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Abstract. The effect of an electric field on the electron transfer in the bacterial reaction centers is in-
vestigated. The rate constants and quantum yields affected by the electric field for wild type (WT) and
reaction center (RC) mutant of Rhodobacter capsulatus were computed. The dependence of the asymmetry
of electron transfer in electric field on the temperature was evaluated. We found stable electron transfer for
WT of the reaction center towards an electric field in comparison with the F(L121)D mutant of RC. We
found quantum yields sensitive to the variation of the medium reorganization energy at low temperatures
and strong electric fields. The quantum yields for unoriented RC samples were also calculated.

1 Introduction

The problem of bacterial photosynthesis attracts much
interest since the reaction center (RC) of bacteria pro-
vides an interesting system for studying a high-efficiency
electron transfer in an organized molecular complex. The
photosynthetic reaction center [1] is a special pigment-
protein complex, that functions as a photochemical trap.
The reaction centers (RC) of purple bacteria are com-
posed of three protein subunits called L, M and H [2,3].
All cofactors involved in the electron transfer (ET) are
non-covalently bound to subunits L and M in two chains.
Both chains of cofactors start at the bacteriochlorophyll
dimer (P) which interacts with both subunits L and M.
Then the cofactor chains are split and each individual one
continues on the subunit L and symmetrically on the sub-
unit M. Cofactors in the subunit L are accessory bacteri-
ochlorophyll (BL), bacteriopheophytin (HL) and quinone
(QL). Identically, in the M subunit there are the accessory
bacteriochlorophyll (BM), bacteriopheophytin (HM) and
quinone (QM). The arrangement of cofactors shows the
local twofold symmetry. For more details on structural ar-
rangement, see [4]. The cofactors serve as donor-acceptor
pairs in the electron transfer. A remarkable aspect of the
RC structures is the occurrence of two almost identical
electron acceptor pathways arranged along the C2 axis
relative to the primary charge-separating bacteriochloro-
phyll dimer P. In spite of the structural symmetry of the
cofactors, the RC is functionally highly asymmetric. The
pathway symmetry is broken by differences in amino acids
around the cofactors. This asymmetry can lead to free en-
ergy, electronic coupling constants or molecular dynam-
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ics differences between the L and M protein subunits. All
these factors have a strong impact on the electron trans-
fer in the reaction centers [5–7]. We focus in this paper
on the influence of the electric field on the ET asymmetry
in photosynthetic reaction centers of Rhodobacter capsu-
latus and their mutant F(L121)D. The effect of the elec-
tric field on the electron transfer in the L subunit and
the spectra of the chromophores in the reaction centers
was studied in earlier works [8–14]. In [13], the quan-
tum yields of charge separation dependence on the electric
fields at room temperature was measured using multilayer
Langmuir-Blodgett films of RCs from Rb. sphaeroides. In
their experiments, it was supposed that the RC is oriented
and the electric fields are vectorially directed to hinder the
charge separation. They found that the quantum yield of
the P+Q−

L state decreases from a value of 0.96 at a zero

field to about 0.75 for a field of 1.2MV/cm.
The effect of an electric field on RCs from Rb.

sphaeroides embeded in polyvinyl alcohol in a randomly
oriented system was investigated in the work [10]. Upon
application of a field of 0.7MV/cm at 90K, they observed
a reduction of the quantum yield of P+H−

L by 11 ± 1.5%.
The absence of an electric-field effect on the initial step

was reported in [12]. Applying a field of nearly 1MV/cm
to the oriented RCs system there was found out a small
effect on the quantum yields. A nearly 50:50 vectorial ori-
entation of reaction centers parallel and antiparallel to the
native reaction center orientation was assumed.

The effect of an applied electric field on the kinetics
of the initial electron transfer reaction in Rb. sphaeroides
reaction centers has been measured in an isotropic sample
at 77K [14]. Application of an electric field of 1MV/cm at
77K slightly reduces the formation of P+H−

L . No evidence
was found for electron transfer down the M side of the
reaction center.
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In the present paper, we describe the 6-site kinetic
model affected by the electric field where all cofactors par-
ticipating in ET on both branches L, M are taken into ac-
count. In [8,15], the M branch cofactor has not been taken
into account and the L side electron transfer was treated.
More sites from which the system can decay into the
ground state were assumed in [8]. The only possibility of
the system decay in to the ground state from the primary
donor (P∗) is used in the present paper. The mechanism of
primary charge separation was investigated and the back-
ward electron transfer was neglected in [16]. The impor-
tance of backward reactions to elucidate the charge sep-
aration in bacterial photosynthesis has been shown in [8,
17]. To compute the quantum yields of the charge separa-
tion in the reaction center, the generalized master equa-
tions are used in the presented paper. It was shown in [17]
that in the computation of quantum yields the integrals of
the memory functions can be used. In the previous works,
the Markovian approximation was explored and these in-
tegrals were used as rate constants to describe the electron
transfer kinetics in the photosynthetic reaction centers.

Unidirectional electron transfer in wild-type RC is
thought to be governed by differences between the free en-
ergies of charge separated states on the L and M branches
and differences in electronic coupling factors between the
cofactors on the two branches. To describe such a complex
system as a reaction center, we need a lot of parameters.
Still there is an ambiguity how to choose a correct set of
parameters. The effect of the electric field on the quantum
yields and the rate constants at different temperatures can
help to get an accurate set of parameters which elucidate
the electron transfer in the bacterial reaction centers. We
want to show that there is some gap between theory and
experiment which ought to be closed to get an appropriate
description of the reaction centers.

2 Model of reaction center

The RC is a complex system. This system cannot be de-
scribed as a closed system, because after some time, there
ought to be a Boltzman distribution of electron localiza-
tion on cofactors, and consequently, both branches had to
be active. So we have to introduce a sink parameter into
the model to describe the leak of electrons from RC. We
start by considering an electron transfer system in which
the electron has N accessible sites embedded in a medium.
We denote by |j〉 the state with electron localized at the
j-th site and j = 1, 2, . . . , N . The j and k sites are coupled
by Vjk. The interaction of the solvent with the system de-
pends on the electronic states |j〉 by Hj . The total model
Hamiltonian for the system and medium is

H = H0 + V, (1)

where

H0 =
N

∑

j=1

|j〉[εj − iΓj + Hj − μjF ]〈j|, (2)

V =

N
∑

j,k=1

Vjk|j〉〈k|, j �= k, (3)

where εj is the site energy and μj is the dipole moment of
the j-th molecule; F is the applied external electric field.
The sink parameter �/2Γj has the meaning of the lifetime
of the electron at site j in the limit of the zero-coupling pa-
rameter. It can characterize the possibility of the electron
escape from the system by another channel, for instance,
a non-radiative internal conversion or recombination pro-
cess. The Hamiltonian describing the reservoir consisting
of harmonic oscillators is

Hj =
∑

a

{

p2
α

2mα
+

1

2
mαω2

α(xα − djα)2
}

. (4)

Here, mα and ωα are the frequency and the mass of the
α-th oscillator, and djα is the equilibrium configuration
of the α-th oscillator when the system is in the electronic
state |j〉. We describe ET in RC by the following kinetic
model:

∂tP1(t) = −
2Γ1

�
P1(t) −

∫ t

0

W12(t − τ)P1(τ)dτ

−

∫ t

0

W13(t − τ)P1(τ)dτ

+

∫ t

0

W21(t − τ)P2(τ)dτ

+

∫ t

0

W31(t − τ)P3(τ)dτ, (5a)

∂tP2(t) = −

∫ t

0

W24(t − τ)P2(τ)dτ

−

∫ t

0

W21(t − τ)P2(τ)dτ

+

∫ t

0

W12(t − τ)P1(τ)dτ, (5b)

∂tP3(t) = −

∫ t

0

W35(t − τ)P3(τ)dτ

−

∫ t

0

W31(t − τ)P3(τ)dτ

+

∫ t

0

W13(t − τ)P1(τ)dτ

+

∫ t

0

W53(t − τ)P5(τ)dτ, (5c)

∂tP5(t) = −

∫ t

0

W53(t − τ)P5(τ)dτ

−

∫ t

0

W56(t − τ)P5(τ)dτ

+

∫ t

0

W35(t − τ)P3(τ)dτ. (5d)

Here Pi(t) is the occupation probability of the site i and
Wij(t) is a memory function [17].
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Fig. 1. Kinetic scheme for the primary electron transfer in
bacterial photosynthetic reaction centers.

To describe the first steps of electron transfer processes
in the reactions centers, we have used the 6-site model, see
fig. 1. We designate the special pair P as site 1, sites 2 and
3 represent the molecules BM and BL, and sites 4 and 5
then represent the molecules HM and HL. Site 6 represents
the quinone molecule QL. We assume that this system is
coupled to a bath (medium). Based on experimental ob-
servations of ET in RC, it is expected that bacteriochloro-
phyll plays a crucial role in ET. In this 6-site model we
have assumed that ET in RC is sequential, where P+B− is
a real chemical intermediate. The imaginary part of energy
level 1 describes the probability of electron deactivation to
the ground state.

3 Electronic escape through the branches

The quantum yields (QYs) φL, φM of the electronic escape

via the branches L and M, and the quantum yields φG of
the direct ground-state recombination can be character-
ized by the expressions

φG =
2Γ1

�

∫ ∞

0

P1(t)dt =
2Γ1

�
P1(s → 0+), (6a)

φM =

∫ ∞

0

∫ t

0

W24(t − τ)P2(τ)dτdt

= k24(s → 0+)P2(s → 0+), (6b)

φL =

∫ ∞

0

∫ t

0

W56(t − τ)P5(τ)dτdt

= k56(s → 0+)P5(s → 0+), (6c)

where Pi(s), kij(s) are the Laplace transformations of

Pi(t) and Wij(t). The quantum yields must fulfill the ex-

pression φG +φM +φL = 1. We assume that the rate con-
stant which characterizes ET can be described by both a
low-frequency medium vibrational mode ωm and a high-
frequency intramolecular vibrational mode ωc. We will
work in the limit where the molecular modes are frozen,
�ωc ≫ kBT . In this regime the constant kij is in the

form [8,18]

kij =

∫ ∞

0

Wij(t)dt =
2πV 2

ij

�2ωm
exp(−Scij − Sm(2n̄m + 1))

×
∞
∑

n=0

Sn
cij

n!

(

n̄m + 1

n̄m

)p(n)/2

I|p(n)|

(

2Sm[n̄m(n̄m+1)]1/2
)

.

(7)

Here, p(n) = (Gij − n�ωc)/�ωm, Gij = ǫi − ǫj −ΔμijFint

and Scij = 1
2�

mcijωcij(dci − dcj)
2 is the scaled reorga-

nization constant of the high-frequency ij-th mode when
the electron is transferred from the state |i〉 to the state
|j〉, and Smij = 1

2�
mmijωmij(dmi − dmj)

2 is the scaled re-

organization constant of the low-frequency mode. Ip(z)
is the modified Bessel function of order p and n̄m =
[exp(�ωm

kBT )−1]−1. Δμij is the difference in dipole moment

vectors of the pertinent ion pair states. From the above
expression we can see that the free energy of a radical
pair with the dipole moment μ in RC is perturbed by an
amount −ΔμijFint in the presence of an applied exter-

nal electric field Fext [8,19]. Because of the polarization
of the surrounding medium Fint = fFext, where local field
correction f is [20]

f =
3ǫPVA

2ǫPVA + ǫRC

3ǫRC

2ǫRC + ǫ′
. (8)

Here, ǫPVA, ǫRC and ǫ′ denote the dielectric constants of
poly (vinyl alcohol) (PVA) film, RC and cofactors, respec-
tively. We assume that both the PVA and RC dielectric
constants are equal but depend on temperatures. The di-
electric constant of PVA has been measured to be about
4 at 80K and 8 at 290K [20,21]. We assume that the
dielectric constants of cofactors do not depend on tem-
perature. We consider asymmetry of the dielectric con-
stant of the cofactor on the M and L branches. We use
ǫ′ = 1.6 for M-side cofactors and ǫ′ = 4 for L-side co-
factors [22]. At T = 80K, if one chooses ǫ′ = 1, 6 and
ǫPVA = ǫRC = 4, then f = 1.25. This value of f was used
in computation for M-side electron transfer at T = 77 and
9K. For L-side electron transfer at these temperatures us-

ing ǫ′ = 4 we get f = 1. At T = 290K, if one chooses
ǫ′ = 1, 6 and ǫPVA = ǫRC = 8, then f = 1.36. This value
of f was used in computation for M-side electron trans-
fer at T = 295 and 200K. For L-side electron transfer at
these temperatures using ǫ′ = 4 we get f = 1.2. Com-
puted local field corrections for both L and M branches
of the reaction center are collected in table 1. We used
the values in table 1 for all our computations of WT of
RC and also for F(L121)D mutant of RC. It was assumed
that at the initial time the electron was localized in the
first molecule. The implementation of the theory requires
information regarding the energetic parameters, medium
reorganization energies, high- and low-frequency modes,
and electronic coupling constants. Since electron trans-
fer kinetics in Rhodobacter Capsulatus is similar to kinet-
ics of Rb. sphaeroides, we adapt in this work the set of
parameters that characterizes the observed L-side experi-
mental kinetics of the wild-type Rb. sphaeroides reaction



Page 4 of 8 The European Physical Journal E

Table 1. Computed local field correction f at different tem-
peratures for M and L branch of the reaction center.

T εPVA εRC ε′ f

branch K

M 295 8 8 1.6 1.36

200 8 8 1.6 1.36

77 4 4 1.6 1.25

9 4 4 1.6 1.25

L 295 8 8 4 1.2

200 8 8 4 1.2

77 4 4 4 1

9 4 4 4 1

centers [8,15]: the high-frequency modes have the same
value �ωcij = 1500 cm−1 besides �ωc56 = 1600 cm−1, the
values V12 = V13 = 32 cm−1, V24 = V35 = 59 cm−1 and
V56 = 4.8 cm−1 for the electronic coupling constants, and
Scij = 0.5 for the scaled reorganization constants for the
high-frequency ij mode with only one distinguished value
which is Sc56 = 1, low-frequency mode �ωmij = 80 cm−1

with scaled reorganization constants Smij = 10. The value
�ωmij = 80 cm−1 for low-frequency medium mode was
chosen in accordance with the results of work [7].

The value Smij = 10 of the scaled reorganization en-
ergy constant was used for each step of electron transfer to
get the reorganization energy of the medium mode λm =
�ωmSm = 800 cm−1. The exception is the electron trans-
fer from the molecule of bacteriopheophytin (5) to the
quinone molecule (6), where it was assumed that Sm56 =
60 to get the scaled reorganization energy 4800 cm−1 [8].

The energetic parameters for WT of RC at room tem-
perature in the L branch are: ǫ1 = 0, ǫ3 = −450 cm−1,
ǫ5 = −2000 cm−1, ǫ6 = −7200 cm−1. The P∗ internal con-
version rate is 2Γ1

�
= (170 ps)−1 [8].

Much less is known about parameters characterizing
the M side of the RC. It is thought that both P+H−

M

and P+B−
L are at higher free energy than their L-side

counterparts [23–27]. Calculation placed the free energy of
P+H−

M at least 1000 cm−1 above P+H−
L [23,24] and P+B−

M

above P+B−
L by 1000–2800 cm−1 [25–27]. For the present

study the following parameters were selected for free en-
ergies to describe the electron transfer in the M branch
of the wild type of the reaction center: ǫ2 = 800 cm−1,
ǫ4 = −1000 cm−1. In a series of Rhodobacter capsulatus
RC mutants [28] the F(L121)D mutant shows 78% of the
electron transfer to the L-side cofactors and 22% recom-
bination to the ground state at room temperatures. The
suggested model for the F(L121)D mutant assumed that
P+H−

L has a higher free energy than in the wild type of
RC, thus we had to increase the energy ǫ5 from the value
ǫ5 = −2000 cm−1 to the value ǫ5 = −450 cm−1. To char-
acterize the structural changes on the L branch in the
F(L121)D mutant, we also slightly changed the free energy
of the P+B−

L state and in the computation we used the
value ǫ3 = −350 cm−1. Experimental observations in the
F(L121)D mutant at low temperature (77K) show 88%

quantum yield via the L side in comparison with 78% at
room temperature. Due to the difficulty with detection of
small ET to the M side in such mutants, there is, however,
a probability of 5%–10% of ET to this side.

The results of our numerical computations for WT and
mutant RC are collected in tables 2-5. In both branches
only the sequential mechanism was assumed. We use for
the calculations the following values of the dipole mo-
menta of individual cofactors: μ(P∗) ≃ 0, μ(P+B−

L,M) =

51D, μ(P+H−
L,M) = 82D and μ(P+Q−

L ) = 134D [8]. Here
we use approximations of the similarity of the difference
in dipole moment vectors Δμij between cofactors on both
branches [14,22]. We have assumed that the external elec-
tric field is parallel to the pseudo-C2 axis of the RC. The
field is defined as positive when directed from the non-
heme Fe to the bacteriochlorophyl dimer P [8]. The com-
parison of theory with experimental data shows that there
can be a decrease of medium reorganization energy with
decrease of temperature [20,29]. To take into account this
possibility, we compute also the quantum yields for reorga-
nization energies λmij = 400 cm−1 and λm56 = 2400 cm−1

at T = 77K and T = 9K. The results are depicted in
fig. 2 and fig. 3.

4 Discussion

To explain the unidirectionality and also the experiments
with mutant RCs, the six-site model was used. For this
system the parameters, which describe electron transfer
at the L branch, were employed. We used the free param-
eters symmetrically in both branches except the free en-
ergies of accessory bacteriochlorophylls and bacteriopheo-
phytins. At the M branch we change only the free energy
of accessory bacteriochlorophyll or bacteriopheophytin in
comparison with the L branch. Variation of these free en-
ergies depends on the mutations.

In this paper, both the quantum yields and rate con-
stants for WT and F(L121)D Rhodobacter capsulatus mu-
tant RCs affected by the external electric field were com-
puted. The results of our calculations are summarized in
tables 2-5. We can see from tables 2 and 3 that the WT
reaction center is stable towards an electric field (changes
of ΦL(M) are very small). The noticeable decrease in ΦL(M)

is found only at negative values of the electric field. We
predict, similarly to the published study [14], that there
is no electron transfer along the M branch of RC in the
presence of an applied electric field. Table 4 describes
how an increase of the positive field in the F(L121)D mu-
tant decreases the parameter ΦL mainly for T = 295K,
representing the decline in probability of electron escape
through the L branch. At the same time, this field en-
hances the probability of electron escape through the M
branch, which is characterized by the value ΦM. With an
increase of the negative value of the electric field (see ta-
ble 5) yields ΦL(M) markedly decrease. The negative ex-
ternal electric field considerably increases the probability
for deactivation of dimer P∗ to the ground state.

The medium reorganization energy decreases with the
decrease of temperature. This trend was documented



M. Pudlak and R. Pincak: Influence of the electric field on the electron transport . . . Page 5 of 8

Table 2. The computed rate constant 1/kij and quantum yields dependent on temperature and the positive values of the electric
field for WT of reaction centers with asymmetry in the local field correction on different branches. The values of the electric
field are shown in units of MV/cm. The energetic parameters in the calculations for WT of RC were chosen as: ǫ2 = 800 cm−1,
ǫ3 = −450 cm−1, ǫ4 = −1000 cm−1, ǫ5 = −2000 cm−1 and ǫ6 = −7200 cm−1.

T 1/k12 1/k24 1/k13 1/k35 1/k56

WT K ps ps ps ps ps ΦG ΦM ΦL

F = 0 295 97 1.02 2.34 0.9 204 0.014 0.016 0.97

200 513 1.2 2.1 1.1 187 0.012 0.002 0.986

77 3 × 106 2 1.9 3.3 166 0.01 0 0.99

9 3 × 1055 4 2 11 166 0.01 0 0.99

F = 0.5 295 19 1.04 1.93 1.01 195 0.01 0.03 0.96

200 46 1.01 1.6 1.2 179 0.01 0.005 0.985

77 9030 0.9 1.1 2.8 165 0.01 0 0.99

9 7 × 1031 0.9 0.9 9.3 178 0.01 0 0.99

F = 1.5 295 2.7 1.2 2.8 1.04 192 0.02 0.05 0.93

200 2.6 1.03 3.3 0.95 180 0.02 0.01 0.97

77 5.3 0.7 3.5 0.8 161 0.02 0 0.98

9 15 0.6 5 0.7 152 0.03 0 0.97

Table 3. The computed rate constant 1/kij and quantum yields dependent on temperature and the negative values of the
electric field for WT of reaction centers with asymmetry in the local field correction on different branches. The values of the
electric field are shown in units of MV/cm. For clarity we put the values smaller than 10−4 equal to zero.

T 1/k12 1/k24 1/k13 1/k35 1/k56

WT K ps ps ps ps ps ΦG ΦM ΦL

F = −0.5 295 760 0.92 3.94 0.8 221 0.023 0.005 0.972

200 11000 1.1 4.5 0.8 204 0.0260 0.0004 0.9736

77 4 × 109 3.5 8 1.65 170 0.05 0 0.95

9 9 × 1079 14 38 2.9 152 0.18 0 0.82

F = −1.5 295 2 × 105 0.63 31 0.6 290 0.1539 0.0002 0.8459

200 3 × 107 0.59 94 0.5 281 0.36 0 0.64

77 1 × 1017 0.7 3030 0.5 218 0.95 0 0.05

9 2 × 10130 0.8 8 × 1026 0.4 193 1 0 0

Table 4. The computed rate constant 1/kij and quantum yields dependent on temperature and the positive values of the
electric field for F(L121)D mutation of reaction centers with asymmetry in the local field correction on different branches. The
values of the electric field are shown in units of MV/cm. The energetic parameters in the calculations for F(L121)D mutation
of RC were chosen as: ǫ2 = 800 cm−1, ǫ3 = −350 cm−1, ǫ4 = −1000 cm−1, ǫ5 = −450 cm−1 and ǫ6 = −7200 cm−1.

T 1/k12 1/k24 1/k13 1/k35 1/k56

F(L121)D K ps ps ps ps ps ΦG ΦM ΦL

F = 0 295 97 1.02 2.65 1.2 206 0.12 0.13 0.75

200 513 1.2 2.5 1.4 196 0.06 0.01 0.93

77 3 × 106 2 2.9 4 181 0.02 0 0.98

9 3 × 1055 4 4.3 45 173 0.03 0 0.97

F = 0.5 295 19 1.04 2 0.83 221 0.10 0.25 0.65

200 46 1.01 1.7 0.81 213 0.06 0.03 0.91

77 9030 0.9 1.2 1.3 203 0.01 0 0.99

9 7 × 1031 0.9 1 3 214 0.01 0 0.99

F = 1.5 295 2.7 1.2 2.6 0.6 272 0.11 0.32 0.57

200 2.6 1.03 2.82 0.5 270 0.07 0.04 0.89

77 5.3 0.7 2.3 0.4 258 0.01 0 0.99

9 15 0.6 2.8 0.3 268 0.02 0 0.98
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Table 5. The computed rate constant 1/kij and quantum yields dependent on temperature for F(L121)D mutated reaction
center. The values of the electric field are shown in units of MV/cm. For clarity we put the values smaller than 10−4 equal to
zero.

T 1/k12 1/k24 1/k13 1/k35 1/k56

F(L121)D K ps ps ps ps ps ΦG ΦM ΦL

F = −0.5 295 760 0.92 4.9 1.97 196 0.13 0.03 0.84

200 10687 1.136 2 2.9 184 0.076 0.001 0.923

77 4 × 109 3.5 18 19 167 0.09 0 0.91

9 9 × 1079 14 281 5 × 106 149 0.62 0 0.38

F = −1.5 295 162581 0.63 47 7.7 192 0.2929 0.0003 0.7068

200 2 × 107 0.59 177 22 178 0.52 0 0.48

77 1 × 1017 0.7 13424 1270 162 0.99 0 0.01

9 2 × 10130 0.8 4 × 1033 1 × 1028 161 1 0 0

Fig. 2. Comparison of the quantum yield through the branch
L versus the electric field in the case of WT reaction centers for
different medium reorganization energies at T = 77 K. In the
computations the reorganization energies λmij = 800 cm−1,
λm56 = 4800 cm−1 (•) and λmij = 400 cm−1, λm56 =
2400 cm−1 (�) were used.

in [20]. The dependence of the quantum yield through the
branch L on the applied field is depicted in figs. 2 and 3.
It can be seen that at low temperature two possible val-
ues of medium reorganization energies gives very different
quantum yields. So we have a possibility to determine the
reorganization energy of medium at low temperature. In a
similar way we can control the free energies of the cofactor.

The dielectric constant asymmetry between the M and
L branches was taken into account in the computation.
The temperature dependence of the local field was in-
cluded in the computations. So the asymmetry of the local
field on both branches was imposed into the model, eq. (8),
table 1.

We can see from table 4 that the quantum yield via
the L-side for the F(L121)D mutant at low temperature
is not in accordance with experimental observations. The
computed value in table 4 is 98% in contrast with the ob-
served value at temperature 77K which is 88% [28]. To
obtain the observed result, we have to modify parameters

Fig. 3. Comparison of the quantum yield through the branch L
versus the electric field in the case of WT reaction centers for
different medium reorganization energies at T = 9 K. In the
computations the reorganization energies λmij = 800 cm−1,
λm56 = 4800 cm−1 (•) and λmij = 400 cm−1, λm56 =
2400 cm−1 (�) were used.

in our model. More precisely, we must assume that asym-
metry in the electronic coupling exists. We used, similarly
as in [29], the following asymmetry in electronic coupling:
V12 = 10 cm−1 and V13 = 15 cm−1. We get the following
ΦL: 0.75 at 295K, 0.89 at 200K, 0.92 at 77K and 0.9 at
9K. Only with this asymmetry in the electronic coupling
can we fit the experimental results at 77K. We have to
stress that it is the only possibility which can describe the
quantum yields also at 77K. This modification of hop-
ping terms changes also the dynamical characteristic of
the system as the electron transfer rates. This also gives
the opportunity to check the theoretical prediction by ex-
periments. There is a lack of information about quantum
yields at low temperature (9K) to verify the theoretical
model.

The correction above confirmed that RC are very com-
plex systems where all parameters influenced the final
asymmetry in the electron transfer. To describe the elec-
tron transfer kinetics in the reaction centers, several free
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Table 6. The computed quantum yields for unoriented RC
samples where the parameters were chosen as α = β = 0.5.

F = ±1.5 T (K) ΦG ΦM ΦL

WT 295 0.08 0.03 0.89

200 0.19 0.01 0.8

F(121L)D 295 0.2 0.16 0.64

200 0.29 0.02 0.69

parameters were used. These parameters cannot yet be
determined by experiment directly. Our model, where the
temperature dependence of quantum yields with and with-
out electric fields is computed, can help to find the value
of the parameters that characterize the reaction centers.

Up to now we used in our computations only oriented
RC samples [12]. Now we would like to extend our discus-
sion also to unoriented RC samples [13]. In order to extend
our model to an unoriented RC samples, we denote quan-

tum yields affected by the positive electric field as Φ↑
L(M,G)

and similarly for the negative electric field Φ↓
L(M,G). It fol-

lows that full quantum yields for unoriented RC samples
will have the form

ΦL(M,G) = αΦ↑
L(M,G) + βΦ↓

L(M,G), (9)

where α and β are the parameters describing the prob-
abilities that RC are oriented in the positive and neg-
ative direction. In eq. (9) the condition α + β = 1
must be fullfiled. It means that α = P1/(P1 + P2) and
β = P2/(P1 + P2), where P1 and P2 are the populations
of RC in the Langmuir-Blodgett film in the positive and
negative direction. Now we demonstrate the change of
quantum yields in the case of the partially oriented film
in comparison to the fully oriented film. The quantum
yields for WT, and F(121L)D mutant of RC in the case
of positive(negative) electric field F = ±1.5MV/cm were
computed at room temperature. The results are shown in
table 6. The experimental data depend on the pameters
α, β. The ideal situation will be in the case when these
parameters can be revealed in experiment. Knowing the
value of the parameters α, β, we will be able to find the
value of the quantum yields which could be compared with
experimental data also for partially oriented RC samples.

In eq. (9) we neglected the term which describes the
population of RCs that are neither aligned nor antialigned
with the applied field. We think that if the sample contains
also such population of RCs, the presented theory with
electric fields cannot be used to elucidate the experimental
data.

Now we used the approach described in the presented
paper to discuss some experimental data where the ef-
fect of the electric field on the reaction centers from Rb.
sphaeroides has been reported. We predict ΦL = 0.97
for zero electric field at 295K for the WT reaction cen-
ters. Applying the electric field F = −1.5MV/cm we get
ΦL = 0.85 (tables 2, 3). If we compare this prediction
with experimental data [13], we see that the prediction
and data are not in consistency. We predict not enough

decrease of ΦL with the electric field increase. The reason
could be that we do not take into account the dependence
of the parameter Γ1 and the reorganization energies on the
applying electric field. There also could exist other states
from which the electron can recombine directly into the
ground state in addition to the P∗ state. Such possibili-
ties were used in the kinetic model of electron transfer in
work [8] to elucidate the electric-field effect on quantum
yields of charge separation.

The presented model predicts the following quantum
yields for WT at 90K: ΦG = 0.015, ΦM = 0, ΦL = 0.985
for the applied electric field F = 1MV/cm and ΦG =
0.25, ΦM = 0, ΦL = 0.75 for the applied electric field
F = −1MV/cm. If we assume that we have a sample
with α = β = 1/2, we predict an average ΦL = 0.867.
It means that we get a reduction of ΦL by 10% similarly
to the experimental data [10]. There is a possibility that
the main contribution to ΦL comes from the population
of reaction centers aligned and antialigned to the applied
electric field.

For comparison with the experimental results, the
quantum yields for WT at 295K have been computed:
ΦG = 0.02, ΦM = 0.04, ΦL = 0.94 for the applied elec-
tric field F = 1MV/cm and ΦG = 0.089, ΦM = 0.001,
ΦL = 0.91 for the applied electric field F = −1MV/cm. If
we assume that we have a sample with α = β = 1/2, we
get the average ΦL = 0.925. So we predict a small effect
of the electric field on the quantum yields similarly to the
experimental results of [12]. We predict no electron trans-
fer down the M side of the wild-type reaction centers due
to the applied electric field, in accordance with the results
of [14].

5 Conclusions

Valuable information about the system can be derived
from the temperature dependence of the quantum yields.
Typically, these measurements are performed at room
temperature and 77K. However, for comparison of the
theoretical predictions with experiments, the data at more
than two temperatures are required. Only a few experi-
ments on the quantum yields extend measurements also
to the low temperature (for instance 7K). Under these
experimentally restricted circumstances data can be fit-
ted with several different sets of input parameters. If the
theoretical predictions and experimental data are in ac-
cordance at two different temperatures, then obviously the
set of input parameters are fixed and other data can con-
firm or disprove the theoretical model. This is the case of
the F(L121)D mutant where QYs at 9K can overturn the
model.

With an applied electric field the free energy of the co-
factors on both branches can be increased or decreased de-
pending on the field orientation. Electron transfer is very
sensitive to the relative free energy differences of charge
separate state. The applied electric fields change these mu-
tual differences and the result is different kinetics between
cofactors. Probabilities to escape via the L and M branches
are also modified. If the main reason for the asymmetry of
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the electron transfer is the asymmetry of the free energy
of cofactors on two branches, then quantum yields, or the
probabilities of electron transfer in the L and M branches,
must be dependent on the applied field. This dependence
arises from the influence of the field on the energy of cofac-
tors. In case the asymmetry of the electronic coupling con-
stants is responsible for the asymmetry of electron flow,
the application of the field cannot change these probabil-
ities. Our predictions are not in contrast with the pub-
lished experimental data. Partial reduction of the quan-
tum yields in the L subunit of RC due to the external elec-
tric field was observed in [30]. We obtained the results that
are also in agreement with experimental data for the WT
reaction centers. These data predict a weak influence of
the positive electric field on the quantum yield. In the case
of the negative electric field, the system decays into the
ground state and there is no transfer of electron through
the M branch. Our model, in contrast to the previous
models where the option of electron escape through the M
branch is not available, can explain these observations. We
believe that our model improves the determination of free
energies in the mutants and thus it contributes to better
understanding of electron transfer in reaction centers. To
hold the input parameters, we have to compare the predic-
tion of a theoretical model with experimental data. Several
experimental techniques are needed to get realistic values
of these parameters. One of them can be the electric-field
influence on the rate constants and quantum yields. More-
over, the electron transfer kinetics and its dependence on
temperature can be computed. This brings additional in-
formation about the RC system. Thus, there is a number
of points or areas where the theory and experiment can
be compared and input parameters can be estimated.

The applied electric field is an additional controllable
parameter in the ET system which can help to fix the
set of input parameters. Our model with a unique set of
parameters describes the behavior of quantum yields in
the whole temperature range. Yet this prediction has to
be verified by the collection of data for both mutants and
wild-type reaction centers.

The regulation of the electron transport by the exter-
nal electric field in mutants of RC or artificial reaction cen-
ters [31–34] opens a possible direction of several practical
applications, e.g., in microelectronics or energy conversion
and storage.
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