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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 onftineard steps and do not explain

the major effect on the quantum yield of @ or, in Q-depleted samples, of 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 $1ate 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'®".

1. Introduction 'P*BHQ

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 hv
chains (Figure 1): The singlet excited dim&P{) transfers an
electron to a bacteriopheophytin (H) to form aHP" radical
pair. Subsequently, the electron moves to a quinone (Q) in a
few hundred picoseconds, forming®~ with a quantum yield
of nearly unity, and this Qlater 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- PBHQ
phyll monomer (B) which is located between P and H. Two
sites, later realized to be B and H, were postulated in an early Figure 1. Kinetic scheme for the photoinduced charge-separation
study* to explain a contrast between the rate of the fast initial Process in bacterial photosynthetic reaction centers used in the present

forward step and the weak interaction of Bnd H- that was analysis. P1P*, B, H, and Q refer to the bacteriochlorophyll dimer, its
. g . singlet excited state, a bacteriochlorophyll monomer, a bacteriopheo-
inferred from magnetic field studies.

) . ) . phytin, and a quinone, respectively. Tkis andAG's denote the rate
According to the X-ray diffraction studies of the RCs from  constants and the free energy gaps.

Rhodopseudomona®Rps) viridis2* and Rhodobacter(Rb)

sphaeroideS~’ the center-to-center distance between P and H to or lower than that oP*BH, and PB—H is supposed to be

is approximately 17 A (edge-to-edge distanceds10 A). The an actual intermediate, which then undergoes a subsequent ET
ultrafast ET between them, which occurs in a few picoseconds, from B to H. On the other hand, in the one-step or superex-
then suggests that the electron is unlikely to be transferred change model, it is assumed that the radical pair staBs R
directly and that B should play an indispensable role in this ET has a free energy which lies well above thattBfBH and is
reaction. Extensive experimental efforts with time-resolved not formed as a distinct intermediate but instead serves as a
spectroscopic techniques have been deotédo elucidating virtual state which quantum-mechanically couples ¥a&BH

this issue. At least two alternative models have been proposedand PBH™ states. In the experimental investigations, modified
for the role of B%!821 In the two-step or sequential model, or mutant RCs have been u$ed’ as well as wild-type and
which is presently favored, the free energy 0P H is close Q-depleted RCs to explotethe kinetic consequences of the
modification of free energy gaps between the pertinent states.

* Corresponding author. - - .
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mukai Toshiba-cho, Saiwai-ku, Kawasaki 210, Japan. associated with the ET reacuon; in RCs is to .modlfy the kinetics
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z 1 ' s oo eseeseseere e oriented RC sampl@ at 295 K. In the earlier modefd;25:34
g T ] Yo is evaluated fromé€g., eq 2 in ref 25, eq V.11 in ref 34,

£ 09l (2) Sequential Mode! | and a similar expression in ref 24)
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g 0.7 i "E{jﬁﬁﬂﬁfﬂ{ilﬂ'S;‘;e":;ﬁ:t"ﬁ;ﬁ‘) in both the sequential and superexchange ET models, th_ere
e ' the rate constants have been calculated using the procedure given
U 06l | in section 2.

:’g’» ) J," f The purpose of the present paper is to explore an explanation
= i ; 1 for the effect of the electric field on the charge-separation
O 05

25 _1‘ _0‘5 0 0‘5 1 15 guantum vyield in photosynthetic RCs which focuses initially
: : ; ’ on a substantial effect on the back rate constants. For the sake
Electric Field (MV/cm) of simplicity, mainly the sequential model for the primary ET
is considered, since a similar explanation applies to the
o superexchange model. We use some current experimental
4 estimate¥’ 21 of the free energy gaps, reorganization energies,
and other kinetic parameters for the ET reactions in RCs.
According to a recent analy$i®! of the energetics, the
sequential ET channel dominates over the superexchange
(b) Superexchange Model channel for the!P*BH — PTBH™ reaction rate in wild-type
(Without Heterogeneity) . RCs at room temperature, and a superexchange ET is important
777777 s | at Iov_v temperatures or in mutant R&s. An a_ldditional
— Present{Fed ndependent k) experimental suggestion in favor of the sequential model has
-~ Present FildDependent ) been'obta.med in a study of the electric field effect on the initial
step in oriented systendg. It has also been noté&recently
that the sequential ET dominates at room temperature and that
0.6 . s . . the sequential and superexchange ET mechanisms should not
1.5 -1 -0.5 0 0.5 1 1.5 coexist as two parallel channels.
Electric Field (MV/cm) It will be seen through explicit calculations how an improved
Figure 2. Simplified calculation for the electric field) dependence  @ccount of the experimental charge-separation QYE can be
of the charge-separation quantum yidlsifor the oriented RC sample provided within the framework of the usual sequential ET model
at 295 K on the basis of (a) sequential and (b) superexchange ETin a way consistent with other experimental facts on energetics
models. Dotted curve: results obtained by eq 1.1, whare ki, (a) and rates. Also, it is shown that a steady or quasi-equilibrium
and ket = kis (b) (cf. egs A.15 and A.14). Solid curve: simplified  giate realized in the primary ET processéBH = P*B—H

approachj.e, eq 2.8 (a) and eq A.16 (b), wheke, is fixed. Dashed R _ .
curve: simplified approach, where an electric field dependendg,of P*BH", on the time scale of 10100 ps after the photoex-

(cf. Figure 3b) is incorporated. The rate constants and the free energyCitation, is important for understanding this aspect of the electric
gaps used in the calculations have been obtained according to the modefield effect on the quantum yields. Thereby, the back ET
given in section 2¢f. Tables +-3), and any effect of static heterogene-  reactions play a significant role, in contrast with previous models
ity2153%for the free energy gaps is neglected here. Chain curve denoteshased only on eq 1.1. Also given, and tested by comparison
the (fitted) experimental resuf3. with the full numerical solution for oriented samples, is a simple
approximate analytical expression for the quantum yields

the applied field, the quantum yields of the charge-separatedObt""ir]e‘j by considering the temporal hierarchy among the

i — tions involved. We then consider the full calculation for
states, PH™ (in Q-depleted samples) and®-, have proven reac o )
to be reducible by 1920% with aFr)1 electric field of 1 I\EI)V/cm. the electric field effect on the fluorescence quantum yield to

This effect is interesting both from the viewpoint of understand- see vv_hether the explanation for the charge-separatlc_)n QYE al§o
ing the ET energetics in RCs and for possible implications for explains the effect on the quoresqence quantum yield, and if
the design of various energy conversion and switching devices. ot what other effect could plausibly be added to understand
Quantitative theoretical models to account for the experi- POth sets of data consistently.

mental results on electric field effects have not yet been The paper is organized as follows: In section 2, the kinetic
successful to date. It has been reasonably suggéshed this model used in the present analysis is described. Before giving
field-induced quantum yield effect (QYE) arises from the change a full treatment of the kinetic equations, a simplified approach
in the free energies of radical pair states due to their dipoles based on the idea of a quasi-equilibrium state is considered first.
interacting with the electric field. However, if it is assumed It provides insight into the full calculation. In section 3 the
that the charge-separation quantum yield is determined by thecalculated results are given for the time evolution of the

Charge-Separation Quantum Yield

samples oriented and randomly orientéd26 with respect to

competition between the initial forward ET rate constapand population densities of the distinct states as a function of electric
the decay rate constakio (which is the sum of radiative and  field. The electric field dependence of charge-separation
nonradiative internal conversion rate constaktsand k) of guantum yield in RCs, for both oriented and randomly oriented

1p*, an extraordinarily strong dependencekgfon the electric samples with respect to the applied field, is then evaluated and
field would be requiretf-25340 explain the experimental QYE.  compared with the experimental results in sections 3.1 and 3.2.
The reason for this requirement is thatis larger than thd The electric field effect on the fluorescence quantum yield in
in Figure 1 by about 2 orders of magnitude. This difficulty is RCs is addressed in section 3.3. Also discussed in section 3
explicitly exhibited in Figure 2, which shows the electric field are the physical implications of the calculated results. A
dependence of charge-separation quantum yigjdfor the concluding summary is given in section 4. The influence on
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TABLE 1: Rate Constants kj and Free Energy GapsAG; at
Zero External Electric Field Used in the Calculations

(@i,j) 1/ (ps) ref ;) AGj (cm™) ref (AG;)
(1,0 196G 37 —11200 25
(2,0) 500 17 —10750
(3,0 10000 21 —920C¢
(1,2) 2.3 17 —450 17
(2,3) 0.9 17 —1550
(1,3) —2000Q 39
(3,4) 200 17 —5200 42

aCombined decay rate ofP*BH to PBH in all radiative and
nonradiative channéfs* except the charge-separation chanh&ver-
all recombination rate of /BH™. ¢ Value atT = 295 K. ¢ Calculated
from AGyo and AGi.. ®Not required for the present calculations.
f Estimated’ from subpicosecond spectroscopy at room temperature for
the modified RCs fronRb. sphaeroides which bacteriopheophytins
are replaced by pheophytins. This value is consistent with an esfimate,
—480+ 180 cnt?, derived from a kinetic analysis of the primary ET
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TABLE 2: Magnitude and Orientation of Dipole Moments
of Radical Pairs Estimated from X-ray Diffraction
Analyse€~7 for Photosynthetic RCs

species magnitude (D) orientation
u(P"B H) 51 a
u(PBH") 82 b
u(PTBHQ") 134 c

a Aligned by 77 with the pseuddz; axis of the RCP Aligned by
48° with the pseuddz; axis of the RC and by 37with u(P"B~H).
¢The component projected onto the pse@joaxis of the RC is
estimated to be 120 D.

continue to be much larger in the presence of the applied

external fields discussed in the present study Figure 3b).
The free energy of a radical pair with the dipole moment

in a RC is perturbed by an amounp-Fiy in the presence of an

applied external electric fielHex. Here,Fin; denotes the internal

rates using experimental data for native and mutant RCs at room (partly induced) electric field experienced by the dipole. This

temperatured Calculated fromAG;; and AGis (=AG1, + AGys).
h Estimated from the delayed fluoresceff@nd magnetic field effett
experiments at room temperature. Any slowA&¥s* in the nuclear
relaxation of the instantaneousG;; to its equilibrium value is not
taken into account.

field—dipole interaction causes a change in the free energy gap
for the reaction — j,

AGij(FexT) - AGij(o) = —ApF (2.4)

int’

the calculated results of the uncertainty in model parametersWhereAi is the difference in dipole moment vectors of the
and the validity of some approximations are discussed in severalP€rtinent ion pair states. The magnitude and orientation of the

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:

9Pi0) = ~(kio + KPo) + Py, (2)

%Pz(t) = KyoP(t) = (Kpo 1 Koy 1 Kag) Py(t) + koP3(t),
(2.2)

%Ps(t) = koaPolt) — (Kgo 1 ko + Kg)P3(t).  (2.3)

Here, Py(t) = [*P*BH](t), P2(t) = [PTB H](t), and P5(t) =
[PTBH™](t) are the population densities of these distinct states.
Thek;'s are the rate constants defined in Figure 1.
Numerical estimates for tHe values and the associated free
energy gapaG; in Figure 1 for RCs of photosynthetic bacteria
such akb. sphaeroideandRps.viridis at zero external electric
field are listed in Table 1. All of the free energy gap6;; are

assumed to be independent of temperature in the presen

analysis. The rate constanksg, ko, and ksp are assumed
(initially) to be independent of temperature and electric field.
(The electric field dependence kfy andkzo will be considered
in appendix C in relation to the fluorescence quantum yield.)

The electric field and temperature dependences of the rate

constantskyy, ko1, koz, and ks, are described in terms of a

nonadiabatic expression in section 2.3. For the quinone (Q)-

reduction ET rate constamgs, two types of calculations are

performed as follows: For the case of randomly oriented
sampleskss = (200 psy!1725is 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 dfz4 on the basis of a model in section 2.3 and

dipole moments of radical pairs, estimated from the X-ray
diffraction analyses at atomic resolution for the RCs frieps.
viridis?2~* and Rb. sphaeroidez 7 are listed in Table 2. We
assumeju(*P*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 fieldFi, experienced by the dipoles in RCs is
generally somewhat different from the externally applied field,
Fexi, because of the polarization of the surrounding medium.
They are related by

fF (2.5)

int ext
The local field correctionf is assumed here to be a scalar
constant, which is set equal to 1.2 as a standard Va&i#e2.33
(The expression fof 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 2-12.3, with and without an estimate of
heterogeneifi#-15350f 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

lthe 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 solutior?’, which roughly ap-
proximates the behavior at intermediate reaction times. These
relative concentrations are then used to calculate yields: Setting
dPi/dt = 0 in eqgs 2.1-2.3 and neglectindo, koo, kso, andksy
during the above time regime, we obtain the equilibrium
relations (see also appendix A):

P = P§ expBAG,»), (2.6)

P; = P§ expBAG,y). (2.7

compare the calculated results with those obtained for the fixed Here,5 = (ks T) %, kg being the Boltzmann constant aiidhe

kss. The back rate constakiz is neglected since the associated
free energy gap;-AGss, is much large® than the thermal
energy ksT even at room temperature and is estimated to

absolute temperature, amdG;3 = AGi12 + AGps. Equations
2.6 and 2.7 are, of course, applicable irrespective of the values
of rate constants.



5034 J. Phys. Chem. B, Vol. 101, No. 25, 1997

The statedP*BH, P'B~H, and PPBH™ decay into the PBH
and PPBHQ™ states with the rate constarks, koo, kso, and

kss, @s in Figure 1. We thus obtain an approximate expression

for the quantum yield of the charge-separated stagH®Q)~
as

I(34P§
klOPi + kZOPg + (k30 + k34) Pg

A (2.8)

using eqs 2.6 and 2.7.
Using the values in section 2.1 and eqs-248, the calculated

Tanaka and Marcus

conversion and fluorescence ¥*BH and aPg(t) to describe
the charge recombination of'B™H:

3
Po(t) = kyo f d Py(t) = kmDZAé”rjll — exp(—t/z)][]
= (2.14)

3
Pe(t) = kyo [, dt’ Py(t') = kZODZA]-(Z)rj[l — exp(-t/z)]0
= (2.15)

electric field Fex) dependence of the charge-separation quantum The combined quantum yield for the internal conversion and

yield Yg for an oriented RC sample at= 295 K is given in

fluorescence of the singlet excited statB*BH is then

Figure 2a for the simplified model of this section, neglecting given by

any effect of heterogeneity/153%of the samples. For compari-
son between the experimental res#flissing 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 pseud@; axis of the RC (see section 3.1).
Compared with the estimate fo%(Fex) based on eq 1.1, even

3
Y, = Py(e0) = kloiAj(l)er (2.16)
£

As has been discussed extensively in the literai#&3* the

the simplified model, with and without the field dependence of field-induced change in the free energy gaps modifies the
ks is seen in Figure 2a for the oriented system to provide a associated ET rate constants according to the standard ET
significant improvement over eq 1.1 in reproducing the experi- theory?® In the present analysis, the ET rate constants for
mental QYE. We also show in Figure 2b the correspondingly ‘P*BH — P*B™H (ki), P"B™H — P*BH™ (keg), and PBH™
calculated results based on the superexchange ET mcidel ( — P"BHQ™ (kss) are described in terms of a nonadiabatic

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 2:2.3. 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

heterogeneit}#1535 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 mixi#ig® of 1P*
with other electronic configurations of f( section 3.3.3).

With the initial condition ofP;(0) = 1 andP,(0) = P3(0) =
0, the rate egs 2:42.3 can be solved to yield

3

Py(D) = DZA@ exp(-t/z)L] (2.9)
P4
3

P,(t) = DZA‘-(Z) exp(-t/7)0] (2.10)
£
3

(2.11)

Py(t) = DZAj(3) exp(-t/7)0
2

There is a distribution of the lifetimeg and the amplitudes
O due to the distribution itkiz, ko1, kes, andks, (vide infra),

and the brackets represent the average over the distribution.

The population density of the charge-separated stzB¢i®~
is then expressed as

3
t ! !
P,(t) = Ky [ Ot Py(t) = k34DZA]-(3)rj[1 — exp(-t/r)]]
= (2.12)
The quantum yield of the charge-separated stdt@H®)™ is
given accordingly by

3
Yo = Py(e0) = k34DZAi(3)er (2.13)
£

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

expression incorporating the low-frequency medium vibrational
modes characterized, for simplicity, by an average frequency
wm and the high-frequency intramolecular vibrational modes
characterized by an average frequengy?!4’

21\°
k= - exp[—S,(2v, + 1)] x

wm
[

p(n)/2
X oy (2SlVin(V + HIY3.

(2.17)

S [, +1
exp-S) o

m

Here,V denotes the electronic coupling constant between the
associated donor and accept8y; = Anhwm, Am, and vy, =
[exp(Bhwm) — 1]7T refer to the reorganization energy and
thermal population of the medium modes, respectivedy.is

the scaled reorganization constagho, for the intramolecular
modes, I,(2) is the modified Bessel function of order,
andp(n) = (—AG — nhwc)/hwn. The back ET reaction rate
constants are then calculated using the detailed balance
relation:

ki = kj expBAG;). (2.18)
For room temperature, eq 2.17 reduce¥ to

1/2
k 2HV -9) S

=—V,|——| exp( — X
o\ doT] Y2
(AG + A, + nhw,)
exp — , (2.19)

42, kg T

sincekgT > hwn.

The values of the parameté¥4? used to calculate the rate
constantsg; are listed in Table 3. The values of the electronic
coupling constantsv; have been calculated such that the
experimental ET ratd8atT = 295 K, ki = (2.3 ps)L, kez =
(0.9 psyt, andkss = (200 ps)?! are reproduced using eq 2.19.
We neglect in Table 3 the effects of changes in the parameters
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TABLE 3: Parameters Used for the Calculation of ET Rate
Constantsk;

reaction WP A o Ve

i—j cemd  (em?) (emYH S¢ (em?d)  ref
1—2 95 800 1500 0.5 32 21
2—3 95 800 1500 0.5 59 21
1—3¢ 1600 1500 0.5 29 21
3—4 4800 1600 1.0 4.8 42

a Characteristic frequency for the medium’s low-frequency vibra-
tional modes? Reorganization energy of the medium’s low-frequency
vibrational modes¢ Characteristic frequency for the intramolecular
high-frequency vibrational mode$Scaled reorganization constaiy,
hwe, for the intramolecular high-frequency vibrational modegle-

J. Phys. Chem. B, Vol. 101, No. 25, 1995035

3. Results and Discussion

3.1. Oriented Systems.Using multilayer LB films of RCs
from the photosynthetic bacteriuRb. sphaeroided?opovicet
al.?2 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 suppogédhat the RC is fully (or at least
partially) oriented and that the electric field is applied ap-
proximately in parallel with the pseudd; axis of the RC. They
found that the quantum yield of IBHQ™ formation decreases
from a value of 0.96 at zero applied field to about 0.75 for a

cronic coupling constant which reproduces the experimental ET rate fia|d of 1.2 MV/cm that is vectorically directed to hinder the

constank; (Table 1) atFext = 0 andT = 295 K using eq 2.19.These
values forVj, 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 ofVi; = 26 cnT? and Vo3 = 51 cntl*® The minor
differences are due, in part, to théjrvalues* being somewhat lower
than ours and do not affect any of the conclusithg.Used only for
the calculation ok;3 in Figure 2b." Value atFex = 0 which yieldskis

= (3.2 psytatT = 295 K using eq 2.19. Only this quantity depends

on the applied electric field through its dependence on the free energy

gapsi®1%2°which causes the reduction in the quantum yiélcbased
on eq 1.1 forFex > O observed in Figure 2b.

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 fieldrex;, is assumed to be parallel to the
pseudoE, 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 PBHQ™, decrease due to the fieldlipole
interaction (.e,, the field is defined as positive when directed
from the non-heme Fe to the bacteriochlorophyll dime?2P).

due to changes in temperature, volume, and electric field, exceptThe temperature has been fixedlat 295 K, and we therefore

in the superexchange electronic coupling constast

It has been pointed olt!>that there may exist experimentally
a distribution of free energies of the ion pair state8PH and

PTBH™ due to any static heterogeneity in RCs. To explain the
detailed magnetic field and temperature dependences of the

recombination dynamics of the radical paitBH~ in transient
absorption and delayed emission, Ogrodetkal.3> described

used eq 2.19 for the calculation &t ks, and kss. 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 constantski,, ko1, ko, andksy, is depicted for—1.5
MV/cm =< Fex < 1.5 MV/cm, when the mean values of the

the heterogeneity of the energy of this ion pair state in terms of free energy gap\Gi, andAGzz, are introduced, for compari-

a Gaussian distribution of the free energy geis (=AG12 +
AGy3) with the variances;s = 400 cntl. Taking account of
their result, we assume that the free energy geps, andAG;3
are distributed about the mean valueG;, and AGy3, respec-
tively, according to a following probability densi#j:

112 A2
1) exp[_(AG AGY|

AG) = [——
P(AG) oo

(2.20)

270°

Here, AGi2 and AGy3 are set equal to the values calculated
from Tables 1 and 2 without inclusion of any heterogeneity,
and the corresponding variances are approximated,as .3
= 0192 with 013 = 400 cntl.(We assume, thereby, for
simplicity thatol, = 0%, + 05, (independent events) and that
024 is equally divided between:, andos;) For the other free

son, into eq 2.19. The relatios; > ka1, ko > kaz, andkiy,

koz > (5 ps) ! are obeyed in this parameter region. The first
two inequalities imply thaG;, and AG,3 < O for all values

of Fex 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 constdmg (=(190 ps)?) of 1P*BH and

the forward ET rate constanks, and ks (cf. Figure 2). We
also note that the position of the maximumkp and kp3 in
Figure 3a reflects the relationship between the free energy gap
AG at Fexy = 0 and the reorganization energy, namely,—

AGi12 < Am (normal region) forkk;, and—AGyz > An, (inverted
region) forkys. The shoulder forkyz at Fext = 0.9 MV/cm
corresponds tAAGy3 + Am + hwe = 0 (cf. eq 2.19), which

energy gaps listed in Table 1, we do not include any effect of would therefore become more gradual if the distribution of the
the heterogeneity. Thus, in the present kinetic model, the valueshigh-frequency modesu) were taken into account.

of ET rate constants;, ko1, kos, andksp, are distributed about

It was suggested by Moset al.?3 that the absence of an

their mean values, due to any static inhomogeneity and, in theelectric field effect on thenitial step in oriented systems is
case of randomly oriented samples, due also to a randomconsistent with a sequential ET model but not with a superex-
distribution in the relative orientation between the dipoles and change model. We have made calculations for both models,

the applied field

and the effect on the forward ET rate constlnits seen to be

On the basis of the kinetic model defined above, the temporal small for the sequential model (Figures 2a and 3a) and
variations of the population densities and the final quantum substantial for the superexchange model (Figure 2b), at least
yields are calculated as functions of applied electric field, and for the free energy values used. The initial rate constant for
the physical implications of the results are discussed in the the disappearance &P* by the sequential model kg2 + kio,
following. No special techniques were needed for solving egs i-€., essentiallykio. In Figure 3a it is seen that &x = +0.8
2.1-2.3, since the characteristic equation for them is cubic and MV/cm theki, increases by 15%, while &x = —0.8 MV/cm
can be solved analytically. Even for the most complicated it decreases by 20%. These figures are not inconsistent with
calculation (a quantum-mechanical calculation for the randomly the estimates, which had large error bars, made in ref 23.

oriented systems, including static heterogeneity) the numerical

programming was straightforward.

In Figure 3b a calculated electric field dependencésgfs
similarly illustrated for these oriented systems. Reflecting the
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Figure 3. Electric field Fex) dependence of the electron transfer rate
constants calculated using eq 2.19 for an oriented systéim=a95

K: (@) kiz, ka1, k23, andksy; (b) kss. (The back reaction rate constda
cannot be discerned from the abscissa.) For the sake of illustration,
any effect of static heterogeneity is omitted here.

-1 15

nearly activationless<{AGz4 = A, property of the ET reac-
tion and also the contribution of the high-frequency quantum
modes {¢), the electric field dependence d&4 is not
pronounced. The magnitude of the back ET rate conskast,
which is virtually indiscernible from the abscissa in Figure
3b, is negligible compared to the forward dkg in this range

of Fext.

In Figure 4a the behavior of the population densiig$) is
shown as a function of the time elapsed after the photoexcitation
of P, in the case dfex = 0. This figure is quite similar to that
obtained by Schmidtt al.l” (Figure 2b in their paper), although
their calculation did not incorporate any static heterogeneity.
The populationP,(t) = [PTB~H](t) has a maximum value
P;® = 0.19 att = 1.4 ps, which is close to an approximate

estimate P7® ~ 0.21, given by an expressiéh:

o @)

Py (3.2)
with X = k12/k23, k12 = (23 pS)_l, andk23 = (09 pS)_:I‘.l7 The
populationPs(t) = [P"BH](t) has a maximum valu@;® =
0.91 att = 14 ps, at whichP,(t) andP,(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™ (Yo = P4(») = 0.96).

Tanaka and Marcus

0.9 Py
0.8}
0.7+
0.6}
05"
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0.3}
0.2}

0.1+

(a)

Population Density

(b)

Population Density

log [t (ps)]

Figure 4. Time evolution of the population densiti¢(t) = [*P*BH]-

(1), P2(t) = [PTBTH](1), Ps(t) = [P*BH](Y), P4(t) = [P*BHQ7](t), Ps-

(1) = kuafh dtPy(t'), and Pe(t) = keoff dt'Po(t'), in the full kinetic
model for an oriented system at 295 K with inclusion of the effect of
static heterogeneity. Thedenotes the time elapsed after the photoex-
citation of the bacteriochlorophyll dimer: () Bt = 0, (b) atFex =
—1.2 MV/cm.

larly seen that a steady state in whiPi(t), Px(t), and P5(t)
remain almost constant is approximately realized over the time
period oft ~ 10—100 ps, which corresponds to the quasi-
equilibrium state mentioned in section 2.2 (see appendix A). If
we estimate the characteristic tiefor the occurrence of this
steady-state as the time at whiej(t) attains its maximum value
P;® we find t¢ = 22 ps. The values of the population
densities,P; = 0.09, P, = 0.11, andP; = 0.73, att = tg,
together with the magnitudes of the decay constdats koo,
andks4, approximately govern the quantum yieltfg,= Ps(),
Pe(0), and Yo = P4(e), respectively. IndeedPs(e):Pg(c0):
P4(c0) = 0.22:0.12:1 compares well withyoP1(tsy):kaoP2(tsy):
kssPs(ts) = 0.28:0.12:1. In this numerical solution we also
obtainYg = 0.72 for the quantum yield of  BHQ™ at Fex =
—1.2 MV/cm. It has been reduced from the vaNg= 0.96

at Fex = 0, in accordance with the decrease R§*. This
behavior inP;(t) which governs the electric field effect on the
guantum 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 population densities for the case The calculated results for the dependence of the charge-

of Fexx= —1.2 MV/cm are depicted in Figure 4b. As compared
with the case ofex = 0, it is seen thaP;(t) and P,(t) survive
much longer with apparently multiple lifetimé$. It is particu-

separation quantum yieM, on the electric fieldmex are shown
by the solid curve in Figure 5. While the present model
calculations can reproduce fairly well the overall behavior
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Figure 5. Electric field dependence of the charge-separation quantum
yield Yq 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 Yo(Fex) 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 gap&:. and AGy;, and an
electric field dependence dfzs. Chain curve denotes the (fitted)
experimental result®.

observed in the experiments by Popostal.?? (chain curve in
Figure 5), any detailed comparison between theory and experi-
ment depends, as one sees from Figures1in appendix B,
on the uncertain values for the free energy gaps, the heterogene-
ity, and the local field correctiore.g., on model parameters
such asAG,3, 013, andf.

3.2. Randomly Oriented Systems.The effect of an electric
field on quinone (Q)-depleted RCs fromb. sphaeroides
embedded in polyvinyl alcohol (PVA) films was investigated

lation Density

Popu

by Ogrodniket al24in picosecond transient absorption experi- log [t (ps)]
ments. Upon application of a field of 0.7 MV/cm at 90 K, they  Figure 6. Time evolution of the population densities for a (Q-
observed a (relative) reduction of the quantum yield tBR~ containing) randomly oriented systemTat= 80 K, calculated for the

by 11 1.5% within the time resolution of their experiments, ull kinetic model using eq 2.17 foki, andke and withkss = (200
30 ps. More recently, aF = 80 K Laoet al25 measured the ~ PS) " (8) aFex =0, () atFex = 1.5 MV/em. Otherwise, the symbols

. . . . d th diti th th in Fi 4.,
field-induced QYE of formation of PBH™ (in Q-depleted and the condftions are fhe same as fhose in Figure

samples) on a time scale 6f10 ns and of PBHQ™ on a time o 1 —emy— : ; : . :
scale of~10 ms usingRb. sphaeroideRCs in PVA films and & \"\‘\.\ Isotropic System (T=80K)
glycerol-buffer glasses over a wide range of external electric g 0.957 \-\ ]
fields. They observed a (relative) reduction of the quantum £ O
yields of PBH™ (in Q-depleted samples) andBHQ~ by about § 097 ]
30% each aFex = 1.5 MV/cm, indicating that the QYE for = ] |
these samples at 80 K occurs regardless of any effect of Q on % 0.85
the charge-separation process. Since immobilized isotropically § 08"
oriented samples are used in these experiments, the relativeq%’ )
orientation between the applied field and the dipolesinthe RCs & ¢75 | Experiment ]
is random. The free energy gapsGs;> andAGzs, are therefore 2 *  Calc. (Quantum)
distributed depending on this relative orientatfdim addition ‘;’, 0.7 | —  Cale. (Classical)
to the distribution (assumed Gaussian) due to any static %
heterogeneity. s 0.65 : : ' : y : ;

We have performed the calculations for the population « 0 02 04 06 08 1 12 14 16
densities and the quantum yields for these randomly oriented Electric Field (MV/cm)
samples afl = 80 K, using the full kinetic model in section  Figure 7. Electric field dependence of the relative quantum yield of
2.3. Equation 2.17 was used for the calculatiokgfandksz. charge separationYo(Fex)/Yo(0), for the full kinetic model for a

The vl o Was e a (200 ps}. " Sand the effectof _S1ACTIY Srenied et 2 80 . S0l v esuts dang e

I(E? %aerlsggzI:tiii?:ﬁi%%i?g?gdleb ;23 f?f\’ﬂo\;‘j‘ér\:‘agi['onscircles: resuplts obtaiﬁedqusing'the quantum expreslgion, 9(2132.17. Dashed
i ext — . © (fi i

depicted in Figure 6. As in Figure £4(t) andPa(t) at Fex = curve: (fited) experimental resufs.

1.5 MV/cm survive much longer than whéfy = 0, leading mechanical result, using, = 95 cnT! as a characteristic

to a significant reduction in botR3** and Yo (=P4(x)). The frequency of the medium vibrational modes, the plot also

calculated results for the the relative charge-separation quanturincludes the classical result based on eq 2.19. The quantum

yield, Yo(Fex)/Yo(0), are shown in Figure 7 as a function of effect on Yo with respect to the low-frequency medium

the applied electric field=ex. In addition to the quantum-  vibrational modes is thus apparent but is seen to be very minor,



5038 J. Phys. Chem. B, Vol. 101, No. 25, 1997 Tanaka and Marcus

1 ps, respectively, which confirms thet(Fex)/Yu(0) &~ Yo(Fex)/
09! Yo(0). These results explain the experimental ¥a¢tthat the
) Q-containing samples and, on the experimental time scale of
2> 08f 10 ps to 10 ns, the Q-depleted samples show a similar effect of
g 0.7+ electric field on the quantum yieldé, and Yy, respectively.
8 06} 3.3. Further Remarks. 3.3.1. Mechanism of the Electric
c Field Effect. As mentioned above and as demonstrated in
o 051 Figures 2, 5, and 7, the experimental results for the effect of
T 04} the electric field on the charge-separation quantum yield in
32 03" bacterial photosynthetic RCs can be explained approximately
g ’ in terms of the kinetic model given in section 2. In order to
0.2y understand the charge-separation QYE, we conclude that special
0.1 attention should be paid to the hierarchy among the rate
0 constants, the consequent occurrence of an approximate steady
2 state att ~ 10—100 ps, and the role played by the back
log [t (ps)] reactions: Not only the forward ET rate constais,andkzs,
but also the ones for the back reactioks, and ks, play an
1 . ' . , ‘ important role for the determination of quantum yields. That
P is, as seen above, the quantum yields are governed not only by
0.9 ! i the forward ET rate constants but also by the free energy gaps,
> 08¢ 1 AG;; and AGys. This new emphasis appears to overcome, in
5 075 (b p ] part, one difficulty in earlier model$2534in which attempts
& 3 were made to explain the charge-separation QYE in terms of
o 06 i eq 1.1. As seen in Figure 2, this latter approach leads to too
5 05 ] small a theoretical QYE of charge separation when compared
5 04! : with experiment.
'§_ 03} N The numerical calculations for the full kinetic model also
E ) 5 explain the experimental observatté®for randomly oriented
0.2} p NG ] systems at cryogenic temperatures that the Q-containing and
01} 2 P Q-depleted samples showed a similar effect of electric field on
Py el N B the charge-separation quantum yields 6BAQ~ (Yg) and
-2 -1 0 1 2 3 4 P™BH™ (Yy), respectively. However, this fact does not neces-
log [t (ps)] sarily imply that theYg in the Q-containing system is always
ogltips equal to theyy in the corresponding Q-depleted system: There

Figure 8. Time evolution of the population densities for a Q-depleted Would be a quantitative effect oiq associated with the

randomly oriented system @it= 80 K, calculated using the full kinetic ~ Q-reduction ET rate constakis, as suggested by eq 2.8¢(,

model withks; = 0: (@) atFex = 0, (b) atFex = 1.5 MV/cm. Otherwise,  Yq versusYy = P3). This effect is more pronounced in the

the symbols and the conditions are the same as those in Figure 6.  griented system than in the randomly oriented system, as seen
] in Figures 13 and 14 in appendix B. To examine this theoretical

even at this low temperaturg,= 80 K. (We note thatevenat  prediction, it is interesting to experimentally explore the

80 K a relevant quantity’, hwm/4kgT, is less than unity, namely,  jitference between the two (absolute) quantum yie¥gsand

0.43.) o . ) Yh, in oriented samples as varying the valueg&safby applying
Because of the random distribution of the orientations, the gjactric fields and/or by using modified RE%.

centers of the distribution afG;, andAGg,3 do not shift relative

to the values they had without an external electric field.
However, the field-induced QYE for the charge-separated state
PBHQ™ is substantial owing to the contributions from those
orientational regions oFey Which reduce the magnitudes of
|AG12| and|AG,3| (see also Figure 5 and discussion in appendix . .
A). The calculated results foYo(Fex)/Yo(0) approximately a quantity relateq to the fluorescence quantum y}é_lds the
reproduce the experimental d&tenoted by the dashed line Intérmal conversion plus fluorescence quantum yield,=

in Figure 7, recalling the uncertainties involved in the model Ps(*?). of the singlet excited stat®*BH. It is given by eq
parameterscof. appendix B). 2.16. The relevant rate constaag in Figure 1 can be written
pmax

The maximum value ofPs(t) at t = tq or. more as a sum of the radiative (fluorescence) and nonradiative
- st 3 1

accurately Ps(ts) + Pa4(ts) in Figure 6 is approximately equal (internal conversion) rates,

to the guantum yield of #BH™, Yy, in the corresponding

Q-depleted systems. It is found thBY®{Fex)/P5=(0) and Kio = k- + ko
[Ps(tst Fex) + Pa(ts, Fex)l/[Ps(tss 0) + Pa(ts;, 0)] equal 0.66

and 0.67, respectively, & = 1.5 MV/cm and agree well ~ wherek: is known to be much smaller thaq, (by about -2

with Yo(Fex)/Yo(0) = 0.69. More explicitly, we also simulated ~ orders of magnitude in the absence of an applied electric
in Figure 8 the population densitig(t) for the Q-depleted  field).2741:4252 The present kinetic model has assumed in the
randomly oriented systems &t= 80 K andFex = 0 and 1.5  preceding sections thato (=(190 psj!?®) is a constant,
MV/cm, where we sekss = 0 in the full kinetic model to independent of the applied electric field; the main interest of
calculate the behavior in Q-depleted samples. The R this study was focused on the charge-separation quantum yield.
Fexd/P3(t,0) = Yu(t, Fex)/Yn(t,0) at Fext = 1.5 MV/cm takes If both k, andk, are considered to be independent of the electric
values of 0.62, 0.68, 0.68, and 0.66tat 10,1®, 103, and 16 field, the fluorescence quantum vyield,

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 st@d##s0.31
made of the electric field effect on the fluorescence quantum
yield Y; inbacterial photosynthetic RCs. In the present model,

(3.2)
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Y=k [ dtPy(t), (3.3)

obeys a relation,

Yf(Fext) — Yd(Fexr)
Yi(0) Y40

(3.4)

In Figure 9 the electric field dependenceYafFex)/Yq(0) and
hence ofY(Fex)/Y:(0) is shown for the randomly oriented system
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Isotropic System (T=80K)

Quantum ,

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 constanks, and ks, The
calculated results give too large an electric field effect on the
fluorescence, when compared with experiment. For example,

- N W A OO N O O

Relative Fluorescence Quantum Yield

"

0 02 04 06 08 1 12 14 16

experimentally’2830.31 an enhancement of fluorescence by
somewhat less than a factor of 2 Bty = 1 MV/cm is

Electric Field (MV/cm)

observed? whereas the calculated value is seen in Figure 9 to Figure 9. Electric field dependence of the relative quantum yield of
be a factor of 5.7 in the quantum case. Some modification of radiative plus nonradiative decay'#*BH andY(Fex)/Ya(0) and hence

this factor is seen in appendix C, where, for instance, a field

of the relative fluorescence quantum yieM(Fex)/Y:(0), for the full
kinetic model for a randomly oriented system at 80 K. Solid curve:

dependence df, due to a change in the free energy gap between egits in which the classical expression, eq 2.19, has been used for

1P*BH and PBH with field is added, reducing the factor 5.7 to

the calculation ok;> andkzs. Solid circles: results obtained using the

about 4 (including now the dipole moment difference between quantum expression, eq 2.17.

1P*BH and PBH). However, there still remains a substantial

discrepancy, perhaps.

the repopulation effect discussed in this paper, to the decrease

In this simplest version of the present model the enhancementOf Yo there and also to a decrease Yf(cf. Figure 15a in

of [L — Yo(Fexd)V/[L — Yo(0)] should approximately equal
Yi(Fex)/Y:(0). But experimentally the former was, assuming
Yo(0) = 0.96, a factor of about 5 dex = 1.0 MV/cm in
randomly oriented samples at 802Kwhereas the latter was
only about 1.5-2.2728.30.31 The inclusion, above, of the electric
field dependence df, means that in this improved model the
enhancement of [+ Yo(Fex)l/[1 — Yo(0)] no longer has to
equal Yi(Fex)/Y:(0), but we have seen that there still is some
discrepancy. (The factor of 1-2 should now be compared
with the factor of about 4, instead of%.) While one possible

appendix C) as opposed to the enhancemeni;oby the
repopulation effect. This effect may thus explain why the
electric field effect onY; is less than that or¥g in the
experiments.

3.3.4. Validity of the Nonadiabatic Approximatiorn the
analyses, we have calculated the primary ET rate constants,
ki> and k3, on the basis of the nonadiabatic expressions,
egs 2.17 and 2.19. Recalling that the fitted magnitudes of
associated electronic coupling constants are fairly lavge=
32 cnt! andV,3 = 59 cnT?), a question may be raised as to

explanation of the remaining discrepancy would be that some Whether one can rely on the nonadiabatic (golden rule) ap-
of the samples are “dead” and so their fluorescence would be Proximation or not, especially fdes. This issue is addressed
unaffected by an electric field, the fraction of dead samples at in appendix D.

room temperature has been estimatedRbr sphaeroideso
be only about 15%* So it is desirable to seek elsewhere for
an explanation of the remaining discrepancy.

3.3.3. Electric Field Effect on Possible Mixing of Stat@e

4. Conclusions

In the present paper a theoretical model is proposed for the
electric field effect on the charge-separation quantum yield in

analysis given thus far does not, in fact, explain two particular bacterial photosynthetic RCs. In previous modetg34of the

experimental facts: (i) the fluorescence quantum yigld less
affected thanYg by electric fields in the randomly oriented
sampled’28:30.31and probably by negative fields in the oriented
samples and (ii) the charge-separation quantum yiéd

effect, the explanation for experimental results was based on a
competition between the internal conversion plus fluorescence
rate constant and the forward ET rate constarféBH, i.e.,

on eq 1.1, and led to too small a calculated effect (dotted line

increases in the oriented samples when the electric field isin Figure 2). In the present paper, the effect of the electric

sufficiently positive¢f. Figures 2 and 52 One potential
explanation for both points i and ii is that the electric field can
affect the mixing of!P*BH with its nearby charge-transfer
(CT) electronic staté3~45 by modifying their energy differ-

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.

ence: If the negative field enhances the mixing with this nearby  The electric field effect on the fluorescence quantum yield
state(s), the positive field would decrease the mixing in these in photosynthetic RCs was considered, and a mixingPtfwith

oriented samples. Then, the Frargkondon factor and hence
the nonradiative rate constaki, could be enhanced in the

nearby CT states was invoked as a possible explanation of the
experimental facts that the enhancement(f.,)/Y;(0) is much

former case and decreased in the latter. (The effective potentialsmaller than that of [1- Yo(Fex))/[1 — Yo(0)] in randomly
curve of the excited state would be expected to be more oriented samples and th¥g(Fex) increases for positive fields
displaced from the ground state curve if CT states participated.)in oriented samples. The large polarizability %, used to

The decrease df, in the positive electric field region would
contribute to the increase ofg according to the simple
branching model. (We note that to increaggfrom 0.96 to
0.9%2 requires a decrease &f; of a factor of about 4 if one
neglects other factors such as the branching betweeand
kso in Figure 1.) On the other hand, the increaséqpfin the
negative electric field region would contribute, together with

explain a large Stark effect, is consistent with this state mi&ing.
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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 reactionskiy, k»1, andkzs, and, in the case of very negative
Fext, in the oriented systenkg,, are much larger than the others.
(One may compare the values of thégs shown in Figure 3a
with those used fokig, koo, @andksg in Table 1 and with thés,

in Figure 3b.) Asillustrated 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 #fts in
section 2.2, we can replace eqs-2213 approximately by

dgtPl(t) =~k Py(t) + KyyPy(1), (A1)

%Pz(t) = KPy(t) = (Koy T K9 Po(t) + KgoPs(t),  (A2)

d

aps(t) = kogPo(t) — kaaPs(1), (A.3)

neglectingkio, koo, kso, andks4 for times less tha ~ 20 ps.
With the normalization condition d?(t) + P,(t) + Ps(t) =

1, the solution at = o to the rate equations A-1A.3 is given

by

I(2 1k32

Pil) = Ka1Kap 1 KygKgp Ky og' (A-4)
Ka1Ks,
Pol) = Ka1Kap 1 Kigksp + Kyodog' (A-5)
Kiokog
PS(OO) B I(21k32 + k12k32 + k12k23. (AG)
This solution can then be rewritten as
expBAG
Py(e0) = POAG:) . (A7)
expBAG, ;) + expBAG,y) + 1
exppAG
Py(e0) = PPAC) . (A8)
expBAG, ;) + expBAG,y) + 1
. 1
Py(00) = (A.9)

expPBAG, ;) + expBAG,y) + 1

with the aid of the detailed balance relation, eq 2.18. This
solution forP;(e) is seen to be identical to the quasi-equilibrium
solution P{ given in section 2.2.

In Figures 4b and 6b for the full calculation with the inclusion
of static heterogeneity, the temporal regimey 10—100 ps,
over which a steady state fé%(t) occurs approximately may
be identified with the above quasi-equilibrium reginte=().

In the case of an oriented systenfag; = —1.2 MV/cm andT
= 295 K (Figure 4b), the ratios of the population densities of

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, eqs2& 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 energgyT by effective values:

keT' = 4/ (kgT)? + 0025 = 1/, (A.10)
ke T = 4/ (kg T)* + ao33 = 18", (A.11)

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

P = P§ exp3'AG,»), (A.12)

PS = P exp(3"AG,,) (A.13)

instead of egs 2.6 and 2.7, which contain the free energy gaps
AG; without the heterogeneity. Employing= 0.35° for the
oriented system and usin§G;» = —170 cnl, AGy3 = —500
cml, and AGyz = —670 cnt! at Feyy = —1.2 MV/cm (cf.
Tables 1 and 2), we fin®Pj:P;:P; = 0.12:0.15:1 from eqs
A.10—A.13 for T = 295 K ando13 = 400 cn11,35 which is in
good agreement with the above numerical result for the full
calculation,Py(ts):Pa(ts):Ps(ts) = 0.13:0.14:1.

As seen in Figure 4b, after a steady or quasi-equilibrium state
among!P*BH, P'B~H, and PBH~ is realized at ~20 ps,
these states decay into the PBH antBRQ~ states with the
rate constantko, koo, kso, andkss. An approximate expression
for the quantum yield of the charge-separated stagH®Q ™ is
thus given by eq 2.8. Fdfex = —1.2 MV/cm andT = 295 K,
eq 2.8 with inclusion of the heterogeneity givég = 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 value¥§Fex) obtained
from egs 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 whenandky; become
too small €f. Figure 3a) and also to an inadequacy of eqs A.10
and A.11 ¢f. 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,

k
'PHBH = P'BH", (A.14)
is considered instead of the sequential ET steps,
1, k12 +~— k23 —+ —
P*BH=P'B H=P'BH ", (A.15)
ka1 K3z

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

k34
AGyy) + kag+ Kyy

N
Q )
kyo €XPE

(A.16)
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Figure 10. Influence of the free energy gafiGy; at Fext = 0 On
Yo(Fex) for an oriented system at 295 K. Dashed, solid, and dotted

curves: calculated results for the full kinetic model in whiskb,s
—1450, —1550, and—1650 cm! at Fexx = 0 have been adopted,
respectively. The electronic coupling constaMsg, = 57, 59, and 61
cm1, have been used, respectively, to reprodigge= (0.9 ps)? at

Fext = 0. The remaining conditions are the same as those in Figure 5.

for the superexchange ET model. The valuesYg({Fex)
calculated from this expression are plotted as the solid (when
kss is field-independent) and dashed (whég, is field-

dependent) curves in Figure 2b (without the heterogeneity) and

as the dotted curve in Figure 5 (with the field dependence of

kss and the heterogeneity). The results show that eq A.16 can

describe the electric field effect or at least qualitatively.
However, some difficulti€$:1%in 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

101, No. 25, 199041
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Figure 11. Influence of the heterogeneitys on the calculated results
of Yo(Fex) in the full kinetic model for an oriented system at 295 K.
Dotted curve: 013 = 0. Solid curve: 013 = 400 cnt. Dashed curve:

013= /2 x 400 cnr'L. Chain curve: approximate estimates based on
eq 2.8 withoi3 = 0. The remaining conditions are the same as those
in Figure 5.

with disorder in sample orientation and thickness in the LB films
of RCs used in the experimerf&this finding does not rule out
other factors.

The calculated values ofg(Fex) also depend on the choice
of the local field correctiorf, which was defined by eq 2.5 and
tentatively set equal to 1222932.33n section 2. In the case of
randomly oriented RC samples embedded in PVA films, the
local field correction may be expressed as

f

9€pvacrc

; e \3 .
We consider here how the calculated results for the charge- (2¢pya T €r)(2erc 1 €') + 2(1'Trd) (€pya — €rd(€Rc — €')

separation quantum yield, 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

(B.1)

with the use of the spherical cavity approximation for the RC

Yo(Fex) should be dependent on the choices of the mean freeand chromophores. Herféyya, €rc, ande’ denote the dielectric

energy gapsAGi, and AGgs, and they have some experimen-
tal uncertaintyt6-21:3%-41 |n Figure 10 the dependence of the
calculated values 0fg(Fex) 0N AGo3(Fext = 0) is illustrated in
the case of the oriented system at 295 K. H&tg,= 57 and
61 cnt! have been used fakGy3 = —1450 and—1650 cntl,
respectively, in order to reproduce the saipe= (0.9 ps)? at
Fexx = 0. The qualitative behavior of thee: dependence of
Yo is seen to be the same for theA&,s's, but there is a
guantitative effect, as suggested by egs 2.8, A.12, and ®.13.
An analogous but smaller modification may be expected with
the variation inAG;12.57

constants of PVA, RC, and chromophores, respectivalyand

r' (<rgrc) 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
constant’, the outer sphererc, and the mediunapya. Noting
thatrrc > 1',2"7 eq B.1 reduces to a formula assumed in ref
33:

3epya 3erc

— . 7
2epyp T €pe 26xct €

(B.2)

The discussion in appendix A also suggests that the values

of Yo(Fex) may depend on the extent of the static heterogeneity

At T= 80 K, if one chooses' = 2 andepya = erc = 4,33then

of the free energy gaps. In Figure 11 the dependence of thef = 1.2. For oriented RC samples using LB films, there is no

calculatedYo(Fex) on the values ofrz = v201, = V20,3 is
depicted for the oriented system at 295 K. As expected from
egs 2.8 and A.106A.13, but now using instead the full kinetic
model, it is found that the increase in the heterogeneityakes

PVA and so the first factor in eq B.2 is absent. If one uses
= 2 anderc = 4—8 at room temperatur@ thenf = 1.2—1.33.
One difficulty which has been not&din using this value of
for the experiments by Popovi al?? is due to the inhomo-

the field dependence of the charge-separation quantum yield9eneity of the samples: Usually, as in the experiments by Lao

more gradual, just as an increase in temperature does. Th
calculated result fory3 = 400 cnr? (the value estimated for
randomly oriented RC sampf8s shows a steepdfey depen-
dence ofYg than that actually observed in oriented samffles
as seen in Figure 5. While this result is consistent with the
ide&® that there may exist additional heterogeneity associated

£t al.2> the value of the externally applied field is estimated as

Fext = Vapdd (B.3)

by measuring the applied voltaykp, and assuming that in the
present case the distanddetween the electrodes is uniform.
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Figure 12. Influence of the local field correctiohon the calculated
results ofYo(Fex) in the full kinetic model for an oriented system at

295 K. Dashed curvef = 1.0. Solid curve:f = 1.2. Dotted curve:f
= 1.5. The remaining conditions are the same as those in Figure 5.

-1 15

Popovicet al.,?2 instead, estimated the applied electric field as

— CVapp

ext
€06 A

(B.4)

in terms of the sample cell areg the capacitanc€, and the
dielectric constant of RC proteirg and they assumed to be

3. Here,¢q is the permittivity of vacuum. Equations B.3 and
B.4 are related when one notes tRat egeA/d, if the medium

is assumed to be homogeneous, and if one then assumes
€. It is ambiguous, however, how is related toegc and €'
above. Thus, there are uncertainties in using eq B.3, which
assumes constard, or in using eq B.4, which makes an
additional assumption but does not require tidie known.
Accordingly, their estimate fdfe, (and consequently the value

Tanaka and Marcus

Fixed kag =7
0.0l

Field-

0.8 Dependent k34

0.7}/ Oriented System (T=295K) |

Charge-Separation Quantum Yield

-0.5 0 0.5
Electric Field (MV/cm)

15

Figure 13. Effect of the inclusion of an electric field dependence of
ks4 on the behavior o¥o(Fex) in the full kinetic model for an oriented
system at 295 K. Dashed curve: results obtained by fikiag= (200

ps) L. Solid curve: results obtained with a field-dependknfFex)
shown in Figure 3b. The remaining conditions are the same as those
in Figure 5.

K, it is seen in Figure 14 how the calculated relative values of
Yo(Fex) atFexe= 1.5 MV/cm vary wherkss at thisFey is varied
over a considerable range of (1000 Psk ka4 < (50 ps)?,58
usingkss = (200 ps)! as a standard.

Appendix C: Possible Models for Modifying the
Fluorescence Quantum Yield

In the calculation in section 3.3.R; and k., were assumed
to be independent of the electric field. The possibility tkat
may be field-dependent was noted in ref 25. We remark that
knr provides a decay channel which dominateand thatY;(0)
has an extremely small value-4¢ x 1074 at room tempera-
ture’d). To make some estimate for the effect of the electric

Ko (1)

(C.2)

IAG,((Fer)l = AGyo — [p(*P*BH) — u(PBH)}F,, (C.3)

of f which should be used for model calculations) may contain field dependence df,, due to a change in the free energy gap
some error and cause the comparison between theory andn the modification of the relative fluorescence quantum yield,
experiment to be less straightforward. In Figure 12 the Yi(Fex)/Y:(0), in the case of a randomly oriented system at 80
calculated results o¥g(Fex) are shown forf = 1.0, 1.2, and K, we assume the energy gap |a%:
1.5 in the case of an oriented system at 295 K. These results
reflect the rescaling of the magnitude of electric fi€lgk in Aexp(—ClAGm|)
terms of the local field correctioh hw

In the calculations for randomly oriented samples, we have o )
fixed the ET rate constant for'BH- — P*BHQ~ askss = for the nonradiative rate, noting that the free energy gap
(200 psyl. The field-induced change in the associated free |AGiol between théP*BH and PBH states has a large vatie.
energy gap.AGss due to the difference in dipole moment In eq C.1,A andC may be regarded as constants which are
vectors of both the ion pair states, however, should modify the nearly independent of electric field; explicitty,
value of kss. The influence of the inclusion of this field
dependencekss(Fexy), 0N the calculated results for the charge- C= In{ AG10’1 _ ex;{—
separation quantum yielg is examined next, using the full et
kinetic model. The case of an oriented systerfi &t 295 K is
examined first, using a model fdg4(Fex) given in section 2 takes a value of the order of unity. Here,andA refer to the
and shown in Figure 3b. A comparison is made in Figure 13 characteristic frequency and the reorganization energy associated
for the charge-separation quantum yidt§(Fexy), in which the with the internal conversion process. Recalling that the excited
calculated results for the cases of fixee(200 ps)2) and field- and ground states have a (small) dipole moment difference of
dependentks, are depicted. In the region dfex< O, kas Au = |u(*P*BH) — u (PBH)| = 6 D/f,27434%6%he free energy
decreases due to the electric field as seen in Figure 3b, thusgap AGio is modified by the external electric fielBex by an
reducing the values ofg(Feyxy) relative to the case of fixekks amount,
(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 variationkef on whereAG;o (=11200 cntt 29 is the free energy gap &y =
Yg is less than that aAG1, AGy3, andAGag, since the electric 0 andFine = fFex is the induced electric field. The (angle-
field dependence okss is weaker than that of exfAG;). averaged) field-induced enhancementkgfin the randomly
Further, for the case of a randomly oriented syster at 80

oriented sample is then estimated to be
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Figure 14. Dependence of the charge-separation quantum yield on 5.735

the values oks4 in the full (quantum) kinetic model for a randomly

=4
(4]
2
oriented system af = 80 K andFqx = 1.5 MV/cm. The calculated g 5.734 -
values ofYq are plotted relative to the case lkaf; = (200 psjy*. The §
remaining conditions are the same as those in Figure 7. a3 5.733
K, (Fo,)0 CAufF g 2792
U e I
Tolex % f_ll d(cosh) exp(h_ext Cosg) = § 5731
kn(0) @ 2 573
1 . ] L
Esmhg, (C.4) 2 5729
o 5.728 |
whereé = CAufFefhw, Fex = |Fex, and@ is the angle between ;"‘: 5.727 |
u(*P*BH) — p(PBH) andFex. Equation C.4 implies that c 5726 : s : . . : :
Ko(Fexd) kn(0) > 1 for £ > 0. Quantitatively, we find that 1T 2 3 4 5 6 7 8 9 10
AufFey = 100 cn1? for Auf = 6 D andFey = 1.0 MV/cm. Enhancement Factor
The enhancement raté,(Fex)kn(0) is thus estimated to be  Figure 15. Relative fluorescence quantum yieM{Fe/Y:(0), as a
between a factor of 1 and 2 fétex = 1.0 MV/cm andT = 80 function of the field-induced enhancement factor forkgand (b)kzo

K, considering the uncertainty ia andA.5! In Figure 15a the in the full (quantum) kinetic model for a randomly oriented system at
variation of Yi(Fex)/Yi(0) at Fex = 1.0 MV/cm is shown as a T = 80 K andFe«= 1.0 MV/cm. In panel (ak = (10 ns)* has been
function of the enhancement fact®kn{Fex)Zkn{0) for the used. The remaining conditions are the same as those in Figure 9.
randomly oriented system &t = 80 K, based on the full cannot reproduce the experimental results Ya(Fex)/Y:(0)
(quantum) kinetic model and whekgs fixed at (10 ns)t.2741:42:52 (~3—-5 in the calculation versus-1.3—2.2 in the experi-
Thus, if we incorporate the field-induced enhancemenk.pf mentg728.3031at Fo, = 1.0 MV/cm andT = 80 K), even if all
into the calculations, the agreement between calculation andthe above effects are included.
experiment forYq(Fex)/Y:(0) is improved slightly.

In addition, some dependence lof ko, andksp on Fex and Appendix D: Estimate of the Adiabaticity Parameter
other “hidden” pathway raté425-3'may also be responsible for
the disagreement. As an example, let us consider the effect of
the field-induced enhancementlgf for the charge recombina-
tion process, PB"H — PBH. We describe the electric field » (L + A(;)Z
dependence df in terms of the two-mode quantum-mechan- k= ﬂﬁ expg — 4/1—kBT .
ical expression, eq 2.17, in which, = 800 cnT?, vy, = 95
cm™, w; = 1500 cnmt, and & = 0.5 are employed; the  Here, » and A refer to the characteristic frequency and
associated free energy gap is chosen@so = —10 750 cnr* reorganization energy of the vibrational modes associated with

(Table 1) without inclusion of the heterogeneity. In the case the ET reaction. The transmission coefficient may then be

MV/cm, we find [Boo(Fex)Iko(0) = 6.2 with the use of

|l#(PTB™H)| = 51 D andf = 1.2. In Figure 15b the variation 1—exp(y) for the normal region ,
of Yi(Fex)/Y:(0) (=Yd(Fex)/Ya(Q)) at Fexx = 1.0 MV/cm is ] 2- exp(—y)’ (—AG < A)
illustrated as a function of the enhancement facko(Fex)2 17\ 2 exply)[1 — exp(=y)], for the inverted region
k2o(0) on the basis of the full (quantum) kinetic model. Clearly, (—AG < 1)

this calculated effect does not play a significant role for the '
improvement in the agreement with the experimental results in (D.2)
Yi(Fex)/Y:(0).

There are various uncertainties in the model parameters, aswhere
discussed in appendix B. For example, if the value of the local N2 o \u2
field correction werd = 1.0 instead of = 1.2, we would find Y= %(m)
Yi(Fex)/Y:(0) = Ya(Fex)/Ya(0) = 4.6 instead of 5.7 &= 1.0
MV/em (then Yo(Fex)/Yo(0) = 0.86 instead of 0.81), leading  is an adiabaticity parameter. Equation D.2 provides an extension
to a minor improvement. However, the present model still of the LandawZener formulat®:63

We consider an expression for the ET rate constant in the
classical limit fiw < kgT):46

(D.1)

(D.3)
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Fory < 1, eq D.2 reduces to

N2y (D.4)
in both the normal and inverted regions, thus giving the usual
nonadiabatic expressidf:

w 21, 1 12
Tom ™ h v (4m1kBT) (©.5)
The electronic coupling constaM in egs D.3 and D.5 is a
“bare” quantity. On the other hand, the coupling constant
used in the present model calculatioNsy(= 32 cnT! andV,s3
59 cntl) 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 thetB"H — P*BH~
reaction is roughly estimated by the ratio lofto w/2z, one
finds = 0.39 in the case of no electric field, upon usiag
= (0.9 ps)! andwny = 95 cntl. The adiabaticity parameter
then takes values of ~ 0.28 in the normal region ang ~

0.31 in the inverted region using eq D.2, where the latter may

be more appropriate in this case becat&@; = —1550 cnt?

andin = 800 cnTl. The estimated adiabaticity parameter for
the primary ET reactions in photosynthetic RCs is thus
sizablé®64.65put 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 themselkgsndkzs,
as discussed in section 2.2 and appendix A.

References and Notes

(1) Haberkorn, R.; Michel-Beyerle, M. E.; Marcus, R. Rroc. Natl.
Acad. Sci. U.S.A1979 76, 4185.

(2) Deisenhofer, J.; Epp, O.; Miki, K.; Huber, R.; Michel, 8. Mol.
Biol. 1984 180, 385.

(3) Deisenhofer, J.; Epp, O.; Miki, K.; Huber, R.; Michel, Nature
1985 318 618.

(4) Michel, H.; Epp, O.; Deisenhofer, EMBO J.1986 5, 2445.

(5) Chang, C.-H.; Tiede, D.; Tang, J.; Smith, U.; Norris, J.; Schiffer,
M. FEBS Lett.1986 205 82.

(6) Allen, J. P.; Feher, G.; Yeates, T. O.; Komiya, H.; Rees, D. C.
Proc. Natl. Acad. Sci. U.S.A987, 84, 5730.

(7) Ermler, U.; Fritzsch, G.; Buchanan, S. K.; Michel, Structure
1994 2, 925.

(8) Woodbury, N. W.; Becker, M.; Middendorf, D.; Parson, W. W.
Biochemistry1985 24, 7516.

(9) Martin, J.-L.; Breton, J.; Hoff, A. J.; Migus, A.; Antonetti, &Rroc.
Natl. Acad. Sci. U.S.AL986 83, 957.

(10) Breton, J.; Martin, J.-L.; Migus, A.; Antonetti, A.; Orszag,Proc.
Natl. Acad. Sci. U.S.AL986 83, 5121.

(11) Fleming, G. R.; Martin, J. L.; Breton, Blature 1988 333 190.

(12) Kirmaier, C.; Holten, DProc. Natl. Acad. Sci. U.S.A.99Q 87,
3552.

(13) Holzapfel, W.; Finkele, U.; Kaiser, W.; Oesterhelt, D.; Scheer, H.;
Stilz, H. U.; Zinth, W.Proc. Natl. Acad. Sci. U.S.A99Q 87, 5168.

(14) Vos, M. H.; Lambry, J.-C.; Robles, S. J.; Youvan, D. C.; Breton,
J.; Martin, J.-L.Proc. Natl. Acad. Sci. U.S.A.991, 88, 8885.

(15) Du, M.; Rosenthal, S. J.; Xie, X.; DiMagno, T. J.; Schmidt, M;
Hanson, D. K.; Schiffer, M.; Norris, J. R.; Fleming, G. Rroc. Natl. Acad.
Sci. U.S.A1992 89, 8517.

(16) Nagarajan, V.; Parson, W. W.; Davis, D.; Schenck, C. C.
Biochemistry1993 32, 12324.

(17) Schmidt, S.; Arlt, T.; Hamm, P.; Huber, H.; bigle, T.; Wachtveitl,
J.; Meyer, M.; Scheer, H.; Zinth, WChem. Phys. Lett1994 223 116.

(18) Marcus, R. AChem. Phys. Lettl987 133 471.

(19) Marcus, R. AChem. Phys. Lett1988 146, 13.

(20) Michel-Beyerle, M. E.; Plato, M.; Deisenhofer, J.; Michel, H.;
Bixon, M.; Jortner, JBiochim. Biophys. Actd988 932 52.

(21) Bixon, M.; Jortner, J.; Michel-Beyerle, M. Ehem. Phys1995
197, 389.

(22) Popovic, Z. D.; Kovacs, G. J.; Vincett, P. S.; Alegria, G.; Dutton,
P. L. Biochim. Biophys. Actd986 851, 38.

(23) Moser, C. C.; Sension, R. J.; Szarka, A. Z.; Repinec, S. T
Hochstrasser, R. M.; Dutton, P. Chem. Phys1995 197, 343.

Tanaka and Marcus

(24) Ogrodnik, A.; Langenbacher, T.; Bieser, G.; Siegl, J.; Eberl, U.;
Volk, M.; Michel-Beyerle, M. E.Chem. Phys. Lettl992 198 653.

(25) Lao, K.; Franzen, S.; Stanley, R. J.; Lambright, D. G.; Boxer, S.
G. J. Phys. Chem1993 97, 13165.

(26) Lao, K.; Franzen, S.; Steffen, M.; Lambright, D.; Stanley, R.; Boxer,
S. G.Chem. Phys1995 197, 259.

(27) Lockhart, D. J.; Boxer, S. GChem. Phys. Lettl988 144, 243.

(28) Lockhart, D. J.; Goldstein, R. F.; Boxer, S.I5Chem. Physl988
89, 1408.

(29) Lockhart, D. J.; Kirmaier, C.; Holten, D.; Boxer, S. G.Phys.
Chem.199Q 94, 6987.

(30) Ogrodnik, A.; Eberl, U.; Heckmann, R.; Kappl, M.; Feick, R.;
Michel-Beyerle, M. EJ. Phys. Chem1991, 95, 2036.

(31) Ogrodnik, A.Mol. Cryst. Lig. Cryst.1993 230, 35.

(32) Franzen, S.; Goldstein, R. F.; Boxer, S.J5Phys. Chem199Q
94, 5135.

(33) Franzen, S.; Boxer, S. G. Phys. Chem1993 97, 6304.

(34) Bixon, M.; Jortner, JJ. Phys. Chem1988 92, 7148.

(35) Ogrodnik, A.; Keupp, W.; Volk, M.; Aumeier, G.; Michel-Beyerle,

M. E. J. Phys. Cheml1994 98, 3432.

(36) Sumi, H.; Kakitani, T.Chem. Phys. Lett1996 252 85; also
unpublished work.

(37) Breton, J.; Martin, J.-L.; Lambry, J.-C.; Robles, S. J.; Youvan, D.
C. In Reaction Centers of Photosynthetic Bactghtchel-Beyerle, M. E.,

Ed.; Springer: Berlin, 1990; p 293.

(38) Eberl, U.; Gilbert, M.; Keupp, W.; Langenbacher, T.; Siegl, J.;
Sinning, I.; Ogrodnik, A.; Robles, S. J.; Breton, J.; Youvan, D. C.; Michel-
Beyerle M. E. InThe Photosynthetic Bacterial Reaction Centgreton,

Vermgllo A Eds.; Plenum Press: New York, 1992; Vol. II, p 253.

(39) Ogrodmk ABIOChIm Biophys. Actd99Q 1020 65.

(40) Goldstein, R. A.; Takiff, L.; Boxer, S. @iochim. Biophys. Acta
1988 934, 253.

(41) Woodbury, N. W.; Parson, W. WBiochim. Biophys. Actd984
767, 345.

(42) Gunner, M. R.; Dutton, P. L1. Am. Chem. S0d.989 111, 3400.

(43) Scherer, P. O. J.; Fischer, S.Ghem. Phys. Letfl986 131, 153.

(44) Boxer, S. G.; Goldstein, R. A.; Lockhart, D. J.; Middendorf, T. R,;
Takiff, L. J. Phys. Chem1989 93, 8280.

(45) Middendorf, T. R.; Mazzola, L. T.; Lao, K.; Steffen, M. A.; Boxer,

S. G.Biochim. Biophys. Actd993 1143 223.

(46) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265.

(47) Jortner, JJ. Chem. Physl976 64, 4860.

(48) Bixon, M.; Jortner, J.; Michel-Beyerle, M. E. Trhe Photosynthetic
Bacterial Reaction CenteBreton, J., Vermglio, A., Eds.; Plenum Press:
New York, 1992; Vol. II, p 291, fit the data using, among other s¥is,
= 20 cnr ! andVys = 40 cnT L. A later paper (ref 21) has the values\tk
= 20 cnm ! andV,3 = 40 cnTl. While the latter values were labled as bare
Vi's, they appear to be effective ond4’s) and are related to the relevant
bare ones by = Vj exp(—S/2) with & = 0.5. Thereby, they correspond
to Vi = 26 cnt! and V.3 = 51 cnTL.

(49) The minor variations in the values bf, and V3 do not affect
significantly the calculated results for the charge-separation quantum yield
Yo. The latter is essentially determined by the detailed balance relation, eq
2.18, between the forward and backward ET rates, which is independent of
the values olv; (cf. section 2.2 and appendix A).

(50) In ref 19 it was suggested that a favorable electric field could
enhance the possibility of observing theB> H state. In Figure 4 it is seen
that this enhancement occurs not because of an increased concentration of
PTB~H but rather because the'B~H survives for a much longer time in
the presence of the favorable electric field there.

(51) Song, X.; Marcus, R. Al. Chem. Phys1993 99, 7768.

(52) Zankel, K. L.; Reed, D. W.; Clayton, R. Rroc. Natl. Acad. Sci.
U.S.A.1968 61, 1243.

(53) The experimental data in the literature are scattered substantially.
References 27 and 28 have observed an increase in the fluorescence quantum
yield by 25% at~ex: = 0.89 MV/cm. Reference 30 has reported the increase
by 40% atFexx = 0.7 MV/cm. If we assume a quadratic electric field
dependence of the increment of the fluorescence quantum yield observed
experimentally?83° we will find enhancement factors of 1.3 and 1.8,
respectively, atFexx = 1.0 MV/cm. In addition, larger values for the
enhancement factor, 1.6 and 1.9, are found in ref 3Ffgr= 0.7 and 1.0
MV/cm, respectively.

(54) Osvidh, S.; Laczko G.; Sebban, P.; Matp P. Photosynth. Res.
1996 47, 41.

(55) The good agreement of the calculated results between the simplified
model and the full kinetic model, shown in the following, does not depend
on this choice for the value af. As will be shown in Figure 11, eq 2.8
reproduces the numerical results well also in the absence of any heterogene-
ity.

(56) In Figure 10, the value ofg increases with the increase in the
free energy gap|AGzs(Fext = 0)|, in spite of the pertinent ET reaction
being in the inverted regioref, 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-2263.



Electron Transfer Model for Electric Field Effect J. Phys. Chem. B, Vol. 101, No. 25, 1995045

(57) The value of the free energy gayGi», may contain a considerable (59) Englman, R.; Jortner, MMol. Phys.197Q 18, 145.
experimental uncertainty, resulting in a large margin of error in the calculated  (60) Lockhart, D. J.; Hammes, S. L.; Franzen, S.; Boxer, Sl. @hys.
value of the charge-separation quantum yMdHowever, the error itYg Chem.1991, 95, 2217.
arising from the uncertainty ilAG;» is supposed to be relatively small, (61) If we employw = 95 cnt ! andi = 800 cn1? for the low-frequency
because the value ofq is predominantly governed by more reliable  medium vibrational modes, we finfl= 1.53 andq«(Fex)Zkn(0) = 1.44.
quantities, AGz3 and AGi3 = AGi2 + AGys, as seen in egs 2:8.8. On the other hand, if we use = 1500 cnt! and/ = 750 cn1? for the
(58) There are two possibilities which may modify the valuégaffrom high-frequency intramolecular vibrational modes, we fihe= 0.11 and
(200 psyt 17in the case of randomly oriented sample§ at 80 K. First, EBnr(Fex) Zknr(0) = 1.002.
the applied electric field would tend to redueg irrespective of the relative (62) Sumi, H.J. Phys. Soc. Jpri98Q 49, 1701.
orientation to the dipole moment vectors of the ion pair states, as seenin  (63) Newton, M. D.Chem. Re. 1991, 91, 767.
Figure 3b. Second, the lowering of the temperature would enhksgce (64) Marcus, R. A.; Almeida, RJ. Phys. Chem199Q 94, 2973.

although this effect is known to be mint. (65) Almeida, R.; Marcus, R. AJ. Phys. Chem199Q 94, 2978.



