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The phonon-assisted process of energy transfer aiming at exploring the newly emerging frontier between biology and
physics is an issue of central interest. This article shows the important role of the intramolecular vibrational modes for
excitation energy transfer in the photosynthetic systems. Based on a dimer system consisting of a donor and an acceptor
modeled by two two-level systems, in which one of them is coupled to a high-energy vibrational mode, we derive an
effective Hamiltonian describing the vibration-assisted coherent energy transfer process in the polaron frame. The effective
Hamiltonian reveals in the case that the vibrational mode dynamically matches the energy detuning between the donor and
the acceptor, the original detuned energy transfer becomes resonant energy transfer. In addition, the population dynamics
and coherence dynamics of the dimer system with and without vibration-assistance are investigated numerically. It is found
that, the energy transfer efficiency and the transfer time depend heavily on the interaction strength of the donor and the
high-energy vibrational mode, as well as the vibrational frequency. The numerical results also indicate that the initial state
and dissipation rate of the vibrational mode have little influence on the dynamics of the dimer system. Results obtained
in this article are not only helpful to understand the natural photosynthesis, but also offer an optimal design principle for
artificial photosynthesis.
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1. Introduction

To date, plenty of progress in experimental, theoretical,
and computational research on the mechanism of efficient ex-
citation energy transfer (EET) in a photosynthesis system have
been done.!'~”) Some mechanisms have been proposed to ex-
plain the unusual coherent nature of excitation transport, thus
showing us some insights into the potential functional role of
such quantum features. Now, it is known that the functional-
ity of a natural multichromophoric complex depends mainly
on the strength and structure of interactions among electronic
states and is dramatically affected by the vibrational degrees
of freedom associated either to the complex itself or to its

(8-121 By interacting with the electronic states,

environment.
the phonon environment influences electronic excitation dy-
namics in various ways depending on the vibrational fre-
quency and the coupling strength.®! Firstly, phonon modes
arising from the low-energy protein vibrations and the sol-
vent have a continuous distribution of frequencies that are be-
low or comparable to the thermal energy scale, kg7, and cou-
ple to the electronic states weakly comparing with the cou-
pling strength among electronic states. By inducing thermal
fluctuations of on-site energies, these modes perturb the sys-
tem enough to suppress destructive interference and broaden
its spectral lines,!>13-16] thus leading to an enhanced exci-

DOI: 10.1088/1674-1056/25/9/098201

tation transfer between energetically close excitation states.
Secondly, phonon modes with high energy and well-localized
frequencies are revealed, by spectroscopy studies,!!’?#! the
These
modes originate from intramolecular vibrations and couple to

active participation during the excitation dynamics.

the electronic states with strength comparable to that of inter-

[25-28] The quantum mechanical fea-

site electronic interaction.
tures of the high-energy vibrational modes are significant even
at ambient temperatures!®! and their influence in energy trans-
port in a variety of natural molecular systems is currently of
central interest. [23-24.29-31]

In this work, we focus on the important role of the high-
energy vibrational modes for electronic excitation transport
in a situation similar to that in cryptophyte antennae protein
phycoerythrin 545 (PE545).127-321 In PE545, site energy dif-
ferences |g, — €| are very large in comparison to inter-site
electronic interaction V,,;,, which is comparable to the cou-
plings between high-energy vibrational modes and electronic
states. In this situation, excitation energy is highly localized
to a particular site and hardly transports to the next site with-
out external influences. For instance, the largest coupling of
inter-site electronic interactions in PE545is V =92 cm ™! be-
tween the central pigments PEBsoc and PEBsgp, while their

—1[28

energy difference is about 1040 cm I The localized vi-

1

brational mode at @ = 1111 cm™ " is in close resonance with
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the transition between PEB5oc and PEB5op. The coupling be-
tween the mode and the electronic states of the two sites is g =
267 cm™! (g = wy/s = 1111 em™! x 1/0.0578 ~ 267 cm™ !,
where @ is the frequency of the intramolecular vibrational
mode and s is the Huang—Rhys factor),!?®! which is compa-
rable to V =92 cm~!.
mechanism of a bridge-like role of quasi-resonant vibrations

We will investigate the fundamental

for the excitonic transitions in the above situation by consider-
ing a typical dimer model, which has also been mentioned by
Avinash Kolli previously.!?®! We reveal, by numerical calcu-
lation, the optimal parameters in high-energy-phonon-assisted
EET in the large-detuning condition.

In our model, which is based on the PEB5gc and PEBsgp
system, the strength of coupling between a high-energy vibra-
tional mode and the donor’s electronic state is comparable to
that of the dipole—dipole interaction between the donor and
the acceptor, while the phonon bath of the environment cou-
ples to the donor and the acceptor weakly. Hence a polaron-
presentation is needed to describe the electronic excitation
dynamics under the influence of the high-energy vibrational

33341 In the polaron frame, we derived an effective

modes. !
Hamiltonian revealing the coherent energy transition among
the donor, the acceptor and the high-energy vibrational mode.
We present and discuss the numerical results to quantify the
impact of the high-energy vibrational mode upon the dynam-
ics and efficiency of EET in the system.

This paper is organized as follows. In Section 2, we de-
rive an effective Hamiltonian within the polaron frame and
show the basic mechanism of detuned high-energy-phonon-
assisted energy transfer by analyzing the effective Hamilto-
nian. In Section 3, we numerically calculated the population
dynamics and coherence dynamics of the system to reveal the
detailed influence of the high-energy vibrational mode on the
transfer efficiency and transfer time. The conclusion is made
in Section 4.

2. Analysis

In this section, we consider a dimer system consisting of a
donor and an acceptor described by two two-level systems, !
in which the donor is coupled to a quantized vibrational mode
describing the high-energy intramolecular vibration. To sim-
plify the expression we set i = 1, then the dimer and the vi-
brational mode are described by the bare Hamiltonian H, =
£ Gf o + 8262+ o, and H, = wb'b, respectively. The donor
and the acceptor are coupled by a dipole—dipole interaction
with the form He_. = Vi (0] 6, + 05 6, ). The Hamiltonian
describing the linear interaction between the donor and the
quantized vibrational mode reads'*®! H,_, = g(b" +b)o| 0] .
In the above, o;" = |e1) (g1] (0, = |e2) (g2]) corresponds to
the creation operator of an excitation on the donor (acceptor)
with energy € (&), and V|, denotes the electronic coupling

between the donor and the acceptor. b' (b) corresponds to the
creation (annihilation) operator of the vibrational mode with
frequency m, and g represents the coupling of the donor to the
vibrational mode.

Then the Hamiltonian describing the combined system is

H = €0, 0] +&0,0, +0b'b+Viy (o)f05, +050)
+g(b" +b)o] o7 1)

In the above Hamiltonian, the energy scale of the vibra-
tional mode, electronic coupling and exciton—phonon coupling
are comparable, so the influence of the vibrational mode can-
not be treated as a perturbation to the electronic states. We
need to move into a polaron frame where electronic couplings
are renormalized and fluctuate due to the interaction with the
vibrational modes. Under certain conditions, the electronic
coupling fluctuations can be treated as a perturbation, and a
second-order master equation can be derived in a standard way
to capture non-Markovian and non-equilibrium effects of the
vibrational mode in the intermediate regime. **! To understand
how exactly the vibrational mode influences the electronic
coupling, we need to derive the Hamiltonian of the combined
system in the interaction picture. Before doing this, we per-
form a polaron transformation of the exciton—phonon Hamil-
tonian prior to a perturbative expansion with respect to a re-
defined system-vibration interaction in the transformed frame.
The weakly coupled phonon bath of the environment is not
considered temporarily because it does not affect the funda-
mental mechanism showing in this section. It will be included
in part of the numerical study to capture the indirect influence
of a phonon bath on EET through the high-energy vibrational
mode.

We begin our analysis by moving into the polaron
frame[334! defined by the transformation H = eSHe 5,
where S = o} 0 (gb'/® — g*b/w).  Within this trans-
formed frame, the Hamiltonian within the single-excitation
subspacel®! becomes

H = g0, 0] +£0, 0, +wb'b
+Viz (Broj oy +B],0f o7 ), @)
where the energy of the donor is now shifted by its correspond-
ing reorganisation energy caused by interaction with the vibra-
tional mode, such that & = & — |g|* /@, while energy of the
. ~ i
acceptor is unchanged, & = &, and By, = €8 b b)/w.
We now separate H into two parts, a non-interacting
Hamiltonian Hy = €0, 6; + &0, 05 + ®b'b and an inter-
action Hamiltonian

Hy =V, (eg(bj-*b)/“’cﬁcz_ + eg(b’b-}-)/“’crz’“cff) )

Now we move into the interaction picture by the transfor-
mation Hy = e~ 1H0t/h g eiHot/h and obtain

H = Vu%(efi(wﬂ)z/hb%cr%f _ ei(wa)z/hbG;rG{
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+ei(w+A)t/hb62+Gf —e~ (0—A) z/hb‘ro_ o; ) 3)

where A =€ — &.

From the above interaction Hamiltonian ﬁl, we can see
that if the frequency of the vibrational mode resonates to the
detuning between the donor and the acceptor, i.e., @ = A, the
first and the third term of Hj oscillate quickly and can be ne-
glected, the effective Hamiltonian is then

Hy, = getr (b0, 05 +b'05707), 4)

where geff = —Vi2g/ @ is the effective coupling strength.

The above effective interaction Hamiltonian 1’-71eff indi-
cates a coherent energy transfer among the donor, the acceptor
and the vibrational mode. The term bTO'2+ o, shows, in con-
dition that the vibrational mode is in close resonance with the
excitonic transition, the donor transfers from its exited state
le1,n) to its ground state |gy,n+ 1) by emitting one photon
that is resonant to the transition between |g>) and |e;), with
one phonon being created in the vibrational mode. Then the
acceptor is excited and the EET process turns out to be effi-
cient because it satisfies energy conservation. This process is
illustrated in Fig. 1.

le1,n+1)
le)
I — |Pl,n) ‘62) T
| T
|
|
I < —X-—> I
' [
| < >
' |
| [
l |
* Y lg1,m+1) P
lg1,m)
donor acceptor

Fig. 1. (color online) Configurations of the energy levels and transi-
tions. The red (dashed) arrow lines represent the original detuned en-
ergy transfer process which hardly succeed due to the mismatched en-
ergy levels. The blue (solid) arrow lines show the phonon-assisted en-
ergy transfer process.

3. Numerical results

In the above section, we have revealed that the physi-
cal foundation of the efficient energy transfer in the largely
detuned dimer system is a coherent energy exchange among
the donor, the acceptor and the high-energy vibrational mode,
which is described by the effective Hamiltonian in polaron
frame (Eq. (4)). To quantify the impact of the high-energy
vibrational mode upon the dynamics and efficiency of EET
in the dimer system, we will present and discuss the numer-
ical results in this section. To include the influence of the
weakly coupled environment, we will use the master equation

in Lindblad form to calculate the combined system’s evolu-
tion. Since the effective Hamiltonian is derived in the condi-
tion that ® = A, we use the original Hamiltonian H in Eq. (1)
to do numerical calculation. The original Hamiltonian H con-
tains the coherent energy exchange not only when @ = A, but
also when w is close to A. So we use H to numerically study
the parameter-dependence of the EET without deviating from
the key mechanism.

In our calculation, we do not take the light-absorption
process into account, but start from the state that the donor
has been excited and the acceptor is in ground state. The vi-
brational mode is assumed in a thermal equilibrium state like

H(O) = E ot i o,

since 1(0) is only an incoherent mixed state with different
Fock states, thus a Fock state presentation is good enough to
capture the main influence of the vibrational mode on EET and
is of simplicity in calculation. Then we consider the energy
transfer from the initial state

P (0) = ler) (e1]®|g2) (g2 @ n) (n]. ®)

Energy in the donor will transfer to the acceptor with the
help of a phonon with time evolving. Irreversible energy dis-
sipation occurs because of the coupling to the environment
and the sink pigments. So two kinds of energy dissipation are
taken into account in the calculation. The first part is that from
the donor, the acceptor and the high-energy vibrational mode
to the heat bath of the environment; while the second part is
from the acceptor to the sink pigments. We define the energy
dissipated in the second part as effectively transferred energy.

The master equation to describe the whole energy transfer
procedure has the following form:

dp _
de
where the dissipation is considered as a Lindblad term

A i A~ 1 i <0 A
Ldiss(p) = Z K; (GPG+—2{G+GaP})
i=1.2

1
+y(ng +1) (bpr -5 {b%,p})

[H P] + Ldiss (p) (6)

1
+ Y <b*ﬁb 3 {bbiﬁ}) , @

where {A,B} denotes the anticommutator of operator A and
operator B ({A,é} = AB+ BA). Here, x» = Ko, + Ko., Where
Ky, is the environmental dissipation rate and K, is the sink
rate which represents the effective energy transfer.

In last section, we have derived an effective interaction
Hamiltonian ﬁleff to reveal the coherent energy transfer pro-
cess among the donor, the acceptor and the vibrational mode,
now we study the population dynamics of the system by solv-
ing the above master equation numerically. We define Pp =
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(olo!)=Tr(clolp) and P = (6202 ) =Tr(020?p) as
the probabilities of the donor and the acceptor being in their
excited state, respectively. The mean number of the phonon
isN = <b"'b> =Tr (b'rbp). We show the population dynam-
ics with and without the coupling between the donor and the
vibrational mode in Figs. 2(a) and 2(b). The calculation pa-
rameters are chosen comparing with the coupling strength Vi,

& — & w
972 40, L —10, £ =15,
Via Via Viz
K
K% 50005, X _015, L —005 @3
Vi V2 12 Viz

which matches the ratios of those parameters in the real PES45
system. Here, V1_21 is used as the unit of evolution time in this

paper.
From Fig. 2(a), we find that the acceptor can hardly be

r—— ' L Pp
g D
0.9
£ (a)
g
]
2 08
o
s
0.04}
oozl
e : :
2 3 4
T/Viz!
1.000
0.998
o 0.99
0.994
0.992
0-9905 1 2 3 4
T/Viz!

excited when the coupling between the donor and the vibra-
tional mode vanishes. This matches the known case that en-
ergy transfer between two two-level systems with large detun-
ing can hardly occur. On the contrary, figure 2(b) shows the
coherent energy transfer process among the donor, the accep-
tor and the vibrational mode. When P goes down from 1 to
0, the probability of the acceptor being excited increases with
increasing the mean number of the phonon as well. The oscil-
lation of Py and N is caused by the energy exchange between
the donor and the acceptor. This dynamics matches the process
described by the effective Hamiltonian b G; o, . Then from
the population dynamics, we find that the interaction to the
vibrational mode converts the original detuned EET process
to a coherent resonant EET process, thus making the energy
transfer from the donor to the acceptor much easier.

1.0 T

"‘, -~ Pp
0.8 ¢ —— Py

“ (b) |

Population

T/Vig'

Fig. 2. (color online) Numerical results for population dynamics of the donor (blue solid line with open squares), the acceptor (red solid line
with open up triangles) and the vibrational mode (black solid line), the coupling between the donor and the vibrational mode is g/Vi2 =0
in panels (a) and (c), while that in panels (b) and (d) is g/Vi2 = 1.5. Other parameters used here are the same as those in Eq. (8).

In our model, the energy transfer efficiency (1) and
average transfer time (7), respectively, are defined by

integrals[1435-371
1
= / 210,02 (1) df', )
fo

T=n"" /tzxzez’pé? (') ', (10)
fo
where pe(g) is the probability that the acceptor is in the ex-
cited state. The energy transfer efficiency refers to the total
probability that the excitation is transferred to the sink pig-
ment, where the energy is used to stimulate charge separation.
From the above numerical results we know that with the help
of the vibrational mode, the excitation is easier to be trans-

ferred to the acceptor and then be used in charge separation.
We know from the theoretical analysis that the effective cou-
pling strength ge¢r = —V)2¢/ @ is proportional to g. Then with
a larger g, the process described by geft (b0, 05 +b'0;y 07 )
becomes more important among all processes during EET. So
the energy transfer efficiency must be higher when the cou-
pling between donor and vibrational mode exists. The rela-
tionship between efficiency and the coupling strength is shown
in Fig. 3(a). We find that the efficiency is less than 20% with-
out the help of the vibrational mode (g/Vi, = 0). But with
the increasing of the coupling strength g, the efficiency 7 in-
creases rapidly until g/V}, goes to about 1. Then the efficiency
nearly reaches to its saturation value under the limitation of
some other factors.
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Fig. 3. (color online) Numerical results for (a) efficiency variation (g),
(b) efficiency variation 17(5), (c) transfer time variation 7(g), and (d)
transfer time variation 7(8). Other parameters used here are the same
as those in Eq. (8).

It is not enough for photosynthetic organisms to transfer
the energy with a high efficiency, the transfer process should
also be within a short time scale. To show the influence of the
vibrational mode on transfer time, we graph the average trans-
fer time as a function of the coupling strength in Fig. 3(c). It
can be seen that the longest transfer time occurs when g/Vj,
is about 0.15, with increasing of g, the transfer time decreases
until it reaches to its saturated state. That is to say, the vi-
brational mode is helpful to enhance the transfer efficiency
and make shorter the average transfer time. A larger coupling
strength offers more efficiency and shorter transfer time.

The above numerical results are achieved in the situation
that the vibration is resonant to the detuning between the donor
and the acceptor, that is to say 6 = 0 — (g — &) = 0. To
take the non-resonant situation account, we illustrate 17(8) and
7(8) in Figs. 3(b) and 3(d), respectively. As is illustrated, the
efficiency of EET decreases quickly while the transfer time
increases with the increasing of |J|.

In addition, we have also investigated the dependence of
transfer efficiency and transfer time on the phonon number n
of the initial state of the vibrational mode (not shown here).
We found that the initial state only affects the dynamics of the
dimer system slightly. We conclude that a higher environmen-
tal temperature does not contribute more to energy transfer
than a low temperature by the present high-energy-phonon-
assisted mechanism. This is opposite to that of a low-energy-
phonon-assisted mechanism.*8! Besides, the dissipation rate y
associated to the high-energy vibrational mode also affects the
transfer efficiency and the transfer time in a neglectful extent.

The parameter-dependence of the EET shows that the
high-energy vibrational mode plays a significant role in en-
hancing EET. It can be seen, from the effective Hamiltonian
bt Gj o, , that the coherent energy transfer among the donor,
the acceptor and the vibrational mode is the key process in ef-
fective EET. Then, in order to investigate whether or not the

coupling to the vibrational mode can influence the coherence
of EET, (05 0, ) was calculated and illustrated in Fig. 4(a).
When the coupling exists, the coherence reaches to its min-
imum value just at the time when the phonon-assisted en-
ergy transfer occurs. This feature does not appear in the non-

coupling situation.

0.20 .
——g/Via=0 ]
& 0.10 V2= L5
5 ]
~ 0
—0.10 . -
0 1 2 3
0.08 . ,
™ L (b) —g/Via=0 ]
3 . -
o 0.04 9/Viz=1.5 ]
= ]
0
0 1 2 3
t/Viz!

Fig. 4. (color online) Numerical results for dynamics of off-diagonal
elements (a) {05 0, ) and (b) (b' o5 67 ) with considering (red solid
line with open up triangles) and without considering (blue solid line
with open squares) the coupling between the donor and the vibrational
mode. Other parameters used here are the same as those in Eq. (8).

Apart from the coherence between the donor and the ac-
ceptor <0'2Jr o, >, we also calculate the coherence among the
donor, the acceptor and the vibrational mode (b'c5 0, ). The
result is shown in Fig. 4(b). Without coupling to the vibra-
tional mode, there is no coherence among the donor, the ac-
ceptor and the vibrational mode during the energy transfer pro-
cess. By contrast, the participation of the vibrational mode
introduces coherence. The coherence reaches to its maximal
value just at the time when the phonon-assisted energy trans-
fer occurs. Shortly afterwards, the coherence decreases to zero
with the completion of the energy transfer process. Now we
say that the coupling to the vibrational mode introduces a res-
onant and coherent energy transfer process, among the donor,
the acceptor and the vibrational mode, which dramatically im-
proves the transfer efficiency and average transfer time.

In this section, we have numerically calculated the sys-
tem’s population dynamics and coherence dynamics to reveal
that the coupling to vibrational mode introduces a coherent
energy transfer process converting the original detuned energy
transfer process to a resonant one. This coherent energy trans-
fer process offers higher efficiency and shorter transfer time.
We find that a larger coupling strength g gives more help in
both efficiency and transfer time. The vibrational mode’s ini-
tial state and dissipation only affect the EET slightly. The vi-
brational mode should be in resonant to the detuning to get the

best transfer efficiency and the shortest transfer time.
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4. Conclusion

The phonon-assisted process of energy transfer aiming at
exploring the newly emerging frontier between biology and
physics is an issue of central interest. In this paper, we have il-
lustrated the important role of the high-energy intramolecular
vibrational modes for efficient energy transport in photosyn-
thetic systems, where excitonic states are highly localized be-
cause of the large energy gaps and relatively weak electronic
interaction, like the PE545 antennae protein present in crypto-
phyte algae. We theoretically studied the effective interactions
among the donor, the acceptor, and the high-energy vibrational
mode by deriving an effective interaction Hamiltonian in the
polaron frame. To quantify the impact of the high-energy vi-
brational mode upon the dynamics and efficiency of EET in
our model, we also investigated the population dynamics and
coherence dynamics of the system numerically. It is found
that, the energy transfer efficiency and the transfer time depend
heavily on the interaction strength of the donor and the high-
energy vibrational mode, as well as the vibrational frequency.
The numerical results also indicate that the initial state and
dissipation rate of the vibrational mode hardly influence the
dynamics of the dimer system.

In the above theoretical and numerical study, we only
considered the intramolecular vibrational mode that couples
to the donor. This model can not only capture the basic fea-
ture of detuned high-energy-phonon-assisted energy transfer,
but also is pithy. In a more realistic situation, the acceptor
molecule also couples to its own intramolecular vibrational
mode, which offers an additional transition channel with the
same mechanism of that studied above. In this case, energy
can be transferred from the donor to the acceptor with the cre-
ation of a phonon in vibrational mode 1 (being coupled to the
donor) or in vibrational mode 2 (being coupled to the accep-
tor) independently. With both of the channels working (ac-
cording to the numerical results that are not shown here), the
efficiency 1(¢) increases a little more quickly and the steady
value is slightly higher than that of the non-mode-2 case.

This study not only reveals the mechanism of the effec-
tive energy transfer in natural photosynthetic systems that have
been optimized with the help of great evolution, but also offers
an optimal design principle for artificial light-harvesting sys-
tems.
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