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ABSTRACT: A conceptual problem of transfer theories that use a semiclassical

description of the electron-vibrational coupling is the neglect of the correlation
between momenta and coordinates of nuclei. In the Redfield theory of exciton
relaxation, this neglect leads to a violation of the principle of detailed balance; equal
“uphill” and “downhill” transfer rate constants are obtained. Here, we investigate how

this result depends on nuclear reorganization effects, neglected in Redfield but taken Gepe — Pege = il
into account in the modified Redfield theory. These reorganization effects, resulting PRI

from a partial localization of excited states, are found to promote a preferential _
“downhill” relaxation of excitation energy. However, for realistic spectral densities of § \ / \J
w

Energy

light-harvesting antennae in photosynthesis, the reorganization effects are too small to
compensate for the missing coordinate—momentum uncertainty. For weaker excitonic
couplings as they occur between domains of strongly coupled pigments, we find the
principle of detailed balance to be fulfilled in a semiclassical variant of the generalized
Forster theory. A qualitatively correct description of the transfer is obtained with this theory at a significantly lower computational
cost as with the quantum generalized Forster theory. Larger deviations between the two theories are expected for large energy gaps
as they occur in complexes with chemically different pigments.

9 In

B INTRODUCTION by the special pair, a BChl a dimer in the reaction center. In this

. . . . 1719
The high efficiency of photosynthetic light harvesting relies on a case, nature exploits electron exchange in the special pair,

directed energy transfer to the photosynthetic reaction center,
where the excitation energy is trapped by primary electron

in addition to the Coulomb coupling, to reach a low enough
excitation energy in order to accept the excitation energy from

transfer reactions.' " The directionality is achieved by tuning the low-energy exciton states of LHI.

the excited states of the light-harvesting complexes such that the In green sulfur bacteria, an outer antenna system (the

low-energy states are located close to the reaction center. These chlorosome) is connected to the reaction center complex via the

effects are achieved by exploiting the pigment—pigment as well baseplate and the Fenna—Matthews—Olson (FMO) pro-

as the pigment—protein coupling.” tein.””*! The local excitation energies (site energies) of the
In the photosynthetic apparatus of purple bacteria,” ' the BChl a pigments in the FMO protein are tuned by electrostatic

number of strongly coupled bacteriochlorophyll a (BChl a) pigment—protein coupling”*~>* such that a site energy funnel

pigments is increased between the peripheral LH2 and the core toward the reaction center complex is created.” >’ Due to the
LH1 light-harvesting complex surrounding the reaction center
(RC). Due to the Coulomb coupling between electrons of
different pigments, their motion becomes correlated, and
delocalized excited states (exciton states) are formed with
shifted excitation energies and redistributed oscillator strengths
as compared to isolated or weakly coupled pigments (also
present in LH2 but not in LH1). The larger number of strongly
coupled pigments in LH1'' ™" than in LH2'*~'° contributes to
the fact that the low-energy exciton states of LH1 are red-shifted
with respect to those of LH2, providing a driving force for
directed energy transfer. Finally, the excitation energy is trapped

different site energies of the pigments, the exciton states in the

FMO protein are partially localized.”*** The low-energy exciton

21,25,26

states face the reaction center complex, and hence, the
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relaxation between high- and low-energy exciton states leads to a
spatially directed energy transfer.

The fundamental principle behind the preferential “downhill”
transfer of excitation energy is the detailed balance of rate
constants

kvon o/ kT

(1)

for transfer between two states IM) and IN) that are separated by
an energy difference Aiw,y, where kg is Boltzmann’s constant,
and T is the temperature.

The detection of long-lived osc111at1ng signals in 2D electronic
spectroscopy on the FMO protein””*° and marine cryptophyte
algae®' triggered fundamental questions on the role of quantum
effects in Photosynthems and other biological and chemical
systems.”>"** It is understood now that there is a close
analogy between delocalized excited electronic states and
classical coupled electronic harmonic oscillators.”>~** However,
an important quantum aspect concerns the relaxation of
excitons. For weak exciton-vibrational coupling, a classical
treatment of nuclear motion leads to a violation of the principle
of detailed balance.”*** Equal “uphill” and “downhill” relaxation
rate constants are obtained. This defect of the classical theory
can be traced back to the absent correlation between classical
momenta and coordinates that arise in a quantum theory from
the uncertainty principle.

In the case of strong exciton-vibrational coupling, where
nuclear reorganization effects accompany the energy transfer,
the importance of nuclear quantum effects is less clear. A recent
study by Reppert and Brumer,*’ treating the electronic as well as
nuclear degrees of freedom classically, finds that the nuclear
reorganization effects are suppressed, and the principle of
detailed balance is still violated such that the “uphill” is equal to
the “downhill” rate constant, as for weak exciton-vibrational
coupling discussed above. This result contrasts semiclassical
Marcus theory of nonadiabatic electron transfer,""** which
strictly fulfills the principle of detailed balance, despite a classical
treatment of nuclear motion. In a semiclassical study by Ishizaki
and Fleming,* exciton dynamics was investigated in the basis of
localized excited states, and nuclear motion was treated
classically, neglecting nuclear reorganization effects. The authors
justified this neglect by an unphysical Ehrenfest force in the
equations of motion for the nuclear coordinates for intermediate
occupation probabilities of localized excited states (in the case of
exciton delocalization) and suggested that a treatment with
Tully’s surface hopping approach™*~*° might lead to the correct
equilibrium population of excited states. There is indeed a long
history of methods™*" ™ that try to find a simple and yet
accurate quasiclassical description of quantum behavior
including the detailed balance condition.***%3"

In the present work, rather than investigating ways to mimic
the quantum behavior, we introduce potential energy surfaces
(PESs) of delocalized excited states and derive expressions for
rate constants for transitions to different PESs assuming either a
classical or a quantum nuclear motion in the PES of the initial
exciton state. An important point of our model is that the mutual
displacements of excitonic PESs along the coordinate axes are
taken into account as well as their displacement with respect to
the PES of the electronic ground state. In this way nuclear
reorganization effects are included. We investigate exciton
relaxation in domains of strongly coupled pigments and between
such domains with weak interdomain couplings, leading to the

kN—»M
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semiclassical modified Redfield theory and semiclassical
generalized Forster theory, respectively.

The theories are applied to the intramonomer exciton
relaxation and the intermonomer excitation energy transfer in
the trimeric FMO protein of green sulfur bacteria, with a
particular focus on the detailed balance condition and the
comparison of the quantum and semiclassical transfer kinetics.

B THEORY

Hamiltonian. We use a standard Frenkel exciton Hamil-
tonian expanded in the basis of localized electronic states
(rlm) = ¢ (r) = (5)(r )Hk#m k(g)(rk), where chromophore
m is in the electronic excited state, and all other chromophores k
# m are in their electronic ground state; r comprises the
electronic coordinates of the chromophores. The wave function
overlap between different chromophores is assumed to be
sufficiently small such that there is no electron exchange
between them. The Hamiltonian of singly excited states

reads 5253
H= Hex + Hex—vib + Hvib (2)
where the exciton part
= ZEmlm)<m| + V, Im){nl
m ()

contains the local excitation energies (site energies) E,, of the
chromophores and the excitonic couplings V,,, between them.
These quantities are taken at the equilibrium position of nuclei
in the electronic ground state of the complex. The exciton-
vibrational coupling Hamiltonian H,,_, takes into account the
variation of the local excitation energies by the vibrations. A
linear dependence is assumed on normal mode coordinates g,

Hex—vib = z z \IZhwgﬂggEM)q§|m><M| ( )
& m 4

with the vibrational frequency w,, the reduced mass g, and the
dimensionless coupling constant gg ) of normal mode &. The
vibrational Hamiltonian H,y, is obtained from a normal-mode
analysis of nuclear motion in the electronic ground state of the
complex

I,
Hy, = Z 2_1:’5 +
e (e

2
He@e qz

2 ¢
(8)
Delocalized exciton states IM) = 37 c,(nM) Im) are introduced as

the eigenstates of H,, with eigenenergies E;. In the exciton basis,
the exciton-vibrational Hamiltonian H, ., reads

Heup = D) D 210, g (MN)q IM)(NI

£ MN (6)

with the dimensionless coupling constant
g(MN) = 3 Mg o
m 7

We combine the diagonal part of H,, , with H,, and Hy, and
introduce potential energy surfaces of the exciton states””>”

Z

2

2h

8 (8)

(0)

U(9) = U g, + g, (M)

https://doi.org/10.1021/acs.jpcb.1c01479
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where q comprises the vibrational coordinates, and the
minimum of the PES is given as
0
v =g, - 2 hag (MM)? o
9

The PESs of different exciton states are coupled by the off-
diagonal elements of H,, ., in eq 6

VMN(q) = \IZhwgﬂgggqg

with the off-diagonal coupling constant

8 = g:(MN)

(10)

(11)

(eq 7, with M # N), which will be treated in perturbation theory
below.

Semiclassical Rate Constant in the Modified Redfield
Theory. In the modified Redfield theory,”* > it is assumed that
nuclei, after optical excitation of the complex, relax in the PES of
exciton states, defined above. After this nuclear equilibration,
excitation energy transfer occurs between different PESs. We
split the electronic Hamiltonian into a diagonal part H, and a
perturbation V'

H=H,+V (12)

where the diagonal part contains the PES Uy, (eq 8) of exciton
states

Hy = Y Uy(q)M)(Ml
M (13)

and V comprises the couplings Vv (eq 10) between different
exciton states

(M#£N)

> Vin(@)IM)(NI

M,N

(14)

The electronic wave function ¢(r,q,t) of the complex is
expanded with respect to the stationary states of H,

P(rgt) = Y ax(t) dy(ng)e™/ Mo U

N

(15)

where the time dependence of the electronic energy of state IN)
is given by the PES Uy(q(r)) and will be described by using a
classical description of nuclear motion. Perturbation theory in
the coupling Vis used to obtain the coefficients ay(t) ~ aQ(t) +
al(). Tt is assumed that the exciton is initially in state IM).
Hence, in zeroth-order in the inter-PES coupling we have

“1(\?)(1‘) = Oy N

From the electronic Schrodinger equation

(16)

0
Hy+V t) = ih— t
( 0 )fP(V/% ) =i atf/’(n% ) (17)
taking into account the orthogonahty of different excitonic states
and the zeroth-order coefficient a) above, the time-derivative of
the first-order coefficient is obtained as

. i —i/h ["az 7))— T
“JSII)(t) — _EVNM(q)e /1 [ dr(Up(q(7)) = Uy(q(2)) 1)

The probability of finding the system, that was initially in state
IM), at time ¢ in state IN)) is given as la(’ (), and the long-time
limit of the transition probability per time, that is, the rate
constant ky;_ y, follows as®’

6408

1
ko = lim —(la’ ()P

where (...) denotes an average over thermally distributed initial
coordinates and momenta of nuclei. With the integral of eq 18
and its complex conjugate, the rate constant becomes

kyon = hm _</ dtIVNM(tl)f dtZVMN(t )e’FMN(t“tZ)>

(20)
where
1
Fyn(t, t,) = E/t; drX(z) (21)
with the energy gap between the final and the initial state
X() = Up(7) = Uy(7) (22)

Changing the integration variablesin eq 20 to t," =t, — t, and t,
fort, >tyandto t;" = t, — t; and t, for t; < t,, taking into account
the Jacobian determinant 10(t,’, t,)/9(t,, ;) = 1, gives

kyin = lim

t— t
dm W[/ dt1_/ dt,(Vau(t + )
- , t t—t]
V() e Pttty /(; dt/ fo dt

(Vau(t, — 1) VMN(tZ)eiFMN(tz,tz_t;)>)
(23)

The time dependence of the inter PES coupling Vj(t) and
energy gap X(t) entering the function Fyy(t,, t,) is determined
by the equilibrium fluctuations of nuclei g(#) in the initial state
IM). In thermal equilibrium, the averages in the above integrals
do not depend on the absolute time t,. Setting ¢, = 0 in these
expressions and using a substitution ¢,” — —t," in the second line
result in

f .
kM—»N = lim ;12 / dT(t - |T|)<VNM(7:) VMN(O)e’E\/IN(O,T)>
t—oo f —t

1 i iFyn(0,7
= = deViau(o) Vi) o8

The coupling Vyy,(7) is given in eq 10, and the function Fj(0,
7) is obtained from eqs 21 and 22 and the PES of the two exciton
states in eq 8, where we set the origin of the g.-axis to the
minimum position of the PES Uy,(q) of the initial state IM), as

Br @

FMN(O 7) = Oy + — 7

(25)
with the transition frequency between the minima of the PES of
the initial and the final exciton states IM) and IN), respectively,
oy = (U — UY) /A and the reorganization energy E; that
follows from the mutual displacement of the two PES

E, = ) Agiha
¢ (26)

containing the difference in diagonal exciton-vibrational
coupling constants between the two states

Agg = gé:(MM) - gg(MN)

(27)
The function fy(7) in eq 25 reads

https://doi.org/10.1021/acs.jpcb.1c01479
J. Phys. Chem. B 2021, 125, 6406—6416
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1 3 ’ ’ ’
fun () = %; Ag, /2hw§y§f0 dr qé,(f)

(28)

A classical treatment of nuclear motion (g; = 0/dp:Hy, pe =
—0/0q:H,, with the H,, in eq S) in the harmonic PES of the
initial state IM) (setting the origin of the g axis to the minimum

position of Uy,(g)) results in
(0)

q‘:(l’) = qé cos(wgt) + sin(a)ét)

He®e (29)
with the initial values qgo) and pgo) of coordinates and momenta,
respectively. Please note that this dynamics follows the
Ehrenfest theorem, since it holds that §; = —0d/0g:(MIH,IM) =
—0/04:Uy(q), with the electronic Hamiltonian H, in eq 13 and
taking into account that the system is initially in exciton state |
M). The reorganization effects are described correctly, since
only a single exciton state is excited initially."’

The rate constant ky_,  follows from eqs 24, 10, 25, and 28 as

1 [ . E
b = o [ dre T AG)
where the function A(7) reads

A7) = (Vap(7) VMN(O)eifMN(T)> (31)

with the Vy,,(7) from eqs 10 and 29, and the f,y(7) from eqs 28
and 29. The thermal average over initial coordinates and
momenta in eq 31 is defined as

() = [ 44 ag@w (g w(g®) [ap

(30)

(0) (0) (0)
dpé: W(P§ ) (P5 ) (32)
with the Boltzmann factors
27k, T :“g 5
I/Vq(qé())) — B2 exp 2k T ( (0))2
He®e, (33)
and
p)
0y — _
Wy(p,") = |27 ks T exp T
&P (34)
Gaussian integrations result in
2Ag7ks T
A(r) = §2kBTflw€g§2 cos(wir)[l - B sinz(a){‘r)]
exp{— /A 22kB (1 cos(wgr))}
(33)

By using a short-time approximation for the cosine function in
the exponent, that is, cos(@wy7) ~ 1 — a)ffzrz/ 2, the function
A(7) can be written as

A7) = ZkBTZ hcoggg2 cos(cogf)efE‘k“TTZ/h2
4

- 4(kBT)22 g;Agg COS(a)ff)sinz(a)ff)e_EAkBTTZ/hZ
14

(36)

6409

with the reorganization energy of the diagonal parts of the
exciton-vibrational coupling E; (eq 26). The second term on the
right-hand side of eq 36 contains higher-order exciton-
vibrational couplings resulting from the correlation between
the diagonal (eq 27) and the off-diagonal (eq 7 with M # N)
contributions. Neglecting these correlations and performing the
time-integration in eq 30 with the first term on the right-hand
side of eq 36 result in the semiclassical modified Redfield rate
constant

wk, T
kyion = > z w582
\ E T

(h(ogy + @) + E))

2
(exp) = 4k, TE, }
(h(wpy — @) + E)’
+ expy — )
4k, TE, (37)
which will be applied and analyzed in detail below.
B SEMICLASSICAL RATE CONSTANT IN THE
GENERALIZED FORSTER THEORY
Next, we turn to the generalized Forster theory”® ™ that is used

to describe exciton transfer between domains of pigments with
strong intradomain and weak interdomain excitonic couplings.
In this case, the exciton Hamiltonian is expanded in terms of the
delocalized exciton states of the domains

ZZE MM+ Y Z Vi M,) (N

a#b M,,N,
(38)
with the coupling between exciton state IM,) in domain a and
IN,) in domain b.

M,) (N,
VMuNb = z (a e, h)Vm "
Mgy 1y (39)
where V,  is the excitonic coupling between pigment m, in
"y
domain a and pigment 1, in domain b, and C(M )and C(Nb) are the

coefficients of these two pigments in the respective exciton states
IM,) and IN,). As before, the exciton-vibrational coupling is
taken into account by introducing PES UMd(q) of exciton states
(eq 8), and the overall Hamiltonian (eq 12) is split into a part H,
and a perturbation V. H; contains the PES of exciton states of the
different domains d

Hy= ). ) Uy (9)IM)(M,]

4 M, (40)
and V the interdomain excitonic couplings
V= Z Z VMuNblMu><Nh|
a#b M_N, (41)

A simplifying feature with respect to the semiclassical modified
Redfield theory treated above is that V), y (eq 39) does not

depend on the nuclear coordinates. Otherwise, the derivation of
the rate constant goes along the same lines as above, and the rate
constant k), _,y is obtained as

V! ux

/ dr 1(mNbM +E1/h)1<esz Ny (1))

kMa—)N}J (42)

https://doi.org/10.1021/acs.jpcb.1c01479
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with the energy difference wy, = Ul(\,(i ) UZ(\%) between the

minima of the PES of the initial state IM,) and that of the final
state IN,), the reorganization energy E, given by eq 26 with

Agg = gf(Mu/Ma) - gé(Nble) (43)
and the function
2wsu
& .
fMarNb (r) = z Ag,| Téqéo) sin(@;7)
¢
24 (cos(ayr) - 1)
Peog (44

Performing the average over the thermal distribution of initial
coordinates and momenta yields

24T |
(eiwaNb (7)> — e_ 25 ng Agf (1=cos(w;7)) ~ e—kBTEATZ/hZ (45)
where in the last step a short-time approximation for cos(w;7)
was used and the reorganization energy E; in eqs 26 and 27, with
M =M, and N = N, was introduced. Finally, the time integration
in eq 42 results in the semiclassical Forster theory rate constant

7 e—(an o, FE)/ 4k TE;

which is formally identical to the Marcus theory rate constant of
nonadiabatic electron transfer*"** and was recently derived by
considering the high-temperature limit of the quantum
expression of this rate constant.’’ It is notable that the
semiclassical generalized Forster theory rate constant strictly
fulfills the principle of detailed balance, ky _y /ky,_y, =

2
Vi

h

kMu—>Nb =
(46)

O/ T

In the limit of uncorrelated site energy fluctuations of the
pigments, the reorganization energy E;, in the present case,
where the excited pigments contributing to the exciton states
IM,) and IN,) are located in different domains, is given as the
sum of the reorganization energies of the two exciton states

E, = EEM“) + EEN") with EEKd) = de (c,Efd))zE}fc where the local

reorganization energy E/lloc of the pigments is defined as
loc __ locy2

£ (47)

We have assumed the same local coupling constant g;oc for all

pigments.
The rate constant k, _, y, in eq 46 can then be expressed as

2r 2 [
b = o Vi [ doDf@) DY @)

containing the familiar overlap integral42 between the
normalized line shape functions of the emissive transition M,
— 0 of the donor domain

h
D) = e
4k TE(M
(hawy, — E/(lM“) - hw)*

4y TEM)

exp
(49)

6410

with the 0—0 transition energy @, of exciton state IM,) and the

absorptive transition 0 = N, of the acceptor domain

__r
\ 47k TENY
(hay, + El(lN’“) - hw)?

4k, TE™

D,M(w) =

exp
(50)
The nuclear reorganization effects are seen as a Stokes shift

EEM“) + EﬁNb) between the absorption maximum of the acceptor
and the emission maximum of the donor, in case their 0—0
transition energies are equal (hw,; = thb)'

B APPLICATION

We apply the present theories to the Fenna—Matthews—Olson
(FMO) é)rotein of green sulfur bacteria of Prosthecochloris
aestuarii.’” The excitation energy collected by the outer
chlorosome antenna enters the FMO protein via the baseplate
and relaxes from the high-energy exciton states with
contributions from the high-energy pigments via those with
intermediate excitation energy to the low-energy exciton state
with major contributions from BChls 3 and 4 located at the
bottom of the complex (Figure 1A). Afterward, the excitation
energy equilibrates between the three monomers of the trimeric
complex (Figure 2A) and is transferred to the reaction center
complex.”’ The FMO protein has been an important model
system for the development of experimental and theoretical
techniques to study photosynthetic pigment—protein com-
plexes, as reviewed recently.”® This review came to the
conclusion that the most important nuclear quantum effect for
the function of this complex is related to the dissipation of the
excess energy of excitons. Here, we investigate, whether or not
this conclusion also holds, if nuclear reorganization effects are
taken into account, and considering also the intermonomer
equilibration of excitation energy. Exciton relaxation in the
monomeric subunit (Figure 1A) is described by the semiclassical
modified Redfield theory (eq 37) and excitation energy transfer
between the monomeric subunits (Figure 2A) by the semi-
classical generalized Forster theory (eq 46). All calculations are
performed assuming a physiological temperature (T = 300 K).

Intramonomer Exciton Relaxation in the FMO Protein.
We start by reproducing the earlier results”® obtained with the
standard Redfield theory and its semiclassical variant, in which
only the electronic motion is described quantum mechanically,
whereas nuclei move according to Newton'’s classical equations
of motion. The initial population of exciton states was obtained
by taking into account incoherent energy transfer from the
baseplate. Please find the details of this description® as well as
the parameters (site energies, excitonic couplings, static
disorder) in the Supporting Information of ref 28. The spectral
density of the local exciton-vibrational coupling of the pigments

J(w) = Z (g;°°)25(w — )
B (51)

was extracted from fluorescence line narrowing spectra and a fit
of the temperature dependence of the absorption spectrum.®* It
has a maximum around 30 cm™ and an asymmetric shape
extending up to 400 cm™' (Figure 1F), resulting in a local
reorganization energy EY (eq 47) of 45 cm™". As expected, the
quantum treatment of nuclear motion leads to a preferential

https://doi.org/10.1021/acs.jpcb.1c01479
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Figure 1. (A) Arrangement of BChl a pi§ments in the monomeric
subunit of the FMO protein of P. aestuarii®” in an orientation with the
baseplate at the top and the reaction center complex at the
bottom.>"*>%¢ Pigment contributing to high-, intermediate-, and low-
energy exciton states are encircled in blue, green, and red, respectively.
The blue and red arrows illustrate the flow of excitation energy.
Graphics generated using VMD.® (B) Population of high-,
intermediate-, and low-energy exciton states after incoherent transfer
from the baseplate, obtained from the Redfield theory using a quantum
description of nuclear motion. (C) Same as in part B but using a
classical description of nuclear motion. (D) Same as in parts B and C
but using modified Redfield theory with a classical treatment of nuclear
motion. (E) Ratio between equilibrium populations of the lowest
exciton state obtained with semiclassical modified Redfield theory
(P{3(cl)) and a quantum description of nuclear motion (P{3(qu)) as a
function of the local reorganization energy E¥* (eq 47) of the pigments.
The vertical dashed line marks the reorganization energy of the
pigments in the FMO protein, obtained with the spectral density shown
in panel F. For the other reorganization energies, the same functional
form of J(®) was assumed, and the amplitude was adjusted accordingly.
(F) Local spectral density of the pigments J(w) (eq S1) in the FMO
protein, extracted from fluorescence line narrowing spectra and the
temperature dependence of the linear absorption spectrum.®*

population of low-energy exciton states (Figure 1B), whereas the
semiclassical theory gives equal populations of all exciton states
(Figure 1C) after exciton relaxation. The semiclassical modified
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Figure 2. (A) Structure of the trimeric FMO protein of P. aestuarii®*
viewed normal to the membrane from the direction of the reaction
center complex,*">>*® protein shown in ribbon style, pigments shown
in ball and sticks mode in different colors (BChl 1, red; BChl 2, blue;
BChl 3, green; BChl4, purple; BChl 5, orange; BChl 6, yellow; BChl 7,
black; BChl 8, gray). The phytyl tails of the pigments have been
truncated for better visibility. Graphics generated with VMD.*® (B)
Illustration of the exciton level structure of the three monomers. The
energy levels of monomer 1 are downshifted by AE in the calculation of
the intermonomer transfer times in panel C. (C) Histograms of inverse
intermonomer rate constants k3, (left half) and k3, (right half) as a
function of the energy difference AE between the monomers, illustrated
in panel B. The quantum mechanical treatment of nuclear motion in the
upper parts is compared with a classical treatment in the lower part.

Redfield theory, developed here (eq 37), provides a small
preference to the equilibrium population of the low-energy
exciton state (Figure 1D), but these populations are much closer
to the classical Redfield limit than to the correct quantum result.
Increasing the local reorganization energy significantly enhances
the population of the lowest exciton state obtained in the
semiclassical modified Redfield theory (Figure 1E). For El*
500 cm™’, this population reaches 80% of the value resulting
from the principle of detailed balance.

Intermonomer Excitation Energy Transfer in the FMO
Protein. Intermonomer excitation energy transfer in the FMO
protein was recently shown to occur with a time constant of
about 10 ps at room temperature, which is about 2 orders of
magnitude slower than intramonomer exciton relaxation.®'
Taking into account fast intramonomer exciton equilibration
(assuming a correct thermalization), the rate constant between
monomers a and b is obtained as

ka—>b = z f(Ma)kMaﬁNb

M,,N,

(82)
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with the Boltzmann factor f(M,)
exp(=Ey /ksT)/ X\ exp(—Ey /kpT) and the semiclassical

generalized Forster theory rate constant k, _ . (eq 48). For a

comparison, we also calculate the quantum rate constant that is
obtained by replacing the Gaussian line shape functions for
donor emission and acceptor absorption in eqs 49 and 50,
respectively, by their quantum analogues’> that will be
discussed in detail later.

Since both the semiclassical and the quantum generalized
Forster theory rate constants fulfill the principle of detailed
balance, we compare the time scale on which the equilibrium
populations are obtained in the two theories. In order to obtain
additional information on the performance of the semiclassical
theory, we downshifted all exciton states of one of the three
monomers (monomer 1) by a certain energy AE (Figure 2B)
and studied the histogram of inverse rate constants k3, and
k32| resulting from different realizations of static disorder in site
energies of the pigments in dependence on AE (Figure 2C). The
two transfer processes behave differently with respect to changes
in AE. The transfer from monomer 2 to monomer 1 becomes
faster for decreasing (more negative) AE between 0 and —200
(=300) cm™ and slows down for AE = —400 and —500 cm™,
reaching similar time constants for AE = =50 cm™" and AE =
—500 cm™!. This behavior is reminiscent of the “normal”,
“activationless”, and “inverted” regions of the Marcus theory of
electron transfer, respectively.*"*> Qualitatively similar behavior
is obtained for quantum and classical treatments of nuclear
motion. The largest deviations occur for AE = 0, where the
average classical time constant is about 25% smaller than the
quantum value.

The transfer from monomer 3 to 1 is relative insensitive to
lowering the energy of monomer 1 between AE = 0 and —200
cm™ and significantly slows down from an average time
constant of 10 ps at AE = —300 cm™" to 15 and 25 ps at AE =
—400 cm ™" and —500 cm ™!, respectively. In this case, only the
“activationless” and “inverted” regions of the reaction are
observed. When the energy is lower, the distribution function of
time constants becomes broader. The quantum behavior is
almost quantitatively reproduced by the classical theory of
nuclear motion.

B DISCUSSION

In the limit of vanishing nuclear reorganization energy, E; — 0,
the present semiclassical modified Redfield rate constant (ecg 37)
becomes equal to the semiclassical Redfield rate constant”

2k, T
Elimo{kM—>N} = hB Z wfg;((s(wNM + a’g) + 5(0)NM - CU/;))
N

¢

(83)

In this case, equilibration leads to equal occupation probabilities
of all exciton states, independent of their energies.

In order to see, which particular aspect of classical nuclear
motion gives rise to this defect, we examine the transition from
the quantum Redfield rate constant to the above expression. In
the quantum case, the Redfield rate constant is obtained as

ky—n = Cun(®yy) with the Fourier transform
Cn(@) = /_:dtei“’tCMN(t) of the correlation function
Cun(t) = %(VNM(t) Vun(0)) where Vi, is the coupling

between exciton states that depends linearly on the normal
mode coordinates (eq 10); the time dependence is given by the
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H,, in eq S, and the (...) denotes an expectation value with
respect to the equilibrium statistical operator of the vibrations
Weq = exp(—H,,/ksT)/Tr{exp(—H,/ksT)}. Please note that,
in the Redfield theory, the mutual displacements between
excitonic PESs are neglected; that is, no nuclear reorganization
effects upon exciton relaxation are taken into account. Using eq
10 and introducing creation and annihilation operators of
vibrational quanta of the &th normal mode Cg and C,,

. . —1/
respectively, as Cg = l,u‘fa)é,/(zh) q; — 1(271/450)5) ! Zp‘f and
C = /,ugwg/(zfl) q: + i(Zhyéwé)_l/zpé, the correlation func-
tion becomes Cyy(t) = Y (c,(nM))z(c,(nN))ZC(t), with the
correlation function C(t) of the local energy gap of the pigments

C(t)

1 —iw;ClC; i iw:CICst
Z <g;c(l)§e iw:C; J(C: + Cg)exng : ngocwq(c,] + C;;))
Sm

Z (géloc)ngZ((Cge—imgt + Cgeiwct)(C§ + CE))
¢

D @V (CCL + ClC)cos(wt)
14
— {CCl = ClC)sin(wyt))

Z (géloc)zwgl((l + 2n(a)é))cos(a)§t) - iSin(wgt))
14

(54)

The expectation value in front of the cosine term in the third line
(C}C.f + cgcg) is proportional to (g;”) whereas that in front of
the sine term in the fourth line (C5C;§ - CEC§> is proportional to
(gepe)- In a classical world, it holds that {(g:p:) = (q:)(ps) = 0,
whereas in a quantum world the uncertainty principle between
coordinates and momenta leads to a correlation between the two
that leaves (g:p:) and thereby the imagery part of C(t) nonzero.
With the help of the commutator relation [CE’ Cé] = 1, we obtain
the last line of eq 54 containing the mean number of vibrational
quanta that are excited at a given temperature T (Bose Einstein
distribution function)

1

_ e =
n(w;) = (C:CG) = kT _ ]

(83)
The correlation function C(t) resulting for the present spectral
density (Figure 1F) is shown in the upper part of Figure 3. The
major part of the correlation function decays in less than 50 fs.
The amplitude of the imaginary part of the correlation is smaller
than that of the real part but clearly not zero.

The semiclassical Redfield theory rate constant in eq 53
follows by neglecting the imaginary part and by using a high-
temperature approximation for the Bose—Einstein distribution
function n(w) =~ kgT/(Aw). The former approximation is
responsible for the equal “uphill” and “downhill” rate constants.
Without these approximations, the quantum Redfield rate
constant is obtained

kuon = 270 08, (1 + n(@00))8( 0 + @)
3

+ n(@np) (o — wg)} (56)

which fulfils the principle of detailed balance. This result gave
rise to our earlier conclusion that®® “..., in a world, where the
behavior of electrons is governed by the fundamental equations
of quantum mechanics and that of the nuclei by classical physics,
there would be no preferential ‘downhill’ energy flow.”
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Figure 3. Upper part: real (solid line) and imaginary part of the
correlation function C(t) (eq 54) of the local energy gap of the
pigments obtained for the spectral density J(w) in Figure 1F. Lower
part: function ¢’®) relevant for the calculation of optical line shapes,
where y(t) (eq 62) is related to the function C(t) in the upper part by eq

61. The short-time approximation efa®) (red solid line), with the y(t)
in eq 63, leading to the semiclassical line shape function is compared to
the quantum result that contains an imaginary (black dotted line) and a
real (dashed dotted line) part. In addition, the amplitude e**/") of the
quantum result (solid black line) is shown.

The present semiclassical modified Redfield rate constant (eq
37) demonstrates that a classical treatment of nuclei can lead to a
preferential downhill energy transfer, if E, # 0. Additional
insight can be obtained by expressing this E, (eq 26), using eqs 7
and 27, as

E = ) () = ()P VE™
m (57)

with the reorganization energy EY* (eq 47) of the local electronic
transition of the chromophores, where we have neglected the
correlations in site energy fluctuations between different
pigments. This approximation is justified for pigment—protein
complexes by a normal-mode analysis of the spectral density of
the FMO protein.®”®” For completely delocalized excited states,
the probability (c¢?)? of finding chromophore m excited is equal
for all exciton states. Therefore, in this limit the reorganization
energy E, vanishes, and the modified Redfield rate constant in eq
37 becomes the Redfield rate constant in eq 53 with the
consequence that there is no preferential downhill energy
transfer. This result is consistent with the finding of Ishizaki and
Fleming that a neglect of the local nuclear reorganization effects
leads to equal equilibrium excited state populations of the
pigments in an Ehrenfest-type semiclassical treatment."’

If there is partial localization of excited states, e.g., by different
local transition energies of the chromophores, E; # 0, and it
holds that ky_,n/knyoam > 1 for #,, > 0. Therefore, the
equilibrium population of low-energy exciton states is higher
than that of the high-energy states. If the nuclear reorganization
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energy E, is large compared to the vibrational quanta 7w, of the
exciton-vibrational coupling, the semiclassical modified Redfield
rate constant in eq 37 becomes

4nk,T V, _ 2
hmEx>>hwg{kM—>N} = |2 A (homt B 4hTE,
\ E n (58)

where the reorganization energy V, of the off-diagonal exciton
vibrational coupling (eq 7 with M # N) was introduced as

v, = 25 fla)_fg;. In this limit, the rate constant fulfills the

principle of detailed balance (eq 1), despite the classical
treatment of nuclear motion.

However, in photosynthetic pigment—protein complexes,
hw; is in the same range as E;. A typical example for the spectral
density J(w) of these complexes is shown in Figure 1F. J(®)
extends up to vibrational energies of 400—500 cm ™" and results
in a local reorganization energy EY® of only 45 cm™.
Consequently, the equilibrium populations obtained with the
semiclassical modified Redfield theory (Figure 1D) are much
closer to the equal populations obtained in the classical Redfield
theory (Figure 1C) than to the realistic values of the quantum
Redfield theory (Figure 1A). In order to reach 80% of the
quantum population of the lowest exciton state with the classical
theory of nuclear motion, the reorganization energy would have
to be increased by an order of magnitude (Figure 1E). Such high
reorganization energies are not observed for photosynthetic
light-harvesting complexes. Hence, we conclude that the
uncertainty principle between nuclear coordinates and momen-
ta is essential for the preferential population of low-energy
exciton states of strongly coupled pigments in photosynthetic
antennae. The reorganization of nuclei during exciton relaxation
that can be captured by a classical theory of nuclear motion is not
strong enough to have a significant influence on the equilibrium
population of excitons.

This situation changes if the excitonic couplings between
pigments become weaker, a situation encountered in all
photosynthetic complexes at some length scale, where a
nonhomogeneous distribution of pigments, bound to the same
or to different subcomplexes, is observed like, e.g, in the
photosynthetic supercomplexes of plants and algae.”” In this
case, excitons delocalize in certain domains of strongly coupled
pigments, and interdomain exciton transfer occurs incoherently.
In this case, both the quantum and the classical treatment of
unclear motion lead to the correct equilibrium population of
exciton states.

In order to understand why in this case the uncertainty
between nuclear momenta and coordinates is less important, we
start by discussing the quantum expression for the rate constant
in the generalized Forster theory. We have to replace the
semiclassical emission and absorption line shape functions in egs
49 and 50 by their quantum mechanical counterparts reading

D (Mu)(w) _ L °°dte_iwte—i<X0Ma>t/hefMay(t)e—ItI/fMa
E
27 J -0
(89)

and

Da(Nb)(w) _ 1 / © drei® eIt/ g f 7O =11/ 2y,
2w J - (60)
respectively, where X,y and Xy, denote the energy gap

between the final and the initial state of the optical transition.
Please note that, in eqs 59 and 60, the off-diagonal elements of
the exciton-vibrational coupling (eq 6 with M # N) are treated in
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53,61 . .
secular approximation®”°" and lead to the exciton relaxation

induced dephasing times 7), and 7y,, which are determined by
53 TM; = %ZNd kMﬁNd‘ The
diagonal elements were treated here with a second-order
cumulant expansion*”® that is exact for the present harmonic
PES and relates the line shape function to the energy gap
correlation function of the pigments C(t) (eq 54).

The expectation value ...) has to be taken with respect to the
equilibrium statistical operator of the vibrational degrees of

freedom of the initial state, f, = 3 ) (cXKY* and y(t) is given
d m,

the Redfield rate constants ky,

my

as

t

t) = — / dz(t — 7)C(z
o) == [ a - e o
with the correlation function C(z) in eq 54. The origin of the
coordinate axis is conveniently put at the minimum position of
the PES of the initial state, and the expectation values of the
energy gap to the final state with a shifted PES are obtained as

(Xop) = —hwy + EM and (Xy0) = hay, + ESY.
As we learned before, the imaginary part of the correlation
function C(t) (eq 54) originates from the quantum mechanical

uncertainty principle between nuclear coordinates and momen-
ta. Integration according to eq 61 results in

r(t) = 20 (@11 + 2n(w,)(cos(wt) — 1)
¢

— i(sin(@gt) — wet)} (62)

Interestingly, the imaginary part of y(t), which follows from the
imaginary part of C(t), vanishes for short times. Hence, for a fast
decay of the energy gap correlation function of the pigments, the
uncertainty principle is not as critical in the generalized Forster
as in the Redfield theory. In this limit, a short time
approximation [cos(wgt) ~ 1 - w§2t2/2, sin(a)gt) i~ wgt]
together with a high-temperature approximation n(w;) ~ kyT/
hw; gives

y(t)  7,(t) = —kyTESt* /10 (63)
that we have denoted as y(t), since with eqs 59 and 60,
neglecting the lifetime broadening l/TMa and I/TNb’ the

semiclassical line shape expressions in eqs 49 and 50 result.

A comparison between the full exp(yt) and its short-time
approximation y4(f) leading to the semiclassical line shape
function is shown in the lower half of Figure 3. The function
exp(y4(t)) decays on a similar time scale as the full exp(yt). The
latter, however, due to the isin(wét) contributions, is complex
and contains oscillations that are absent in the real short-time
approximation. These oscillations describe vibrational side-
bands that are only roughly included in the broadening of the
semiclassical Gaussian line shape function [by the somewhat
faster decay of the exp(y4(t))]. Interestingly, the semiclassical
generalized Forster theory provides a qualitatively correct
description of the interdomain exciton transfer including
relatively large energy differences (Figure 2C). For even larger
energy gaps, as they occur between chemically distinct pigments,
the thermal broadening of the symmetric semiclassical Gaussian
line shape function will not be enough, and additional high-
frequency intramolecular vibrations of the pigments have to be
taken into account. This inclusion can only be done in a
quantum theory since the vibrational sidebands of these high-
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frequency vibrations will occur only on the high-/low-energy
sides of the 0—0 transition in absorption/emission. A classical
theory of nuclear motion cannot describe this asymmetry.*’
Again, it is the missing imaginary part of the correlation function
resulting from the uncertainty principle between nuclear
coordinates and momenta that is responsible for this defect of
the semiclassical line shape theory. An approximate inclusion of
these effects can be obtained by treating a single effective
vibrational mode quantum mechanically and the remaining
modes classically. %%

Large energy gaps between chromophores occur, e.g,
between chlorophyll b (Chl b) and Chl a pigments in the
major light-harvesting complex of higher plants LHCII, where
high-frequency intrapigment vibrations were found to be
essential for efficient Chl b — Chl a energy transfer.”" High-
frequency intrapigment vibrations were also found to be
important for energy transfer between high- and low-energy
bilin chromophores in marine cryptophyte algae.””~"* In these
cases, where the energy difference between the minima of the
PES of the excited states is large compared to the reorganization
energy, a classical theory of nuclear motion would result in a too
small rate constant. Larger reorganization energies occur in
charge transfer reactions, because of the polar nature of the
charge separated state. Despite a very small effect of single high-
frequency intrapigment vibrations, collectively these modes
were found to decrease the rate constant in the normal region
and to increase it in the inverted region of primary electron
transfer in photosystem II, making the reaction robust against
static disorder effects.””

B CONCLUSIONS

We have investigated exciton relaxation in domains of strongly
coupled pigments and exciton transfer between such domains
with weak interdomain excitonic couplings, using the semi-
classical modified Redfield and generalized Forster theory,
respectively. A key quantity appears to be the energy gap
correlation function of these reactions. Whereas a classical
theory of nuclear motion results in a real correlation function,
the uncertainty principle between nuclear coordinates and
momenta in a quantum theory gives rise to an imaginary part.
This imaginary part is found responsible for the equilibration of
excitation energy in domains of strongly coupled pigments.
Nuclear reorganization effects also lead to a preferential
population of low-energy exciton states, but for realistic spectral
densities of photosynthetic light-harvesting antennae, these
reorganization effects are much too small to compensate for the
missing uncertainty principle in a classical theory of nuclear
motion.

The situation changes for weaker excitonic couplings as they
occur between different exciton domains in photosynthetic
antennae. In this case, the nuclear reorganization effects
guarantee a correct thermal equilibration of excitation energy,
independent of the correlations between nuclear coordinates
and momenta. The uncertainty principle still has an influence on
the time scale of the reaction, in particular if large energy gaps are
involved.

B AUTHOR INFORMATION

Corresponding Author
Thomas Renger — Institut fir Theoretische Physik, Johannes
Kepler Universitit Linz, 4040 Linz, Austria; © orcid.org/
0000-0001-9245-380S; Email: thomas.renger@jku.at

https://doi.org/10.1021/acs.jpcb.1c01479
J. Phys. Chem. B 2021, 125, 6406—6416


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+Renger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9245-3805
https://orcid.org/0000-0001-9245-3805
mailto:thomas.renger@jku.at
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c01479?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcb.1c01479

Notes
The author declares no competing financial interest.

B ACKNOWLEDGMENTS

Support by the Austrian Science Fund (FWF) through grant P
33155-NBL is gratefully acknowledged. The author would like
to thank David F. Coker for a discussion on semiclassical
theories.

B REFERENCES

(1) Blankenship, R. Molecular Mechanisms of Photosynthesis; Wiley
Blackwell: West Sussex, 2014.

(2) van Amerongen, H.; van Grondelle, R.; Valkunas, L. Photosynthetic
Excitons; World Scientific: Singapur, 2000.

(3) Renger, G. Primary Processes of Photosynthesis; RSC Publishing:
Cambridge, UK, 2008.

(4) Croce, R;; van Grondelle, R.; van Amerongen, H.; van Stokkum, L.
Light Harvesting in Photosynthesis; CRC Press: Boca Raton, 2018.

(5) Renger, T.; Miih, F. Understanding photosynthetic light-
harvesting: a bottom up theoretical approach. Phys. Chem. Chem.
Phys. 2013, 15, 3348—3371.

(6) Renger, T.; Madjet, M. E.; Schmidt am Busch, M.; Adolphs, J.;
Miih, F. Structure-based modeling of energy transfer in photosynthesis.
Photosynth. Res. 2013, 116, 367—388.

(7) Sundstrém, V.; Pullerits, T.; van Grondelle, R. Photosynthetic
Light-Harvesting: Reconciling Dynamics and Structure of Purple
Bacterial LH2 Reveals Function of Photosynthetic Unit. J. Phys. Chem.
B 1999, 103, 2327—-2346.

(8) Cogdell, R. J.; Gall, A.; Kéhler, J. The architecture and function of
the light-harvesting apparatus of purple bacteria: from single molecules
to in vivo membranes. Q. Rev. Biophys. 2006, 39, 227—324.

(9) Law, C.J.; Cogdell, R. J. In Primary Processes of Photosynthesis - Part
1, Principles and Apparatus; Renger, G., Ed.; RCS Publishing:
Cambridge, 2008; pp 205—260.

(10) Gardiner, A. T.; Nguyen-Phan, T. C; Cogdell, R. J. A
comparative look at structural variation among RC—LH1 ‘Core’
complexes present in anoxygenic phototrophic bacteria. Photosynth.
Res. 2020, 145, 83—96.

(11) Roszak, A. W.; Howard, T. D.; Southall, J.; Gardiner, A. T.; Law,
C.J.; Isaacs, N. W.; Cogdell, R. J. Crystal Structure of the RC-LH1 Core
Complex from Rhodopseudomonas palustris. Science 2003, 302, 1969—
1972.

(12) Yu, L.-J; Suga, M.; Wang-Otomo, Z.-Y.; Shen, J.-R. Structure of
photosynthetic LHI-RC supercomplex at 1.9 A resolution. Nature
2018, 556, 209—213.

(13) Yu, L.-J; Suga, M.,; Wang-Otomo, Z.-Y.; Shen, J.-R. Novel
features of LH1-RC from Thermochromatium tepidum revealed from its
atomic resolution structure. FEBS J. 2018, 285, 4359—4366.

(14) McDermott, G.; Prince, S. M.; Freer, A. A.; Hawthornthwaite-
Lawless, A. M.; Papiz, M. Z.; Cogdell, R. J.; Isaacs, N. W. Crystal
structure of an integral membrane light-harvesting complex from
photosynthetic bacteria. Nature 1995, 374, 517—521.

(15) Koepke, J.; Hu, X.; Muenke, C.; Schulten, K; Michel, H. The
crystal structure of the light-harvesting complex II (B800—850) from
Rhodospirillum molischianum. Structure 1996, 4, 581—597.

(16) Kereiche, S.; Bourinet, L.; Keegstra, W.; Arteni, A. A.; Verbavatz,
J-M.; Boekema, E. J.; Robert, B.; Gall, A. The peripheral light-
harvesting complexes from purple sulfur bacteria have different ’ring’
sizes. FEBS Lett. 2008, 582, 3650—3656.

(17) Warshel, A.; Parson, W. W. Spectroscopic properties of
photosynthetic reaction centers. I. Theory. J. Am. Chem. Soc. 1987,
109, 6143—6152.

(18) Renger, T. Theory of optical spectra involving charge transfer
states: Dynamic localization predicts a temperature dependent optical
band shift. Phys. Rev. Lett. 2004, 93, 188101.

6415

(19) Madjet, M. E.; Miih, F.; Renger, T. Deciphering the Influence of
Short-Range Electronic Couplings on Optical Properties of Molecular
Dimers: Application to “Special Pairs” in Photosynthesis. J. Phys. Chem.
B 2009, 113, 12603—12614.

(20) Saer, R. G.; Blankenship, R. E. Light harvesting in phototrophic
bacteria: structure and function. Biochem. J. 2017, 474, 2107—2131.

(21) Chen, J-H.; Wy, H.; Xu, C.; Xiao-Chi, L.; Huang, Z.; Chang, S.;
Wang, W.; Han, G.; Kuang, T.; Shen, J.-R.; et al. Architecture of the
photosynthetic complex from a green sulfur bacterium. Science 2020,
370, No. eabb6350.

(22) Mih, F.; Madjet, M. E.; Adolphs, J; Abdurahman, A,;
Rabenstein, B.; Ishikita, H.; Knapp, E. W.; Renger, T. a-helices direct
excitation energy flow in the Fenna-Matthews-Olson protein. Proc.
Natl. Acad. Sci. U. S. A. 2007, 104, 16862—16867.

(23) Adolphs, J.; Miih, F.; Madjet, M. E.; Renger, T. Calculation of
pigment transition energies in the FMO protein: From simplicity to
complexity and back. Photosynth. Res. 2008, 95, 197—209.

(24) Schmidt am Busch, M.; Miih, F.; Madjet, M. E.; Renger, T. The
Eighth Bacteriochlorophyll Completes the Excitation Energy Funnel in
the FMO Protein. J. Phys. Chem. Lett. 2011, 2, 93—98.

(25) Adolphs, J.; Renger, T. How proteins trigger excitation energy
transfer in the FMO complex of green sulfur bacteria. Biophys. J. 2006,
91,2778-2797.

(26) Wen, J.; Zhang, H.; Gross, M. L.; Blankenship, R. E. Membrane
orientation of the FMO antenna protein from Chlorobaculum tepidum
as determined by mass spectrometry-based footprinting. Proc. Natl.
Acad. Sci. U. S. A. 2009, 106, 6134—6139.

(27) Saer, R. G; Stadnytskyi, V.; Magdaong, N. C.; Goodson, C.;
Savikhin, S.; Blankenship, R. E. Probing the excitonic landscape of the
Chlorobaculum tepidum Fenna-Matthews-Olson (FMO) complex: a
mutagenesis approach. Biochim. Biophys. Acta, Bioenerg. 2017, 1858,
288—296.

(28) Cao, J.; Cogdell, R. J.; Coker, D. F.; Duan, H.-G.; Hauer, J;
Kleinekathofer, U,; Jansen, T. L. C.; Mancal, T.; Miller, R. J. D.; Ogilvie,
J. P; et al. Quantum Biology Revisited. Science Advances 2020, 6,
No. eaaz4888.

(29) Engel, G. S.; Calhoun, T. R;; Read, E. L.; Ahn, T.-K.; Mancal, T ;
Cheng, Y.-C.; Blankenship, R. E.; Fleming, G. R. Evidence for wavelike
energy transfer through quantum coherence in photosynthetic systems.
Nature 2007, 446, 782—786.

(30) Panitchayangkoon, G.; Hayes, D.; Fransted, K. A.; Caram, J. R;;
Wen, J.; Blankenship, R. E.; Engel, G. S. Long-lived quantum coherence
in photosynthetic complexes at physiological temperature. Proc. Natl.
Acad. Sci. U. S. A. 2010, 107, 12766—12770.

(31) Collini, E.; Wong, C. Y.; Wilk, K. E.; Curmi, P. M. G.; Brumer, P.;
Scholes, G. D. Coherently wired light-harvesting in photosynthetic
marine algae at ambient temperature. Nature 2010, 463, 644—647.

(32) Fleming, G. R.; Scholes, G. D.; Cheng, Y. C. Quantum effects in
biology. Procedia Chem. 2011, 3, 38—57.

(33) Lambert, N; Chen, Y.-N.; Cheng, Y.-C.; Li, C.-M.; Chen, G.-Y.;
Nori, F. Quantum Biology. Nat. Phys. 2013, 9, 10—18.

(34) Scholes, G. D.; Fleming, G. R;; Chen, L. X.; Aspuru-Guzik, A. A.;
Buchleitner, A.; Coker, D. F.; Engel, G. S.; van Grondelle, R.; Ishizaki,
A.; Jonas, D. M,; et al. Using coherence to enhance function in chemical
and biophysical systems. Nature 2017, 543, 647—656.

(35) Mukamel, S. Communications: Signatures of quasiparticle
entanglement in multidimensional nonlinear optical spectroscopy of
aggregates. . Chem. Phys. 2010, 132, 241108.

(36) Briggs, J. S.; Eisfeld, A. Equivalence of quantum and classical
coherence in electronic energy transfer. Phys. Rev. E 2011, 83, 051911.

(37) Briggs, J. S.; Eisfeld, A. Coherent quantum states from classical
oscillator amplitudes. Phys. Rev. A: At, Mol, Opt. Phys. 2012, 85,
052111.

(38) Miller, W. H. Perspective: Quantum or classical coherence? J.
Chem. Phys. 2012, 136, 210901.

(39) Mancal, T. Excitation Energy Transfer in a Classical Analogue of
Photosynthetic Antennae. J. Phys. Chem. B 2013, 117, 11282—11291.

(40) Reppert, M.; Brumer, P. Quantumness in light harvesting is
determined by vibrational dynamics. J. Chem. Phys. 2018, 149, 234102.

https://doi.org/10.1021/acs.jpcb.1c01479
J. Phys. Chem. B 2021, 125, 6406—6416


https://pubs.acs.org/doi/10.1021/acs.jpcb.1c01479?ref=pdf
https://doi.org/10.1039/C3CP43439G
https://doi.org/10.1039/C3CP43439G
https://doi.org/10.1007/s11120-013-9893-3
https://doi.org/10.1021/jp983722+?ref=pdf
https://doi.org/10.1021/jp983722+?ref=pdf
https://doi.org/10.1021/jp983722+?ref=pdf
https://doi.org/10.1017/S0033583506004434
https://doi.org/10.1017/S0033583506004434
https://doi.org/10.1017/S0033583506004434
https://doi.org/10.1007/s11120-020-00758-3
https://doi.org/10.1007/s11120-020-00758-3
https://doi.org/10.1007/s11120-020-00758-3
https://doi.org/10.1126/science.1088892
https://doi.org/10.1126/science.1088892
https://doi.org/10.1038/s41586-018-0002-9
https://doi.org/10.1038/s41586-018-0002-9
https://doi.org/10.1111/febs.14679
https://doi.org/10.1111/febs.14679
https://doi.org/10.1111/febs.14679
https://doi.org/10.1038/374517a0
https://doi.org/10.1038/374517a0
https://doi.org/10.1038/374517a0
https://doi.org/10.1016/S0969-2126(96)00063-9
https://doi.org/10.1016/S0969-2126(96)00063-9
https://doi.org/10.1016/S0969-2126(96)00063-9
https://doi.org/10.1016/j.febslet.2008.09.050
https://doi.org/10.1016/j.febslet.2008.09.050
https://doi.org/10.1016/j.febslet.2008.09.050
https://doi.org/10.1021/ja00254a039?ref=pdf
https://doi.org/10.1021/ja00254a039?ref=pdf
https://doi.org/10.1103/PhysRevLett.93.188101
https://doi.org/10.1103/PhysRevLett.93.188101
https://doi.org/10.1103/PhysRevLett.93.188101
https://doi.org/10.1021/jp906009j?ref=pdf
https://doi.org/10.1021/jp906009j?ref=pdf
https://doi.org/10.1021/jp906009j?ref=pdf
https://doi.org/10.1042/BCJ20160753
https://doi.org/10.1042/BCJ20160753
https://doi.org/10.1126/science.abb6350
https://doi.org/10.1126/science.abb6350
https://doi.org/10.1073/pnas.0708222104
https://doi.org/10.1073/pnas.0708222104
https://doi.org/10.1007/s11120-007-9248-z
https://doi.org/10.1007/s11120-007-9248-z
https://doi.org/10.1007/s11120-007-9248-z
https://doi.org/10.1021/jz101541b?ref=pdf
https://doi.org/10.1021/jz101541b?ref=pdf
https://doi.org/10.1021/jz101541b?ref=pdf
https://doi.org/10.1529/biophysj.105.079483
https://doi.org/10.1529/biophysj.105.079483
https://doi.org/10.1073/pnas.0901691106
https://doi.org/10.1073/pnas.0901691106
https://doi.org/10.1073/pnas.0901691106
https://doi.org/10.1016/j.bbabio.2017.01.011
https://doi.org/10.1016/j.bbabio.2017.01.011
https://doi.org/10.1016/j.bbabio.2017.01.011
https://doi.org/10.1126/sciadv.aaz4888
https://doi.org/10.1038/nature05678
https://doi.org/10.1038/nature05678
https://doi.org/10.1073/pnas.1005484107
https://doi.org/10.1073/pnas.1005484107
https://doi.org/10.1038/nature08811
https://doi.org/10.1038/nature08811
https://doi.org/10.1016/j.proche.2011.08.011
https://doi.org/10.1016/j.proche.2011.08.011
https://doi.org/10.1038/nphys2474
https://doi.org/10.1038/nature21425
https://doi.org/10.1038/nature21425
https://doi.org/10.1063/1.3454657
https://doi.org/10.1063/1.3454657
https://doi.org/10.1063/1.3454657
https://doi.org/10.1103/PhysRevE.83.051911
https://doi.org/10.1103/PhysRevE.83.051911
https://doi.org/10.1103/PhysRevA.85.052111
https://doi.org/10.1103/PhysRevA.85.052111
https://doi.org/10.1063/1.4727849
https://doi.org/10.1021/jp402101z?ref=pdf
https://doi.org/10.1021/jp402101z?ref=pdf
https://doi.org/10.1063/1.5058136
https://doi.org/10.1063/1.5058136
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c01479?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

(41) Marcus, R. A,; Sutin, N. Electron transfers in chemistry and
biology. Biochim. Biophys. Acta, Rev. Bioenerg. 1985, 811, 265—322.

(42) May, V.; Kithn, O. Charge and Energy Transfer Dynamics in
Molecular Systems: A Theoretical Introduction; Wiley—VCH: Berlin,
2000.

(43) Ishizaki, A.; Fleming, G. R. On the Interpretation of Quantum
Coherent Beats Observed in Two-Dimensional Electronic Spectra of
Photosynthetic Light Harvesting Complexes. J. Phys. Chem. B 2011,
11§, 6227—-6233.

(44) Tully, J. C; Preston, R. K. Trajectory Surface Hopping Approach
to N onadiabatic Molecular Collisions: The Reaction of H" with D,. J.
Chem. Phys. 1971, §S, 562—572.

(45) Parandekar, P. V,; Tully, J. C. Mixed quantum-classical
equilibrium. J. Chem. Phys. 20085, 122, 094102.

(46) Parandekar, P. V.; Tully, J. C. Detailed Balance in Ehrenfest
Mixed Quantum-Classical Dynamics. J. Chem. Theory Comput. 2006, 2,
229-235.

(47) Meyer, H. D; Miller, W. H. A classical analog for electronic
degrees of freedom in nonadiabatic collision processes. J. Chem. Phys.
1979, 70, 3214—3223.

(48) Huo, P.; Coker, D. F. Communication: Partial linearized density
matrix dynamics for dissipative, non-adiabatic quantum evolution. J.
Chem. Phys. 2011, 135, 201101.

(49) Cotton, S. J.; Miller, W. H. Symmetrical windowing for quantum
states in quasi-classical trajectory simulations: Application to electroni-
cally non-adiabatic processes. J. Chem. Phys. 2013, 139, 234112.

(50) Runeson, J. E.; Richardson, J. O. Generalized spin mapping for
quantum-classical dynamics. J. Chem. Phys. 2020, 152, 084110.

(51) Miller, W. H.; Cotton, S. J. Communication: Note on detailed
balance in symmetrical quasi-classical models for electronically non-
adiabatic dynamics. J. Chem. Phys. 2015, 142, 131103.

(52) Renger, T.; May, V.; Kiihn, O. Ultrafast Excitation Energy
Transfer Dynamics in Photosynthetic Pigment-Protein Complexes.
Phys. Rep. 2001, 343, 137—254.

(53) Renger, T.; Marcus, R. A. On the relation of protein dynamics
and exciton relaxation in pigment-protein complexes: an estimation of
the spectral density and a theory for the calculation of optical spectra. J.
Chem. Phys. 2002, 116, 9997—10019.

(54) Zhang, W. M.; Meier, T.; Chernyak, V.; Mukamel, S. Exciton-
migration and three—pulse femtosecond optical spectroscopies of
photosynthetic antenna complexes. J. Chem. Phys. 1998, 108, 7763—
7774.

(55) Yang, M; Fleming, G. R. Influence of phonons on exciton
transfer dynamics: comparison of the Redfield, Forster, and modified
Redfield equations. Chem. Phys. 2002, 275, 355—372.

(56) Renger, T.; Marcus, R. A. Variable—range hopping electron
transfer through disordered bridge states: Application to DNA. J. Phys.
Chem. A 2003, 107, 8404—8419.

(57) Warshel, A.; Hwang, J.-K. Simulation of the dynamics of electron
transfer reactions in polar solvents: Semiclassical trajectories and
dispersed polaron approaches. J. Chem. Phys. 1986, 84, 4938—4957.

(58) Mukai, K; Abe, S.; Sumi, H. Theory of rapid excitation energy
transfer from B800 to optically forbidden exciton states of B850 in the
antenna system LH2 of photosynthetic purple bacteria. J. Phys. Chem. B
1999, 103, 6096—6102.

(59) Scholes, G. D.; Fleming, G. R. On the Mechanism of Light
Harvesting in Photosynthetic Purple Bacteria: B800 to B850 Energy
Transfer. J. Phys. Chem. B 2000, 104, 1854—1868.

(60) Raszewski, G.; Renger, T. Light harvesting in photosystem II core
complexes is limited by the transfer to the trap: Can the core complex
turn into a photoprotective mode? J. Am. Chem. Soc. 2008, 130, 4431—
4446.

(61) Klinger, A.; Lindorfer, D.; Miih, F.; Renger, T. Normal mode
analysis of spectral density of FMO trimers: Intra- and intermonomer
energy transfer. J. Chem. Phys. 2020, 153, 215103.

(62) Tronrud, D. E; Wen, J; Gay, L.; Blankenship, R. E. The
structural basis for the difference in absorbance spectra for the FMO
antenna protein from various green sulfur bacteria. Photosynth. Res.
2009, 100, 79-87.

6416

(63) Correction of a misprint in the SI of ref 28: The
EMi>03 5 s s
ARM=(ZM Rm_Rs) should

(), > -
ARy = (I/szl;”‘ 03 R, — RS)” where N, denotes the number of

«

read

pigments that contribute to the sum over m.

(64) Wendling, M.; Pullerits, T.; Przyjalgowski, M. A.; Vulto, S. L. E;
Aartsma, T. J; van Grondelle, R;; van Amerongen, H. Electron-
vibrational coupling in the Fenna-Matthews-Olson complex of
Prosthecochloris aestuarii determined by temperature-dependent
absorption and fluorescence line-narrowing measurements. J. Phys.
Chem. B 2000, 104, 5825—5831.

(65) Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual Molecular
Dynamics. J. Mol. Graphics 1996, 14, 33—38.

(66) Renger, T.; Klinger, A.; Steinecker, F.; Schmidt am Busch, M.;
Numata, J.; Mith, F. Normal Mode Analysis of the Spectral Density of
the Fenna-Matthews-Olson Light-Harvesting Protein: How the Protein
Dissipates the Excess Energy of Excitons. J. Phys. Chem. B 2012, 116,
14565—14580.

(67) Croce, R.; van Amerongen, H. Light harvesting in oxygenic
photosynthesis: Structural biology meets spectroscopy. Science 2020,
369, No. eaay2058.

(68) Georgievskii, Y.; Hsu, C.-P.; Marcus, R. A. Linear response in
theory of electron transfer reactions as an alternative to the molecular
harmonic oscillator model. J. Chem. Phys. 1999, 110, 5307—5317.

(69) Jortner, J. Temperature dependent activation energy for electron
transfer between biological molecules. J. Chem. Phys. 1976, 64, 4860—
4867.

(70) Renger, T.; Dankl, M.; Klinger, A.; Schliicker, T.; Langhals, H.;
Miih, F. Structure-Based Theory of Fluctuation-Induced Energy
Transfer in a Molecular Dyad. J. Phys. Chem. Lett. 2018, 9, 5940—5947.

(71) Renger, T.; Madjet, M. E.; Knorr, A.; Miih, F. How the molecular
structure determines the flow of excitation energy in plant light-
harvesting complex II. J. Plant Physiol. 2011, 168, 1497—1509.

(72) Blau, S. M.; Bennett, D. I. G.; Kreisbeck, C.; Scholes, G. D.;
Aspurur-Guzik, A. Local protein solvation drives direct down-
conversion in phycobiliprotein PC645 via incoherent vibronic
transport. Proc. Natl. Acad. Sci. U. S. A. 2018, 115, E3342—E3350.

(73) Bennett, D. I. G.; Maly, P.; Kreisbeck, C.; van Grondelle, R;;
Aspurur-Guzik, A. Mechanistic Regimes of Vibronic Transport in a
Heterodimer and the Design Principle of Incoherent Vibronic
Transport in Phycobiliproteins. J. Phys. Chem. Lett. 2018, 9, 2665—
2670.

(74) Ok, S. A.; Coker, D. F.; Hutchinson, D. A. W. Variety, the spice of
life and essential for robustness in excitation energy transfer in light-
harvesting complexes. Faraday Discuss. 2020, 221, 59—76.

(75) Fujihashi, Y.; Higashi, M.; Ishizaki, A. Intramolecular Vibrations
Complement the Robustness of Primary Charge Separation in a Dimer
Model of the Photosystem II Reaction Center. J. Phys. Chem. Lett. 2018,
9, 4921-4929.

https://doi.org/10.1021/acs.jpcb.1c01479
J. Phys. Chem. B 2021, 125, 6406—6416


https://doi.org/10.1016/0304-4173(85)90014-X
https://doi.org/10.1016/0304-4173(85)90014-X
https://doi.org/10.1021/jp112406h?ref=pdf
https://doi.org/10.1021/jp112406h?ref=pdf
https://doi.org/10.1021/jp112406h?ref=pdf
https://doi.org/10.1063/1.1675788
https://doi.org/10.1063/1.1675788
https://doi.org/10.1063/1.1856460
https://doi.org/10.1063/1.1856460
https://doi.org/10.1021/ct050213k?ref=pdf
https://doi.org/10.1021/ct050213k?ref=pdf
https://doi.org/10.1063/1.437910
https://doi.org/10.1063/1.437910
https://doi.org/10.1063/1.3664763
https://doi.org/10.1063/1.3664763
https://doi.org/10.1063/1.4845235
https://doi.org/10.1063/1.4845235
https://doi.org/10.1063/1.4845235
https://doi.org/10.1063/1.5143412
https://doi.org/10.1063/1.5143412
https://doi.org/10.1063/1.4916945
https://doi.org/10.1063/1.4916945
https://doi.org/10.1063/1.4916945
https://doi.org/10.1016/S0370-1573(00)00078-8
https://doi.org/10.1016/S0370-1573(00)00078-8
https://doi.org/10.1063/1.1470200
https://doi.org/10.1063/1.1470200
https://doi.org/10.1063/1.1470200
https://doi.org/10.1063/1.476212
https://doi.org/10.1063/1.476212
https://doi.org/10.1063/1.476212
https://doi.org/10.1016/S0301-0104(01)00540-7
https://doi.org/10.1016/S0301-0104(01)00540-7
https://doi.org/10.1016/S0301-0104(01)00540-7
https://doi.org/10.1021/jp026789c?ref=pdf
https://doi.org/10.1021/jp026789c?ref=pdf
https://doi.org/10.1063/1.449981
https://doi.org/10.1063/1.449981
https://doi.org/10.1063/1.449981
https://doi.org/10.1021/jp984469g?ref=pdf
https://doi.org/10.1021/jp984469g?ref=pdf
https://doi.org/10.1021/jp984469g?ref=pdf
https://doi.org/10.1021/jp993435l?ref=pdf
https://doi.org/10.1021/jp993435l?ref=pdf
https://doi.org/10.1021/jp993435l?ref=pdf
https://doi.org/10.1021/ja7099826?ref=pdf
https://doi.org/10.1021/ja7099826?ref=pdf
https://doi.org/10.1021/ja7099826?ref=pdf
https://doi.org/10.1063/5.0027994
https://doi.org/10.1063/5.0027994
https://doi.org/10.1063/5.0027994
https://doi.org/10.1007/s11120-009-9430-6
https://doi.org/10.1007/s11120-009-9430-6
https://doi.org/10.1007/s11120-009-9430-6
https://doi.org/10.1021/jp000077+?ref=pdf
https://doi.org/10.1021/jp000077+?ref=pdf
https://doi.org/10.1021/jp000077+?ref=pdf
https://doi.org/10.1021/jp000077+?ref=pdf
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1021/jp3094935?ref=pdf
https://doi.org/10.1021/jp3094935?ref=pdf
https://doi.org/10.1021/jp3094935?ref=pdf
https://doi.org/10.1126/science.aay2058
https://doi.org/10.1126/science.aay2058
https://doi.org/10.1063/1.478425
https://doi.org/10.1063/1.478425
https://doi.org/10.1063/1.478425
https://doi.org/10.1063/1.432142
https://doi.org/10.1063/1.432142
https://doi.org/10.1021/acs.jpclett.8b02403?ref=pdf
https://doi.org/10.1021/acs.jpclett.8b02403?ref=pdf
https://doi.org/10.1016/j.jplph.2011.01.004
https://doi.org/10.1016/j.jplph.2011.01.004
https://doi.org/10.1016/j.jplph.2011.01.004
https://doi.org/10.1073/pnas.1800370115
https://doi.org/10.1073/pnas.1800370115
https://doi.org/10.1073/pnas.1800370115
https://doi.org/10.1021/acs.jpclett.8b00844?ref=pdf
https://doi.org/10.1021/acs.jpclett.8b00844?ref=pdf
https://doi.org/10.1021/acs.jpclett.8b00844?ref=pdf
https://doi.org/10.1039/C9FD00081J
https://doi.org/10.1039/C9FD00081J
https://doi.org/10.1039/C9FD00081J
https://doi.org/10.1021/acs.jpclett.8b02119?ref=pdf
https://doi.org/10.1021/acs.jpclett.8b02119?ref=pdf
https://doi.org/10.1021/acs.jpclett.8b02119?ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c01479?rel=cite-as&ref=PDF&jav=VoR

