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The experimental observation of long-lived quantum coherence in the excitation energy transfer (EET) process of the
several photosynthetic light-harvesting complexes at low and room temperatures has aroused hot debate. It challenges the
common perception in the field of complicated pigment molecular systems and evokes considerable theoretical efforts to
seek reasonable explanations. In this work, we investigate the coherent exciton dynamics of the phycoerythrin 545 (PE545)
complex. We use the dissipation equation of motion to theoretically investigate the effect of the local pigment vibrations
on the population transfer process. The result indicates that the realistic local pigment vibrations do assist the energy
transmission. We demonstrate the coherence between different pigment molecules in the PE545 system is an essential
ingredient in the EET process among various sites. The coherence makes the excitation energy delocalized, which leads to
the redistribution of the excitation among all the chromophores in the steady state. Furthermore, we investigate the effects
of the complex high-frequency spectral density function on the exciton dynamics and find that the high-frequency Brownian
oscillator model contributes most to the exciton dynamic process. The discussions on the local pigment vibrations of the
Brownian oscillator model suggest that the local heterogeneous protein environments and the effects of active vibration

modes play a significant role in coherent energy transport.

Keywords: exciton dynamics, light-harvesting complex, quantum coherence

PACS: 82.20.Wt, 82.45.Tv

1. Introduction

Photosynthesis is the most important biological process
to sustain life on earth. In this process, plants and algae utilize
solar energy and convert carbon dioxide into chemical energy.
It has aroused researchers interest in understanding the molec-
ular mechanisms, especially under low light conditions, the
crucial step in the photosynthesis is to absorb the solar energy,
which is captured by the peripheral light-harvesting antenna
proteins, and then the energy is transferred to the reaction cen-
ter where charge separation occurs and stores chemical energy
for life.['=3] Since nature can find the optimum solution, it is
unsurprising that excitation energy transfer in the photosyn-
thesis process occurs with high quantum efficiency. Many re-
searchers have investigated the high quantum efficiency of the
excitation energy transfer process.!*l The high quantum yield
has potential applications in photoelectric conversion devices.

Recently, two-dimensional electronic spectroscopy ex-
periments (2DES)-"! reported that long-lived quantum co-
herence exists in the excitation energy transfer (EET) pro-
cess of the light-harvesting complex. Collini et al.!8! exper-
imentally reported the 2DES of phycoerythrin 545 (PE545) by
photon-echo experiments. Moreover, Wong et al.l®! investi-
gated the energy transfer process using the two-dimensional
electronic spectroscopy method. They observed at least 200 fs
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quantum beating occurring in the PE545 complex at room tem-
perature. These experimental results lead to a heated debate
about the origin of quantum coherence and its effect on exci-
tation energy transfer efficiency.

s suggested that the interpreta-

Recently, reasearcher
tion of small amplitude oscillations in the 2D electronic spec-
troscopy experiment of photosynthetic complexes needs to be
reevaluated. Maiuri et al.!'! have carried out a series of tran-
sient absorption experiments on the FMO mutants. The exper-
imental results show that the long-lived quantum beat signal
is the characteristics of vibrational modes rather than interac-
tion coherence. Thyrhaug et al.!'?! have investigated the FMO
complex by polarization-controlled 2D spectroscopy at low
temperatures. They concluded that the quantum beat signal
is derived from Raman ground state vibration. These discus-
sions have contributed to the development and understanding
of quantum biological systems. Since the coherence in the
femtosecond spectroscopy experiment does not represent any
subtle quantum effect, the descriptive terms in the discussions
of the photosynthesis research require specification.!!3 Cao et
al.l'% suggested that the observation of the long-lived oscil-
lation in the 2D spectroscopy experiment!!# is the focus of
the argument for the involvement of interaction coherence or

any coherence in the photosynthetic systems. These are inter-
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preted as a linear superposition of exciton states, displaying
dephasing times of the several hundred femtoseconds. This
is considered to be related to the dynamics of energy trans-
fer. However, there are no further detailed experiments and
theoretical research using realistic bath parameters to identify
coherence signals.

The interpretation of the quantum coherence in the light-
harvesting system seems to be controversial. One of the key
issues is whether long-lived oscillating coherence is from vi-
brational modes mainly on the electronic ground state. It
is necessary to investigate whether there is long-lived coher-
ence due to pigment-protein vibration when adopting the ac-
tual bath parameter. In this work, we investigate the effect of
the local pigment-protein vibrations on the exciton dynamic
for the PE545 complex. The distribution of vibrational modes
enables us to reveal the molecular basis of different spectral
density distributions by associating them with modulated bilin
intramolecular motion in a protein environment. The actual ef-
fect of spectral density comes from the fluctuation of electro-
static pigment-protein interaction associated with a given mo-
tion, or from the oscillation of bilin transition energies caused
by changes in their internal geometry. The discussion of ef-
fect of the coupling between the protein and solvent environ-
ment on the exciton dynamic among the chromophores is nec-
essary. We observe the long-lived coherence oscillation in the
population transfer process. For the PES45 complex, the re-
sults show that the exciton-phonon interactions and vibration
of the pigments play an important role in promoting the effi-
cient energy transfer process. The different spectral densities
have important implications in the population dynamic of bilin
chromophores. It shows that by adopting the spectral densities
of the realistic local pigment vibrations one can predict the ef-
fects of vibrational dynamics in the coherent exciton dynamic
process.

The PE545 pigment-protein complex is extracted from
strain CS24.
and fresh water.!'>1%] The bilin chromophores are the primary

Rhodomonas sp. It can be found in marine
light-absorbing pigment molecule, which was firstly purified
in 1987.1"71 The crystal structure of the PE545 complex has
been resolved to the resolution of 1.63 A and 0.97 A.!'31°1 The
PE545 complex consists of six phycoerythrobilin (PEB) chro-
mophore molecules and two dihydrobiliverdin (DBV) chro-
mophore molecules.!!8! The structural model is illustrated in
Fig. 1. The protein scaffold is an o oz 3 heterodimer com-
posed of four subunits indicated as A, B, C and D. Three types
of phycoerythrobilins (PEBs) are embedded in each 3 subunit,
namely, $50/861, 82, and f158. The two additional chro-
mophore molecules related to the subunits o and o are dihy-
drobiliverdins, DBVs, denoted as o19.[1520-211 The structure
of PE545 pigment-protein enables it to capture the solar en-
ergy in low light and to facilitate the excitation energy transfer

with a high quantum yield. ®!
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Fig. 1. (a) The structure of PE545 complex with the protein scaffold,
eight bilin molecules are embedded in the protein. (b) The eight chro-
mophore molecules from the structural model for the PE545 complex.

(2022-24] have been per-

The theoretical investigations
formed to understand the electronic structures of the chro-
mophore complexes. The electronic properties are often
extracted from structure-based calculations or experimental
data.l16-24251 Some structure-based studies used the quantum
mechanical/molecular mechanics (QM/MM) methods to de-
scribe the environment by the classical polarization force field,
which is defined as the QM/MMPol approach.[?>?6! The au-
thors employed the MD simulation and QM/MM methods to
account for the environmental functions of the local protein
scaffold. The environmental effects on the fluctuations of the
site energy and electronic coupling were investigated in the
PE545 complex.?’! The theoretical research showed that exci-
tation energy transfer efficiency can be improved by dephasing
noise due to protein environment vibrations. [28-34] [ addition,
the very slow protein motions help to increase static disorder
to the undisturbed exciton dynamics.>>) The energy transfer
process relies on the interactions of excited pigment molecules
with their environment. Recent computational chemistry re-
sults have shown that the site variations of the spectral density
are significant.[3637] Aghtar et al.’®! suggested that the origin
of the spectral density of the PE545 complex is from environ-
mental fluctuations. The internal model of the chromophores
is essential to the environmental fluctuation. These findings
shed light on the possible explanations of the long-lived co-
herence oscillation. Rivera ef al.!*”! showed that the energy
transfer dynamics can be significantly affected by the hetero-
geneous spectral densities. This may be a mechanism that can
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be used to tune the excited energy transfer.

For a long time, it has always been a concerned to
understand the mechanism of EET in the photosynthesis
system.[*®*3 A5 is known to all, the mechanism of excita-
tion energy transfer is often described as the incoherent hop-
ping mechanism. [#—6] Researchers have recently made some
important modifications to the theory, which may give some
explanations about the functions of the light-harvesting com-
plexes. Some theoretical results suggest that the general mech-
anism of environment enhanced excited energy transfer pro-
cess is the competition between the environment noise en-
hanced EET process in the weakly dissipative regime and the
environment noise-induced suppression in the strongly dissi-
pative regime, this competition results in the efficient energy

[30.35.47.48] The existence of static disorder de-

transfer process.
creases the weak dissipation limit and makes the excitation
energy transfer process more robust to environmental noise.
They offer an interpretation using Fermi’s golden rule and find
that stochastic resonance enhances the EET process.!*’! The
design principles for the efficient EET process in these natural
light-harvesting complexes would have great significant impli-
cations to design the efficient synthetic devices.!*’*° These
researches inspire us in the design of artificial chemical sys-
tems that can be applied in sensors, photon conversion, and
organic solar cells.’%->1]

In this article, we report the investigations on the exci-
ton dynamics of the PE545 complex. To investigate the ef-
fect of the vibration of pigment-protein complexes, we use

the spectral density of individual pigment molecules to per-

form the numerical calculation of the population dynamics in
the PE545 complex. The results suggest that spectral density
properties of the exciton-phonon interactions can be the basis
for effective excitation energy distribution in the PES45. We
observe that the coherent exciton dynamics can be affected by
the heterogeneous spectral densities. The population dynam-
ics rely on the interactions between excited pigment molecules
and their environment. We use the dissipation equation of mo-
tion (DEOM) to theoretically investigate the effects of hetero-
geneous spectral density modes on the exciton dynamics in the
PE545 antenna complex.

2. Model and theory

To elucidate the exciton dynamic of the PE545 complex,
an exciton model is established by the full Hamiltonian which

21.22] The electronic

is obtained from structure calculation.!
coupling calculations are based on the transition dipole mo-
ment obtained from quantum mechanical/molecular mechan-
ics (QM/MM) methods.[1623] The structure of the PE545 com-
plex is characterized by the large average center distance of
bilin chromophores. As described by Curutchet et al.,1?! they
calculated the transition dipole moment of each chromophore
and electronic coupling between the bilins by the CIS/6-
31G method.>>>* The results include the screening of the
Coulomb coupling by the polarizable surrounding adopting

1.551 Researchers!!0]

the polarizable continuum (PCM) mode
proposed the exciton model based on the simultaneous fit of
steady-state spectra responses of the PE545 complex. The ex-

citon Hamiltonian of the PE545 is listed in Table 1.

Table 1. The site energies and the electronic coupling elements between pigments of the PE545 complex (in cm™!).[1°]

Site 1 2 3 4 5 6 7 8
DBV19a 18008 —4.1 -31.9 2.8 2.1 -37.1 -10.5 45.9
DBV19b —4.1 17973 -2.9 30.9 -354 2.5 —45.5 11.0
PEB158c -31.9 -2.9 18711 -5.6 -19.6 -16.1 6.7 6.8
PEB158d 2.8 30.9 -5.6 18960 11.5 25.5 5.1 74

PEBS50/61c 2.1 -354 -19.6 11.5 18532 101.5 36.3 16.0
PEB50/61d -37.1 2.5 -16.1 25.5 101.5 19574 17.6 -38.6
PEB82c -10.5 —45.5 6.7 5.1 36.3 17.6 18040 2.6

PEB82d 45.9 11.0 6.8 7.4 16.0 -38.6 2.6 19050

The functional role of this interacting multi-chromophore
system can be formed by the Hamiltonian consisting of H,
Hy, and Hg,. The PE545 complex has the quantum subsys-
tem components, Hs, which contains only the system operator,
and the system-bath coupling component, Hy,, which includes
both system and bath quantity. Because the excitation pigment
molecules are delocalized, we represent the total Hamiltonian
in terms of the Frenkel exciton model. Thus the total Hamil-
tonian can be expressed as Hyot = Hs + Hp + Hy,. The PES45

electronic states are modeled as an eight-level quantum system

with Hamiltonian

N N
Hy =Y &)1+ Y, Jixl /) (K], (1
j=1 7k
where |j) denotes the excited state of the chromophore spa-
tially located at the site j. The diagonal site energy is repre-
sented by €;. The intensity of the dipole-dipole interaction be-
tween pigments in different sites can be expressed by J ;.. We
model the protein environment as a set of harmonic oscillators
with H, =Y, ha)b'&ba. Each pigment molecule is coupled

to the bath via the interaction Hamiltonian Hg, = §;B;, with
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S; =1j){j|, where B; is the bath operator.
We adopt the bath correlation function C(¢) that is a
Drude-Lorentzian correlation function. It is concerned with

the environment spectral density J(®) by the fluctuation-

dissipation theorem, given as!>°!

Cj(t) = (Bj(1)B;(0))

| exp(—imr)

— doJ(w ,
nﬁm ( )l—exp(—hw/kBT)
where the form of system-bath interaction is characterized as
J(@) = (n/2) ¥ c;6(®— ;).P7 In this work, the population
dynamic of the system and bath is simulated by the DEOM
theory.58-6%1 The DEOM method is one of the most impor-
tant methods to study the open quantum system. Recently,

2)

Yan et al.1:%?1 have proposed the Fano spectrum decompo-
sition scheme (FSD) at near-zero temperatures. The method
has good applicability at low temperatures. It can overcome
the discontinuity of Fermi or Bose function at near-zero tem-
perature. They indicated that the FSD scheme converges fast
at low temperatures. It is of great value to the effective nu-
merical calculation in various low temperatures condensed
physics problems. The DEOM method not only recovers the
HEOM method but also identifies the physical significance of
the involved dynamical quantity as many dissipation config-
urations. As a “second-quantization” theory of the HEOM
formalism,[®36*] many unique features of the DEOM method
are beyond the reach of the HEOM framework. The DEOM
theory includes not only the rule of dynamics of the evolution
variables but also the law of the underlying statistical quasi-
particle and novel dissipative algebras. Particularly, Wick’s
theorem provides the DEOM with a general means for eval-
uating various experimental measurable quantities of the sys-
tem and bath interference dynamic.*®! The DEOM approach
provides a statistical quasi-particle picture to explain the envi-
ronment, which can be bosonic or fermionic. In this sense, the
DEOM method is a second-quantization theory of the open
system. The theory of the dissipation equations of motion
adopts a general form of the system Hamiltonian. It applies to
a wide range of system parameters without additional deriva-
tion and programming efforts. The DEOM approach is non-
perturbative. It treats the hybrid environment dynamic from
the perspective of open quantum dissipative dynamic. In prin-
ciple, the DEOM method is formally accurate for the linear
hybridization bath. Physically, the DEOM can describe both
the system and hybrid bath dynamic. Mathematically, it forms
a linear space that gives rise to all the standard prescriptions
of quantum mechanics. The DEOM method is recently devel-
oped by Yan et al.! The dynamic variables in the DEOM are
called dissipation density operators, and their general form is

as follows: [00:65]

P (1) = put e () =tra[(F o FEPr () )

The dissipations inside the circled parentheses, (,...,)°, are
irreducible, which satisfy the bosonic permutation relation
(Fes-o s f)° = (s fro)°. nEq. (3), n=ny + - - - +ny, with
ny > 0 being the participation number of the specified dissipa-
tion and n = {ny,...,nk}. They specify the composite of the
n-dissipation cluster, p,S") of Eq. (3). The (n+ 1)-dissipations
are characterized by pé;’i”. The DEOM formalism can be
represented as the general formalism
o) = —lL+n o + oy oy @

It is constructed by the application of the quantum Liouville
equation pr(t) = —i[Hs + Hp + Hgp, pr(t)] for the total density
operator in Eq. (3). The £ is the definition of system Liouvil-
lian superoperator, in general, the system Hamiltonian gives
rise to £ of £- = [H,-], the Hy term is evaluated by the gen-
eralized diffusion equation and the Hg, commutator is eval-
uated by the generalized Wick’s theorem. This theoretical
method gives numerically exact results and verifies the long-
lived coherence dynamic in the PE545 complex at low tem-
perature and room temperature, respectively. The method is
also reliable to explore the effect of the system-environment
coupling strengths on the exciton dynamic process between
chromophores, in addition, it can provide numerical results on
the coherence density matrix elements. The numerical results
are beneficial for us to understand the exciton dynamics in the
PE545 network.

For the PE545 complex, we use the spectral density func-
tion in the Drude regularized Ohmic form of

J(0) =2Ay0/(0*+ 7). 5)

Wong et al.! conducted spectroscopy experiments to provide
the adiabaticity description of the free energy in the PE545
complex, and they adopted the spectral density parameters
which are the reorganization energy of A = 110 cm ™! and bath
cutoff frequency ¥ = 19.176 cm™! to obtain the agreement be-
tween the experimental data and numerical fitting. Thus, we
employ these parameters to calculate the population dynamics
in the PE545. The results show that the electronic coherence
time is consistent with the observed results by Wong et al. with
2D electronic spectroscopy.!”] The spectral function is a key
feature describing the excitation dynamics in an open quan-
tum system. We also discuss the influence of different spec-
tral density functions on the coherent exciton dynamic pro-
cess, and we consider the high-frequency Brownian oscillator
mode] 6661

21 vQIm

J(w)=— .
( ) T (Qz_w2)2+v2w2

(6)

It corresponds to the spectral density of a set of damped har-
monic oscillators of reorganization energy A, frequency Q
with associated damping v. We present the calculation results
of the model by the DEOM method.
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3. Results and discussion

Experimentally, the quantum coherence in the PE545
complex can be observed by the two-dimensional electronic
spectroscopy method.® Tt was observed that the long-lived
quantum coherence exists. In this work, we investigate the co-
herence exciton dynamic process in the PE545 complex us-
ing the DEOM method. We adopt the Drude spectrum to
describe the environmental spectral density, with the reorga-
nization energy!® A = 110 cm™! and the cutoff frequency
y=19.176 cm™!. The parameters of the spectral densities are
derived from the numerical fitting of the experiment data. In
addition, the spectral density is equivalent for each bilin. We
present the results of the PES45 complex in Fig. 2. The calcu-
lated results are in agreement with the experimental observa-
tions. Since DBV 19b chromophore molecules are adjacent to
the PEB82c pigment molecules on the protein structure scaf-
fold and the electronic coupling energy (—45.5 cm™!) between
the DBV 19b and PEBS82c sites is strong, when the DBV 19b
pigment molecule is initially excited, we observe that the pop-
ulation of the DBV 19b and PEB82c pigment molecules appear
a coherent oscillation phenomenon. As shown in Fig. 2(a), it
is remarkable that coherence time lasts up to ~ 600 fs at low
temperature, and in Fig. 2(b), electronic coherence persists
for about 400 fs after excitation at room temperature. Our
calculation results of the PE545 complex are in good agree-
ment with the experimental results of Wong et al.!! with two-
dimensional electronic spectroscopy.

1.0 T T T T

(a) (b) — DBV19a
o T=77K T=294 K —=DBV19b
= 0.8} T PEB158c7
8 PEB158d
—
© 0.6 T 1
=}
R
=04t - b
= PEB50/61c
S 0.2k 1 — PEB50/61d
n : —— PEBR&2¢
/ — PEBS2d
]
0

0 200 400 600 800 O 200 400 600 800 1000
Time (fs)

Fig. 2. Population dynamics of the eight bilins model at 7 = 77 K and
T = 294 K, the reorganization energy A = 110 cm~! and the cut-off
frequency ¥ = 19.176 cm™!, respectively.

Furthermore, we have calculated the population dynamic
with excitons initially located at other pigments to study the
excitation energy transfer pathway. When the PEB82c or
PEB158c pigment molecule is initially excited, as shown in
Fig. 3, we observe the differences among the individual pig-
ment population dynamics. In the case of initially exciting
the PEB82c pigment molecule, the phenomenon of coherence
occurs. Subsequently, the excitation more quickly migrates
to the DBV 19a chromophore molecule (shown by blue line).
At about 10 ps, the population of the DBV 19a bilin slightly

exceeds the population of the initially excited PEB82c pig-
ment molecule. When initially exciting the PEB158c pigment,
the excitation energy is first transferred to the PEB50/61c
molecule. As time increases, the populations accumulated
on PEB82c and DBV19a chromophore gradually increase.
Eventually, the population flows to the DBV 19a chromophore
molecule. The efficient excitation energy transfer pathway on
the EET process is that the PEBs absorb the solar energy and
transfer the energy to the DBVs chromophores. By taking dif-
ferent initial excitation, significantly affects the redistribution
of the population and the time scale in the EET process.

1.0 —— ——————r——
a b —DBV19a

E 08-() __( ) —DBV19b
7 08 r=204K T=294 K PEB158c
= PEB158d
° 0.6 + —PEB50/61c
o —PEB50/61d
5 — PEB82c
T 04 T PEBS2d
=}
2 0.2 1 -
o
o

0 — —_— ; ;

0 4 8 12 16 0 4 8 12 16 20
Time (ps)

Fig. 3. The site population dynamics of the PES45 complex at 7 =
294 K with initial excitation on PEB82c and PEB158c chromophores,
respectively.

To discuss the effect of system-bath coupling strength
on the exciton dynamics process between chromophore
molecules in the PE545 network, we performed a series of
calculations, in which we changed the solvent reorganization
energy with the Drude spectral density at room temperature.
We present the time-dependent site population dynamic re-
sults for different chromophores in Fig. 4. The ubiquitous
behaviors observed on the panels of this figure show an op-
timization of the population within the coherent time scale by
changing reorganization energy parameter values in multiples
of 2 =110 cm~!. When the DBV 19b pigment molecule is ini-
tially excited, as shown in Fig. 4(a), the population oscillating
for reorganization energy A, arrives at about 0.6 at t = 400 fs.
As shown by the red line and green line, with the increase of
the reorganization energy, such as 24, 34,..., the value of the
population of this state is larger than that of A. For the larger
reorganization energy values, (e.g., 64 and 71), the popula-
tion value of this initial excited state increases with increased
coupling strength to the environments. Therefore, this exciton
state is found to be optimal at about A.

In Figs. 4(b)—4(d), the populations of other chromophores
show a trend of maximization with different reorganization en-
ergies. For instance, as shown in Fig. 4(b), we observe that the
population of the DBV19a chromophore decreases as the sol-
vent reorganization energy increases to 7A. In addition, the
value of the population decreases by about a factor of 5 as the
reorganization energy increases to 7A. Based on the location
of these chromophores in the network, different chromophores
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exhibit the maximization of the population under different val-
ues of the reorganization energy. For example, the PEB82c
chromophore (in Fig. 4(c)) shows population oscillation un-
der different intensities of coupling between the system and
the environment. The value of population maximizes at the

10—
(a) —A
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low values of reorganization energy around A. The behavior
of population oscillation for the PEB158d pigment molecule
is asymptotic as shown in Fig. 4(d). We observe the maxi-
mum value of the population at a larger solvent reorganization
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Fig. 4. Population dynamics of different pigment states with time evolution after initial excitation on the DBV 19b site. Each panel shows the
results of the different chromophore in the networks and discusses the effect of the coupling strength between the system and bath characterized
by the parameter of solvent reorganization energy A on the site population dynamic.

The optimization behavior that increases the coupling
strength of the system bath is observed in the simple model
of the light-harvesting networks.**67] We use stochastic reso-
nance to reveal this behavior. When the system-bath coupling
changes, the population of the chromophore will be affected.
As the fluctuation of the site energies becomes on the order
of the electronic excitation energy gaps, the resonate between
the fluctuation of the site energies and excitation energy will
happen many times. With the stronger system—bath coupling,
the larger fluctuations of the site energy drive the systems out
of resonance. We observe that a decrease in population trans-
port in the light-harvesting network. As a matter of fact, the
results in Fig. 4 reveal these characteristics of the stochastic
resonance behavior.

Theoretically, the study of exciton dynamics in the dis-
sipative environment can be carried out by the dissipation
equation of motion formalism, but a detailed understanding
of the spectral density of quantized exciton-phonon interac-
tion is needed. Recently, researchers have used the combined
classical molecular dynamics (MD) and QM/MMPol method-
ology to study the exciton—phonon interaction in the PE545
complex.37! They reported the resulting spectral density av-

eraged over all pigments based on the spectroscopy studies.
The reorganization energy is associated with the spectral den-
sity by the relation A = [;° @da). For the Drude spectral
density, the parameter values of the spectral density are re-
organization energy A = 24.14 cm™! and cutoff frequency
y=56.82 cm™!.137 Then we use the DEOM theory to inves-
tigate the effect of exciton-phonon interaction on the popu-
lation dynamic. We calculate the exciton population dynam-
ics, which show coherence oscillation lasting up to 800 fs at
T =77 K as shown in Fig. 5(a). When the initial excitation is
on the DBVb pigment molecule at T = 294 K, the electronic
coherence time is about 500 fs in Fig. 5(b), there is a longer
coherence time at low temperature, which is helpful to the ex-
citon dynamics process.

We confirm that the oscillations of exciton dynamic be-
tween different sites are interpreted as coherence. Moreover,
the disappearance of this oscillation is explained by the loss of
coherence. It seems that the coherence only exists on the time
scale where the oscillation persists, however, such time scale
only accounts for a few percentages of the entire exciton dy-
namic process of the PE545 complex. We discuss the roles of
coherence on the exciton dynamic process, and to what extent

018201-6



Chin. Phys. B 31, 018201 (2022)

does coherence affects the dynamic process. It is important
to investigate whether the exciton dynamic remains coherent,
even after the excitation oscillations stop. By detailed calcu-
lations, we have demonstrated the roles of coherence in this
part. We believe that coherence plays an independent role in
the exciton dynamic. Note that the diagonal or coherence den-
sity matrix elements represent the population, which describes
the probability that the ith chromophore site is excited, but
the off-diagonal decoherence elements of the density matrix,
which represent the coherences between the ith and jth chro-
mophore sites. By using the parameters of spectral density!37]
with reorganization energy A = 24.14 cm~! and cutoff fre-
quency ¥ = 56.82 cm™!, we calculate the population dynamics
in the PE545 complex.
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Fig. 5. Site population dynamics of the eight sites model at 7 = 77 K
and T = 294 K, the reorganization energy A = 24.14 cm~! and the cut-
off frequency y = 56.82 cm™!, respectively.

As shown in Fig. 6, we present the dynamic calculation
results of the absolute value of the main off-diagonal elements
of the density matrix in the site basis. The off-diagonal el-
ements of the density matrix are identified as the oscillation
of excitation, and the dynamical behaviors of the off-diagonal
density matrix elements give decoherence time scales. The re-
laxation time of the amplitude of the off-diagonal density ma-
trix element calculated in the site basis provides a reasonable
estimation of the decoherence time obtained in the photon-
echo experiment.[”) When initially excited on the DBV 19b site
at room temperature, we observe that the excitation oscillation
process achieving the steady-state on a time scale of about
300 fs. Generally, in the dynamics of the PE545 complex,
the population oscillation is regarded as the signature of co-
herence. This means that once the oscillation of excitation no
longer exists, the coherence should be disappeared. However,
our dynamical calculation results reveal that the time scale of
coherence lasts for a longer time than the excitation energy os-
cillation, which is on the time scale of about 500 fs as shown
in Fig. 5(b). By calculating the main off-diagonal elements of
the density matrix terms, we find that the role of coherence
cannot be ignored. It is the basic component of exciton dy-
namics between different sites. Therefore, it is invalid to say
that coherence only exists on the time scale of the excitation

oscillation, on the contrary, it also exists for the time when the
excitation no longer oscillates. It implies that the coherences
play an important and independent role in the exciton dynam-
ics process in the PE545 complex.
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Fig. 6. Temporal evolution of off-diagonal coherence density matrix el-
ements plotted as | pf;‘e\ in the site representation for the PES45 complex
at T =294 K. '

In reality, because the local protein environments trans-
late into slightly different characteristics of the spectral den-
sity of each pigment, and the interaction between each chro-
mophore molecule and its surrounding protein environment is
also diverse, the spectral density of each pigment molecule
is different. From the quantum chemistry and molecular dy-
namics calculations, 3’ we can adopt the site-varying spectral
densities to investigate the population dynamic process. The
computed values'’! of the reorganization energy and cutoff
frequencies are presented in Table 2. The PE545 complex has
a fairly important range of A values, in which the maximum
of the reorganization energy value is larger than 5 times the
minimum. As shown in the table, the average reorganization
energy value from Table 2 is about 15 cm™!, the average reor-
ganization energy is also the most representative in a sense
because the reorganization energy value of half of the pig-
ments is close to this value. When compared with the PEBs
pigment, the DBVs sites have larger reorganization energies

1

around 26 cm™ . Among the PEBs pigment molecules, the

PEB 158 pairs have the largest system-bath coupling, followed
by the PEB50/61 pairs and PEB82 pairs featuring reorganiza-

1

tion energies A values of ~ 15, ~ 12, and ~ 6 cm™", respec-

tively. The difference in reorganization energies is considered
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to play an important role in the population dynamics of the
PE545 complex, as discussed below.

Table 2. Values of the PES45 complex Drude—Lorentz spectral density
for the individual pigments, 3! site-dependent model reorganization en-
ergies A and cutoff frequencies ¥ used in this work.

m A (cm™) y(cm™1)
DBV19a 25.58 42.76
DBV19b 27.32 36.82
PEB158¢c 15.47 2543
PEB158d 15.51 32.74

PEB50/61c 11.70 20.51
PEB50/61d 12.62 16.78
PEB8&2c 5.41 18.65
PEBS82d 7.54 18.98
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Fig. 7. Comparison of the identical spectral density configuration
A =24.14cm™ ! and y=56.82 cm~! (solid curves) with site-dependent
of A and y (dashed curves), with initially excited on DBV19b chro-
mophore at T = 294 K.

In Fig. , we present the dynamic results in the two differ-
ent spectral densities model. One is the site-dependent spec-
tral density model, which includes the interaction effect be-
tween each pigment molecule and its surrounding environ-
ment. Another one is the site-independent spectral densities
model, which shares the same spectral density for each pig-
ment. The Drude—Lorentz spectral density is used to calcu-
late the effect of the site-dependent model on the exciton dy-
namics. The parameters of the site-dependent spectral density
are listed in Table 2. For the site-independent spectral densi-
ties model, we use the reorganization energy A = 24.14 cm™!
and cutoff frequency ¥ = 56.82 cm™! to calculate the exci-
ton dynamic. We compare the calculated results using the
site-dependent spectral density model with that of the site-
independent spectral density model. The population dynam-
ics show the difference between the site-independent spectral
densities model (solid curve) and the site-varying of A and
Y (dashed curve). It is observed that the population coher-
ent oscillation time scale is much longer than that with the
site-independence spectral density model. The results show a
longer-lived coherence oscillation in the site-dependent spec-
tral densities model, so we can partially optimize the mode
of site-dependent spectral densities to accelerate the dynamics
process.

The spectral density we present is a relatively simple low-
frequency Drude—Lorentz Ohmic form, which is only charac-
terized by two physical bath parameters. We believe that the
simplified spectral density form may not deeply explain the
exciton dynamic process of the PE5S45 complex. Therefore,
we also use the high-frequency Brownian oscillator model to
calculate the population dynamics. For the Brownian oscilla-
tor model, we adopt the values*”) of reorganization energy
A = 18.144 cm™!, frequency 2 = 199.256 cm™', with as-
sociated damping v = 93.709 cm~!. These parameter values
are based on the theoretical calculation by the overall aver-
age spectral density of all pigment molecules. As shown in
Fig. 8, when the DBV 19b chromophore is initially excited, we
present the population dynamic results at room temperature.
We observe that the population of DBV19b and PEB82c sites
show the phenomenon of coherent oscillation, and the coher-
ence time lasts for about 800 fs. From the results of dynam-
ics calculation, there is a relatively long-lived coherence time
in the PE545 complex using the Brownian oscillator spectral
density model.
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Fig. 8. The site population dynamics of the eight sites model at T =
294 K, adopting the high frequency Brownian oscillator (BO) model of
the PE545 complex, with the reorganization energies A, frequency Q
and associated damping v.

Table 3. Values of the PE545 complex Brownian oscillators (BO) spec-
tral density for each chromophore,3”! with the reorganization energies
A, frequency Q and associated damping v.

m A(em™h) Q (m™hH v(em™)
DBV19a 4.628 89.913 54.56
DBV1% 10.376 110.255 64.92
PEB158c 18.853 94.272 109.625
PEB158d 16.85 82914 71.733

PEB50/61c 3.872 63.018 45.191
PEB50/61d 7.627 82.585 67.183
PEB82c 6.698 50.224 40.443
PEB82d 9.055 87.19 110.143

To discuss the effect of local pigment-protein vibra-
tion on exciton dynamic for individual bilin chromophore,
we use the realistic site variations spectral densities of the
Brownian oscillator model to describe the interactions of
the excited molecules with their nuclear vibrational environ-
ment. From the molecular dynamics and quantum chemistry
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calculations,*”! the parameters of the BO spectral density for
each chromophore are listed in Table 3. We use the site-
varying spectral densities to investigate the exciton dynamics.
In Fig. 9, we present the population dynamic results by the
site-varying Brownian oscillator spectral densities model. We
observe that the intensity of the amplitude and the frequency
of the coherence oscillation are relatively robust. We use spec-
tral density which is the characterization of exciton-phonon
interactions to simulate the population dynamic process. The
population dynamic results show that the coherent oscillation
time is about 1000 fs, this coherence time is longer than that
of the BO spectral density model in which each chromophore
has the same spectral density. The result shows that the re-
alistic local vibration spectral density model is conducive to
modulate the dynamic in the PE545 complex. The vibrational
modes induced by the pigment-protein environment vibrations
have a significant impact on the exciton dynamics process.
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Fig. 9. The populations dynamic with Brownian oscillator (BO) spec-
tral density for each chromophore at 7 = 294 K, in which the initially
excited on the DBV 19b pigment molecule.

To compare the effects of the low-frequency and high-
frequency spectral densities on the exciton dynamics, we cal-
culated the population dynamics of the PE545 complex with
two different spectral densities at 294 K. The low-frequency
spectral density model is Drude form, where the reorganiza-
tion energy is 24.14 cm~! and cutoff frequency is 56.82 cm ™.
On the other hand, we also calculated the exciton dynamic
in the PE545 complex when the spectral density function is
the high-frequency Brownian oscillator (BO) model. As illus-
trated in Fig. 10, we show the results of the quantum coherence
dynamics process in the PE545 complex. The solid line rep-
resents the dynamic result of the Drude spectral density, and
the dashed line represents the result of the time evolution of
the Brownian oscillator spectrum model. The population co-
herent oscillations last for more than 800 fs in the case of the
Brownian oscillator spectral density model. The results indi-
cate that the BO spectrum function leads to the longer-lived
coherence for DBV19b and PEB82c¢ molecules, which means
that the BO spectrum density model is more conducive to the
exciton dynamic process.
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Fig. 10. The comparison of populations with different spectral density
models at 7 = 294 K, computed with the Drude-Lorentz spectral den-
sity (solid curves) and Brownian oscillator model (dashed curves).

4. Conclusion

In summary, we have theoretically investigated the popu-
lation dynamics of the PE545 light-harvesting complex in de-
tail. We use the Drude spectral density form, with the param-
eters of reorganization energy A = 110 cm™! and the cutoff
frequency ¥ = 19.176 cm~!. The results reveal that the pres-
ence of coherence motion can persist for about 400 fs even
at room temperature, which is consistent with the experimen-
tal results. In the meantime, we also calculate the population
dynamics among the individual chromophores to study the en-
ergy transfer pathway. The excitation energy transfer path-
way is that the PEB chromophores absorb the solar energy and
transfer the excited energy to the DBV chromophores. We in-
vestigate the influence of the strength of the system-bath cou-
pling on the population dynamic process of the PE545 com-
plex and perform a series of exciton dynamics calculations.
We believe that a certain optimal value is conducive to the
dynamics process for individual chromophores. This obser-
vation indicates that the local protein environment around the
pigment molecules may be adjusted in a controllable way to
affect network throughput. The insights can help us to design
artificial light-harvesting complex and provide design princi-
ples for photovoltaic electronic devices.

For the PE545 complex, to analyze the explicit roles of
the coherence in the excitation energy delocalization process,
we perform numerical calculations with reorganization energy
A =24.14 cm~! and the cutoff frequency y = 56.82 cm™! at
room temperature. The quantum coherent beating signals are
observed and the coherence time is about 500 fs. We display
the population dynamic results of the absolute value of the
main off-diagonal elements of the density matrix in the site ba-
sis, where we observe the oscillation up to about 300 fs. The
population oscillation is considered as the signature of coher-
ence, and the off-diagonal elements of the density matrix are
regarded as the oscillation of excitation. The dynamical calcu-
lation results show that the time of the coherence beating lasts
for a longer time than the excitation oscillation. As a general
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comment, it implies that the coherence and therefore the delo-
calization process is an essential component for the population
redistribution among the chromophores. It essentially means
that coherence plays an equivalently important and indepen-
dent role in the dynamics process.

In general, quite a few simulations have been performed,
which focus on the PE545 complex. Because structures of
pigment molecules and the interactions with the surrounding
environment are different, the fluctuation of the protein envi-
ronment around the individual pigment molecule will affect
the spectral density distribution of each chromophore. To in-
vestigate the effects of the different spectral density models
on the exciton dynamics process, we have performed a se-
ries of population dynamic calculations with the local het-
erogeneous protein environment. We compare the calculation
results between the heterogeneous protein environment (site-
dependent spectral density) and the identical spectral density
model (site-independent spectral density). The results reveal
that the models of the local heterogeneous protein environ-
ment have longer-lived quantum coherence compared with the
homogeneous environment. Consequently, the local protein
environment fluctuations of each pigment molecule play an
important role in the dynamic process.

Since the spectral density we used is the Drude-Lorentz
form, which is only characterized by the reorganization energy
and cutoff frequency. We believe that such a spectral density
function is slightly simple to elucidate the exciton dynamic.
Thus, we adopt the complicated Brownian oscillator model to
study the dynamic process. Comparing the calculated results
of these two types of spectral densities indicates that Brown-
ian oscillator spectrum function models have longer-lived co-
herence time. Thus, we realize that the Brownian oscillation
model plays an important role in the population dynamics pro-
cess. By the local pigment vibrations of the Brownian oscilla-
tor model, we believe that the realistic local vibration spectral
density model is conducive to modulate the exciton dynamic
process in the PES45 complex. In conclusion, these results in-
dicate that the local pigment-protein vibration for each chro-
mophore can significantly affect the dynamics process, which
may provide applications in designing highly efficient artifi-
cial photosynthesis systems.
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