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Recent evidence suggests that the multiple charge-separation pathways can contribute to photosynthetic performance.
In this work, the influence of coupled-dipoles on photosynthetic performance was investigated in a two-charge separation
pathways quantum heat engine (QHE) model. And the population dynamics of the two coupled sites, j—V characteristics,
and power involving this photosynthetic QHE model were evaluated for the photosynthetic performance. The results illus-
trate that the photosynthetic performance can be greatly enhanced but quantum interference is deactivated by the coupled-
dipoles between the two-charge separation pathways. However, the photosynthetic performance can also be promoted by
the deactivated quantum interference owing to the coupled-dipoles. It is a novel role of the coupled-dipoles in the energy
transport process of biological photosynthetic, and some artificial strategies may be motivated by this photosynthetic QHE

model in the future.

Keywords: photosynthetic performance, coupled-dipole, photosynthetic heat engine

PACS: 42.50.Gy, 42.50.—p, 32.80.Qk

1. Introduction

Charge separation is an essential process in the conver-
sion of solar energy into chemical energy in photosynthesis.!!!
After absorption of a photon which creates an electronically
excited state in a pigment molecule, the excited state is trans-
formed into a short-lived charge-separated state until it arrives
at a reaction center (RC)[>®! in the pigment-protein complex
and results in a stable charge-separated state, which ultimately
powers the photosynthetic organism.!”) The photon-to-charge
conversion efficiency in the above process is considered close
to 100% under certain conditions.!®~'!] This eye-catching re-
sult sparks the researchers to explore its physics behind the
energy conversion within photosynthesis.!!%!3] People firmly
believe that understanding its underlying mechanism involv-
ing photosynthesis can help us design novel artificial nano-
devices for efficient quantum transport and some optimized so-
lar cells.['*18] Recently, some theoretical models' 2! show
that quantum mechanical behavior contributes to the high effi-
ciency of biological processes.

Simulating the photosynthetic RC as a biological QHE,
Dorfman et al.??! suggested that photocurrent can be im-
proved by noise-induced coherence in the photosynthetic RC.

Creatore et al.[?3]

proposed a model for photosynthetic RC in
which quantum mechanical effects were investigated. The re-
sults show that photo-to-charge conversion can be boosted via
quantum interference caused by dipole—dipole interactions!>*!
between molecular excited states. And compared with classi-
cal photocell, this effect can increase the current and power

output by 35%. In a multiple charge-separation pathways

DOI: 10.1088/1674-1056/abdea6

scheme,!?! the results demonstrated that a multi-pathway bi-
ological QHE was a better choice for the charge separation,
improving the quantum current and power yield. Recently,
long-lived quantum coherence in the pigment-protein com-
plexes was observed and extensively investigated in some
experiments, [1-26-291

Although electron transfer in the photosynthetic RC
has been thoroughly investigated in one or several charge-
separation pathways, and it is believed that two main path-
ways make a significant contribution to the current and power
in the photosynthetic process.!*! However, works on the in-
fluence of the coupled-dipoles between two different charge
separation pathways are rarely found. Therefore, we con-
sider the coupled-dipoles between two different charge sepa-
ration pathways involving the photosynthetic performance in a
double-pathway 3!l photosynthetic QHE model, which is dif-
ferent from the work that discussed the system-bath coupling
effect on the exciton-transfer processes in the photosystem II
reaction center via the polaron master-equation approach!3?!
in a QHE model. We no longer care about the impact of multi-
charge-separation pathways, 3% but turn our attention to the
impact of the coupled-dipoles on the photosynthetic perfor-
mance. We are focusing on whether the coupled-dipole is
more beneficial to enhance the photosynthetic performances in
this two-pathways biological QHE model, which can be used
to mimic the process in the RC of the light-harvesting complex
phycocyanin-645 (PC645) with a pair of strongly coupled sites
(called DBV C and DBV D).[!2:33]
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2. Model and equation

Here, we investigate the influence of the coupled-dipoles
in a two-pathway QHE model illustrated in Fig. 1, which is
abstracted from the photosystem II reaction center (PSII-RC)
consisting of six core pigment molecules. The typical PSII-
RC found in purple bacteria and oxygen-evolving organisms
(cyanobacteria, algae, and higher plants) contains six pigment
molecules coupled by the dipole-dipole interactions, **-3¢! and
the six pigments are arranged in two symmetric branches of
the protein matrix in the center of the complex. Four chloro-
phylls of them (special pair PD;, PD, and accessory ChlDj,
ChlD,) and two pheophytins (PheD, PheD,) are parallel dis-
tributed in these two branches of the protein matrix. The pair
of chlorophylls, PD;, PD, located at the center of the PSII
RC act as the primary electron donors, forming two exciton
states denoted as |e; 2) in Fig. 1. Two pheophytin pigments,
PheD; and PheD, couple to the rest of the molecules, and
PheD; plays the part of electron acceptor>4-36! in the charge-
separation process of the PSII RC.

ley)

lea) \

lg)

Fig. 1. Energy-level framework of photosynthetic QHE for the photosyn-
thetic RC with two load-transitions |0;)—|B;)i—12. The electronic transi-
tion from the ground state |g) to two coupled dipoles |e;) ,|e2) is induced by
the high temperature photon bath. The low temperature phonon bath drives
charge transfer from the level |e2) — |04)i=12, and |Bi)i=12 —|g) with ter-
mination of the electronic circulation.

As shown in Fig. 1, after the absorption of a solar pho-
ton, the excited electron is promoted from |g) to |ep) and/or
le1) with the transition rate ¥, and the excited electron may
transit to |e;) state at the rate ,. Then the excited electron
is transferred to the acceptors by the emission of a phonon
via two pathways: |e;) (le2))— |ar) and |e;) (le2))— |a) at
the emissions rates ¥.(—; 2y With |a;) and o) being the ion-
pair states in these two pathways. Furthermore, the positive
and negative charges are spatially separated by releasing the
excited electron to the plastoquinone molecule and leaving a
hole in the dimer. Eventually, the electron is transferred to the
final electron acceptor PheD;, from which the electron is re-
leased to perform work[?3 with a rate |I7) (i=1,2) denoted by
lo) — |B1) (path 1) and o) — |B2) (path 2) in Fig. 1. Fi-
nally, the electron returns to the primary electron donor via
IB1) (IB2)) — |g). Similarly, the acceptor-to-donor charge re-
combination for two pathways, described by |ot) (Jop)) —
|g) with rate yI;_;,, brings the system back to the ground

state |g) but does not produce current, where ¥ is a dimension-
less fraction*”) describing the radiative recombination rate of
the two pathways. From the physical perspective, we assume
the load transition is unidirectional, which means that only the
photosynthetic heat engine can transfer energy to the load, not
the other way around. Therefore, the total current is given by
j=e 21-2:1 Iipg;0;, with e being the elementary electron charge.

To clarify the influence caused by the coupled-dipoles, we
will evaluate the photosynthetic performances via the current
and power involving this photosynthetic QHE numerically.
Therefore, we considered the dipole-dipole coupling depicted
by two excited states |e; /) = %(|D1> +(D,))8 between
the two different charge separation pathways with their eigen-
energies E,j/» = Ep, /p, £J, where J depicts the coupling
robustness illustrated in Fig. 1. The state |D;—; ) describes
chlorophylls PD;, the electron donors. With this knowledge,
the Hamiltonian of this QHE model consists of three parts:
the electronic Hamiltonian is read as

2
H, =E|g)(g| + ;(Ea,-|ai> (ai| +Eg,|Bi)(Bi| + Ep,;|Di)(Dil)

+J(|D1){D2| + |D2)(D1]). ey
A full microscopic mode Hamiltonian is given as follows:

Ay =Y hoyajay. )
k

Considering the above modes and ambient reservoirs linearly
coupled to the electrical system,37-3%! the interaction Hamilto-
nian can be written in rotating-wave approximation as follows:

H, = Vg + Vie + Voo + Vi, 3)

where the items in the above expression are given in the fol-
lowing forms:

Ao . o At R
Vg = Zh(ehkcrgl ®a}tk + EZngl ®ahk),
k

2
Vie= Z Zh(slckaﬂ & &Ick + gfckai'Z ®aAlck)a
i=1 k

2

- . oot

Vae = Z Zh(ezckcgi ® dy oy + Er0 Gy @ Aok ),
=1k

Vse = ¥ h(&3621 ®@ A%y + €563, @ 31, )
k

where €y (i = h,1c¢,2¢,3¢) is the corresponding couple
strength of pigment i/ to the k-th mode of the reservoir,
&jk (Gi) (i = h,1¢,2¢,3c¢) are the creation(annihilation) oper-
ator of k-th reservoir mode, the system operators are defined
a5 G = [8) (e1],6 = [a)ea] (1 = 1,2), 6 = |8) (Bi 1.2
and 621 = |€2><€||. . A . A

The total system Hamiltonian, Hy = H, + Hy + H,,, where
the electronic Hamiltonian A, describes the unitary evolution
of the electron transfer via the Lindblad-type master equation
O [, P)+Lup +Lrcp+ Lach +Lacp+ Lrpt Larp.

&)
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The Lindblad-type superoperators in Eq. (5) are listed below:
A Yh

Lup = 5 [(m+1)(261p8) — 65 601p — PGy G1)
+”h(26g1ﬁ631 c7;;10'11) p6e16, T)]v (6)
2 .,

Lip= ¥ (e +1)(8:2p 8% + 6P,
ij=1
61600~ PG40
+11c(65PG1p+61,p8n—6n6,p—p616L)], (1)
2

Lob— Y L 656" 4+ 6,66
i,j:l

thP po, Gg})

+”2c( gzPO'gJ+ ATJFA’(A’gz — Gy ;,ﬁ — PGy A;z)]a ®)

Lscp = §[<n6+1><zompo; 51,62p — p6f,621)
+1.(263,p621 — 62163,p — p62163,)], ©)
2 I;

ﬁrﬁ: ZE(ZGOMPGOM péaii—éaiiﬁ), (10)
i=1
2 oL

Lyrp = 27(2%”)% P6ii — Gaiif)- (11)

I
-

Equation (6) describes the effect of the high tempera-
ture reservoirs, where n;, denotes the average photon num-
bers of the high temperature reservoir, while the low tem-
perature reservoir has the average phonon numbers nj. =
exo(EEE) 1 i g, O, T = e (O = 72 v the
spontaneous decay rates from level |e;) to level |oy) (i = 1,2)
respectively. The cross-coupling ¥;;. describes the effect of
Fano interference. It is assumed that ¥ . = ¥jic with ¥jc =
M/YicYje (i,j = 1,2), where m; describes the quantum in-
terference intensity with 1; = 1 meaning the fully quantum
interference and 7m; = 0 for no interference. Similarly, an-
other low temperature reservoir is described by Eq. (8), with
nye = [exp(w)] ~! being the cold reservoir phonon num-
bers. Ijj. = I is defined by Ijjc = m2/T;.Ij. in Eq. (8),
which describes the Fano interference induced by the spon-
IG) (i,j = 1,2) from
level [B; j—1 2)) to level |g) with mp denoting the quantum in-

terference robustness. In Eq. (9), n, = [exp(%;gq))]’l is

taneous decay rates, I = I, (Fjjc =

the corresponding thermal occupation numbers of the photon
functioned by the robust coupled-dipoles J at temperature 7,.
Gay; = | 0t) (=1 2) is defined in Egs. (10) and (11). Next, we
will quantitatively depict the electron transfer mechanisms in
the photosynthetic RC via the density matrix dynamic element
equations (see Appendix A).

In the present model, we will explore the effect of the
coupled-dipoles on the photosynthetic performance evaluated
by the population dynamics of the two coupled sites, j—V
characteristics, and output power. For the sake of calcula-
tion, the output currents through two charge-separation path-

ways, |a;) — |B1) (path 1) and o) — |B,) (path 2) are set
to be the same in the following discussion, i.e., the rates of re-
= I>. Not only that, the total delivered voltage of the
two channels is defined as the sum of their chemical poten-
tial differences between state |01 ) (|o)) and state |B1) (|B2)),
eV =Y7 |[Eq, — Ep, +kpTy ln(p“ Z )]. The selected param-
eters (shown in Table 1) Eg, and Epg, (i = 1,2) through the
two charge-separation pathways are referred to Ref. [23] with

lease I

e being the elementary electron charge. Therefore, the per-
formance of photosynthetic QHE in RC can be numerically
evaluated by the current—voltage (j—V) characteristics and the
generated power P = j-V. The direct impact of the coupled-
dipoles on the photosynthetic performance will be described
by the population dynamics of the two coupled sites |e;) and
|e2).

In Fig. 2, the population dynamics of states |e;) and |e;)
are plotted in Fig. 2(a) and its inset, and the numerical output
power, steady-state j—V characteristic versus different robust-
ness of the coupled-dipoles are illustrated in Fig. 2(b) and its
inset with J = 0.001, 0.005, 0.009, 0.013, 0.017, and 0.021.
=0.35 and
12 = 0.35 in our numeral simulation. The antipodal influences

The quantum interference intensities are set as 1

0.4} (a)
Y»: 0-3 r
oY
o
o
n n = 0.35
£ 02f 7y =0.35
E Z 0.20 Il J=0.001
z £ 015 W =0.005
3 _
ch 0.1 Ti 0.10 Il J=0.009
5 WJ=0.013
2 0.05
W J=0.017
0 _
0r 0 20 40 60 80 100 W/ =0.021
0 20 40 60 80 100
Time (fs)
4200
4100 (b)
5000} < 4000
}3900
3800
4000 3700
3600
0 0.2 04 06 0.8 1.0
< Voltage (V)
<3000
Q)
W J=0.001
2000 W J=0.005
W J=0.009
1000 M J=0.013
J=0.017
m=035mn=035 @ j=0.021
0

0 0.2 0.4 0.6 0.8 1.0
Voltage (V)

Fig. 2. (a) Population dynamics of level |e;) and level |ez), (b) j—V char-
acteristic and power P of this QHE with different / = 0.001, 0.005, 0.009,
0.013, 0.017, and 0.021. The quantum interference intensities are selected
as 1 = 0.35 and 1, = 0.35. Other parameters are taken from Table 1.
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on the two coupled sites |e;) and |e;) are shown by the peak
populations in the range of [0, 100 fs] in Fig. 2(a). As for the
excited state |e;), the increasing population is generated by
the more robust coupled-dipoles J. However, the peak popu-
lations of p..> decrease with the increase of coupled-dipole
interactions J in the same time range, [0, 100 fs] in Fig. 2(a).
What’s more, it notes that the influence of J on the peak popu-
lations in the excited state |e; ) is sensitive, which can be drawn
from the peak differences between the purple and red curves
with J = 0.001 and 0.021, respectively. The results indicate
that more excited electrons are transferred to the exciton state
le1) by the enhanced coupled-dipoles J. The large population
differences indicate better photosynthetic performance, which
will be manifested by the j—V characteristic curves and output
power in Fig. 2(b). From the inset in Fig. 2(b), the curves show
that the increasing short-circuit currents and peak powers are
achieved by the increase of J. The above results demonstrate
the coupled-dipoles between the two different charge separa-
tion pathways throw a positive impact on its photosynthetic
performance.

In this proposed photosynthetic QHE model, what is the
role of the coupled-dipoles between the two charge separa-
tion pathways in the Fano interference? Figure 3 demonstrates

that the Fano interference caused by the cross-coupling ¥j.

0.301 ~(a)
0.25}
<
<
o« 0.20}
e} 2362\
Z ~ __ 020
éi 0.15 f|7 230 \\ T
e 2 23s8f =
< - N o010
a 0.10 | & 2356 \\\ 50.05
ch 2354 e T
20 25 30 35 40 0o 1 2 3 4
0.05¢ Time (102 fs) Time (102 fs)
of J=0.001, n, = 0.35, n, = 0,0.3,0.6,0.9
0 100 200 300 400
Time (fs)
C)? 2.3125 ‘
0.4
e
< 0.3 -
— 25 30 35 40
o Time (10 fs)
172}
g
L 0.2 o2
- &
< L o015
a = o0
£ 0.1 < 0
0.00
0 1 2 3 4
Time (10 fs)
0 J=0.035, 7, = 0.35, 1, = 0,0.3,0.6,0.9
0 100 200 300 400
Time (fs)

is deactivated owing to the coupled-dipoles. In Fig. 3, the
population dynamics of states |e;) and |e;) are regulated by
the Fano interference strength 1;. Counter-intuitively, we no-
tice that the increasing Fano interference 1; throws almost no
influence on the population dynamics of state |e;), and the
zoomed insets of populated |e; ) show minimal influence when
the coupled-dipoles J is in the range of 0.001 < J < 0.035
(Figs. 3(a)-3(c)), which is a similar result mentioned by the
previous work.!?>! When the coupled-dipoles J is in the range
of 0.035 < J <0.24, and now 7; plays a more prominent role
after 60 fs (cf. the solid lines with different n7; = 0, 0.3, 0.6,
0.9), although its impact on their peaks of the population of
level |e;) is not significant.

Table 1. Model parameters used in the numerical calculations.

Values Units
ED1 7Eg = ED2 7Eg 1.8 eV
Ep, —Eq = Ep, —Eq, 0.2 eV
Eﬁl _Eg:EBZ —Eg 0.2 eV
Y 248 x 1076 eV
Ye 0.025 eV
Yie = Yac 0.012 eV
L= 0.124 eV
L = Dy 0.0248 eV
ny 6000
Ty 300
X 0.2
0.35f p(P)
0.30
< 0.25
.
le]
2 0.20 2.3440 f\
[} —~ _ 020
= 23435} <
*&3’ 0.15 S 23430f 30.15
'_g: 23425 \'\\ .00
S 0.10f| & 23420 “Ne & 005
& 2.3415 \‘Aﬁ, 0.00
0.05 2628303234363840 o 1 2 3 4
Time (10 fs) Time (102 fs)
0 J =0.005, n, =0.35, n, =0,0.3,0.6,0.9
0 100 200 300 400
Time (fs)
N
.
o]
w
g
‘{é 0.2 —~ 025
= L 020
a S ot
o < 0.10
A 0.1 < o5
0.00
0 1 2 3 4
Time (107 fs)
0 J=0.24, n, =0.35, n, = 0,0.3,0.6,0.9
0 100 200 300 400
Time (fs)

Fig. 3. (a)-(d) Population dynamics of levels |e;) and |e>) under different quantum interference intensities 7; = 0, 0.3, 0.6, 0.9, and 1, = 0.35 with
different coupled-dipoles robustness J = 0.001, 0.005, 0.035, and 0.24, respectively. Other parameters are the same as those in Fig. 2.
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Some previous work[?l mentioned that certain “dark”
states could be generated by the dipole-dipole interactions in a
photosynthetic process. Maybe we can take some cues for the
physical phenomenon in this proposed model, and we specu-
late that the coupled-dipoles between the two charge separa-
tion pathways may also produce a dark state, which disables
one chlorophyll located at the center of the PSII RC, form-
ing one exciton state |e;) being the primary electron donor.
Thus, the Fano interference caused by the cross-coupling ¥ ;e
is deactivated. Changing the parameter 1 has no substantial
influence on the population dynamics of state |e,). But more
electrons are transferred to the exciton state |e;), which ulti-
mately results in the increasing peak population on the exciton
state |ej ).

In this photosynthetic QHE system, the influence of J
on another quantum interference originating from the cross-
ing spontaneous decay rates, I, and I3, from level |B; i—; 2))
to level |g) stimulates our curiousness. Therefore, we simi-
larly focus on the influence involving the robustness of J on
the quantum interference described by 1,. It notes that the
inactive short-lived quantum interference 1, still appears in
the range of [0, 100 fs]. With the time evolution, the influence
of 1, gradually works on the population dynamics of levels

0.35 (a)
0.30
J=0.005, n, = 0.35
© 0.25
<
B 0.20
2
3 ;028 \
= 015} ¢
® 50.26
a 0.10 20.24 — m=0
3 _
Q? Z o022 — 1, =0.3
0.05 éo.zo — 7, =0.6
s — =09
0 R 100200 300 400 ) )
0 100 200 300 400
Time (fs)
()
4000 ——M8M —— — — — — — — — N
____________ N
3000
S e
=
= 2000
m7=0
1000 m 7,=0.3 J=0.005: dashed lines
m =06 J =0.035: solid lines
m,=09 1,=035
0
0 0.2 0.4 0.6 0.8 1.0

Voltage (V)

le1) and |ez) in the subsequent time range shown in Figs. 4(a)
and 4(b). We also notice that the increasing robustness of J
brings about an increase in the population difference between
le1) and |ep), which will indicate an enhancement of photo-
synthetic performance in this QHE model. The j-V charac-
teristic and power P in Figs. 4(c) and 4(d) demonstrate this
prediction. Curves in Figs. 4(c) and 4(d) with the same color
signify the identical quantum interference 71,. It notes that
the j—V characteristic and power P increase with the coupled-
dipoles robustness J but decrease with 17,. And the change
from the dashed to solid lines with the same color manifests
the enhanced photosynthetic performance due to the increas-
ing coupled-dipoles robustness J. In this photosynthetic QHE
system, the increasing 1), indicates more electrons transition to
the state |g), which results in the decreasing j-V characteristic
and power P in Figs. 4(c) and 4(d). The curves with the same
color illustrate that the negative function of quantum interfer-
ence 1), can be suppressed by the coupled-dipoles robustness
J. Finally, we would like to point out that these conclusions
are drawn from a typical photosynthetic RC model, and it may
have universal theoretical significance for the design of artifi-
cial photosynthetic devices.

0.4 (b)
< 0.3
< J=0.035, n, = 0.35
o
o
Z 0.2
o
pe] s \
E Q“,*‘0.26
a B 024 — =0
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Fig. 4. Population dynamics of levels |e;) and |ez) in (a) and (b), and j-V characteristic and power P in (c) and (d) with different quantum
interference intensities 1, = 0, 0.3, 0.6, 0.9, and 1n; = 0.35 under different robustness of the coupled-dipoles J = 0.005 and J = 0.035. Other

parameters are the same as those in Fig. 2.
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3. Conclusion

In this proposed photosynthetic QHE model, the roles
of the coupled-dipoles between two-charge separation path-
ways were quantitatively explored in the photosynthetic per-
formance. The results evaluated by the population dynamics,
Jj—V characteristics, and power P demonstrate that the photo-
synthetic performance is greatly enhanced but quantum inter-
ference is deactivated by the coupled-dipoles, i.e., the increas-
ing J makes 1); have minimal effect on the populated |e;) but
no effect on the populated |e,) which brings out more elec-
trons transfer to the exciton state |e;) and ultimately results in
the increasing peak population on the exciton state |e; ). How-
ever, the increasing J is beneficial to the enhancement of the
photovoltaic performance evaluated by j—V characteristic and
power P, although the increasing J makes 71, have a nega-
tive impact. We argue that it is a new operating regime of the
coupled-dipoles between two-charge separation pathways in
the energy transport process in the biological photosynthetic,
and some artificial strategies may be motivated by this photo-
synthetic QHE model.

Appendix A
The density matrix dynamic element equations are given
as follows:
= —Yel(ne + 1)Peje; = nePeser)
=Yl + 1) Pejey — niPeg];

Perer = Yel (e +1)Pere; = NePeser]
—Yiel[(nie +1)Peye; — N1 Poy oy |
—Yoe[(n1c+1)Peye; — NicPoya, ]
+2%12cnc1Re [Poq az] )

Payay = Vicl(nic + 1)Pese; = MicPoyoy] — VizenicRe[Poy o]
—(1+M)lipeyay s

Poyay = Ne[(R1c + 1)Perer = MicPaon] — NacnicRe[Poyas ]
—(14+A)Lpwa,

pelel

. . 1
pOCl o = _lAlp(XI(XZ - 5(’}’18 + }/2C)nlcp(X1(X2

1
+§7126[2(”10 +1 )Pe2e2 —NicPayop — N1cPoy a1]7
Ppg = TiPayey —Ii.[(nae + 1)pg,p, — ¢ Pgg]
_1—126(”20 + I)Re[pﬁlﬁzL
pﬁzﬁz :Bpazazl—iC[(”Zc + I)Pﬁ2ﬁ2 — nchgg]
—Iac(nae + 1)Re[pg, g, ],

. . 1
pﬁIBZ = _1A2pB1ﬁ2 - E(Hc +F20)(n2c+ l)pﬁlﬁz

1
_EHZC[(”ZC + 1)pp, p, + (n2c + 1)pp,p, — 2n2cPgg],

Peg = 1—=Peje; —Perer —Payay —Paya, —PB, gy —Ppopys (A1)
where A} = Eq, — Eq, and Ay = Eg, — Ep, are the splitting of
the states |a;) (Jop)) and |B1) (|B2)). We utilize the equations
to simulate the dynamics of the reaction center.
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