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Energy transfer between two aggregates in
light-harvesting complexes*
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Energy transfer processes between two aggregates in a coupled chromophoric-pigment (protein) system are studied
via the standard master equation approach. Each pigment of the two aggregates is modeled as a two-level system. The
excitation energy is assumed to be transferred from the donor aggregate to the acceptor aggregate. The model can be
used to theoretically simulate many aspects of light-harvesting complexes (LHCs). By applying the real bio-parameters of
photosynthesis, we numerically investigate the efficiency of energy transfer (EET) between the two aggregates in terms of
some factors, e.g., the initial coherence of the donor aggregate, the coupling strengthes between the two aggregates and
between different pigments, and the effects of noise from the environment. Our results provide evidence for that the actual
numbers of pigments in the chromophoric rings of LHCs should be the optimum parameters for a high EET. We also give

a detailed analysis of the effects of noise on the EET.
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1. Introduction

The energy crisis is one of the most important issues in
the 21st century. The world’s current energy requirements
are far from being satisfied and, as a clean and almost perma-
nent energy source, photosynthesis has been studied for a long
time. Because of developments in science and technology, we
can now determine the operational mechanisms of photosyn-
thesis on the scale of biological organisms and the structures
of light-harvesting complexes (LHCs) in plants or other light-
harvesting bacteria.!'! In most light-harvesting processes, light
is first captured by solar antennae in photosynthetic bacteria
or plants; the absorbed energy is then transferred to the reac-
tion center (RC) where the energy is converted into chemical
energy through electron-transfer reactions.”! There are two
types of LHCs in most purple bacteria, a ring-shaped light-
harvesting complex I (LHI) and the multiple copies of a sim-
ilar complex, light-harvesting complex II (LHII). The LHI
directly surrounds the RC, while the LHII does not contain
the RC. Both LHI and LHII are trans-membrane proteins. In
some bacteria and higher plants, the efficiency of energy trans-
fer (EET) is found to be higher than 99%.!'l Recent exper-
imental observations using electronic spectroscopy technol-
ogy demonstrated that quantum coherence is involved in the
processes of excitation energy transfer in LHCs and Fenna—
Matthews—Olson (FMO) complexes. >~ Revealing the physi-
cal mechanism of such processes is not only necessary for sci-
entific exploration but can also help us understand the secrets
of photosynthesis and eventually create effective artificial pho-
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tosynthetic devices.

On the molecular scale, LHCs are multi-site quantum sys-
tems, and the associated processes can be understood through
quantum dynamics theory. When we address the problems of
energy transfer in LHCs, there are many factors that may affect
the EET. First, as shown in recent experimental reports,[3‘7]
the excitation energy transfer in photosynthetic systems takes
a wavelike form. As a result, quantum coherence exists in the
energy transfer processes and may affect the EET in LHCs. A
long-lived quantum coherence survives in the FMO complex
at physiological temperature long enough to impact the energy
transfer.[®! Second, because the wave packet of the photons
captured by the antenna pigments is always larger than or com-
parable to the scale of multi-chromophoric molecules,!-?! the
initial excitation always takes place coherently among the an-
tenna pigments; thus, the EET from the antenna to the RC de-
pends intimately on the quantum superposition properties of

(101 Third, as open quantum systems, LHCs

the initial states.
are unavoidably affected by decoherent processes of the en-
vironment, and those processes are believed to always dete-

[11-15] by con-

riorate the EET. In a series of recent works,
sidering the interplay between the coherent dynamics of the
LHCs and the incoherent actions of the environment, the au-
thors surprisingly found that the dephasing processes will lead
to the enhancement of the EET under some conditions. Be-
yond the normal weak system-bath coupling, Nazir ef al. in-
vestigated the processes of energy transfer and demonstrated
a crossover from coherent to incoherent transfer for resonant

donor—acceptor pairs with increasing temperature.!'%!7 The
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fourth factor that affects the EET is the structures of the LHCs,
such as the number of pigments in the chromophoric proteins.
For example, there are 32 molecules in the chromophoric ring
of LHI; LHII has a double-layered ring structure, the top ring
contains 16 (or 18) BChl molecules and the bottom ring con-
tains 8 (or 9) BChl molecules.!""?) We may understand these
numbers to be the natural choice, but why? Can we ex-
plain the structures of LHCs, e.g., the numbers of natural
BChl molecules to be the optimal parameters for high EET?
There is also much interest in showing the genius of quantum
phenomena that exist in LHCs, e.g., quantum entanglement
in multi-chromophoric light-harvesting complexes has been
studied.!'"82!] Many other important studies have also been
reported recently.?>-2°]

As one type of the most complicated biological systems,
LHCs optimally implement solar energy conversion. LHCs
adapt to all types of environmental conditions, and the cou-
pling properties among the different components of the LHCs
satisfy all the requirements of nature.3”) Therefore, the EET
in LHC:s is in fact the result of competition among the mech-
anism of the LHCs, environmental noise, and other factors.
In spite of the above experimental and theoretical studies, the
underlying mechanism in which factors under certain noise
conditions support high-efficiency transfer has yet to be pre-
cisely identified. Especially in a substantial process, quantum
dynamics in LHCs are always accompanied by simultaneous
dephasing and dissipation. Therefore, it is necessary to deter-
mine if there are any optimal ratios between the dephasing rate
and the dissipation rate to enhance the EET. Motivated by the
above considerations, we will study the scenarios by propos-
ing a theoretical model and derive the transfer capacities.

In our model, light is first captured by the donor pigments
and the excitation is created among them simultaneously. The
excitation energy is then transferred to the acceptor aggregate
under the influences of the environment. Every pigment in
the donor aggregate and the acceptor aggregate is defined as a
two-level system; we thus treat each pigment as a quasi spin.
Using a master equation in the Lindblad form,*! we calculate
the EET for different initial states and different environmental
factors. Our results thoroughly explain how the structures of
LHC:s, the environmental dephasing, and the dissipation affect
the EET.

This paper is organised as follows. In Section 2, a theo-
retical model is developed to simulate the LHCs, and a simple
analytical discussion is presented. In Section 3, numerical re-
sults are shown. Finally, conclusions and final remarks are
presented.

2. Theoretical model and master equation

We consider a coupled chromophoric-pigment (protein)
system in the single-excitation space. The system is composed

of a donor aggregate with m pigments and an acceptor aggre-
gate with n pigments. Each pigment is modeled as a two-level
system with excited state |e¢;) and ground state |g;). A diagram
of the theoretical model is shown in Fig. 1. In our model, the
excitation energy is assumed to be transferred from the donor
aggregate to the acceptor aggregate; the present setup can be
used to describe or simulate many aspects in the LHCs, e.g.,
the coupling between different chromophoric rings in LHII
and the coupling between rings from LHII and LHI.

@ donor pigment
@D acceptor pigment

—d—d

a—d

Fig. 1. (color online) Diagram of the theoretical model. The system
includes two chromophoric aggregates, the donor aggregate has m pig-
ments, and the acceptor aggregate has n pigments. Each pigment is
modeled as a two-level system, and the two different pigments are cou-
pled through dipole—dipole interactions. We use d—d, a—d, and a-a to
represent the couplings between two different pigments in the donor
aggregate, one pigment in the donor aggregate and one pigment in the
acceptor aggregate, and two pigments in the acceptor aggregate, respec-
tively.

The Hamiltonian of the system is
H = Hy + Hi, ey

where the site-dependent free Hamiltonian is

m+n

Hy=) go; o/, )
i=1

and ¢g; is the energy difference between the two states of pig-
ment i. We assume that all pigments in the donor aggregate
have the same energy difference €, and all of the acceptor
pigments have the same energy difference &, i.e.,

£
& = 1,
&,

The Hamiltonian that describes the coupling between every

i<m,

m+1<i<m+n. &)

two different pigments is

m m+n

H=Y Y v%l(cto. +cl0)
i=1c=m+1
m m

+Y Y Jij(oo; +0/0)
i=1j>i
m+n m+n
+ Y ) gulcio +0/0), 4)
c=m+1 r>c
where 0;" = |e;) (g;| and 6;” = |g;) (e;] are the raising and low-
ering operators for site i, respectively, ¥, denotes the coupling
strength between the i-th donor pigment and the c-th accep-
tor pigment, J;; denotes the coupling strength between the i-th
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and the j-th pigments of the donor aggregate, and g, denotes
the coupling strength between the c-th and the r-th pigments
of the acceptor aggregate. The system is unavoidably affected
by the noise of the environment, which can be described with
a Markovian master equation3!!

d .
d—f:—1[H7P]+Ldeph(P)+LdiSS(p)v ®)

where the Lindblad super-operator

m+n
Ldeph (P) = Z 1—;/[_ {GiJro-iiv P} + 20—i+6i7p0-1+6i7]
i=1
denotes the dephasing process that destroys the phase coher-
ence in any superposition state of the system, and

m-+n

Liss(p) = Y L[-{o; "6, ,p} +206; po;]
i=1

denotes the dissipative process that dissipates the excitation
energy to the environment. We assume that all pigments in the
donor (or in the acceptor) aggregate have the same dephasing
and dissipation rates, i.e.,

F’ iSm7
E_{K, m+1<i<m+n, ©)

I i<m

! __ ’ = )
E_{K’, m+1<i<m+n. )

In the single-excitation space, we choose the basis of state to
be S ={|0), i)}, where |0) denotes that all the pigments are in
their ground states, and |i) denotes that the i-th pigment is in
its excited state and all the other pigments are in their ground
states. In this basis and based on the master equation, we can
obtain the Bloch equation!®!'l of the system by calculating all
the transition momenta p;; = (i|p|j). We suppose that the
excitation first locates at the donor aggregate and then is trans-
ferred to the acceptor aggregate, the EET is defined by

o m+n
n=2c[ Y pudr (8)

0 c=m+1
The so-defined EET is in fact associated with the total pop-
ulation of the acceptor aggregate. To obtain the dynamics of
1, we only need to calculate the sum of the population of all
the acceptor pigments in their excited states. We divide the
entire transition momentum into several parts. If we use in-
dexes i, j,k € [1,m] and ¢, g,r € [m+ 1,m+ n], then the new
variables denoting different parts of the transition momentum

are defined by
m m m m+tn
A=Y Y pijy 2—ijs=Y, Y Ppi
i=1j=1 i=1c=m+1
m+n  m+n m m+n
ja= Y, Y Pers Js=Y.Piis= Y, Pecy (9
c=m+1r=m+1 i=1 c=m+1

where j, and j3 are both real variables. From master equation
(5), we obtain the following dynamic equations:

Ji = =2(C+TI")ji+2mog j3+2I" js,

h=—-T+IT"+x+K)jp—(e1—&+B—7)j3

3= —nopji+ (& —&+B -7
—(C+T" +x+ ) j3+mog ja,

Ja = —2naoj3 —2(k + ') ja + 21 jo,

Js = 200j3—2Ljs,

Jo = =200 j3 — 2K s, (10)
Poo = 2I'j5 + 2K je. (11)

In deducing the above equations, we have assumed that

Yie = 0 (Zmzmaoza)
i=1

m m-+n
Y Jk=B, ) gr=17 (12)
i#k r#c

where o, B, and v are constants, and the assumption ¥, =
oy requires that the distance between the two aggregates is
larger than the spatial scale of each single system. If we let
v = 2K je, then 1 = [;"vdz. By obtaining the Laplace trans-
formation of Eq. (10) under the initial conditions of the states
J1(0) = A(0), 12(0) = j3(0) = ja(0) = je(0) = 0,5(0) = 1,
we find
A0)
p+2r+2I"
21’
* (p+2F)(P+2F+2F’)}’

where v represents the Laplace transform of v.

Vv =

1 4nkod
A p+2k

13)

Equation (13) is not the final form for 1, however we
can find some useful information from it. We observe that v
includes two terms; the first term is proportional to A(0) =
J1(0) = X751 pij(0) = XLy pi(0) + X7 0ij(0) = js(0) +
Y. ;pij(0). Because we have already set js5(0) = 1, A(0) cor-
responds to the initial coherence of the donor aggregate in fact.
The second term is a function of I'/, i.e., the term is a function
of the dephasing rate of the pigments in the donor aggregate.
The first term means that the EET depends on the initial co-
herence of the donor aggregate.!%-14 The second term tells us
that the dephasing processes of the donor aggregate play non-
trivial roles in the energy transfer, and these roles can be un-
derstood more clearly when the first term vanishes. In fact, if
the initial state of the donor aggregate has the following form:

_27:,

| LA
|‘P(0)>:ﬁi;e"llz>, 6i=""i, (14)

then A(0) = 0. In this case, although the initial coherence of
the donor aggregate does not vanish, the excitation is trapped
among the donor pigments if there is no dephasing due to the
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environment. When I'! # 0, one easily finds that the dephas-
ing processes of the donor aggregate will destroy the trapping
conditions and thus enhance the EET; similar results were also

shown in other studies.['1-13:32

| Because the dephasing rate is
a function of temperature,3!! an increase in temperature will
increase the dephasing rate and is thus beneficial to the exci-
tation transfer. However, an increase in temperature also nor-
mally increases the dissipation rate of the system; this rate is
always harmful to the excitation transfer, so an optimal tem-
perature exists for the excitation transfer.(!?)
Performing an transformation on

Eq. (13), we obtain

inverse Laplace

v(t) = dknad 2T ay (1) + A(0) aa (1)]. (15)
Correspondingly, we can divide the EET into two parts
n=mn-+mn, (16)
where
N = 4nkog /Om 2I" w (1) dt,
m = 4m<a§/0°°A(0)w2(t)dt. (17)

Clearly, 1, is proportional to the dephasing rate I'’, and 1
depends on A(0). From Eq. (13), we find

_ _ 1
1 (p) = a)z(p)p+zr' (18)
So, we have
r
o (t) = e*m/ (1) e dr. (19)
0

Then, we obtain

m_ 1

M A0) I 20

Equation (20) is a comparative relation between the two
parts of the EET defined in Eq. (17). From Eq. (20), we
can preliminarily learn the key factors that affect the EET in
systems similar to our model. For example, if we suppose
I'"/T" = constant, increasing the initial coherence of the donor
aggregate will make 11 /1, decrese and thus enhance the EET,
provided that 171 does not change. Especially for artificial pho-
tosynthetic units, this equation is the basic equation for the

realization of an effective design.

3. Numerical results

In the above section, from Eq. (13), we find that the EET
is in fact affected by the structural parameters of the two ag-

gregates, the initial coherence of the donor aggregate, and the

dephasing and dissipation processes of the system. In the fol-
lowing, based on Eq. (10), we will show some numerical re-
sults that reveal in detail the functionality of each factor.

For the excitation transfer processes in LHCs, there are
many potential pathways for the absorption of photons and for
the subsequent transfer of excitations to the RC. One path orig-
inates with the excitation of the bottom ring of LHII by 800-
nm photons, and the excitations are transferred to the RC[33
through B800 (LHII, the bottom ring) — B850 (LHII, the top
ring) — B850 (LHII) — LHI — RC. It was revealed!®! that
the excitation transfer from B800 — B850 proceeds within
approximately 700 fs and is associated with a transition rate
greater than k = 1.429 x 10'> Hz. For B850 — LHI, the
time constant is 3—5 ps, which corresponds to k = 2.0 x 10!'—
3.33 x 10'! Hz. The excitation transfer of LHI — RC in the
final step requires approximately 35 ps, which corresponds to
K~ 2.86 x 10'° Hz.

10

n =16, k = 4.0X10'2 Hz -

m

“m =16, k = 2.05X10'! Hz|
n=32 T

0 20 40 60 80
n

Fig. 2. (color online) (a) The N as a function of the number of donor
pigments m for 16 acceptor pigments; (b) 1 as a function of the num-
ber of acceptor pigments n for 16 donor pigments. The two insets are
extracted from Ref. [33], A(0) = 10.

To reveal how the numbers m and n affect the EET in the
above sequential steps, we show numerical results in Fig. 2.
We choose k = 4.0 x 10'? Hz in Fig. 2(a), with which we im-
itate the process from B800 — B850. In Fig. 2(b), we set
K = 2.05 x 10'! Hz to imitate the process of B850 — LHI.
The other associated parameters are chosen to be & — & =
4.89 x 10'2 Hz, 0p = 2.413 x 10'! Hz, B = 3.549 x 103, and
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I’ = 1.0 x 10° Hz; all of the parameters are chosen to imitate
the real LHCs!'%-13! and will be used in all of the following
figures. In Fig. 2(a), we set n = 16, and plot 1] as a function of
the number of the donor pigments m. We find that 1 increases
with increasing m and approaches a saturation, and the satura-
tion phenomenon begins at near m = 8. The results show that
our model can be used to imitate the actual excitation transfer
process from B800 — B850 in LHII (shown in the inset(*3]),
the numbers of pigments in the actual double-layered rings of
LHIIL, m = 8 (or 9) in the bottom ring and n = 16 (or 18) in the
top ring, are the most economical parameters for LHII to ob-
tain a high EET. Are these numbers only a coincidence or are
they the result of natural selection? In Fig. 2(b), 1 is plotted as
a function of the number of acceptor pigments n with m = 16,
we also find similar results that approximatively imitate the
excitation transfer for the B850 — LHI step (shown in the
inset[33]). Certainly, these results are not accurate; more strict
proofs are needed to obtain more complete conclusions. How-
ever, we at least provide an evidence for the conclusion that
the numbers of pigments (proteins) of actual LHC molecules
are the optimum parameters for obtaining a high EET.

o ¥ P

KR = UK

_____ o (a)
— k' =10k

0.3F === k' = 30K

= 02t /.77

Fig. 3. (color online) (a) The N as a function of ratio I/ /I"; (b) ) as a
function of ratio '/, where A(0) = 0.

In the following, we will show how the dephasing and
dissipation rates affect the EET. Without loss of generality, we
set m = 32 and n = 1 in all the following numerical calcula-
tions, which simply model the energy transfer from LHI1 to
RC. First, we suppose A(0) = 0. In Fig. 3(a), 1 is plotted as a

function of ratio I'’ /I for different k' / k. Two features can be
observed in the figure. One feature is that 1 increases and ap-
proaches a saturation as I'//I" increases, i.e., as the dephasing
rate of the donor increases. Another feature is the existence of
an optimum &’ /x, and we show this more clearly in Fig. 3(b).
For the given I'’ /I, we find that the optimum value is approx-
imately x’/x = 10, which provides an optimum ratio between
the dephasing rate of the acceptor and the dissipation rate un-
der nearly realistic conditions.

Secondly, we consider the cases with nonzero A(0). We
set A(0) = 10 and find from Fig. 4(a) that all the values of
n for different I/ /" have almost the same optimum area at
approximately /K =~ 10; this feature is similar to that for
A(0) = 0. There are three different areas, A, B, and C, in the
figure; 1) increases as I'' /I increases in area B, and the oppo-
site results are found in areas A and C. The results are more
clearly revealed in Fig. 4(b). It is obvious that area B is more
interesting than the other two areas because in area B, 1 in-
creases as the dephasing rate of the donor aggregate increases.
Can we amplify this area? The anticipated results are shown in
Figs. 5(a) and 5(b) for A(0) = 5. More numerical calculations
(not shown here) show that area B is larger for smaller val-
ues of A(0) and area B tends toward infinity if A(0) — O (see
Fig. 3(a)). From Figs. 4 and 5, we conclude that an increase in
I'’/T" will surely enhance 7 if x’/x is within area B, and the

most rapid increase is in the region near k’/x ~ 10.

‘.

0.2}~

0.1

0 20 40 60 80 100
r)r

Fig. 4. (color online) (a) The 7N as a function of ratio k¥'/x; b) N as a

function of ratio I’ /T", where A(0) = 10.
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03 —pT——————————————————— — :
$oe e r'=01r (a) v = 0.01k (b)
i 04} — k' =10k ]
0.30

0.257]:
0.20 [

0.15 oo

0.10 e . . L
0 0 20 40 60 80 100

rr

Fig. 5. (color online) (a) The 7 as a function of ratio k’/k; (b) N as a function of ratio I''/I", where A(0) = 5.

rate and the initial coherence of the donor aggregate are the
key factors for the energy transfer in LHCs.

How do these two factors compete in 11?7 In the previ-
ous section, we divided 1 into two parts, as given in Eqgs. (16)

. ]
0.2 ] and (17), m1 is proportional to I'', and 17, depends on A(0);
% ...... 72 the comparative relation between the two parts is given by
A Mo Eq. (20). In Fig. 6, we compare 1, and 1), with the total ef-

0.1} ¢

.......... ficiency M to show which part is the main contributor. For
E reference, we let 1g correspond to the efficiency without the
ot contribution from the dephasing process, i.e., I'' = k¥’ = 0.

0 20 40 rr 60 80 100 Figures 6(a)-6(c) show results for k’/k = 10 (in area B),

k’/k = 0.1 (in area A), and x’/k = 50 (in area C), respec-
(b) tively. In all three figures, we find that 1, always increases as
0.3} 1 I’ /T increases, but 1, is contrary to I''/I". The 7 increases
or decreases with I’ /I"; before I''/T" < A(0) =10, n, > My
| is satisfied, however 7 primarily contributes to the total effi-
ciency when I'’/I" > A(0) = 10.

o

no
3
%)

Efficiency
S

4. Conclusion

e
p

In summary, we have theoretically studied the excita-
tion energy transfer between two coupled aggregates in a
0 20 40 60 80 100 . . .

rr chromophoric-pigment (protein) system. We employed the

theoretical approach of an open quantum system to show that

the initial coherence of the donor aggregate, the numbers of
0.3] ] pigments in the two aggregates, and the decoherent environ-
N mental factors affect the efficiency of energy transfer. We

\ | found that there are economical numbers of pigments in the

>

é o donor and the acceptor aggregates for a high EET, and this

% — ?)1 ] finding provides evidence for that the actual numbers of pig-

0.1 2 ments in the chromophoric rings of LHCs under normal envi-

s e "o ] ronmental conditions should be the natural choices for a high

g EET. Moreover, we explicitly showed how the environmental

0O 20 40 60 80 100 factors affect the energy transfer, and found that under certain

r/r circumstances, the dephasing processes play a crucial role in

Fig. 6. (color online) The 7, 1y, and 1, each as a function of I''/I" for the excitation energy transfer. Our results were obtained under
@ /1 =10, (b) '/ = 0.1, and (&) &'/ i = 50, where A(0) = 5. a general theoretical model and thus provide a new approach

The above discussion again indicates that the dephasing  to solve many similar systems.
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