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ABSTRACT: Giant strides in ultrashort laser pulse technology have enabled real-time
observation of dynamical processes in complex molecular systems. Specifically, the
discovery of oscillatory transients in the two-dimensional electronic spectra of
photosynthetic systems stimulated a number of theoretical investigations exploring the
possible physical mechanisms of the remarkable quantum efficiency of light harvesting
processes. In this work, we revisit the elementary aspects of environment-induced
fluctuations in the involved electronic energies and present a simple way to understand
energy flow with the intuitive picture of relaxation in a funnel-type free-energy
landscape. The presented free-energy description of energy transfer reveals that typical
photosynthetic systems operate in an almost barrierless regime. The approach also
provides insights into the distinction between coherent and incoherent energy transfer
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and the criteria by which the necessity of the vibrational assistance is considered.

B INTRODUCTION

The development of new techniques of ultrafast spectroscopy
has enabled real-time observation of dynamical processes in
complex chemical, biological, and material systems. In the past
decade, third-order nonlinear spectroscopic techniques such as
two-dimensional (2D) Fourier-transformed photon echo
spectroscopy were applied to explore photosynthetic light
harvesting processes,”” and the existence of long-lasting
oscillatory transients in 2D spectra was revealed.” > Although
earlier work found coherent beats with the use of pump—probe
techniques,” the newer experiments stimulated a rapid increase
in the number of experimental and theoretical investigations to
explore possible roles that quantum effects may play in the
remarkable quantum efficiency of light harvesting processes in
natural and artificial systems.””>*

Initially, the beats were interpreted as signatures of quantum
superpositions between delocalized energy eigenstates (elec-
tronic excitons) of excited pigments, and it was argued that the
unexpectedly slow dephasing could enhance the efficiency of
electronic energy transfer (EET). However, it has become clear
that the experimentally observed oscillations have dephasing
time that persists for much longer than the theoretically
predicted electronic coherence lifetime, particularly at
cryogenic temperatures.'”'* Hence, the possibility of vibra-
tional contributions was addressed.”®”°" A plausible explan-
ation for the moderately long-lived spectral beats was that a
quantum mixture between the electronic states and the
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Franck—Condon active vibrational states serves to create
vibronic exciton states and produce oscillations that exhibit
picosecond dephasing times,”” while very long-lived beats
likely arise from ground-state vibrational wave packets.”'
Furthermore, oscillatory transients in the 2D electronic spectra
of the photosystem II reaction center were observed,’”®®
suggesting that the electronic—vibrational resonance might
represent an important design principle for enabling charge
separation with high quantum efficiency in oxygenic photo-
synthesis. However, it was questionable whether such
electronic—vibrational mixtures could be robust and could
play a role under the influence of protein-induced fluctuations
at physiological temperatures. By using quantum dynamics
calculations, it was demonstrated that such electronic—
vibrational quantum mixtures do not necessarily play a
significant role in the energy transfer and charge separation
dynamics, despite contributing to the enhancement of long-
lived beating in 2D electronic spectra.”* %" Given the variety of
pigment types and range of energy gaps in natural light
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harvesting systems, it is not possible to make completely
general statements regarding the roles of intramolecular
vibrations upon photosynthetic energy/charge transfer. How-
ever, the results of refs 64—67 suggest the need for further
examination on the relevance of information provided by the
oscillatory behaviors in the 2D data on the studied systems and
dynamics.

As stated above, quantum dynamics calculations have helped
us elucidate the nature of the experimentally observed signals.
However, the theories employed have reached a high degree of
sophistication and have become correspondingly com-
plex,”*™*" making it difficult to draw broadly applicable
conclusions about biologically significant questions regarding
the physical origin of the remarkable speed and efficiency of
photosynthetic light harvesting. For example, (1) what is the
key distinction between coherent and incoherent energy
transfer? Does the absence of observable beats necessarily
imply that the energy transfer is incoherent hopping? (2) What
do the answers to these questions imply regarding the physical
origin of the remarkable speed and efliciency of photosynthetic
light harvesting? (3) Theoretical approaches generally assume
ultrafast initial excitation, meaning that the ensemble begins its
evolution in phase. What is the difference, if any, between
ultrafast laser excitation and excitation by sunlight?

In this paper, we try to describe a way of understanding and
visualizing the energy flow in pigment—protein complexes
(PPCs) that connects the somewhat complex quantum
dynamical theories to the intuitive picture of relaxation in a
funnel-type free-energy landscape with respect to environment-
induced fluctuations. It should be noted that EET dynamics
are not directly computed with the free-energy surfaces.
However, the free-energy profile can provide us with insights
into the environment-induced fluctuations governing the
energy transfer processes. One may recall that free-energy
profiles are still useful for understanding condensed phase
electron transfer reactions although microscopic formulations
of environmental dynamics modify the Marcus rate formula
that is characterized with the free-energy profiles.”> " The
free-energy description of energy transfer reveals that photo-
synthetic systems operate in a barrierless regime when
absorption energy differences among pigments are <200
cm™!. This situation is found, for example, in the Fenna—
Matthews—Olson (FMO) complex."”"” This makes the initial
condition rather unimportant, suggesting that the method of
excitation will not play a significant role in determining the
microscopic dynamics. The free energy also provides insight
into the importance of the vibrational contributions and the
distinction between coherent and incoherent energy transfer,
showing that the absence of observable beats in the
spectroscopy does not necessarily imply that the energy
transfer occurs by incoherent hopping.

B THEORETICAL BACKGROUND

Hamiltonian of a Pigment—Protein Complex. To
describe EET, we restrict the electronic spectra of the mth
pigment in a PPC to the ground state, l¢,,), and the first
excited state, lg,,.), although higher excited states may result in
nonlinear spectroscopic signals. Thus, the Hamiltonian of a
PPC comprising N pigments is expressed as

3287

I:IPPC = I:Imu<xm)|(pmu><(pmul

N

m=1 a=g,e
N N

+ 2 2 hlndn) 0N,
m=1 n=1

Here, H,,(x,) represents the diabatic Hamiltonian for the
environmental and intramolecular vibrational degrees of
freedom (DoFs), x,, when the system is in the l¢,,) state
for a = g and a = e. The electronic coupling between the
pigments, J,.,, may also be modulated by the environmental
and nuclear DoFs. In the following, however, it is assumed that
the nuclear dependence of J,, is vanishingly small and the
Condon-like approximation is employed as usual. The
Franck—Condon transition energy of the mth pigment is
obtained as

A

(A,.-H

me

E," = 1)
where the canonical average has been introduced, () =
Tr(-p:l) with the environmenta] equilibrium state for the
l,..) state, ptd = e PHn/(Tr ePHm) Here, f§ is the inverse
temperature, 1/kyT. The electronic energy of each diabatic
state experiences fluctuations caused by the environmental and
nuclear dynamics; these dynamics are described by the

collective energy gap coordinate, such that

mg)mg

A

X,=H, - H, - E>

m

2

This coordinate is also employed for deriving quantum
dynamic equations to simulate EET influenced by the
environmental and nuclear dynamics,”* and the relation with
the spectral density is presented in the Appendix. By definition,
the mean values of the coordinate with respect to the
electronic ground and excited states are given by

/lmg = <Xm>mg =0 (33)

o em abs
respectively, where the emission energy has been introduced
Erenm = (Hme - ng)me (4)

For the sake of simplicity, the contributions of intramolecular
vibrational modes are not considered at the current stage. The
vibrational contribution will be discussed later in the paper.

Statistics of Fluctuations in Electronic Energy. Let the
probability distribution function for the classical collective
energy gap coordinate X,, be P,,,(X,,) when the system is in
the lg,,,) state. The corresponding free energy is given by
F,.(X,) = —kT In P, (X,) + const. In this work, it is
assumed that the environmentally induced fluctuations can be
described as Gaussian random variables.**® Under the
assumption, the probability distribution function P, (X,,) is
expressed as

ma

PulX,) exp[—ﬁocm - ) o

where o2, denotes the variance of X,, with respect to the
equilibrium state associated with the lg,,,) state. Hence, the
free energy with respect to X, is given as a quadratic function

https://doi.org/10.1021/acs.jpcb.0c09847
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E (X, )— (X - u, ) + const
2 ma (6)
and the environmental reorganization energy associated with
the optical transition to the l¢,,,) state, Ep, = IF,,(tg) —
F,..(Ue)l, is obtained as
R kT 2
Ema - me mg)
267, (7)

As described in the Appendix, the relation p,,, = —ﬂaﬁqg is valid
under the Gaussian assumption, and the variances and hence
the reorganization energies are independent of the electronic
states, namely, Ufng =02, = 02, and Eig = E X, = Ey. Hence, eqs
3 and 7 lead to

— ES™ = 2B}

m

E abs

m

(8)

and a simple relation among the variance of the fluctuations
o2, temperature T, and the reorganization energy ER s

obtained:
G,i = kBTZE,I: (9)

Consequently, the expressions of the free energles for the
electronic ground and excited states are obtained as®

E,o(X,) =

,‘i (10a)
1
Pme(Xm) = E;lbs - EVI: + —R(Xm + 2Erfr§)2
4E,, (10b)

These expressions are consistent with the environmental
dynamics in which the electronic and environmental states
relax from the equilibrium configuration with respect to the
g, state and to the actual equilibrium configuration in the
l¢,,) state after the vertical Franck—Condon excitation, as is
formulated in the Appendix.

B FREE ENERGY FOR PHOTOSYNTHETIC ENERGY
TRANSFER

Free Energy of Activation Required for EET to
Proceed. There is no experimental evidence of nonadiabatic
transitions and radiative/nonradiative decays between lg,,.)
and I(pmg) in light harvesting pigment—protein complexes on
the picosecond time scales, and hence, we organize the product
states in order of elementary excitation number. The overall

ground state with zero excitation is [0) = HZ:I |qomg), whereas

the presence of a single excitation at the mth pigment is
expressed as Im) = lp,,.) Hk(;&m)lqokg) The corresponding
ex})ansmn of the complete PPC Hamiltonian yields Hppc =

HY: + HBo+ -, where HS. describes n-excitation manifold
comprising n elementary excitations. The Hamiltonian of the
zero-excitation manifold is

7 (0) (0)

Fiype = H”l0)(0

(11)

with A

manifold takes the form

= Z:zl I:Img. The Hamiltonian of the one-excitation

A(l)
Hppe =

Z A, Jm)(ml + 2] lm)(nl

m=1 (12)

m,n

where H,, has been introduced as
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abs ~(0)

A,=HA,+ ) A, =E"+X,+H

k(#m) (13)

The intensity of sunlight is weak, and thus, the single-excitation
manifold is of primary importance under physiological
conditions, although nonlinear spectroscopic techniques such
as 2D electronic spectroscopy can populate higher excitation
manifolds.

Correspondingly to the Hamiltonians, the free-energy
surfaces for the zero- and one-excitation manifolds are given as

FOX) = ) E,(X,)
m=1 (14)
FIX) = 2 E,(X)lm)(ml + Y ] lm)(nl
m,n (15)

where the free energy F,,(X) has been introduced correspond-
ingly to the Hamiltonian in eq 13 as

Fme(Xm) + Z Fkg(Xk) -

k(#m)

abs

E(X) = E> 4+ x + FOX)

(16)
For simplicity, the study addresses a dimer comprising
pigments 1 and 2 and considers the two-dimensional reaction
coordinate space, X = (X;, X,). In this case, eq 15 is easily
diagonalized, and the adiabatic free-energy surfaces in the one-
excitation manifold are obtained as

-E® |
2

BX) + BX) _ [[EX) L

3 iJ
2
(17)

The lower adiabatic free-energy surface F_(X;, X,) may
possess two local minima corresponding to the environmental
equilibria associated with states [1) = I@,)lp,;) and 12) =
g1 )|@se). Figure 1 draws an example of the adiabatic free-
energy surface as a function of the two collective energy gap
coordinates, X; and X,. To highlight the two local mlmma, the
parameters are chosen to be E}® — E3® = 100 cm™, J;, = —10
cm™, and E} = E5 = 500 cm_1 although the values employed
for the reorganization energies are large compared with typical
ones for photosynthetic pigment—protein complexes, as will be
discussed in Figure 2. The point of origin corresponds to the
Franck—Condon state. The free energy of the point is higher
than the barrier between the minima; therefore, delocalized
excitons may be found immediately after the excitation even in
the Forster regime.”” As time increases, dissipation of
reorganization energy proceeds, and the excitation will fall
into one of the minima and become localized. This process can
be described with the nonequilibrium energy difference given
in eqs A9—A11. Subsequently, incoherent hopping EET takes
place from one minimum to another and requires overcoming
the free-energy barrier via thermal activation. Furthermore, egs
10, 15, and 17 indicate that a decrease in the reorganization
energy and an increase in the electronic coupling can reduce
the barrier, leading to the maintenance of the delocalized
excitons.

A question naturally arises concerning the height of the free-
energy barrier or the free energy of activation. In the absence
of the electronic coupling, the intersection of the diabatic free-
energy surfaces, F; (X}, X,) and F,(X;, X,), is expressed as X; +
E} = X, + E}, and the coordinates of the saddle point are given

Fi(Xp Xz) =

https://doi.org/10.1021/acs.jpcb.0c09847
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Figure 1. Example of the adiabatic free-energy surface of a dimer as a
function of the two collective energy gap coordinates, X, and X,,
which describe fluctuations in the electronic energies. The parameters
are chosen to be E2* — E& = 100 cm™, J;, = —10 cm™, and E} — E}
= 500 cm™'. Contour lines are drawn at 50 cm™ intervals. The
adiabatic free-energy surface F_(X;, X,) typically possesses two local
minima corresponding to the environmental equilibria associated with
states 11) = lp;)l@,,) and 12) = lp;)lg,.). The point of origin
corresponds to the Franck—Condon state. Incoherent hopping EET
takes place from one minimum to another and requires overcoming
the free-energy barrier via thermal activation.
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Figure 2. Contour plot of the free energy of activation required for
the electronic energy transfer to proceed. The free energy of
activation AFf,, is plotted as a function of the difference between
the absorption energies E® — B and the reorganization energy E" =
ER = EX. Contour lines are drawn at 100 cm™! intervals. The box with
the solid line indicates the typical values for the photosynthetic
electronic energy transfer, 0 < Eibs - E;bs <200and 10 em ' < ER <
100 cm™". The thermal energy is evaluated as kzT ~ 200 cm™' at
physiological temperature T = 300 K, and therefore, for energy gap <
200 cm™ EET takes place in an almost activationless fashion in the
parameter region corresponding to natural photosynthesis. For a large
energy gap, an activation free energy is required (dashed box).

by Xi = EX(E™ — E™ — 2E5)/(E} + E5), and X§ = ES(E{™ —
E3™ — 2EY)/(E} + EX). Hence, the height of the free-energy
barrier associated with the transfer from pigments 1 to 2 is

3289

given by a simple formula similar to the Marcus’ energy gap
law

(B = B - 2B])’
4(E + Ey)

AFf =
1-2 (18)

In deriving eq 18, the electronic coupling J,,, has been assumed
to be vanishingly small for simplicity; however, eq 17 indicates
that a finite value of the coupling lowers the free-energy barrier
by approximately IJ},|. Therefore, eq 18 gives the supremum of
the free energy of activation. Equation 18 is regarded as a
multidimensional extension of Marcus theory; however, it can
be recast in terms of the donor emission energy as AFf,, =
(Es™ — E3*)?/4(ER + EY). This is physically consistent with the
Forster rate formula expressed by the overlap integral of the
donor-emission line shape F;(@) and the acceptor-absorption
line shape A,(w). In this fashion, the free-energy profile can
provide us with insights into the environment-induced
fluctuations governing the EET processes. However, it is also
noted that the adiabatic free-energy description could lead to a
wrong insight when the reorganization time constant 7, is
sufficiently short in comparison to the inverse of the intersite
electronic coupling, J;, as was investigated in ref 91.

Figure 2 presents the free energy of activation, AF§,,, as a
function of the reorganization energy, ER = ER = EX and the
absorption energy difference, E* — E3. For typical values of 0
< E® — E» <200 and 10 cm™' < ER? <100 cm™,,”* the free
energy of activation is very small in comparison to the thermal
energy, kgT =~ 200 cm™" at T = 300 K. In other words, EET
takes place in a practically activationless fashion at physio-
logical temperatures. This clarifies the physical origin of
ultrafast EET. In Figure 2 of ref 69, it is shown that the EET
rate in the case of B2 — F3* = 100 cm™! is maximized for
values of the reorganization energy typical in natural light
harvesting systems. This optimization is consistent with the
activationless nature of the free-energy surface. In natural light
harvesting systems, there is a manifold of states. Although the
coordinates involved span multiple dimensions, this can be
visualized as relaxation down a slightly “bumpy” funnel in a
rather similar fashion to the Wolynes’ picture of protein folding
Iandscapes.93 Furthermore, the barrierless nature of the energy
transfer over the wide range of parameters typical in natural
light harvesting systems means that inhomogeneous broad-
ening has rather little influence on the dynamics. The
competence of protein environments to enable electronic
excitation to flow in energetically and dynamically favorable
manners was also addressed in a recent review by Jang and
Mennucci.”*

Coherent versus Incoherent. In the literature, the term
“coherent transfer” indicates that excitation travels as a
quantum mechanical wave packet keeping its phase coherence;
otherwise, the term “incoherent transfer” is employed. As has
been already discussed above, the incoherent “hopping” takes
place from one minimum on the free-energy surface to another
by overcoming a free-energy barrier that requires thermal
activation. This is physically different from environment-
induced destruction of the phase coherence. This point was
also demonstrated with the use of a numerically accurate
quantum dynamics calculation® and an approximate quantum-
classical calculation” that was incapable of describing the free-
energy barrier. As demonstrated in eq 18 and Figure 2,
however, the barrier is insignificantly small in comparison to
the thermal energy when energy gaps of <200 cm™! are

https://doi.org/10.1021/acs.jpcb.0c09847
J. Phys. Chem. B 2021, 125, 3286—3295
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considered, and thus, the EET takes place in a nearly
activationless fashion. Although this transfer process does not
have coherent dynamics in the sense of the macroscopic
ensemble, the transfer is still mainly driven by the electronic
interaction between the pigments rather than by the thermal
activation although both of the electronic interaction and the
environment-induced fluctuations play complementary roles.
The absence of long-lasting oscillatory transients in the
ensemble average does not necessarily provide a correct
insight into the microscopic nature of the EET dynamics.”
Therefore, activationless EET can be distinguished from
genuine incoherent “hopping” that requires thermal activation.

The current approach also has an implication regarding the
importance of the initial excitation, either by pulsed coherent
light, by incoherent thermal light such as sunlight, or by energy
transfer. If the barrier for energy transfer is substantial, the
initial condition is influenced accordingly. That is, on a bumpy
free-energy landscape with free-energy well traps, the initial
state would determine the course of the EET. However, if the
process is barrierless, the sensitivity on the initial condition is
greatly reduced.

Vibrational Contribution. The examination of the free
energy of activation can also provide an insight into the
necessity of a vibrational contribution to assist the EET. In the
case that the free energy of activation does not exceed the
thermal energy, the EET can take place easily without the
assistance of vibrational modes, even though spectroscopic
measurements may detect vibrational and vibronic signatures.
This situation corresponds to the parameter region marked
with the solid line box in Figure 2. Indeed, ref 64 demonstrated
that the electronic—vibrational quantum mixtures do not
necessarily play a significant role in EET dynamics in the FMO
complex, despite contributing to the enhancement of long-
lived quantum beating in 2D electronic spectra. In other
photosynthetic pigment—protein complexes, however, rela-
tively large differences among the absorption energies are
found, e.g, in light harvesting complex II (LHCII),96_99
phycoerythrin 545,">°%'% and phycocyanin 645,""" ' for
which the vibrational contribution to assist the EET was
investigated. Hence, we address the parameter region marked
with the dashed line box in Figure 2, where 600 cm~! < Eibs —
E;bs < 800 and 10 cm™! < ER < 100 cm™". In this region, the
free energy of activation is high compared to the thermal
energy at physiological temperatures.

Some possible options for lowering the barrier with the fixed
absorption energy difference are (1) an increase in the
environmental reorganization energy EX (2) an increase in the
intersite electronic coupling J,,, (3) correlated fluctuations in
electronic energies,“’18 or (4) assistance by vibrational modes.
When the energy acceptor is a vibrationally excited state of
pigment 2, the absorption energy difference is reduced to E3™
— (E + hw,). In particular, the resonance between the
vibrational frequency and the absorption energy difference
leads to E™ — (E3™ + hw,,) = 0, and thus, the free-energy
barrier in Figure 2 is substantially lowered. When the Condon
approximation is valid for the transition dipole moments, the
interpigment coupling is reduced as | — — ]mne_S/ %S, with
S being the Huang—Rhys factor of the vibrational mode.
Nevertheless, a substantial rate enhancement by a high-
frequency vibrational mode is possible, as demonstrated in

Figure 3. This is consistent with the recent theoretical result on
vibrationally assisted EET in LHCIL"® When the non-Condon
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Figure 3. EET rate influenced by a resonant vibrational mode whose
frequency is @y, = E& — E3*. The calculated rates are presented as a
function of the absorption energy difference, E{** — E3*. They were
obtained in the same fashion as in ref 64 with the following
parameters: the intersite electronic coupling, J;, = 50 cm™'; the
environmental reorganization energy, the reorganization time
constant, and the temperature set to A, = 35 cm™, 7,,, = 100 fs,
and T = 300 K, respectively; the vibrational relaxation time constant
and the Huang—Rhys factor set to yj;p = 2 ps and S = 0.025,
respectively. The Condon approximation was employed for the
transition dipole moments.

effect is more prominent, the effect results in the enhancement
of the vibronic transitions,'** possibly leading to the further
acceleration of the vibrationally assisted EET.”

Figure 3 presents the EET rate influenced by a resonant
vibrational mode as a function of the absorption energy
difference, E3® — E3*. These values were obtained in the same
fashion as in ref 64 with the following parameters: the intersite
electronic coupling, J;, = 50 cm™'; the environmental
reorganization energy, the reorganization time constant, and
the temperature set to Ao, = 35 cm™, 7,,, = 100 fs, and T =
300 K, respectively; and the vibrational relaxation time
constant and the Huang—Rhys factor set to ¥y = 2 ps and S
= 0.025, respectively. These parameters were taken from the
model FMO complex,®* and the Condon approximation was
employed for the transition dipole moments. Consistent with
the insight gained from the free-energy barrier in Figure 2, the
extent of the vibrational assistance increases with increasing the
value of E3» — E3*. Namely, the vibrational contribution
strongly assists EET in the region of large absorption energy
difference, even though it plays a minor role in the region of
small absorption energy difference. Needless to say, vibrational
modes with much larger Huang—Rhys factors and/or stronger
electronic coupling would also play a bigger role even in the
region of a small energy difference. However, the fuller study of
such dependence lies outside the scope of this work. Here, it is
noted that the vibrationally assisted EET rate exhibits a plateau
in the region E3* — E3* > 700 cm ™, indicating that the EET is
promoted only by the vibrationally excited state. This can also
be understood via the Forster rate formula. In the presence of a
high-frequency vibrational mode, the absorption line shape of
pigment 2 is expressed as A,(w) = A (w) + AV (@) + -,
where A{)(w) is the line shape associated with the optical
transition to the vth vibrational level in the electronically
excited state and is approximately expressed as
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A§“)(w) ~ (Sv/v!)Ago)(a) — vw,y,). In the case of high-
frequency vibrational mode, the overlap between ASY(w)
and A{)(w) vanishes, and hence, the vibrationally assisted
EET rate is evaluated with the overlap integral between F(®)
and A{Y(w) = SAY(@ — @,y,). It should be noted that the
overlap integral is independent of the value of E{™ — E3™ under
the condition of E* — E® = @,

B CONCLUDING REMARKS

This paper presented a description of the photosynthetic
energy transfer using a free-energy surface in order to
understand the physical origins of its remarkable speed and
to connect the complex quantum dynamical models to the
intuitive picture of energy flow in photosynthetic pigment—
protein complexes. Although it should be noted that real EET
dynamics are not computed wth the free-energy surfaces, the
free-energy profiles can still provide us with insights into the
environment-induced fluctuations governing photosynthetic
energy transfer processes. The presented free-energy descrip-
tion of ultrafast energy transfer reveals that photosynthetic
systems operate in the barrierless regime when absorption
energy differences among the pigments are <200 cm™. This
makes the initial condition rather unimportant, suggesting that
the method of excitation will not play a significant role in
determining the microscopic processes. Our approach also
provides insight into the necessity of the vibrational
contribution and the distinction between coherent and
incoherent energy transfer, showing that the absence of
observable beats in the spectroscopy does not necessarily
imply that the energy transfer is incoherent hopping. It is
noted that the conclusions are valid when relatively weak
electronic coupling, small Huang—Rhys factors, and the
Condon approximation can be employed. Although these are
often the appropriate regime for photosynthetic light harvest-
ing, they are not always so. For such cases, more careful
treatment should be necessary.

Although ways to electronically excite pigments will not play
a significant role in determining the microscopic processes in
the parameter region typical of photosynthetic light harvesting
systems, it is still intriguing to elucidate how photoexcitation
by natural light and the subsequent dynamics proceed with
quantitative underpinnings. There are multiple spatiotemporal
hierarchies related to the interaction between molecules and
natural light, and thus, an issue similar to the above “coherent
vs incoherent” issue is also present. In the time scales of direct
human observation, sunlight photons continuously pump
photosynthetic systems, and therefore, the excitation is
sometimes considered as an incoherent continuous wave'*®
or modeled as a photon bath.'*°™'% As discussed in ref 109,
however, the sunlight flux is estimated to be about 10 sTHA?
at full sunlight, and the number of photons absorbed by a
chlorophyll molecule is at most 10 s™'. On subpicosecond and
nanometer scales, consequently, the photon density is
vanishingly small and a single photosynthetic pigment will be
influenced by only a single photon.''” In such a situation,
photons may not be treated as continuous or pulsed waves in a
classical manner, because the single-photon state ly) leads to
(WE(x, t)ly) 0 for the electric field operator, E(r, t).
Therefore, it might be necessary to take into account the
quantum mechanical nature of the photons. Recently, a
nonclassical Hong—Ou—Mandel interference between sunlight
and single photons from a semiconductor quantum dot was
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experimentally demonstrated."'" The theoretical investigation

on pseudosunlight through the use of quantum entangled
o i . 12 |

photons and its interaction with molecules’ ~ is also an

attempt along this line. More elaborate investigations of

photoexcitation by natural light and the subsequent excited-

state dynamics in molecular systems are left for future studies.

B APPENDIX

Static Properties of the Environmental Degrees of
Freedom

The definition of the collective energy gap coordinate in eq 2 is
recast into

Thus, ﬁmg and X,, may be regarded as an unperturbed system
Hamiltonian and an external field, respectively. The linear
response theory''® allows an approximation of the environ-
mental equilibrium state associated with lg,,.) as

B . .
A A AH < —AH
Pt =pj‘§(1— /0 die’eX, e ]

Consequently, the mean value of the collective energy gap
coordinate with respect to the electronic excited state y,,,
(X} me is evaluated as

K. = _ﬂ<2m5 Xm)mg

(A2)

(a3)

where (3(,”>mg = 0 in eq 3 has been employed, and (03 02)
stands for the canonical correlation''’ defined by

A A Y 4 A il A
(0; Oy =P 1/0 di(eMmOe™ @) . In the classical
limit of # — 0, the canonical correlation function can be
approximated as the classical correlation function, and thus, eq
A3 yields

2

'ume = —ﬂﬁmg (A4)

Furthermore, the variance of the coordinate with respect to the
electronic excited state is evaluated as

2 A2 52 e A2 2
Ope = Ky dme = Tr(X,0,) = (X, g = Ong (AS)

where three-body correlation functions such as (@m;éﬁq>mg
have vanished owing to the Gaussian statistics. As a
consequence, eq 7 leads to Eﬁg = E}.
Dynamic Properties of the Environmental Degrees of
Freedom
After the electronic excitation in accordance with the vertical
Franck—Condon transition, the electronic states and their
surrounding environment reorganize from the equilibrium
configuration with respect to the electronic ground state to
reach the actual equilibrium configuration in the excited state.
To formulate this process, let p,,.(t) be the density operator
that describes dynamics of the environmental DoFs associated
with the electronically excited state of the mth pigment. The
time-evolution after the photoexcitation at ¢ = 0 is described
with the Hamiltonian

H,(t) = H,, + (X,, + E,)0(t) (A6)
with O(t) being the Heaviside step function. Hence, the
Liouville equation is written as
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0

i A A
b5 () =——[A.+R060t), 5 (t
atp'"e() h[ mg T X,,0(1), p,. (1)] (a7)
Similarly to the preceding section, I:Img and X,0(t) can be

regarded as an unperturbed system Hamiltonian and a time-
dependent external field, respectively. The linear response
theory' ' allows the approximation of f,.(t) as

: t
5 —pa b 5 (t— )[R 5
e (t) = Ppg ; fo dsG,g(t = )IX,, A1) (A8)

where ng(t) is the time-evolution operator in the Liouville

space, ng(t)é = e et /M Mt/ for any operator O. The
environmental dynamics can be measured by using the time-
dependent fluorescence Stokes shift experiment. The experi-
ment records the nonequilibrium energy difference between
the electronic ground and excited states as a function of the
delay time ¢ after the photoexcitation,

AE,(t) = Trl(H,, — H,g)h,. (t)] (A9)
Substituting eq A8, we obtain

AE,(t) = E™ — ¥ (0) + ¥, () (A10)
with W,,(t) being the relaxation function defined by

W, (1) = H(X,.(1); X,,(0)),, (A11)

where the notation X, (t) = e™/"X (t)el™" has been
introduced. According to eqs A3 and 3a, the identity ¥,,(0) =
~Upe = EP — E™ holds valid. Typically, the relaxation
function W, (t) converges to 0 in the long time limit, and
therefore, AE(0) = E®* and AE(co) = EZ™ are obtained. The
spectral density is defined as the imaginary component of the
susceptibility,'* and hence, it is expressed in terms of the
relaxation function, eq All, as™

o0
J (@) = w[) dw'¥®, (t)cos wt (A12)
It should be noted that the relaxation function and spectral
density contain the same information on the environment-
induced fluctuations and vibrational modes affecting the
electronic energy. The functions are independent of temper-
ature. The relaxation function is inversely written as ¥,,(f) =
(2/7) [§ dw],(w)o™" cos wt, leading to the widely employed
relation between the reorganization energy and spectral density

C o @)
En _-/o do 7w (A13)
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