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Redundancy of Fenna-Matthews-Olson for Energy Harvesting

LENG Xuan, LIANG Xian-ting
(Department of Physics and Institute of Optics, Ningbo University ,» Ningbo, Zhejiang 315211, China)

Abstract: The energy transfer between a subunit of Fenna-Matthews-Olson antenna complex of green
sulfur bacteria and its reaction center (sink) was investigated. Through fixing the site energies of
bacteriochlorophyll molecules and the coupling strength between the Bacteriochlorophylls (BChls), a
Hamiltonian of the Fenna-Matthews-Olson-sink and its reduced models were constructed. Based on the
Hamiltonian, the evolutions of the populations of different BChls and the sink states was investigated by
a hierarchical equation of motion approach. In order to observe the coherence between different states in
the processes of energy transfer, the two-dimensional third-order photon echo spectra of the Fenna-
Matthews-Olson and its reduced models in different waiting times were calculated. The results imply that
for energy harvesting there are some redundant chromophores in the Fenna-Matthews-Olson complex.
Key words: 2D response laser spectra, Energy transfer, Population evolution, coherence, Fenna-
Matthews-Olson
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electronics excitations delivered to reaction center

Introduction where the energy is used to initiate chemical

The significance of photosynthesis is indisputable reactions''’. Under the pressure of evolution, the light-
as it is necessary for nearly all life on the Earth. The harvesting systems of plants and bacteria are becoming
energies of modern life, for example, oil, coal, natural sophisticated and complex, and the energy transfer
gas, are all come from photosynthesis. Photosynthesis efficiency is nearly perfect'™™. The basic mechanism of
begins with light harvesting, where the specialized energy transfer in light harvesting is established by
pigment-protein complexes transform sunlight into Forster Resonance Energy Transfer (FRET) that the
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transfer was thought to occur by a classical hopping

) But most surprisingly, the long lived

mechanism
quantum coherence was discovered in light harvesting
that play an
t). This

discovery thanks to the development of two-dimensional

process, suggested coherence may

important role in efficiency energy transpor

(2D) spectroscopy techniques.
To date,
Spectroscopy (2DES) and in particular 2D Photon Echo

Two-Dimensional Electronic
(2DPE), is the most common spectroscopy used to
explore quantum effects and is considered as the
ultimate technique to experimentally detect coherence
dynamics""®. Fleming' s group in 2005 was first to
the 2D

(FMO) pigment-protein complex which play a role of

obtain spectra of Fenna-Matthews-Olson

energy transfer in the green sulfur bacteria”!. Then,
Engel, et al. have reported long-lasting beating signals
about 660 fs in 2D spectra of FMO complex at 77 K.
After three years, they observed about 300 fs beating

signals at physiological in the

system™® .

temperatures same
The beating signals were interpreted as
evidence of quantum coherent energy transfer.

While the experiments developing, a series of

theoretical simulations and studies of FMO have been

followed. Ishizaki, et al. studied the population
evolution of FMO, and pointed out two energy transfer
ways-. Chen, er al. were first simulated the 2D

spectra of FMO by Hierarchical Equation Of Motion
(HEOM) approach™.
improved by Hein, ez al'’.

And the simulations were
The most interesting is
that Nolan et al suggested that in terms of energy
there redundant

the

photosynthesis systems are very complex. If this kind

harvesting, may be  some

chromophores in the complex™. In general,
of redundancy is indeed existed, we may expect to find

out some reduced structures for simulating
photosynthesis.

In Ref. [10], the master equation of Lindblad
operator has been used to investigate the dynamics of

FMO. In which, the Lindblad operators are divided
[ , and IA,,;.nk’ which

into three parts, namely, Ly, » IA,dM

respectively describe the subunit of FMO complex,
environment and the sink. In this paper, we shall study
the same problem by using another strategy. Here, in
the investigating of dynamics, instead of using the
Lindblad operators, we take the sink and subunit of the
FMO as an entire system and construct a Hamiltonian
including them. We suppose that the sink coupled only
with the chromophore 3 in one subunit of the FMO™!,
The reduced subsystems also conclude the sink like
that.

approacht*'*'") |

By using the new Hamiltonians and HEOM
the

we investigate evolutions  of

populations of the systems. The HEOM approach is an
exact numerical method in which some important non-
included.  Considered

investigations suggested that the long-lasting quantum

Markovian effects can be
coherence of the systems may play significance role for

effective energy transfer in photosynthesis

L818197  Thus, it is interesting that whether

Systems[
the long-lasting coherence still persisted in the reduced
structures of the subunit in the FMO in non-markovian
environment. We also calculate the 2D third-order laser
response spectra based on the HEOM approach. From
the 2D response spectra, we observe that there are
longer coherent times in not only FMO system but also
some of its reduced systems. It means that as for

energy transfer the structure of FMO is reducible.

1 Model and method

The FMO protein of the green sulfur bacterium
chlorobium tepidum is a trimer in which each of the
three subunits has seven Bacteriochlorophyll ( BChl)
molecules spatially arranged within a distance of several
nanometers. As a preliminary study, we treat the three
the FMO

means one of three of the subunits in this paper. The

subunits independently. For convenience,

FMO complex plus sink can be described using a
Frenkel exciton model. The total Hamiltonian is then
written as

H=H,+H,+H (1

where, H.,, describes the exciton system, the motion of

ex—ph

the nuclei is modeled by harmonic vibrations H, =
2hw,nbl b, s and H
the

between
freedom. We use

e—ph 18 the coupling terms

exciton and vibrational degrees of

the

monomer of the FMO complex is the experimental data

Hamiltonian of the single
that according to Ref. [20]. However, unlike previous
studies, here the monomer and reaction center are
considered as a complete system, then the system’s

Hamiltonian can be described as

H, = 216’“ [ m) (m| +Z],,u,( |m)y<{n| 4 |n){m|) (2)

The values of the site energies €, and the couplings
J,. are listed in Table 1.
Table 1 The Hamiltonian of the single monomer of

FMO plus sink
BChll BChI2 BChl3 BChl4 BChl5 BChl6 BChl7 Sink

BChll 12 400 —106 8 —5 6 -8 —4 0
BChl2 —106 12 540 28 6 2 13 1 0
BChl3 8 28 12120 —62 —1 —9 17 —318
BChl4 —5 6 —62 12295 —70 —19 —57 0
BChl5 6 2 —1 =70 12 440 40 —2 0
BChl6 —8 13 -9 —19 40 12480 32 0
BChl7 —4 1 17 =57 =2 3212380 0
Sink 0 0 =318 0 0 0 0 11643

0117002~ 2
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Supposing that the sink is only coupled to the BChI
3 of the FMO because other BChls apart far from
reaction center. In Ref.[10], the authors theoretically
studied the coupling strength between sink and BChl 3
which is three times large than the largest value of the
dipole-dipole coupling between pigments in the FMO
complex. We choose the sink energy and its couplings
to BChl 3 (in Table 1) according to Ref. [10].

The linear absorption spectrum is given by the
Fourier transform of the two-time correlation function

of the transition Dipole Moment ( TDM) operator
[8.21]

[(w) = ReJ (D p(0)) (3)
0

where ;(¢) = e ye ™" is the TDM operator in the
Heisenberg picture and p= %:,a,,,( [m) O]+ 10y (m|)
with g, the TDM operator of BChl m. The subscript g
indicates that the initial state to calculation the
correlation function is equilibrated on the ground
electronic state, p, = [0)<0 [ e v /Tre ™, where
p= 1/KyT with Boltzmann
temperature T. The 2D spectra can be obtained from

constant K, and

the third order optical response function, which is™"'"
i

; )OTr{,u(rg +z +r1)[/x(rz+
T])’I:/l(fl>9[/l"0g:|]]} (4)

By applying the rotating wave approximation and phase

S(g)(fg ' Ty 9T1):<

matching, the total response function can be obtained
from the rephasing and nonrephasing contributions
S(s) (T;; 2 To 9Ty ) :S,p(fg 2 To !T1)+Sm(fg 2 To 9Ty ) (5)

where
A A A

Sty st)=Tr (- G(n)/ﬁG(rz)#iG(rl ),ufpg }
A A A

Sy st st ) =Tr { - Glo) el G " Gl il p, )

Here, G (7) is the retarded propagator of the total
=1y Tl Ty =1y T 1y

(6)

system in the Liouville space. r,
and ¢y, =t—1t,, with ¢, .1, ,¢,, the time points of laser
projecting to the sample. - = Xy, | g){m |, py =
2pte |y (gl sand pl A=p A—Ap . p. is the initial
state of the total system, and we set it in the ground
state of the system and in the equilibrium state of the
bath initially. In the impulsive limit, the 2D spectra
can be described with the double Fourier transforms of
S,, and S

as

p

I((L);g 2Ty 9(1)1) - RGJ 'd‘['lj“ dZ';;I:ei((u‘r‘er‘r‘) .
0 0

Sulrsstysr) 7S (2 ,1,.71) ] 7
Note, however, that we do not include Excited-State
Absorption ( ESA), since our main interest is the
detection of coherence survival in this work. ESA is
known to influence only the region w; >w, of the 2D
profiles; our 2D plots do not reproduce the negative

contribution due to ESA in this region''”’. It means

that two (two-exciton) pathways in Liouville space
have not been included. In order to calculate Eq. (6)
with HEOM scheme, we firstly calculate C, (¢7;) =

(A}(rl)[#f o] in the process of 7, (¢, >1¢,), and then
C,(zy571) :é(rg)[pi C,(z,) ] in the process of 7, (t,—>

t;), and C, (73575 571 ) :é(fg ) [/11 C,(z,»7,)]. Finally,
we calculate S, (52 0ps ) = Trlp G (myvzys )]
Similarly, we can calculate S, (73,7 7). In order to
perform this calculations, the scheme employed is

similar to that used for the calculation of the reduced

density matrix p () = Try,, [ér () p(0)] with the
HEOM. The dynamical approach of the HEOM is a
non-Markovian and non-perturbative method”***7, It
describes the evolutions of a set of auxiliary density
operators p,, namely

d N

d 1 3 _ /I
A R DU et

cot(%) :|[\m><m| L m) <m| ,p,,]]—i2[|7rz><7n| ,

.
On ]*églnm Ceo lmd<mlp, —ci po |m)(ml) (&)

where
Cozg[cot<%>_i} 9
7,7 are parameters of spectral distribution function,
where the Drude-Lorentz spectral density function is
used, namely we set the spectral density function of the
w
constant divided by 2x. The subscript n denotes the set

bath be J(w) = 5y , where # denotes the plank

of index n=(n, yn, s+**»n,), and n. differs from n only
by changing the specified n,,. The p, to n, =1 with 0=
(0,0, -

while the other p,s are the auxiliary density. Eq. (8) is

,0) is the system reduced density operator,

exact in higher temperature, for example T =300 K.
Here, in order to compare our results with previous

pronl oset T =77 K, and a low-temperature

work'
It is shown that at
77 K, Eq. (8) is valid enough'***,

Here, we consider the disorder of the diagonal

correction term is added"”’ %,

terms of the Hamiltonian, and each plot was obtained

by averaging over 100 samples with Gaussian

distribution and their standard deviations ¢=50 cm™ ',
whereas off-diagonal disorder was neglected® . We

[9]

also consider the rotational average””, and 100 random

directions are used in each plot. The theoretically

calculation programs are written by ourselves.

2 Evolutions of populaitons

In order to find out the flow of the excitation
energy, in this section we investigate the evolutions of
populations of FMO-sink and two reduced FMO-sink
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models. The values of the Hamiltonians for the two
reduced FMO-sink models (model 1 including BChls 1,
2, 3, and model 2 including BChls (3,4,6,7) are listed
in Tables 2 and 3, respectively.

Table 2 The Hamiltonian of the reduced FMO(BChl 1,2,3)
plus sink
BChll BChl2 BChI3 Sink
BChll 12400 —106 8 0
BChI2 — 106 12540 28 0
BChl3 8 28 12120 —318
Sink 0 0 —318 11643
Table 3 The Hamiltonian of the reduced
FMO(BChl 6.7.4.3) plus sink
BChl3  BChl4  BChl6  BChl7 Sink
BChI3 12 120 —62 —9 17 — 186
BChl4 —62 12 295 —19 —57 0
BChl6 —9 —19 12 480 32 0
BChl7 17 —57 32 12 380 0
Sink — 186 0 0 0 11 748

For convenience, we set that the photon excitation
make the system from ground state |0) to some single
excitation state. Here, the single excitation states of

1.0

Bchll
———=- Bchl2
mamma=s Bchl3
s Bchl4
= wmw== Bchl5
—— Bchl6
—#— Bchl7

0.8

Population

[
| o=
0 1000

t/fs
(a) FMO-sink, inital site is |1)

Behll
[ ———- Bchl2
0.8 H m==a==s Bchl3
==m==== Bchl4
== =m==s Bchl$
—— Bchl6
—#— Bchl7
04 —a— Sink

0.6

Population

t/fs
(¢) FMO-sink, inital site is [6)

Fig. 1

From Figs. 1(a) and(c), we see that an excitation

in BChl 1 will immediately transfer to BChl 3, and
BChl 4. After about 2000 fs the transferred energies
the

excitation energies focus on reaction center. Fig. 1(b)

are mainly concentrated on the sink. Namely,

BChl 1 to BChl 7 are denoted with |1) to | 7). The
single excitation state of the sink is denoted with |8).
Because there are couplings between different BChls,
after some short time the system will populate to
different states. The obtained energies of some BChls
can be described with the populations of these BChls.
We know that a good model for harvesting energy
the

center, the sink. So we are interested in if the reduced

should efficiently transfer energy to reaction
model can keep the same high rate of energy transfer
compare to the original one. Therefore, we investigate
the FMO-sink and reduced FMO-sink models. The
evolutions of the populations of the FMO-sink, and two
reduced FMO-sink models are plotted in Fig. 1. Fig. 1
(a) and (c) plot the evolutions of states of the FMO-
sink model in two different pathways, and the initial
states are supposed | 1), and |6), respectively. Fig. 1
(b) and (d) plot the evolutions of the states of the

reduced models 1, and 2 and the initial states are chose

as | 1) and | 6). Here, we set the environmental
parameters 7 = 70 ecm 'y, T =77 K, and y ' =
50 fgl810.20]
1.0
Bchll
——— Bchl2
0.8 mmmmma  Bchl3
—— Sink
£ 06|
i
=
(=9
£ 04
0.2
. —_
3000
/fs
(b) Reduced modle 1, Behlsl, 2, 3-sink
1.0
m=wm==s Behl3
—=—-- Bchl4
0.8 —— Bchl6
—&—— Bchl7
8
s
=
(=9
=]
(=W

0 1000

t/fs
(d) Reduced modle 2, Bchlsé6, 7, 4, 3-sink

The evolutions of the populations. Here, »=70 em, T=77 K, y ' =50 fs

and Fig. 1(d) plots the evolutions of the populations of
reduced FMO-sink models. From the Fig. 1(b) we see
that the evolutions of populations for the states of BChl
1, BChl 2, BChl 3, and sink are the same as them in

Fig. 1 (a), and the evolutions of populations for the
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states of BChl 6, BChl 7, BChl 4, BChl 3 and sink
from Fig. 1(d) are the same as them in Fig. 1(c) .
These results imply that the reduced FMO models
are good enough for transferring energy. It is shown
that our results are in agreement with Markovian
results reported in Ref. [10]. We have calculated many
kinds of subsystem models constructed with different
BChls and with different

temperature. The results are analogous and the same

bath parameters and
conclusion can be obtained. The model investigations
support a point of view that for energy harvesting the
FMO could be reduced,
Markovian effects of the environment.
there

even we consider the non-
In terms of
transfer, are redundancies in

energy some

harvesting systems of the photosynthesis.

3 The 2D third-order response spectra

In the following we theoretically investigate the 2D
third-order response spectra for the FMO and the
reduced FMO models.

included when we calculated the 2D-spectra due to only

Here, the sink sites were not

the purified FMO protein was imaged and thus no sink
(reaction center) was attached to the complex in
experimental data. The 2D third-order response spectra
is an important research tool in probing microstructure
[5:1819)  Two reasons motivated
At first, the 2D third-order

response spectra can more exactly reflect the coherence

and microdynamics

these investigations.

than the density matrix does. It is more sensitive to the
changes of parameters of the system and environment.
Secondly, the response spectra can be obtained from

the photon echo experiment. The three-pulse photon

echo  experiment has been developed recent
years "@ 1195 - In this kind of experiment, the
system to be studied is probed by three incident laser
pulses. The first pulse creates an electronic
superposition sate between the ground state and the
12.8

2500

2323

12.6 2146

_ 1969

T 1791

§ 1614

S 124 1437

< 1260

g 1083

905.7
728.6
551.4
3743
197.1
20.00

122

12.0

12.0

12.2 12.4
w,/(x10°cm™")

(a) The population time is 0 fs

exciton state which evolves for time delay ¢, until the
The second

pulse creates a population in the exciton system and the

second pulse interacts with the sample.

corresponding dynamics is recorded by the population
time T. The third pulse interacts with the system to
generate a photon echo signal and 7; stands for the
signal time.

The 2D correlation spectrum obtained from the
photon echo experiment can be calculated with Eq.
(8). The 2D third-order correlation spectra calculated
with the HEOM for the FMO are plotted in Fig. 2.
The the

8100

experimental results Here, the spectra with four

spectra are in good agreement with

different population times, namely, T, = 0,200,400,
600 fs, are plotted.
between | 3) and other states described with off-

It is shown that the coherence

diagonal peaks of the left column and the last row
become more stronger within 600 fs as the population
times increase. The BChl 3 is coupled with the reaction
center (sink), and it has stronger coherence with the
sink state. So, due to damping of the environment,
there are more and more populations collapse to the
sink state. The 2D correlation spectra calculated with
HEOM for the reduced FMO, constructed with BChls
1, 2 , 3, and sink are plotted in Fig. 3. Here the
population times are the same as them in Fig. 2. The
results are similar to Fig. 2. Namely, the coherence
between the state | 3) and other states become more
and more strong, and there are more and more
populations on the state |3) within 600 fs. The BChI3
is coupled with the sink, so finally, the excitation of
BChI1 can be transferred to sink effectively. From the
evolutions of the correlation spectra of the FMO and
the reduced FMO we can obtain that the excitation
energy can be effectively transferred to reaction center
in these models. However, the 2D spectra experiments
of reduced model have not been done .

12.8

We hope our

1720
1598
1476
1355
1233
1111
989.3
867.5
745.7
623.9
502.1
380.4
258.6
136.8
15.00

12.6

12.4

wy/(<10°cm ™)

12.2

12.0

12.0

12.2 124

w,/*10%cm’!

12.6 12.8

(b) The population time is 200 fs
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Fig. 3
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(c) The population time is 400 fs (d) The population time is 600 fs
Fig. 2 The 2D third order response spectra of full FMO for different population times, where the
values of the parameters are the same as them in Fig. 1
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£ 5380 g 4613
S 124 L5 2 py 4042
x 405.0 X 347.0
3 338.5 \é» 289.8
272.0 232.7
12.2 205.5 122 175.5
139.0 1183
72.50 61.17
12.0 6.000 12.0 4.000
12.0 12.2 12.4 12.6 12.8 12.0 12.2 12.4 12.6 12.8
@,/(x10%cm™") @,/(x10%cm™)
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(d) The population time is 600 fs

12.6

The evolutions of the 2D third-order response spectra of the reduced FMO models 1 , where the

values of the parameters are the same as them in Fig. 2
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Fig. 4 The evolutions of the 2D third-order response spectra of the reduced FMO models 2, where the

values of the parameters are the same as them in Fig. 2

Table 4 Exciton energy levels of FMO and reduced

models(em™")

Exciton 1 2 3 4 5 6 7
FMO 1209612 25912 34412 39612 43112 52812 600
Reduced
12 117 12 34512 598
model 1
Reduced
12 10012 28012 400 12 496
model 2

reduced model theoretical results can be compared with
the future experimental ones.
In Fig. 5, we plot the oscillations of cross peaks
1100
1000

u

el
(=3
S

Amplitude/(a.u.)
D 2
(=]
(=
T

400 | L | L | L

0 100 200 300 400 500 600 700

Population time/fs
(a) Corss peak 5-1 of FMO
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Fig. 5 The oscillations of 2D spectra cross peaks
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