) 10 Å is adopted here for the calculations ofλs. For the
explicit solvent used here, one has to specify the size of the
solvent molecules. The calculations were carried out with the
diameter of HSCs fixed atσ ) 4 Å.

3. Results and Discussion

Because of the axial symmetry of the nematic solvent,øL(k)
depends not only on the absolute value of the wave-vectork
but also on the azimuthal angleø betweenk and the nematic
director. The functionøL(k, cosø) is shown in Figure 1 for the
nematic phase formed by HSCs. The response function at large
k is proportional to 1+ 2S2P2(cosø), whereS2 is the nematic
order parameter14 andP2(cosø) is the second-order Legendre
polynomial. In our simulations,S2 is close to zero in the isotropic
phase (η ) 0.382 in Figure 2) and is about 0.8 in the nematic
phase (η g 0.407). The nematic phase is thus characterized by
a substantial anisotropy oføL(k). This anisotropy is projected
into the dependence ofλs on the orientation of the DAC relative
to the nematic director. Figure 2 shows the dependence ofλs

on the angleθ between a vector connecting the centers of the
donor and acceptor and the director. There is no dependence of

λs on θ in the isotropic phase (η ) 0.382), andλs drops by
about a factor of 2 when the DAC is rotated from a parallel
alignment (θ ) 0°, superscript| in notation below) to a
perpendicular alignment (θ ) 90°, superscript⊥) in the nematic
phase withη ) 0.457.

The dependence ofλs on the solvent packing fraction is shown
in Figure 3. The anisotropy of the response function results in
a reorganization energy gap between the parallel and perpen-
dicular orientations of the DAC in the nematic phase. The
dielectric continuum limit of the Marcus theory7a follows from
eq 2 by assumingøL(k) = øL(0)9a whenRD,A . σ:

Here,λL ) cLg, λT ) cTg, and the parallel,cL ) ε∞,L
-1 - εs,L

-1,
and perpendicular,cT ) ε∞,T

-1 - εs,T
-1, Pekar factors are defined

by the high-frequency,ε∞, and static,εs, dielectric constants of
the solvent atø ) 0° (L) and 90° (T), respectively. The
geometric factorg is equal tog ) (e2/2)(1/RD + 1/RA - 2/R)
in the Marcus two-sphere configuration, wheree is the
elementary charge. The angular-dependent component

accounts for the dependence ofλs
cont on the angle between the

DAC and the nematic director.
Figure 4 showsλs for θ ) 0° (||) andθ ) 90° (⊥) at varying

size of the donor and acceptor units in a DAC withRD ) RA

and R/RD ) 2.5. The reorganization energy obtained from
structure factors (solid lines, eq 2) approaches the continuum

Figure 1. øL(k, cos ø) in the nematic phase. The curves are drawn
with anglesø at equal intervals between 0° (upper curve) and 90° (lower
curve);η ) 0.470 andσ is the diameter of HSCs.

Figure 2. λs vs the angleθ between the nematic director and the vector
pointing from the center of the donor to the center of acceptor at packing
fractions of the solvent of HSCs shown in the plot. The DAC parameters
areRD ) RA ) 4 Å andR ) 10 Å.

Figure 3. λs calculated according to eq 2 with the response functions
from MC simulations. The points are obtained at different angles:θ
) 0° (squares),θ ) 45° (diamonds), andθ ) 90° (circles). The
parameters of the DAC are as in Figure 2. The dashed lines are drawn
to guide the eye.
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limit (dashed lines, eq 3) with increasing size of the DAC. The
anisotropy ofλs from eq 2 measured by the ratioλs

|/λs
⊥ (Figure

5) is noticeably higher than the continuum estimate (eq 3) for
RD,A/σ = 1 commonly encountered in practical applications. The
orientational reorganization energy considered here is the
dominant part ofλs for RD,A > σ in solvents of approximately
spherical molecules.9a For smaller sizes, the magnitude ofλs is
noticeably affected by the reorganization component arising
from the alteration of the local density profile (density reorga-
nization energy9a). The observation that the reorganization
energy anisotropy is nearly independent of the solute size (Figure
5) points to the stability of our conclusions for large solutes.
The anisotropy ofλs can be affected by the density reorganiza-
tion for intermediate-size solutes. The calculation of the density
reorganization energy within the linear response requires the
density structure factor of the solvent as an input.9a Our present
simulations do not allow us to calculate this property with
sufficient accuracy because of limitations imposed by the finite
size of the simulation box. Further studies with larger systems
are necessary to resolve this problem.

A substantial dependence of the solvent reorganization energy
on the orientation of the DAC relative to the nematic director
opens the door to exercise external control over the ET rates.
This possibility is based on the separation of characteristic time
scale of microscopic molecular reorientations, which is not
strongly modified by the IN transition (nanoseconds range),5,6

and the time scale of director reorientation (milliseconds to
seconds range).15 To model the effect of solute orientation on
ET kinetics, we consider here a model reaction of charge
separation (CS) from a nonpolar state D-A to a polar state
D+-A-. The backward reaction corresponds to charge recom-
bination (CR). The change in the forward and backward
activation barriers with the rotation of the DAC relative to the
nematic director can be characterized by the reduced rate

constants ln (kCS/kCS
| ) and ln (kCR/kCR

| ), wherekCS
| andkCR

| refer
to CS and CR at the parallel orientation (θ ) 0°). According to
the Marcus relation,7a,b the change in the rate constant can be
written as follows (assuming isotropic preexponential factor):

Here,ωabs(θ) andωem(θ) are average vertical transition energies
(first spectral moments) for CS and CR, respectively. Because
we assume a neutral initial state for the DAC,ωabs(θ) ) ωabs

| is
independent of nuclear reorganization andpωem(θ) ) pωabs

| -
2λs(θ).

Figure 6 shows the dependence of the rate constant on the
angleθ calculated according to eq 5 withλs(θ) from the upper
curve in Figure 2. The angular variation of the reorganization
energy is negative,δλ(θ) ) λs(θ) - λs

| < 0 (Figure 2), and
rotations out from the parallel alignment decrease the CS rate.
The result for the CR rate constant depends on whether the
reaction is in the normal or inverted region of ET. To illustrate
the distinction between the normal and inverted regions for CR,
we linearize eq 5 assuming that the angular variation of the
solvent reorganization is relatively small,|δλ(θ)/λs

|| < 1:

In the inverted region,pωem
| ) pωabs

| - 2λs
| is positive and the

CR rate decays withθ similarly to the CS rate (pωabs
| ) 1.0

and 1.4 eV in Figure 6). In the normal ET region, on the
contrary,pωem

| is negative, and rotations of the DAC out of the
parallel alignment lead to higher CR rates (eq 6,pωabs

| ) 0.6 in
Figure 6).

For the reorganization energy shown in Figure 2 atη ) 0.457
and pωabs

| ) 1.0 eV, the ratiokCS
⊥ /kCS

| is about 10-4. The
rotation of the DAC from the parallel to the perpendicular
orientation, which can be achieved by an external light pulse,
then essentially shuts down the CS reaction. This property may
be useful for an externally monitored switching function of ET
systems.4
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Figure 4. λs calculated from the structure factors (solid lines) and
continuum estimates (dashed lines) vsRD/σ at θ ) 0° and 90°; RD )
RA, η ) 0.457, andR/RD ) 2.5.

Figure 5. Reorganization energy anisotropyλs
|/λs

⊥ calculated from the
structure factors (eq 2, solid line) and continuum estimates (eq 3, dashed
line) vs RD/σ at RD ) RA, η ) 0.457, andR/RD ) 2.5.

Figure 6. ln (kCS/kCS
| ) (solid lines) and ln (kCR/kCR

| ) (dashed lines) vs
the angle between the direction of ET and the nematic director. The
solid and dashed lines correspond topωabs

| ) 0.6 eV (upper curves),
pωabs

| ) 1.0 eV (middle curves), andpωabs
| ) 1.4 eV (lower

curves). The reorganization energy is calculated from simulated
longitudinal polarization response function atη ) 0.457,RD ) RA )
4 Å, andR ) 10 Å.

ln
kCS/CR

kCS/CR
|

) -
(pωabs/em(θ))2

4kBTλs(θ)
+

(pωabs/em
| )2

4kB Tλs
|

(5)

ln(kCR/kCR
| ) =

pωem
| pωabs

|

4(λs
|)2

δλ(θ)
kBT

(6)
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