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The effect of an electric field on a photoinduced charge separation process is treated theoretically. The
system considered is a reaction center (RC) of photosynthetic bacteria, involving an electron transfer (ET)
from the electronically excited singlet state of the bacteriochlorophyll dimer (P) to the bacteriopheophytin
(H) and quinone (Q). In contrast to formulations which focus only on theforward steps and do not explain
the major effect on the quantum yield of P+Q- or, in Q-depleted samples, of P+H-, the present study includes
the effect on the back reactions, an effect which we find to be large. The low-frequency medium and high-
frequency intramolecular vibrational modes are included in the calculation of the various ET rates. Recent
experimental results on the ET energetics, including the estimated effect of static heterogeneity in RCs, are
incorporated. The rate equations for the population densities of distinct states are solved for both oriented
and randomly oriented (isotropic) RC samples, and the results are compared with experimental data for the
field-induced reduction of the quantum yield of formation of charge-separated state P+Q-. A simple (quasi-
equilibrium) model calculation illustrates the essential features of this analysis of the electric field effect and
compares reasonably well with these numerical results of the more detailed model. The question of the
electric field effect on the fluorescence quantum yield is also addressed, and a suggestion is made for consistency
with the data on the formation of P+Q-.

1. Introduction

The reaction center (RC) of purple photosynthetic bacteria
provides an interesting system for studying a high-efficiency
long-range electron transfer (ET) in an organized molecular
assembly. In the RC complexes, the photoexcitation of a
bacteriochlorophyll dimer (P) initiates a series of ET reactions
along one side (L) of two symmetrically positioned pigment
chains (Figure 1): The singlet excited dimer (1P*) transfers an
electron to a bacteriopheophytin (H) to form a P+H- radical
pair. Subsequently, the electron moves to a quinone (Q) in a
few hundred picoseconds, forming P+Q- with a quantum yield
of nearly unity, and this Q- later transfers its electron to a second
quinone. One of the longstanding puzzles in these ET processes,
and still unsettled, is the role of the accessory bacteriochloro-
phyll monomer (B) which is located between P and H. Two
sites, later realized to be B and H, were postulated in an early
study1 to explain a contrast between the rate of the fast initial
forward step and the weak interaction of P+ and H- that was
inferred from magnetic field studies.
According to the X-ray diffraction studies of the RCs from

Rhodopseudomonas(Rps.) Viridis2-4 and Rhodobacter(Rb.)
sphaeroides,5-7 the center-to-center distance between P and H
is approximately 17 Å (edge-to-edge distance isca.10 Å). The
ultrafast ET between them, which occurs in a few picoseconds,
then suggests that the electron is unlikely to be transferred
directly and that B should play an indispensable role in this ET
reaction. Extensive experimental efforts with time-resolved
spectroscopic techniques have been devoted8-17 to elucidating
this issue. At least two alternative models have been proposed
for the role of B:1,18-21 In the two-step or sequential model,
which is presently favored, the free energy of P+B-H is close

to or lower than that of1P*BH, and P+B-H is supposed to be
an actual intermediate, which then undergoes a subsequent ET
from B to H. On the other hand, in the one-step or superex-
change model, it is assumed that the radical pair state P+B-H
has a free energy which lies well above that of1P*BH and is
not formed as a distinct intermediate but instead serves as a
virtual state which quantum-mechanically couples the1P*BH
and P+BH- states. In the experimental investigations, modified
or mutant RCs have been used15-17 as well as wild-type and
Q-depleted RCs to explore21 the kinetic consequences of the
modification of free energy gaps between the pertinent states.
A further approach to studying experimentally the energetics

associated with the ET reactions in RCs is to modify the kinetics
by means of an externally applied electric field.22-33 For RC
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Figure 1. Kinetic scheme for the photoinduced charge-separation
process in bacterial photosynthetic reaction centers used in the present
analysis. P,1P*, B, H, and Q refer to the bacteriochlorophyll dimer, its
singlet excited state, a bacteriochlorophyll monomer, a bacteriopheo-
phytin, and a quinone, respectively. Thek’s and∆G’s denote the rate
constants and the free energy gaps.
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samples oriented22 and randomly oriented24-26 with respect to
the applied field, the quantum yields of the charge-separated
states, P+H- (in Q-depleted samples) and P+Q-, have proven
to be reducible by 10-20% with an electric field of 1 MV/cm.
This effect is interesting both from the viewpoint of understand-
ing the ET energetics in RCs and for possible implications for
the design of various energy conversion and switching devices.
Quantitative theoretical models to account for the experi-

mental results on electric field effects have not yet been
successful to date. It has been reasonably suggested34 that this
field-induced quantum yield effect (QYE) arises from the change
in the free energies of radical pair states due to their dipoles
interacting with the electric field. However, if it is assumed
that the charge-separation quantum yield is determined by the
competition between the initial forward ET rate constantket and
the decay rate constantk10 (which is the sum of radiative and
nonradiative internal conversion rate constants,kr and knr) of
1P*, an extraordinarily strong dependence ofket on the electric
field would be required24,25,34to explain the experimental QYE.
The reason for this requirement is thatket is larger than thek10
in Figure 1 by about 2 orders of magnitude. This difficulty is
explicitly exhibited in Figure 2, which shows the electric field
dependence of charge-separation quantum yieldYQ for the

oriented RC sample22 at 295 K. In the earlier models,24,25,34

YQ is evaluated from (e.g., eq 2 in ref 25, eq IV.11 in ref 34,
and a similar expression in ref 24)

in both the sequential and superexchange ET models, where
the rate constants have been calculated using the procedure given
in section 2.
The purpose of the present paper is to explore an explanation

for the effect of the electric field on the charge-separation
quantum yield in photosynthetic RCs which focuses initially
on a substantial effect on the back rate constants. For the sake
of simplicity, mainly the sequential model for the primary ET
is considered, since a similar explanation applies to the
superexchange model. We use some current experimental
estimates17,21 of the free energy gaps, reorganization energies,
and other kinetic parameters for the ET reactions in RCs.
According to a recent analysis17,21 of the energetics, the
sequential ET channel dominates over the superexchange
channel for the1P*BH f P+BH- reaction rate in wild-type
RCs at room temperature, and a superexchange ET is important
at low temperatures or in mutant RCs.21 An additional
experimental suggestion in favor of the sequential model has
been obtained in a study of the electric field effect on the initial
step in oriented systems.23 It has also been noted36 recently
that the sequential ET dominates at room temperature and that
the sequential and superexchange ET mechanisms should not
coexist as two parallel channels.
It will be seen through explicit calculations how an improved

account of the experimental charge-separation QYE can be
provided within the framework of the usual sequential ET model
in a way consistent with other experimental facts on energetics
and rates. Also, it is shown that a steady or quasi-equilibrium
state realized in the primary ET processes,1P*BH h P+B-H
h P+BH-, on the time scale of 10-100 ps after the photoex-
citation, is important for understanding this aspect of the electric
field effect on the quantum yields. Thereby, the back ET
reactions play a significant role, in contrast with previous models
based only on eq 1.1. Also given, and tested by comparison
with the full numerical solution for oriented samples, is a simple
approximate analytical expression for the quantum yields
obtained by considering the temporal hierarchy among the
reactions involved. We then consider the full calculation for
the electric field effect on the fluorescence quantum yield to
see whether the explanation for the charge-separation QYE also
explains the effect on the fluorescence quantum yield, and if
not, what other effect could plausibly be added to understand
both sets of data consistently.
The paper is organized as follows: In section 2, the kinetic

model used in the present analysis is described. Before giving
a full treatment of the kinetic equations, a simplified approach
based on the idea of a quasi-equilibrium state is considered first.
It provides insight into the full calculation. In section 3 the
calculated results are given for the time evolution of the
population densities of the distinct states as a function of electric
field. The electric field dependence of charge-separation
quantum yield in RCs, for both oriented and randomly oriented
samples with respect to the applied field, is then evaluated and
compared with the experimental results in sections 3.1 and 3.2.
The electric field effect on the fluorescence quantum yield in
RCs is addressed in section 3.3. Also discussed in section 3
are the physical implications of the calculated results. A
concluding summary is given in section 4. The influence on

Figure 2. Simplified calculation for the electric field (Fext) dependence
of the charge-separation quantum yieldYQ for the oriented RC sample
at 295 K on the basis of (a) sequential and (b) superexchange ET
models. Dotted curve: results obtained by eq 1.1, whereket ) k12 (a)
and ket ) k13 (b) (cf. eqs A.15 and A.14). Solid curve: simplified
approach,i.e., eq 2.8 (a) and eq A.16 (b), wherek34 is fixed. Dashed
curve: simplified approach, where an electric field dependence ofk34
(cf. Figure 3b) is incorporated. The rate constants and the free energy
gaps used in the calculations have been obtained according to the model
given in section 2 (cf. Tables 1-3), and any effect of static heterogene-
ity12,15,35for the free energy gaps is neglected here. Chain curve denotes
the (fitted) experimental results.22

YQ )
ket

k10 + ket
(1.1)
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the calculated results of the uncertainty in model parameters
and the validity of some approximations are discussed in several
appendices.

2. Model

2.1. Kinetic Equations. We consider the kinetic scheme
given in Figure 1. For this two-step model it leads to the
following equations:

Here, P1(t) ≡ [1P*BH](t), P2(t) ≡ [P+B-H](t), and P3(t) ≡
[P+BH-](t) are the population densities of these distinct states.
The kij ’s are the rate constants defined in Figure 1.
Numerical estimates for thekij values and the associated free

energy gaps∆Gij in Figure 1 for RCs of photosynthetic bacteria
such asRb. sphaeroidesandRps.Viridis at zero external electric
field are listed in Table 1. All of the free energy gaps∆Gij are
assumed to be independent of temperature in the present
analysis. The rate constantsk10, k20, and k30 are assumed
(initially) to be independent of temperature and electric field.
(The electric field dependence ofk10 andk20 will be considered
in appendix C in relation to the fluorescence quantum yield.)
The electric field and temperature dependences of the rate
constantsk12, k21, k23, and k32 are described in terms of a
nonadiabatic expression in section 2.3. For the quinone (Q)-
reduction ET rate constantk34, two types of calculations are
performed as follows: For the case of randomly oriented
samples,k34 ) (200 ps)-1 17,25is used, and later an estimate is
made of the effect of varying it. For the case of oriented
samples, we explicitly take into account an electric field
dependence ofk34 on the basis of a model in section 2.3 and
compare the calculated results with those obtained for the fixed
k34. The back rate constantk43 is neglected since the associated
free energy gap,-∆G34, is much larger42 than the thermal
energy kBT even at room temperature and is estimated to

continue to be much larger in the presence of the applied
external fields discussed in the present study (cf. Figure 3b).
The free energy of a radical pair with the dipole momentµ

in a RC is perturbed by an amount-µ‚Fint in the presence of an
applied external electric fieldFext. Here,Fint denotes the internal
(partly induced) electric field experienced by the dipole. This
field-dipole interaction causes a change in the free energy gap
for the reactioni f j,

where∆µij is the difference in dipole moment vectors of the
pertinent ion pair states. The magnitude and orientation of the
dipole moments of radical pairs, estimated from the X-ray
diffraction analyses at atomic resolution for the RCs fromRps.
Viridis2-4 andRb. sphaeroides,5-7 are listed in Table 2. We
assume|µ(1P*BH)| = 0 for simplicity initially, though this
approximation is easily removed, and indeed, we include the
magnitude of this dipole moment in the calculation in appendix
C.
The internal field,Fint, experienced by the dipoles in RCs is

generally somewhat different from the externally applied field,
Fext, because of the polarization of the surrounding medium.
They are related by

The local field correctionf is assumed here to be a scalar
constant, which is set equal to 1.2 as a standard value.27,29,32,33

(The expression forf is considered in appendix B.)
2.2. Simplified (Quasi-Equilibrium) Approach. Although

the results are given in a later section for the full solution of
the kinetic equations 2.1-2.3, with and without an estimate of
heterogeneity12,15,35of the samples, we first consider a highly
simplified approximation which provides a simple analytical
result for oriented samples and some insight into the quantum
yield of the charge-separated state, in qualitative agreement with
the lengthier solution of the complete equations.
The basic idea of the simplified approach is to note that

certain rate constants are relatively large and to use them to
obtain a quasi-equilibrium solution,Pi

e, which roughly ap-
proximates the behavior at intermediate reaction times. These
relative concentrations are then used to calculate yields: Setting
dPi/dt ) 0 in eqs 2.1-2.3 and neglectingk10, k20, k30, andk34
during the above time regime, we obtain the equilibrium
relations (see also appendix A):

Here,â ) (kBT)-1, kB being the Boltzmann constant andT the
absolute temperature, and∆G13 ) ∆G12 + ∆G23. Equations
2.6 and 2.7 are, of course, applicable irrespective of the values
of rate constants.

TABLE 1: Rate Constants kij and Free Energy Gaps∆Gij at
Zero External Electric Field Used in the Calculations

(i,j) 1/kij (ps) ref (kij) ∆Gij (cm-1) ref (∆Gij)

(1,0) 190a 37 -11200 25
(2,0) 500 17 -10750d
(3,0) 10000b 21 -9200e
(1,2) 2.3c 17 -450f 17
(2,3) 0.9c 17 -1550g
(1,3) -2000h 39
(3,4) 200 17 -5200 42

aCombined decay rate of1P*BH to PBH in all radiative and
nonradiative channels37,38except the charge-separation channel.bOver-
all recombination rate of P+BH-. c Value atT ) 295 K. dCalculated
from ∆G10 and ∆G12. eNot required for the present calculations.
f Estimated17 from subpicosecond spectroscopy at room temperature for
the modified RCs fromRb. sphaeroidesin which bacteriopheophytins
are replaced by pheophytins. This value is consistent with an estimate,21

-480( 180 cm-1, derived from a kinetic analysis of the primary ET
rates using experimental data for native and mutant RCs at room
temperature.gCalculated from∆G12 and ∆G13 (≡∆G12 + ∆G23).
h Estimated from the delayed fluorescence39 and magnetic field effect40

experiments at room temperature. Any slowness16,39-41 in the nuclear
relaxation of the instantaneous∆G13 to its equilibrium value is not
taken into account.

d
dt
P1(t) ) -(k10 + k12)P1(t) + k21P2(t), (2.1)

d
dt
P2(t) ) k12P1(t) - (k20 + k21 + k23)P2(t) + k32P3(t),

(2.2)

d
dt
P3(t) ) k23P2(t) - (k30 + k32 + k34)P3(t). (2.3)

TABLE 2: Magnitude and Orientation of Dipole Moments
of Radical Pairs Estimated from X-ray Diffraction
Analyses2-7 for Photosynthetic RCs

species magnitude (D) orientation

µ(P+B-H) 51 a
µ(P+BH-) 82 b
µ(P+BHQ-) 134 c

a Aligned by 77° with the pseudo-C2 axis of the RC.b Aligned by
48° with the pseudo-C2 axis of the RC and by 37° with µ(P+B-H).
c The component projected onto the pseudo-C2 axis of the RC is
estimated to be 120 D.

∆Gij(Fext) - ∆Gij(0)) -∆µij‚Fint, (2.4)

Fint ) fFext. (2.5)

P1
e ) P3

e exp(â∆G13), (2.6)

P2
e ) P3

e exp(â∆G23). (2.7)
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The states1P*BH, P+B-H, and P+BH- decay into the PBH
and P+BHQ- states with the rate constantsk10, k20, k30, and
k34, as in Figure 1. We thus obtain an approximate expression
for the quantum yield of the charge-separated state P+BHQ-

as

using eqs 2.6 and 2.7.
Using the values in section 2.1 and eqs 2.4-2.8, the calculated

electric field (Fext) dependence of the charge-separation quantum
yield YQ for an oriented RC sample atT ) 295 K is given in
Figure 2a for the simplified model of this section, neglecting
any effect of heterogeneity12,15,35of the samples. For compari-
son between the experimental results22 using multilayer Lang-
muir-Blodgett (LB) films and the calculated results for an
oriented system, we have assumed that the external electric field
is parallel to the pseudo-C2 axis of the RC (see section 3.1).
Compared with the estimate forYQ(Fext) based on eq 1.1, even
the simplified model, with and without the field dependence of
k34, is seen in Figure 2a for the oriented system to provide a
significant improvement over eq 1.1 in reproducing the experi-
mental QYE. We also show in Figure 2b the correspondingly
calculated results based on the superexchange ET model (cf.
appendix A). Some justification for the simplified analytical
model and its utility for understanding the mechanism of the
electric field effect are also addressed in appendix A.
2.3. Full Kinetic Approach. We proceed next to the full

treatment of the rate eqs 2.1-2.3. To this end, it is necessary
to evaluate the electric field dependence of several ET rate
constants explicitly. In addition, the effect of including a static
heterogeneity12,15,35 associated with the distribution of free
energy gaps is also described. In this calculation we first neglect
possible effects of the electric field on state mixing43-45 of 1P*
with other electronic configurations of P (cf. section 3.3.3).
With the initial condition ofP1(0) ) 1 andP2(0) ) P3(0) )

0, the rate eqs 2.1-2.3 can be solved to yield21

There is a distribution of the lifetimesτj and the amplitudes
Aj
(i) due to the distribution ink12, k21, k23, andk32 (Vide infra),

and the brackets represent the average over the distribution.
The population density of the charge-separated state P+BHQ-

is then expressed as

The quantum yield of the charge-separated state P+BHQ- is
given accordingly by

In addition, we define aP5(t) to describe the sum of internal

conversion and fluorescence of1P*BH and aP6(t) to describe
the charge recombination of P+B-H:

The combined quantum yield for the internal conversion and
fluorescence of the singlet excited state1P*BH is then
given by

As has been discussed extensively in the literature,19,22-34 the
field-induced change in the free energy gaps modifies the
associated ET rate constants according to the standard ET
theory.46 In the present analysis, the ET rate constants for
1P*BH f P+B-H (k12), P+B-H f P+BH- (k23), and P+BH-

f P+BHQ- (k34) are described in terms of a nonadiabatic
expression incorporating the low-frequency medium vibrational
modes characterized, for simplicity, by an average frequency
ωm and the high-frequency intramolecular vibrational modes
characterized by an average frequencyωc:21,47

Here,V denotes the electronic coupling constant between the
associated donor and acceptor;Sm ) λm/pωm, λm, andνjm )
[exp(âpωm) - 1]-1 refer to the reorganization energy and
thermal population of the medium modes, respectively.Sc is
the scaled reorganization constantλc/pωc for the intramolecular
modes, Iν(z) is the modified Bessel function of orderν,
andp(n) ≡ (-∆G - npωc)/pωm. The back ET reaction rate
constants are then calculated using the detailed balance
relation:

For room temperature, eq 2.17 reduces to47

sincekBT . pωm.
The values of the parameters21,42 used to calculate the rate

constantskij are listed in Table 3. The values of the electronic
coupling constantsVij have been calculated such that the
experimental ET rates17 at T ) 295 K, k12 ) (2.3 ps)-1, k23 )
(0.9 ps)-1, andk34 ) (200 ps)-1 are reproduced using eq 2.19.
We neglect in Table 3 the effects of changes in the parameters

YQ≈
k34P3

e

k10P1
e + k20P2

e + (k30 + k34)P3
e

(2.8)

P1(t) ) 〈∑
j)1

3

Aj
(1) exp(-t/τj)〉, (2.9)

P2(t) ) 〈∑
j)1

3

Aj
(2) exp(-t/τj)〉, (2.10)

P3(t) ) 〈∑
j)1

3

Aj
(3) exp(-t/τj)〉. (2.11)

P4(t) ) k34∫0t dt′ P3(t′) ) k34〈∑
j)1

3

Aj
(3)τj[1 - exp(-t/τj)]〉.

(2.12)

YQ ) P4(∞) ) k34〈∑
j)1

3

Aj
(3)τj〉. (2.13)

P5(t) ≡ k10∫0t dt′ P1(t′) ) k10〈∑
j)1

3

Aj
(1)τj[1 - exp(-t/τj)]〉,

(2.14)

P6(t) ≡ k20∫0t dt′ P2(t′) ) k20〈∑
j)1

3

Aj
(2)τj[1 - exp(-t/τj)]〉.

(2.15)

Yd ) P5(∞) ) k10〈∑
j)1

3

Aj
(1)τj〉. (2.16)

k)
2πV2

p2ωm

exp[-Sm(2νjm + 1)] ×

exp(-Sc)∑
n)0

∞ Sc
n

n! (νjm + 1

νjm )p(n)/2× I|p(n)|(2Sm[νjm(νjm + 1)]1/2).

(2.17)

kji ) kij exp(â∆Gij). (2.18)

k)
2π

p
V2( 1

4πλmkBT
)1/2 exp(-Sc)∑

n)0

∞ Sc
n

n!
×

exp[-
(∆G+ λm + npωc)

2

4λmkBT ], (2.19)
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due to changes in temperature, volume, and electric field, except
in the superexchange electronic coupling constantV13.
It has been pointed out12,15that there may exist experimentally

a distribution of free energies of the ion pair states P+B-H and
P+BH- due to any static heterogeneity in RCs. To explain the
detailed magnetic field and temperature dependences of the
recombination dynamics of the radical pair P+BH- in transient
absorption and delayed emission, Ogrodniket al.35 described
the heterogeneity of the energy of this ion pair state in terms of
a Gaussian distribution of the free energy gap∆G13 ()∆G12 +
∆G23) with the varianceσ13 ) 400 cm-1. Taking account of
their result, we assume that the free energy gaps∆G12 and∆G23

are distributed about the mean values∆G12 and∆G23, respec-
tively, according to a following probability density:21

Here,∆G12 and∆G23 are set equal to the values calculated
from Tables 1 and 2 without inclusion of any heterogeneity,
and the corresponding variances are approximated asσ12 ) σ23
) σ13/x2 with σ13 ) 400 cm-1.(We assume, thereby, for
simplicity thatσ13

2 ) σ12
2 + σ23

2 (independent events) and that
σ13
2 is equally divided betweenσ12

2 andσ23
2 .) For the other free

energy gaps listed in Table 1, we do not include any effect of
the heterogeneity. Thus, in the present kinetic model, the values
of ET rate constants,k12, k21, k23, andk32, are distributed about
their mean values, due to any static inhomogeneity and, in the
case of randomly oriented samples, due also to a random
distribution in the relative orientation between the dipoles and
the applied field.34

On the basis of the kinetic model defined above, the temporal
variations of the population densities and the final quantum
yields are calculated as functions of applied electric field, and
the physical implications of the results are discussed in the
following. No special techniques were needed for solving eqs
2.1-2.3, since the characteristic equation for them is cubic and
can be solved analytically. Even for the most complicated
calculation (a quantum-mechanical calculation for the randomly
oriented systems, including static heterogeneity) the numerical
programming was straightforward.

3. Results and Discussion

3.1. Oriented Systems.Using multilayer LB films of RCs
from the photosynthetic bacteriumRb. sphaeroides, Popovicet
al.22 measured the electric field dependence of the (absolute
value of) quantum yield of charge separation at room temper-
ature in terms of the light-induced voltage generated across the
films. The system here contained the quinone (Q). In their
experiments, it was supposed22 that the RC is fully (or at least
partially) oriented and that the electric field is applied ap-
proximately in parallel with the pseudo-C2 axis of the RC. They
found that the quantum yield of P+BHQ- formation decreases
from a value of 0.96 at zero applied field to about 0.75 for a
field of 1.2 MV/cm that is vectorically directed to hinder the
charge separation. A plot of their results is given in Figure 2
and later in Figure 5.
In order to compare with these data, we have performed the

calculation for the full kinetic model prescribed in section 2.3.
The external electric field,Fext, is assumed to be parallel to the
pseudo-C2 axis of the RC. The positive direction of the field
has been defined such that the free energies of the ion pairs,
P+B-H, P+BH-, and P+BHQ-, decrease due to the field-dipole
interaction (i.e., the field is defined as positive when directed
from the non-heme Fe to the bacteriochlorophyll dimer P).22

The temperature has been fixed atT) 295 K, and we therefore
used eq 2.19 for the calculation ofk12, k23, and k34. The
adequacy of using eq 2.19 instead of eq 2.17 was confirmed by
comparison of the two calculated values for the ET rate constants
at a number of values of the free energy gaps.
In Figure 3a the calculated electric field dependence of the

ET rate constants,k12, k21, k23, andk32, is depicted for-1.5
MV/cm e Fext e 1.5 MV/cm, when the mean values of the
free energy gaps,∆G12 and∆G23, are introduced, for compari-
son, into eq 2.19. The relationsk12 > k21, k23 > k32, andk12,
k23 > (5 ps)-1 are obeyed in this parameter region. The first
two inequalities imply that∆G12 and∆G23 < 0 for all values
of Fext. The last inequality, which implies a relatively weak
dependence of the forward ET rate constants on the applied
electric field, explains why it was difficult to describe in earlier
work the extent of the experimental charge-separation QYE by
considering only the competition between the internal conversion
plus fluorescence rate constantk10 ()(190 ps)-1) of 1P*BH and
the forward ET rate constantsk12 andk23 (cf. Figure 2). We
also note that the position of the maximum ink12 and k23 in
Figure 3a reflects the relationship between the free energy gap
∆G at Fext ) 0 and the reorganization energyλm, namely,-
∆G12 < λm (normal region) fork12 and-∆G23 > λm (inverted
region) for k23. The shoulder fork23 at Fext = 0.9 MV/cm
corresponds to∆G23 + λm + pωc = 0 (cf. eq 2.19), which
would therefore become more gradual if the distribution of the
high-frequency modes (ωc) were taken into account.
It was suggested by Moseret al.23 that the absence of an

electric field effect on theinitial step in oriented systems is
consistent with a sequential ET model but not with a superex-
change model. We have made calculations for both models,
and the effect on the forward ET rate constantket is seen to be
small for the sequential model (Figures 2a and 3a) and
substantial for the superexchange model (Figure 2b), at least
for the free energy values used. The initial rate constant for
the disappearance of1P* by the sequential model isk12 + k10,
i.e., essentiallyk12. In Figure 3a it is seen that atFext ) +0.8
MV/cm thek12 increases by 15%, while atFext ) -0.8 MV/cm
it decreases by 20%. These figures are not inconsistent with
the estimates, which had large error bars, made in ref 23.
In Figure 3b a calculated electric field dependence ofk34 is

similarly illustrated for these oriented systems. Reflecting the

TABLE 3: Parameters Used for the Calculation of ET Rate
Constantskij
reaction
(i f j)

ωm
a

(cm-1)
λmb

(cm-1)
ωc

c

(cm-1) Scd
Vije

(cm-1) ref

1 f 2 95 800 1500 0.5 32f 21
2 f 3 95 800 1500 0.5 59f 21
1 f 3g 1600 1500 0.5 29h 21
3 f 4 4800 1600 1.0 4.8 42

aCharacteristic frequency for the medium’s low-frequency vibra-
tional modes.bReorganization energy of the medium’s low-frequency
vibrational modes.cCharacteristic frequency for the intramolecular
high-frequency vibrational modes.d Scaled reorganization constant,λc/
pωc, for the intramolecular high-frequency vibrational modes.eEle-
cronic coupling constant which reproduces the experimental ET rate
constantkij (Table 1) atFext ) 0 andT ) 295 K using eq 2.19.f These
values forVij, obtained by a fitting to data on rates and approximate
energies, are close to those obtained by a fitting in ref 21, which gave
the values ofV12 ) 26 cm-1 and V23 ) 51 cm-1.48 The minor
differences are due, in part, to theirkij values21 being somewhat lower
than ours and do not affect any of the conclusions.49 gUsed only for
the calculation ofk13 in Figure 2b.h Value atFext ) 0 which yieldsk13
) (3.2 ps)-1 atT ) 295 K using eq 2.19. Only this quantity depends
on the applied electric field through its dependence on the free energy
gaps,18,19,29which causes the reduction in the quantum yieldYQ based
on eq 1.1 forFext > 0 observed in Figure 2b.

p(∆G) ) ( 1

2πσ2)1/2 exp[-
(∆G- ∆G )2

2σ2 ]. (2.20)
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nearly activationless (-∆G34 = λm) property of the ET reac-
tion and also the contribution of the high-frequency quantum
modes (ωc), the electric field dependence ofk34 is not
pronounced. The magnitude of the back ET rate constant,k43,
which is virtually indiscernible from the abscissa in Figure
3b, is negligible compared to the forward onek34 in this range
of Fext.
In Figure 4a the behavior of the population densitiesPi(t) is

shown as a function of the time elapsed after the photoexcitation
of P, in the case ofFext ) 0. This figure is quite similar to that
obtained by Schmidtet al.17 (Figure 2b in their paper), although
their calculation did not incorporate any static heterogeneity.
The populationP2(t) ) [P+B-H](t) has a maximum value
P2
max ) 0.19 att ) 1.4 ps, which is close to an approximate

estimate,P2
max≈ 0.21, given by an expression:18

with x ≡ k12/k23, k12 ) (2.3 ps)-1, andk23 ) (0.9 ps)-1.17 The
populationP3(t) ) [P+BH-](t) has a maximum valueP3

max )
0.91 att ) 14 ps, at whichP1(t) andP2(t) have already decayed
to nearly zero. Almost all electrons going to H at this time
appear to move to Q, thus giving a high value of the quantum
yield of P+BHQ- (YQ ) P4(∞) ) 0.96).
The calculated results for the population densities for the case

of Fext) -1.2 MV/cm are depicted in Figure 4b. As compared
with the case ofFext ) 0, it is seen thatP1(t) andP2(t) survive
much longer with apparently multiple lifetimes.50 It is particu-

larly seen that a steady state in whichP1(t), P2(t), andP3(t)
remain almost constant is approximately realized over the time
period of t ≈ 10-100 ps, which corresponds to the quasi-
equilibrium state mentioned in section 2.2 (see appendix A). If
we estimate the characteristic timetst for the occurrence of this
steady-state as the time at whichP3(t) attains its maximum value
P3
max, we find tst ) 22 ps. The values of the population

densities,P1 ) 0.09, P2 ) 0.11, andP3 ) 0.73, at t ) tst,
together with the magnitudes of the decay constants,k10, k20,
andk34, approximately govern the quantum yields,Yd ) P5(∞),
P6(∞), andYQ ) P4(∞), respectively. Indeed,P5(∞):P6(∞):
P4(∞) ) 0.22:0.12:1 compares well withk10P1(tst):k20P2(tst):
k34P3(tst) ) 0.28:0.12:1. In this numerical solution we also
obtainYQ ) 0.72 for the quantum yield of P+BHQ- at Fext )
-1.2 MV/cm. It has been reduced from the valueYQ ) 0.96
at Fext ) 0, in accordance with the decrease ofP3

max. This
behavior inPi(t) which governs the electric field effect on the
quantum yields is well described in terms of the simplified quasi-
equilibrium approach in section 2.2, as will be illustrated in
appendix A.
The calculated results for the dependence of the charge-

separation quantum yieldYQ on the electric fieldFext are shown
by the solid curve in Figure 5. While the present model
calculations can reproduce fairly well the overall behavior

Figure 3. Electric field (Fext) dependence of the electron transfer rate
constants calculated using eq 2.19 for an oriented system atT ) 295
K: (a) k12, k21, k23, andk32; (b) k34. (The back reaction rate constantk43
cannot be discerned from the abscissa.) For the sake of illustration,
any effect of static heterogeneity is omitted here.

P2
max≈ x1/(1-x) (3.1)

Figure 4. Time evolution of the population densities,P1(t) ) [1P*BH]-
(t), P2(t) ) [P+B-H](t), P3(t) ) [P+BH-](t), P4(t) ) [P+BHQ-](t), P5-
(t) ) k10∫0t dt′P1(t′), and P6(t) ) k20∫0t dt′P2(t′), in the full kinetic
model for an oriented system at 295 K with inclusion of the effect of
static heterogeneity. Thet denotes the time elapsed after the photoex-
citation of the bacteriochlorophyll dimer: (a) atFext ) 0, (b) atFext )
-1.2 MV/cm.
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observed in the experiments by Popovicet al.22 (chain curve in
Figure 5), any detailed comparison between theory and experi-
ment depends, as one sees from Figures 10-12 in appendix B,
on the uncertain values for the free energy gaps, the heterogene-
ity, and the local field correction,e.g., on model parameters
such as∆G23, σ13, andf.
3.2. Randomly Oriented Systems.The effect of an electric

field on quinone (Q)-depleted RCs fromRb. sphaeroides
embedded in polyvinyl alcohol (PVA) films was investigated
by Ogrodniket al.24 in picosecond transient absorption experi-
ments. Upon application of a field of 0.7 MV/cm at 90 K, they
observed a (relative) reduction of the quantum yield of P+BH-

by 11( 1.5% within the time resolution of their experiments,
30 ps. More recently, atT ) 80 K Laoet al.25 measured the
field-induced QYE of formation of P+BH- (in Q-depleted
samples) on a time scale of∼10 ns and of P+BHQ- on a time
scale of∼10 ms usingRb. sphaeroidesRCs in PVA films and
glycerol-buffer glasses over a wide range of external electric
fields. They observed a (relative) reduction of the quantum
yields of P+BH- (in Q-depleted samples) and P+BHQ- by about
30% each atFext ) 1.5 MV/cm, indicating that the QYE for
these samples at 80 K occurs regardless of any effect of Q on
the charge-separation process. Since immobilized isotropically
oriented samples are used in these experiments, the relative
orientation between the applied field and the dipoles in the RCs
is random. The free energy gaps,∆G12 and∆G23, are therefore
distributed depending on this relative orientation,34 in addition
to the distribution (assumed Gaussian) due to any static
heterogeneity.
We have performed the calculations for the population

densities and the quantum yields for these randomly oriented
samples atT ) 80 K, using the full kinetic model in section
2.3. Equation 2.17 was used for the calculation ofk12 andk23.
The value ofk34 was fixed at (200 ps)-1,17,25 and the effect of
its variation is assessed in appendix B. The temporal variations
of the population densitiesPi(t) atFext ) 0 and 1.5 MV/cm are
depicted in Figure 6. As in Figure 4,P1(t) andP2(t) at Fext )
1.5 MV/cm survive much longer than whenFext ) 0, leading
to a significant reduction in bothP3

max andYQ ()P4(∞)). The
calculated results for the the relative charge-separation quantum
yield, YQ(Fext)/YQ(0), are shown in Figure 7 as a function of
the applied electric fieldFext. In addition to the quantum-

mechanical result, usingωm ) 95 cm-1 as a characteristic
frequency of the medium vibrational modes, the plot also
includes the classical result based on eq 2.19. The quantum
effect on YQ with respect to the low-frequency medium
vibrational modes is thus apparent but is seen to be very minor,

Figure 5. Electric field dependence of the charge-separation quantum
yieldYQ for an oriented system at 295 K. Solid curve: results obtained
by solution of the rate equations for the full kinetic model given in
section 2. Dashed and dotted curves: for the simplified model, values
of YQ(Fext) based on eq 2.8 (sequential model) and eq A.16 (superex-
change model), respectively. All the calculations include an effect of
the heterogeneity for the free energy gaps,∆G12 and∆G23, and an
electric field dependence ofk34. Chain curve denotes the (fitted)
experimental results.22

Figure 6. Time evolution of the population densities for a (Q-
containing) randomly oriented system atT ) 80 K, calculated for the
full kinetic model using eq 2.17 fork12 andk23, and withk34 ) (200
ps)-1: (a) atFext ) 0, (b) atFext ) 1.5 MV/cm. Otherwise, the symbols
and the conditions are the same as those in Figure 4.

Figure 7. Electric field dependence of the relative quantum yield of
charge separation,YQ(Fext)/YQ(0), for the full kinetic model for a
randomly oriented system at 80 K. Solid curve: results using the
classical expression, eq 2.19, for the calculation ofk12 andk23. Solid
circles: results obtained using the quantum expression, eq 2.17. Dashed
curve: (fitted) experimental results.25
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even at this low temperature,T ) 80 K. (We note that even at
80 K a relevant quantity,51pωm/4kBT, is less than unity, namely,
0.43.)
Because of the random distribution of the orientations, the

centers of the distribution of∆G12 and∆G23 do not shift relative
to the values they had without an external electric field.
However, the field-induced QYE for the charge-separated state
P+BHQ- is substantial owing to the contributions from those
orientational regions ofFext which reduce the magnitudes of
|∆G12| and|∆G23| (see also Figure 5 and discussion in appendix
A). The calculated results forYQ(Fext)/YQ(0) approximately
reproduce the experimental data,25 denoted by the dashed line
in Figure 7, recalling the uncertainties involved in the model
parameters (cf. appendix B).
The maximum value ofP3(t) at t ) tst, P3

max, or, more
accurately,P3(tst) + P4(tst) in Figure 6 is approximately equal
to the quantum yield of P+BH-, YH, in the corresponding
Q-depleted systems. It is found thatP3

max(Fext)/P3
max(0) and

[P3(tst, Fext) + P4(tst, Fext)]/[P3(tst, 0) + P4(tst, 0)] equal 0.66
and 0.67, respectively, atFext ) 1.5 MV/cm and agree well
with YQ(Fext)/YQ(0)) 0.69. More explicitly, we also simulated
in Figure 8 the population densitiesPi(t) for the Q-depleted
randomly oriented systems atT ) 80 K andFext ) 0 and 1.5
MV/cm, where we setk34 ) 0 in the full kinetic model to
calculate the behavior in Q-depleted samples. The ratioP3(t,
Fext)/P3(t,0) ≡ YH(t, Fext)/YH(t,0) at Fext ) 1.5 MV/cm takes
values of 0.62, 0.68, 0.68, and 0.66 att ) 10,102, 103, and 104

ps, respectively, which confirms thatYH(Fext)/YH(0)≈ YQ(Fext)/
YQ(0). These results explain the experimental fact24,25 that the
Q-containing samples and, on the experimental time scale of
10 ps to 10 ns, the Q-depleted samples show a similar effect of
electric field on the quantum yieldsYQ andYH, respectively.
3.3. Further Remarks. 3.3.1. Mechanism of the Electric

Field Effect. As mentioned above and as demonstrated in
Figures 2, 5, and 7, the experimental results for the effect of
the electric field on the charge-separation quantum yield in
bacterial photosynthetic RCs can be explained approximately
in terms of the kinetic model given in section 2. In order to
understand the charge-separation QYE, we conclude that special
attention should be paid to the hierarchy among the rate
constants, the consequent occurrence of an approximate steady
state att ∼ 10-100 ps, and the role played by the back
reactions: Not only the forward ET rate constants,k12 andk23,
but also the ones for the back reactions,k21 and k32, play an
important role for the determination of quantum yields. That
is, as seen above, the quantum yields are governed not only by
the forward ET rate constants but also by the free energy gaps,
∆G12 and∆G23. This new emphasis appears to overcome, in
part, one difficulty in earlier models24,25,34 in which attempts
were made to explain the charge-separation QYE in terms of
eq 1.1. As seen in Figure 2, this latter approach leads to too
small a theoretical QYE of charge separation when compared
with experiment.
The numerical calculations for the full kinetic model also

explain the experimental observation24,25for randomly oriented
systems at cryogenic temperatures that the Q-containing and
Q-depleted samples showed a similar effect of electric field on
the charge-separation quantum yields of P+BHQ- (YQ) and
P+BH- (YH), respectively. However, this fact does not neces-
sarily imply that theYQ in the Q-containing system is always
equal to theYH in the corresponding Q-depleted system: There
would be a quantitative effect onYQ associated with the
Q-reduction ET rate constantk34, as suggested by eq 2.8 (i.e.,
YQ versusYH = P3

e). This effect is more pronounced in the
oriented system than in the randomly oriented system, as seen
in Figures 13 and 14 in appendix B. To examine this theoretical
prediction, it is interesting to experimentally explore the
difference between the two (absolute) quantum yields,YQ and
YH, in oriented samples as varying the values ofk34 by applying
electric fields and/or by using modified RCs.42

3.3.2. Electric Field Effect on Fluorescence Quantum Yield.
In addition to the charge-separation quantum yield, the calcula-
tions should also agree with the experimental studies27,28,30,31

made of the electric field effect on the fluorescence quantum
yield Yf inbacterial photosynthetic RCs. In the present model,
a quantity related to the fluorescence quantum yieldYf is the
internal conversion plus fluorescence quantum yield,Yd )
P5(∞), of the singlet excited state1P*BH. It is given by eq
2.16. The relevant rate constantk10 in Figure 1 can be written
as a sum of the radiative (fluorescence) and nonradiative
(internal conversion) rates,

wherekr is known to be much smaller thanknr (by about 1-2
orders of magnitude in the absence of an applied electric
field).27,41,42,52 The present kinetic model has assumed in the
preceding sections thatk10 ()(190 ps)-1 37) is a constant,
independent of the applied electric field; the main interest of
this study was focused on the charge-separation quantum yield.
If both kr andknr are considered to be independent of the electric
field, the fluorescence quantum yield,

Figure 8. Time evolution of the population densities for a Q-depleted
randomly oriented system atT) 80 K, calculated using the full kinetic
model withk34) 0: (a) atFext) 0, (b) atFext) 1.5 MV/cm. Otherwise,
the symbols and the conditions are the same as those in Figure 6.

k10 ) kr + knr, (3.2)
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obeys a relation,

In Figure 9 the electric field dependence ofYd(Fext)/Yd(0) and
hence ofYf(Fext)/Yf(0) is shown for the randomly oriented system
at 80 K. There, the quantum (eq 2.17) and classical (eq 2.19)
expressions involving the low-frequency modes have been used
in the calculation of the ET rate constants,k12 and k23. The
calculated results give too large an electric field effect on the
fluorescence, when compared with experiment. For example,
experimentally27,28,30,31 an enhancement of fluorescence by
somewhat less than a factor of 2 atFext ) 1 MV/cm is
observed,53 whereas the calculated value is seen in Figure 9 to
be a factor of 5.7 in the quantum case. Some modification of
this factor is seen in appendix C, where, for instance, a field
dependence ofknr due to a change in the free energy gap between
1P*BH and PBH with field is added, reducing the factor 5.7 to
about 4 (including now the dipole moment difference between
1P*BH and PBH). However, there still remains a substantial
discrepancy, perhaps.
In this simplest version of the present model the enhancement

of [1 - YQ(Fext)]/[1 - YQ(0)] should approximately equal
Yf(Fext)/Yf(0). But experimentally the former was, assuming
YQ(0) ) 0.96, a factor of about 5 atFext ) 1.0 MV/cm in
randomly oriented samples at 80 K,25 whereas the latter was
only about 1.5-2.27,28,30,31 The inclusion, above, of the electric
field dependence ofknr means that in this improved model the
enhancement of [1- YQ(Fext)]/[1 - YQ(0)] no longer has to
equalYf(Fext)/Yf(0), but we have seen that there still is some
discrepancy. (The factor of 1.5-2 should now be compared
with the factor of about 4, instead of 5-6.) While one possible
explanation of the remaining discrepancy would be that some
of the samples are “dead” and so their fluorescence would be
unaffected by an electric field, the fraction of dead samples at
room temperature has been estimated forRb. sphaeroidesto
be only about 15%.54 So it is desirable to seek elsewhere for
an explanation of the remaining discrepancy.
3.3.3. Electric Field Effect on Possible Mixing of States.The

analysis given thus far does not, in fact, explain two particular
experimental facts: (i) the fluorescence quantum yieldYf is less
affected thanYQ by electric fields in the randomly oriented
samples27,28,30,31and probably by negative fields in the oriented
samples and (ii) the charge-separation quantum yieldYQ
increases in the oriented samples when the electric field is
sufficiently positive(cf. Figures 2 and 5).22 One potential
explanation for both points i and ii is that the electric field can
affect the mixing of1P*BH with its nearby charge-transfer
(CT) electronic states43-45 by modifying their energy differ-
ence: If the negative field enhances the mixing with this nearby
state(s), the positive field would decrease the mixing in these
oriented samples. Then, the Franck-Condon factor and hence
the nonradiative rate constantknr could be enhanced in the
former case and decreased in the latter. (The effective potential
curve of the excited state would be expected to be more
displaced from the ground state curve if CT states participated.)
The decrease ofknr in the positive electric field region would
contribute to the increase ofYQ according to the simple
branching model. (We note that to increaseYQ from 0.96 to
0.9922 requires a decrease ofknr of a factor of about 4 if one
neglects other factors such as the branching betweenk34 and
k30 in Figure 1.) On the other hand, the increase ofknr in the
negative electric field region would contribute, together with

the repopulation effect discussed in this paper, to the decrease
of YQ there and also to a decrease ofYf (cf. Figure 15a in
appendix C) as opposed to the enhancement ofYf by the
repopulation effect. This effect may thus explain why the
electric field effect onYf is less than that onYQ in the
experiments.
3.3.4. Validity of the Nonadiabatic Approximation.In the

analyses, we have calculated the primary ET rate constants,
k12 and k23, on the basis of the nonadiabatic expressions,
eqs 2.17 and 2.19. Recalling that the fitted magnitudes of
associated electronic coupling constants are fairly large (V12 )
32 cm-1 andV23 ) 59 cm-1), a question may be raised as to
whether one can rely on the nonadiabatic (golden rule) ap-
proximation or not, especially fork23. This issue is addressed
in appendix D.

4. Conclusions

In the present paper a theoretical model is proposed for the
electric field effect on the charge-separation quantum yield in
bacterial photosynthetic RCs. In previous models24,25,34of the
effect, the explanation for experimental results was based on a
competition between the internal conversion plus fluorescence
rate constant and the forward ET rate constant of1P*BH, i.e.,
on eq 1.1, and led to too small a calculated effect (dotted line
in Figure 2). In the present paper, the effect of the electric
field on both the forward and the backward rate constants is
incorporated, leading to a larger effect. The extent to which
the calculated results depend on various parameters was also
investigated.
The electric field effect on the fluorescence quantum yield

in photosynthetic RCs was considered, and a mixing of1P* with
nearby CT states was invoked as a possible explanation of the
experimental facts that the enhancement ofYf(Fext)/Yf(0) is much
smaller than that of [1- YQ(Fext)]/[1 - YQ(0)] in randomly
oriented samples and thatYQ(Fext) increases for positive fields
in oriented samples. The large polarizability of1P*, used to
explain a large Stark effect, is consistent with this state mixing.45
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Figure 9. Electric field dependence of the relative quantum yield of
radiative plus nonradiative decay of1P*BH andYd(Fext)/Yd(0) and hence
of the relative fluorescence quantum yield,Yf(Fext)/Yf(0), for the full
kinetic model for a randomly oriented system at 80 K. Solid curve:
results in which the classical expression, eq 2.19, has been used for
the calculation ofk12 andk23. Solid circles: results obtained using the
quantum expression, eq 2.17.
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(3.4)

Electron Transfer Model for Electric Field Effect J. Phys. Chem. B, Vol. 101, No. 25, 19975039



during his stay at the California Institute of Technology. We
are indebted to the National Science Foundation and the Office
of Naval Research for the support of this research.

Appendix A: Approximate Analytical Model

Using the results of the numerical calculations for the full
kinetic model, we give here some justification for the simplified
quasi-equilibrium approach used in section 2.2. This analysis
then provides some further insight into the mechanism of the
electric field effect on the quantum yields in photosynthetic RCs.
In the kinetic scheme given in Figure 1, there is a hierarchy

among the rate constants: Those associated with the primary
ET reactions,k12, k21, andk23, and, in the case of very negative
Fext, in the oriented system,k32, are much larger than the others.
(One may compare the values of thesekij ’s shown in Figure 3a
with those used fork10, k20, andk30 in Table 1 and with thek34
in Figure 3b.) As illustrated in Figure 3, this hierarchy seems
to apply over a wide range of external electric fields. Accord-
ingly, to obtain some insight into the importance of thePi

e’s in
section 2.2, we can replace eqs 2.1-2.3 approximately by

neglectingk10, k20, k30, andk34 for times less thant ∼ 20 ps.
With the normalization condition ofP1(t) + P2(t) + P3(t) )

1, the solution att ) ∞ to the rate equations A.1-A.3 is given
by

This solution can then be rewritten as

with the aid of the detailed balance relation, eq 2.18. This
solution forPi(∞) is seen to be identical to the quasi-equilibrium
solutionPi

e given in section 2.2.
In Figures 4b and 6b for the full calculation with the inclusion

of static heterogeneity, the temporal regime,t ∼ 10-100 ps,
over which a steady state forPi(t) occurs approximately may
be identified with the above quasi-equilibrium regime (t ) ∞).
In the case of an oriented system atFext ) -1.2 MV/cm andT
) 295 K (Figure 4b), the ratios of the population densities of

1P*BH, P+B-H, and P+BH- areP1(t):P2(t):P3(t) ) 0.13:0.14:1
at t ) tst ) 22 ps at whichP3(t) has a maximum value.
It is useful, for comparison with this result of the full

calculation for the oriented system, to incorporate the effect of
the static heterogeneity in the simplified result, eqs 2.6-2.7 or
A.7-A.9. Considering that this inhomogeneity in RCs causes
additional fluctuations in the distribution of the free energy gaps
in a way analogous to thermal fluctuations, a way of including
this effect approximately for the quasi-equilibrium calculations
is by replacing the thermal energykBT by effective values:

whereR is a constant of the order of unity. Equations A.7-
A.9 then lead to

instead of eqs 2.6 and 2.7, which contain the free energy gaps
∆Gij without the heterogeneity. EmployingR ) 0.3555 for the
oriented system and using∆G12 ) -170 cm-1, ∆G23 ) -500
cm-1, and∆G13 ) -670 cm-1 at Fext ) -1.2 MV/cm (cf.
Tables 1 and 2), we findP1

e:P2
e:P3

e ) 0.12:0.15:1 from eqs
A.10-A.13 for T ) 295 K andσ13 ) 400 cm-1,35 which is in
good agreement with the above numerical result for the full
calculation,P1(tst):P2(tst):P3(tst) ) 0.13:0.14:1.
As seen in Figure 4b, after a steady or quasi-equilibrium state

among1P*BH, P+B-H, and P+BH- is realized att ∼20 ps,
these states decay into the PBH and P+BHQ- states with the
rate constantsk10, k20, k30, andk34. An approximate expression
for the quantum yield of the charge-separated state P+BHQ- is
thus given by eq 2.8. ForFext ) -1.2 MV/cm andT) 295 K,
eq 2.8 with inclusion of the heterogeneity givesYQ ) 0.71,
which is in good agreement with the numerical result of the
full calculation,YQ ) 0.72, found in section 3.1. Also shown,
by a dashed curve in Figure 5, are the values ofYQ(Fext) obtained
from eqs 2.8, A.12, and A.13 for the case of an oriented system
at 295 K. In spite of its simple form, eq 2.8 is seen in Figure
5 to reproduce the results of the solution to the full kinetic model
in section 2.3 fairly well. The slight deviation between the solid
and dashed curves in Figure 5 may be ascribed to the breakdown
of the assumption of a steady state whenk32 andk21 become
too small (cf. Figure 3a) and also to an inadequacy of eqs A.10
and A.11 (cf. Figure 11 later).
In the text we used only the sequential model for the primary

ET reactions in RCs, partly for brevity of presentation. It is
useful, therefore, to give the analogous (approximate) calculation
for the superexchange model: The superexchange ET step,

is considered instead of the sequential ET steps,

in the kinetic scheme of Figure 1. Using an analysis analogous
to that leading to eqs 2.8, A.12, and A.13, we find

d
dt
P1(t) ) -k12P1(t) + k21P2(t), (A.1)

d
dt
P2(t) ) k12P1(t) - (k21 + k23)P2(t) + k32P3(t), (A.2)

d
dt
P3(t) ) k23P2(t) - k32P3(t), (A.3)

P1(∞) )
k21k32

k21k32 + k12k32 + k12k23
, (A.4)

P2(∞) )
k21k32

k21k32 + k12k32 + k12k23
, (A.5)

P3(∞) )
k12k23

k21k32 + k12k32 + k12k23
. (A.6)

P1(∞) )
exp(â∆G13)

exp(â∆G13) + exp(â∆G23) + 1
, (A.7)

P2(∞) )
exp(â∆G23)

exp(â∆G13) + exp(â∆G23) + 1
, (A.8)

P3(∞) ) 1
exp(â∆G13) + exp(â∆G23) + 1

(A.9)

kBT′ ≡ x(kBT)2 + Rσ13
2 ≡ 1/â′, (A.10)

kBT′′ ≡ x(kBT)2 + Rσ23
2 ≡ 1/â′′, (A.11)

P1
e ) P3

e exp(â′∆G13), (A.12)

P2
e ) P3

e exp(â′′∆G23) (A.13)

1P*BH y\z
k13

k31
P+BH-, (A.14)

1P*BH y\z
k12

k21
P+B-H y\z

k23

k32
P+BH-, (A.15)

YQ≈
k34

k10 exp(â′∆G13) + k30 + k34
(A.16)
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for the superexchange ET model. The values ofYQ(Fext)
calculated from this expression are plotted as the solid (when
k34 is field-independent) and dashed (whenk34 is field-
dependent) curves in Figure 2b (without the heterogeneity) and
as the dotted curve in Figure 5 (with the field dependence of
k34 and the heterogeneity). The results show that eq A.16 can
describe the electric field effect onYQ at least qualitatively.
However, some difficulties18,19in the superexchange ET model
for describing the primary ET reactions in photosynthetic RCs
have been noted (see also refs 21 and 36).

Appendix B: Influence of Parameter Uncertainties

We consider here how the calculated results for the charge-
separation quantum yieldYQ in section 3 are modified by varying
the model parameters in section 2.
As seen in section 2.2 and appendix A, the values of

YQ(Fext) should be dependent on the choices of the mean free
energy gaps,∆G12 and∆G23, and they have some experimen-
tal uncertainty.16,21,39-41 In Figure 10 the dependence of the
calculated values ofYQ(Fext) on∆G23(Fext ) 0) is illustrated in
the case of the oriented system at 295 K. Here,V23 ) 57 and
61 cm-1 have been used for∆G23 ) -1450 and-1650 cm-1,
respectively, in order to reproduce the samek23 ) (0.9 ps)-1 at
Fext ) 0. The qualitative behavior of theFext dependence of
YQ is seen to be the same for these∆G23’s, but there is a
quantitative effect, as suggested by eqs 2.8, A.12, and A.13.56

An analogous but smaller modification may be expected with
the variation in∆G12.57

The discussion in appendix A also suggests that the values
of YQ(Fext) may depend on the extent of the static heterogeneity
of the free energy gaps. In Figure 11 the dependence of the
calculatedYQ(Fext) on the values ofσ13 ) x2σ12 ) x2σ23 is
depicted for the oriented system at 295 K. As expected from
eqs 2.8 and A.10-A.13, but now using instead the full kinetic
model, it is found that the increase in the heterogeneityσ makes
the field dependence of the charge-separation quantum yield
more gradual, just as an increase in temperature does. The
calculated result forσ13 ) 400 cm-1 (the value estimated for
randomly oriented RC samples35) shows a steeperFext depen-
dence ofYQ than that actually observed in oriented samples22

as seen in Figure 5. While this result is consistent with the
idea25 that there may exist additional heterogeneity associated

with disorder in sample orientation and thickness in the LB films
of RCs used in the experiments,22 this finding does not rule out
other factors.
The calculated values ofYQ(Fext) also depend on the choice

of the local field correctionf, which was defined by eq 2.5 and
tentatively set equal to 1.227,29,32,33in section 2. In the case of
randomly oriented RC samples embedded in PVA films, the
local field correction may be expressed as

with the use of the spherical cavity approximation for the RC
and chromophores. Here,εPVA, εRC, andε′ denote the dielectric
constants of PVA, RC, and chromophores, respectively;rRC and
r′ (<rRC) represent the effective radii of RC and chromophores.
Equation B.1 was obtained by solving the electrostatic boundary
problem of two concentric spheres embedded in a medium and
in a uniform electric field. The inner sphere has a dielectric
constantε′, the outer sphereεRC, and the mediumεPVA. Noting
that rRC . r′,2-7 eq B.1 reduces to a formula assumed in ref
33:

At T) 80 K, if one choosesε′ ) 2 andεPVA ) εRC ) 4,33 then
f ) 1.2. For oriented RC samples using LB films, there is no
PVA and so the first factor in eq B.2 is absent. If one usesε′
) 2 andεRC ) 4-8 at room temperature,33 thenf ) 1.2-1.33.
One difficulty which has been noted32 in using this value off
for the experiments by Popovicet al.22 is due to the inhomo-
geneity of the samples: Usually, as in the experiments by Lao
et al.,25 the value of the externally applied field is estimated as

by measuring the applied voltageVappand assuming that in the
present case the distanced between the electrodes is uniform.

Figure 10. Influence of the free energy gap∆G23 at Fext ) 0 on
YQ(Fext) for an oriented system at 295 K. Dashed, solid, and dotted
curves: calculated results for the full kinetic model in which∆G23

-1450, -1550, and-1650 cm-1 at Fext ) 0 have been adopted,
respectively. The electronic coupling constants,V23 ) 57, 59, and 61
cm-1, have been used, respectively, to reproducek23 ) (0.9 ps)-1 at
Fext ) 0. The remaining conditions are the same as those in Figure 5.

Figure 11. Influence of the heterogeneityσ13 on the calculated results
of YQ(Fext) in the full kinetic model for an oriented system at 295 K.
Dotted curve:σ13 ) 0. Solid curve:σ13 ) 400 cm-1. Dashed curve:
σ13 ) x2× 400 cm-1. Chain curve: approximate estimates based on
eq 2.8 withσ13 ) 0. The remaining conditions are the same as those
in Figure 5.

f )
9εPVAεRC

(2εPVA + εRC)(2εRC + ε′) + 2(r′/rRC)
3(εPVA - εRC)(εRC - ε′)

(B.1)

f )
3εPVA

2εPVA + εRC
‚

3εRC
2εRC + ε′. (B.2)

Fext ) Vapp/d (B.3)
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Popovicet al.,22 instead, estimated the applied electric field as

in terms of the sample cell areaA, the capacitanceC, and the
dielectric constant of RC proteinsεr, and they assumedεr to be
3. Here,ε0 is the permittivity of vacuum. Equations B.3 and
B.4 are related when one notes thatC ) ε0εA/d, if the medium
is assumed to be homogeneous, and if one then assumesε )
εr. It is ambiguous, however, howεr is related toεRC and ε′
above. Thus, there are uncertainties in using eq B.3, which
assumes constantd, or in using eq B.4, which makes an
additional assumption but does not require thatd be known.
Accordingly, their estimate forFext (and consequently the value
of f which should be used for model calculations) may contain
some error and cause the comparison between theory and
experiment to be less straightforward. In Figure 12 the
calculated results ofYQ(Fext) are shown forf ) 1.0, 1.2, and
1.5 in the case of an oriented system at 295 K. These results
reflect the rescaling of the magnitude of electric fieldFext in
terms of the local field correctionf.
In the calculations for randomly oriented samples, we have

fixed the ET rate constant for P+BH- f P+BHQ- as k34 )
(200 ps)-1. The field-induced change in the associated free
energy gap,∆G34, due to the difference in dipole moment
vectors of both the ion pair states, however, should modify the
value of k34. The influence of the inclusion of this field
dependence,k34(Fext), on the calculated results for the charge-
separation quantum yieldYQ is examined next, using the full
kinetic model. The case of an oriented system atT) 295 K is
examined first, using a model fork34(Fext) given in section 2
and shown in Figure 3b. A comparison is made in Figure 13
for the charge-separation quantum yieldYQ(Fext), in which the
calculated results for the cases of fixed ()(200 ps)-1) and field-
dependentk34 are depicted. In the region ofFext< 0, k34
decreases due to the electric field as seen in Figure 3b, thus
reducing the values ofYQ(Fext) relative to the case of fixedk34
(cf. eq 2.8). The difference between both the results in Figure
13, which include the effect of static heterogeneity, is slightly
smaller but comparable with the difference in Figure 2a. We
also find that the effect of the field-induced variation ofk34 on
YQ is less than that of∆G12, ∆G23, and∆G13, since the electric
field dependence ofk34 is weaker than that of exp(â∆Gij).
Further, for the case of a randomly oriented system atT ) 80

K, it is seen in Figure 14 how the calculated relative values of
YQ(Fext) atFext ) 1.5 MV/cm vary whenk34 at thisFext is varied
over a considerable range of (1000 ps)-1 e k34 e (50 ps)-1,58

usingk34 ) (200 ps)-1 as a standard.

Appendix C: Possible Models for Modifying the
Fluorescence Quantum Yield

In the calculation in section 3.3.2,kr andknr were assumed
to be independent of the electric field. The possibility thatknr
may be field-dependent was noted in ref 25. We remark that
knr provides a decay channel which dominateskr and thatYf(0)
has an extremely small value (∼4 × 10-4 at room tempera-
ture52). To make some estimate for the effect of the electric
field dependence ofknr due to a change in the free energy gap
on the modification of the relative fluorescence quantum yield,
Yf(Fext)/Yf(0), in the case of a randomly oriented system at 80
K, we assume the energy gap law:59

for the nonradiative rate, noting that the free energy gap
|∆G10| between the1P*BH and PBH states has a large value.25

In eq C.1,A andC may be regarded as constants which are
nearly independent of electric field; explicitly,59

takes a value of the order of unity. Here,ω andλ refer to the
characteristic frequency and the reorganization energy associated
with the internal conversion process. Recalling that the excited
and ground states have a (small) dipole moment difference of
∆µ ≡ |µ(1P*BH) - µ (PBH)| = 6 D/f,27,43,45,60the free energy
gap∆G10 is modified by the external electric fieldFext by an
amount,

where∆G10 ()11200 cm-1 25) is the free energy gap atFext )
0 andFint ) fFext is the induced electric field. The (angle-
averaged) field-induced enhancement ofknr in the randomly
oriented sample is then estimated to be

Figure 12. Influence of the local field correctionf on the calculated
results ofYQ(Fext) in the full kinetic model for an oriented system at
295 K. Dashed curve:f ) 1.0. Solid curve:f ) 1.2. Dotted curve:f
) 1.5. The remaining conditions are the same as those in Figure 5.

Fext )
CVapp
ε0εrA

(B.4)

Figure 13. Effect of the inclusion of an electric field dependence of
k34 on the behavior ofYQ(Fext) in the full kinetic model for an oriented
system at 295 K. Dashed curve: results obtained by fixingk34 ) (200
ps)-1. Solid curve: results obtained with a field-dependentk34(Fext)
shown in Figure 3b. The remaining conditions are the same as those
in Figure 5.

knr ) A exp(-C
|∆G10|

pω ) (C.1)

C) ln{∆G10

eλ [1- exp(- pω
kBT)]} (C.2)

|∆G10(Fext)| ) ∆G10 - [µ(1P*BH) - µ(PBH)]‚Fint, (C.3)
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whereê≡ C∆µfFext/pω, Fext) |Fext|, andθ is the angle between
µ(1P*BH) - µ(PBH) andFext. Equation C.4 implies that
〈knr(Fext)〉/knr(0) > 1 for ê > 0. Quantitatively, we find that
∆µfFext ) 100 cm-1 for ∆µf ) 6 D andFext ) 1.0 MV/cm.
The enhancement rate〈knr(Fext)〉/knr(0) is thus estimated to be
between a factor of 1 and 2 forFext ) 1.0 MV/cm andT ) 80
K, considering the uncertainty inω andλ.61 In Figure 15a the
variation ofYf(Fext)/Yf(0) at Fext ) 1.0 MV/cm is shown as a
function of the enhancement factor〈knr(Fext)〉/knr(0) for the
randomly oriented system atT ) 80 K, based on the full
(quantum) kinetic model and wherekr is fixed at (10 ns)-1.27,41,42,52

Thus, if we incorporate the field-induced enhancement ofknr
into the calculations, the agreement between calculation and
experiment forYf(Fext)/Yf(0) is improved slightly.
In addition, some dependence ofkr, k20, andk30 on Fext and

other “hidden” pathway rates24,25,31may also be responsible for
the disagreement. As an example, let us consider the effect of
the field-induced enhancement ofk20 for the charge recombina-
tion process, P+B-H f PBH. We describe the electric field
dependence ofk20 in terms of the two-mode quantum-mechan-
ical expression, eq 2.17, in whichλm ) 800 cm-1, ωm ) 95
cm-1, ωc ) 1500 cm-1, and Sc ) 0.5 are employed; the
associated free energy gap is chosen as∆G20 ) -10 750 cm-1

(Table 1) without inclusion of the heterogeneity. In the case
of a randomly oriented system atT ) 80 K andFext ) 1.0
MV/cm, we find 〈k20(Fext)〉/k20(0) ) 6.2 with the use of
|µ(P+B-H)| ) 51 D andf ) 1.2. In Figure 15b the variation
of Yf(Fext)/Yf(0) ()Yd(Fext)/Yd(0)) at Fext ) 1.0 MV/cm is
illustrated as a function of the enhancement factor〈k20(Fext)〉/
k20(0) on the basis of the full (quantum) kinetic model. Clearly,
this calculated effect does not play a significant role for the
improvement in the agreement with the experimental results in
Yf(Fext)/Yf(0).
There are various uncertainties in the model parameters, as

discussed in appendix B. For example, if the value of the local
field correction weref ) 1.0 instead off ) 1.2, we would find
Yf(Fext)/Yf(0)) Yd(Fext)/Yd(0)) 4.6 instead of 5.7 atFext ) 1.0
MV/cm (thenYQ(Fext)/YQ(0) ) 0.86 instead of 0.81), leading
to a minor improvement. However, the present model still

cannot reproduce the experimental results forYf(Fext)/Yf(0)
(∼3-5 in the calculation versus∼1.3-2.2 in the experi-
ments27,28,30,31atFext ) 1.0 MV/cm andT ) 80 K), even if all
the above effects are included.

Appendix D: Estimate of the Adiabaticity Parameter

We consider an expression for the ET rate constant in the
classical limit (pω , kBT):46

Here, ω and λ refer to the characteristic frequency and
reorganization energy of the vibrational modes associated with
the ET reaction. The transmission coefficient may then be
expressed approximately as62

where

γ ≡ πV2

pω ( π
λkBT)1/2 (D.3)

is an adiabaticity parameter. Equation D.2 provides an extension
of the Landau-Zener formula.46,63

Figure 14. Dependence of the charge-separation quantum yield on
the values ofk34 in the full (quantum) kinetic model for a randomly
oriented system atT ) 80 K andFext ) 1.5 MV/cm. The calculated
values ofYQ are plotted relative to the case ofk34 ) (200 ps)-1. The
remaining conditions are the same as those in Figure 7.

〈knr(Fext)〉
knr(0)

) 1
2∫-11 d(cosθ) exp(C∆µfFext

pω
cosθ) )

1
ê
sinhê, (C.4)

Figure 15. Relative fluorescence quantum yield,Yf(Fext)/Yf(0), as a
function of the field-induced enhancement factor for (a)knr and (b)k20
in the full (quantum) kinetic model for a randomly oriented system at
T ) 80 K andFext ) 1.0 MV/cm. In panel (a)kr ) (10 ns)-1 has been
used. The remaining conditions are the same as those in Figure 9.

k) η ω
2π

exp[-
(λ + ∆G)2

4λkBT ]. (D.1)

η ≈ {21- exp(-γ)
2- exp(-γ)

,
for the normal region ,

(-∆G< λ)
2 exp(-γ)[1 - exp(-γ)], for the inverted region

(-∆G< λ),

(D.2)
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For γ , 1, eq D.2 reduces to

in both the normal and inverted regions, thus giving the usual
nonadiabatic expression:46

The electronic coupling constantV in eqs D.3 and D.5 is a
“bare” quantity. On the other hand, the coupling constantV
used in the present model calculations (V12 ) 32 cm-1 andV23
) 59 cm-1) in the main text should be regarded as a
“renormalized” quantity which effectively takes account of the
higher-order contributions through the enforced fitting to
experimental ET rate within the nonadiabatic expression.
If the transmission coefficient for the P+B-H f P+BH-

reaction is roughly estimated by the ratio ofk to ω/2π, one
finds η ) 0.39 in the case of no electric field, upon usingk23
) (0.9 ps)-1 andωm ) 95 cm-1. The adiabaticity parameter
then takes values ofγ ≈ 0.28 in the normal region andγ ≈
0.31 in the inverted region using eq D.2, where the latter may
be more appropriate in this case because∆G23 ) -1550 cm-1

andλm ) 800 cm-1. The estimated adiabaticity parameter for
the primary ET reactions in photosynthetic RCs is thus
sizable19,64,65but still substantially less than unity. We also note
that the results for the charge-separation quantum yield in the
present model calculations do not depend essentially on the
values of the primary ET rate constants themselves,k12 andk23,
as discussed in section 2.2 and appendix A.
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being in the inverted region (cf. section 3.1). This behavior, which perhaps
is at first glance surprising, is due to the fact that the charge-separation
quantum yield primarily depends not on the forward ET rate constant but
on the detailed balance relation, eq 2.18, between the forward and backward
ET rates, as suggested by eqs 2.6-2.8.

η ≈ 2γ (D.4)

η ω
2π
≈ 2π

p
V2( 1

4πλkBT)1/2 (D.5)
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(57) The value of the free energy gap,∆G12, may contain a considerable
experimental uncertainty, resulting in a large margin of error in the calculated
value of the charge-separation quantum yieldYQ. However, the error inYQ
arising from the uncertainty in∆G12 is supposed to be relatively small,
because the value ofYQ is predominantly governed by more reliable
quantities,∆G23 and∆G13 ) ∆G12 + ∆G23, as seen in eqs 2.6-2.8.

(58) There are two possibilities which may modify the value ofk34 from
(200 ps)-1 17 in the case of randomly oriented samples atT ) 80 K. First,
the applied electric field would tend to reducek34 irrespective of the relative
orientation to the dipole moment vectors of the ion pair states, as seen in
Figure 3b. Second, the lowering of the temperature would enhancek34,
although this effect is known to be minor.42
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