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ABSTRACT

We describe a method for simulating exciton dynamics in protein-pigment complexes, including effects from charge transfer as well as
fluorescence. The method combines the hierarchical equations of motion, which are used to describe quantum dynamics of excitons, and
the Nakajima-Zwanzig quantum master equation, which is used to describe slower charge transfer processes. We study the charge transfer
quenching in light harvesting complex II, a protein postulated to control non-photochemical quenching in many plant species. Using our
hybrid approach, we find good agreement between our calculation and experimental measurements of the excitation lifetime. Furthermore,
our calculations reveal that the exciton energy funnel plays an important role in determining quenching efficiency, a conclusion we expect
to extend to other proteins that perform protective excitation quenching. This also highlights the need for simulation methods that properly
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account for the interplay of exciton dynamics and charge transfer processes.
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I. INTRODUCTION

Photosynthetic systems rely on both electronic excitation
energy transfer (EET) and charge transfer (CT) processes to perform
the reactions that sustain life on Earth.' ” For example, excitation
energy transfer (EET) and charge transfer (CT) play fundamental
roles in reaction centers,” where light energy from the Sun is har-
vested to drive chemical reactions. Charge transfer is also likely
to have an important photo-protective function in photosynthetic
organisms,” '’ by quenching excess excitation energy and prevent-
ing damage to photosynthetic systems. The importance of coupled
charge and excitation energy transfer dynamics necessitates the
development of theoretical methods to accurately and efficiently
simulate them together. Here, we develop a theory to study both
processes using a hybrid approach that combines the hierarchi-
cal equation of motion (HEOM) with quantum master equations
(QMEs) to afford a computationally efficient method that is also
accurate.

Rapid excitation energy transfer has been studied extensively
using a variety of methods, with HEOM emerging as a flexible
and highly accurate approach for a large class of systems.'' '’ The
HEOM method has enabled the simulation of EET in photosyn-
thetic complexes without invoking perturbation theory, enabling a
balanced description of both incoherent Forster EET and coher-
ent excitonic EET as well as transport dynamics intermediate
between these two regimes.'* Although the HEOM method has been
used extensively to study EET,'”"”* it has been used less in the
study of combined EET and CT.” This is largely because charge
transfer states typically couple much more strongly to the envi-
ronment than local electronic excitations. Typical reorganization
energies for CT processes are often in excess of 20kgT at room
temperature in polar environments due to the large changes in
charge density distributions on molecules involved in CT*’ com-
pared to ~1kg T for chlorophyll excitations. As a result of the large
system-bath coupling strength, direct HEOM calculations involving
CT states become very challenging.”**’ Recent developments using
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matrix product states,” " and their generalizations,”* or tree tensor
networks™ to solve the HEOM can help alleviate this problem,
but these methods are limited to linear coupling models between
the charge transfer states and harmonic environments. Alternative
methods such as MACGIC-QUAPI’®” (a variant on the origi-
nal QUAPI method™ **) have been successfully applied to models
of coupled EET and CT in reaction centers,”” but dynamics with
this method can still be difficult to converge for large system sizes
and strong system-bath coupling. Approximate theories, such as
the modified-Redfield/generalized Forster theory,”  have been
applied to study CT processes in light harvesting complexes, """’
but these methods do not always accurately describe the EET
dynamics in the absence of CT processes.”' Semiclassical approaches
have also been used to study exciton dynamics,”* " but these meth-
ods often break down for systems with large system-bath couplings
as is encountered in CT processes. In order to facilitate the study
of reaction center and CT quenching processes in photosynthesis,
an accurate and computationally efficient method that can describe
coupled EET and CT processes is needed.

In this work, we present a theory combining the HEOM
method, which is used to model the EET dynamics of locally excited
states, with quantum master equation approaches used to describe
the charge transfer”” *° and radiative processes.'” Conceptually
similar hybrid approaches in which different degrees of freedom
are treated with different levels of theory have been used previ-
ously to extend the applicability of approximate theories,” "* but
here we take the numerically exact HEOM method and make it
more computationally tractable through judicious approximations
on a subset of dynamical degrees of freedom. The working equations
of our method, obtained using a Zwanzig projection approach,”
are a set of simple linear differential equations for hierarchies of
auxiliary density operators (ADOs) for the different manifolds of
states in the system. Formally, the method can account for anhar-
monicity in the degrees of freedom coupled to the CT processes,
though in this work, we only consider linear response models for
the CT process. In Sec. II, we outline the model and the HEOM
method, and in Sec. I1I, we derive the hybrid HEOM/QME method.
In Sec. IV, we test the method against exact results for a dimer
of locally excited states coupled to a CT state in order to verify
the accuracy of the method. In Sec. V, we then apply the hybrid
HEOM/QME method to study charge transfer quenching in light
harvesting complex II (LHCIID),”"*****" a system that would be
intractable to study with direct HEOM calculations. Our simula-
tions of LHCII reveal the importance of the excitation energy funnel
in determining photo-protective quenching efficiency in the LHCII
complex, a result that we discuss further in Sec. V1. Finally, we draw
conclusions in Sec. VII.

Il. THEORY

We consider the coupled energy and charge transfer of a
photoexcited chromophore system, like that found in naturally
occurring light harvesting complexes. In this section, we outline a
general model Hamiltonian and review HEOM.

A. Exciton and charge transfer model

The system we consider consists of chromophores and elec-
tron donors and acceptors. An example of such a system is the

ARTICLE scitation.org/journalljcp

Chla 612

FIG. 1. tructure of the Chla611-Chla612 dimer in LHCII with the lutein (lutein
620 denoted Lut1 for brevity as in Ref. 67) electron donor (PDB 1RWT, chain
C?8). The electron transfer coupling is denoted by Vcr and the electrostatic
inter-chromophore coupling is denoted by J.

Chla 611-Chla 612 dimer in LHCII shown in Fig. 1, where the
locally excited Chla states couple to each other and the locally
excited Chla 612 can also accept an electron from the nearby lutein
donor, which quenches the Chla® excitation. The chromophores
have a ground state |GS) and a manifold of singly excited states,
which can be spanned by a local basis [LE,), which are coupled
electrostatically. Such a system of coupled LE states can be well
described by a Frenkel exciton model." These locally excited states
can also undergo charge transfer, where either the excited electron
or hole transfers to a nearby acceptor or donor. For example, in
the LHCII sub-system depicted in Fig. 1, the CT state is formed
by electron transform from lutein to Chla 612. The charge trans-
fer states that can be formed by these processes are denoted as
|CT,). These states can undergo charge recombination to return
the system to |GS). As well as coupling to each other, the LE and
CT electronic excitations couple to the nuclear degrees of freedom
on the chromophores, the donors/acceptors, and the surrounding
polarizable environment, which leads to decoherence and relax-
ation of these excited electronic states. For example, if we consider
the Chla dimer system depitced in Fig. 1,, the local excitation on
each Chla couples primarily to the vibrations localized on each
chlorophyll,' but the CT excitation couples to the intramolecular
Chla and lutein vibrations, and the low frequency modes which
determine polarization of the surrounding protein and solvent envi-
ronment.”” The different nature of the coupling to the environment
for local and charge transfer excitations permits a partitioning of
the environment into degrees of freedom that couple primarily
to local excitations, the brg degrees of freedom, and the degrees
of freedom that couple primarily to the charge transfer processes,
denoted by bcr, a partitioning that will be explained in more detail
below. Furthermore, the electronic states of the system couple to the
electromagnetic (EM) field, which creates radiative decay pathways
for the excited electronic states.'”

The Hamiltonian for the system described above can be
written as

H = Hig + Hor + Hgs + Hircer + Hergs + Hem + Hp, (1)
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where the ground-state Hamiltonian Hgs decomposes as
HGS :ﬁgs('f+ V()) (2)

Here, T is the nuclear kinetic energy operator, Vj is the ground-
state potential energy operator, and Ilgs is a projection operator
Ilgs = |GS)(GS|. Similarly, the Hamiltonian of the charge transfer
states is

Ner Ner

Her = ) Her, Her, = Y, Ter, (T + Ver, ), (3)

n=1 n=1

with Ilcr, = |CT,)(CT,| being a projection operator onto the CT,
state, which we assume is a CT state in which electrons and holes
are localized on specific acceptors and donors. For the locally
excited states, we take a similar form but include all the LE state
couplings J,,,,,»

NLE A A
Hig = (Z |LE,){LE,|(Ex + T + Vig,)

n=1
+ > Jam(|LEx)(LEn| + |LEm)(LE,,|)) (4)
A NLE A A
= Higs + Y [LE2){LEW|(T + Vig, ), (5)
n=1

and we can again define an electronic projection operator ITig
= Y ,|JLE4){LE,|, which commutes with Hig. The CT-GS diabatic
coupling term can be written as

Ner
Hcrgs = Z Ver,,as(JCTx)(GS| + |GS){CT,|) (6)

n=1

and the locally excited state charge transfer diabatic coupling term
can be written as

Nig Ner

Hiecr = Z Z Vig, T, (|[LEn)(CTwm| + [CTm){LE,|),  (7)

n=1m=1

with coupling constants Vcr, gs and Vig,cr,. For simplicity, we
have made the Condon approximation, by assuming that the
diabatic state couplings have no nuclear coordinate dependence.

The electromagnetic field Hamiltonian Hgy is given by’

N ot oa 1
Hgm = Zhwk(a}:p Agp + *), (8)
kp 2

where ay, is the electromagnetic (EM) field annihilation operator for
mode k with polarization p and wi = co|k|. These EM field modes are
denoted by the bgm degrees of freedom. Hp is the dipole coupling
operator between the molecular system and the EM field,"”**"’

=—p-& ©)

within a point dipole approximation for the system. Here, j is the
system transition dipole moment operator, with components for the
LE, state, jinq, with & = X, y, 2, given by

ARTICLE scitation.org/journalljcp

Nig

fa =Y pina([LES){(GS| + |GS)(LE4|), (10)

n=1

and £ is the electric field operator at the origin,

= IZ ZV e (Akp ekp - &Itp e;:P), (11)

where V) is the volume of the system, ¢ is the vacuum permittiv-
ity, and ey, is a unit vector defining the polarization of the EM field
mode kp.

In describing the potential energy surfaces for the different dia-
batic states, we start by separating out the nuclear bath coordinates
that modulate the energy gap between the LE, state and the ground
state, which we denote the b, degrees of freedom. This is justified
by noting that the main degrees of freedom that modulate the LE,
energies are intramolecular vibrational modes on chromophore »
and its surrounding local environment. Given the CT}, states involve
these chromophores, the CT,, energies can also depend on the byg,
degrees of freedom, as well as local modes on donors/acceptors
involved in the charge transfer, and delocalized modes correspond-
ing to environment polarization."'” These additional bath degrees
of freedom are denoted bcr. In what follows, we assume that the
bie and bcr degrees of freedom are not coupled and are there-
fore uncorrelated, and the operators on these degrees of freedom,
indicated by superscript b and ber labels, therefore commute.
This assumption is analogous to separating intramolecular and
environmental contributions to spectral densities used in modeling
condensed phase optical spectra’’’* and the separation of inner-
and outer- sphere contributions to electron transfer reorganization
energies.”

Within this assumption, we can write down a model Hamilto-
nian for the coupled LE and CT states as

H=Hig, + Z |LE,) LEn‘AVbLEn

n=1

Ner
+ Y Ier, (HCT s +AV‘E‘TT + Z AVbLE’”)
n=1 m=1

bIl'

+ H +HECST+HET+HEM+HD. (12)

Here, Hig; is the LE system Hamiltonian, containing the LE state
energies and couplings, and similarly Hcr, s is the system Hamilto-
nian for CT,, which describes the energy of CT, and Hgr = Higcr
+ Hergs. AV LE“ = Vig, — Vo describes how the potential energy
surface of the ground state is perturbed by the electronic excitation
LE,; similarly, AVEC‘ +3, AVbLEm Ver, — Vo describes how the
ground state potentlal is shlfted in the charge transfer state CT,,.
The potential energy shift for the CT states is divided into a sum
of terms that are correlated with the LE,, energy shifts, AVZLIEZ‘, cor-
responding to reorganization of the intramolecular modes on each
chromophore, and the remaining uncorrelated component AVbLT
The reference ground state potentials for the big and ber degrees of
freedom are given by H E}Lsh and H, ECST, respectively.
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B. The LE state potential energy surfaces

We can often assume that the LE state energy shift opera-

5Dy, . T
tors AV ;" have Gaussian statistics in the ground state reference
ensemble, meaning the third- and higher-order cumulants vanish.

Furthermore, we assume that the correlation functions of AV’ ;“ can

. . . 12,14
be decomposed into a sum of contributions as follows:

Non
(AViE AV (0), = 8um., Cur(0), (13)
LE r=1

= Try, [+ e P Try, [e#16°] and AVEE (1)

bie, —
= GH Y AVip"e HEYN provided CYE(t) is a smooth function, it

can be written in terms of a spectral density J,,,(w) as

where (--),

() == fdwjnr(w)[coth(ﬁ )COS(Wt)—iSin(“’t)]- (14)

With these assumptions, HELSE can be written as a sum of inde-
pendent harmonic bath Hamiltonians and the LE state energy shift
terms AV ”" are linear in the bath mode displacements.'® These
assumptions are widely used in describing exciton dynamics and
largely hold due to the relatively weak coupling between the LE states
and the environment, meaning shifts in the potential energy surfaces
can be well approximated as simple shifts in a harmonic potential.""”
Overall, this means that we can write the bz Hamiltonians as'”

HbLE Nig Nos Nor ﬁfmx 1 S s
GS ~ Z Z Z + Emnmwnra Gnra | (15)

n=1r=1a=1 zm””"

b Ny, . Nou Ny
AVL]}-SE: = ZBYI Z Z Cnra 5]m’a; (16)

where the bath mode frequencies wy,e and coupling coefficients curq
of the mode displacement operators gura appear in the bath cou-

pling operators B,.. We also assume that the AV 'Fm terms, which
describe the correlation between the CT state and the LE state energy
shifts, can be written as linear in the bLE bath coupling operators in
Eq. (16), with coupling coefficients x5,

o Ny
AV = me;er (17)

We can evaluate the spectral density for each bath, i.e.,

N, 2

Tnr(@) = 72%

oc 1 Mnra Wnra

B(w*wnm) (18)

in terms of these microscopic parameters in the Hamiltonian.

C. The hierarchical equations of motion

The hierarchical equations of motion provide a method for
simulating the dynamics of a system linearly coupled to a harmonic

ARTICLE scitation.org/journalljcp

bath. It was developed for Hamiltonians, like the ones we are
interested in, that can be decomposed as'’

A A Nb A A A
H=H+ Y (Hy;+V;B), (19)
j=1

where Hj is the sub-system Hamiltonian, V; are system opera-
tors, and Hjy, j is the Hamiltonian of harmonic bath j. The bath

sV

oc] lpjza/sz“
+ Mjawiy q]a/Z and BJ Z 1 Gix Gja as analogous to Egs. (15) and
(16), where the index n,7 is replaced with a single index j. Assum-

ing the bath displacement operator correlation functions can be
decomposed as

displacement operators, BJ, are defined as Hy,; =

G(t)=>" ajkefv’kt (20)
k=1

and using the Gaussian property of the harmonic baths, we can
obtain the system reduced density operator p(t) = Try[prot(f)],
from a hierarchy of auxiliary density operators (ADOs) pu(t)
obeying the following equation of motion:' ">’

d

< on(t) =~ [Hpa(0)]- Sk pa(1) + Enpat)
>

(i + 1)|ajk|[l7j’pn;l

1 njk A A * A *
- — ——\aix Vipn- — ay pn- Vi)s 21
hix l“jk|( S P ™ kP J) ey

where n = (11,0, 11,1, . . > i - . ) is a multi-index that specifies the
excitation level of mode k for each bath j for a given hierarchy
element, nk = (n1,0, 11,1, - - N ITE ), and E, is a system super-
operator that accounts for finite truncation of the hierarchy. The
sub-system reduced density operator can be obtained as the zeroth
element of this hierarchy, p(t) = po(t).

We can write down the truncated hierarchy as

p())) = Xlpa(t))) ® Im)), (22)

where |n)) is a basis vector corresponding to the auxiliary density
operator n and |p, (t))) is the Liouville space vector of this ADO.
With this notation we can write down the equation of motion more
compactly as”>"*

%mcr)» = £lp(0)) (3
=(L® Tago- LOT+E+V)p(H)),  (24)

where £ = —(i/h)[Hs, - ] is the system Liouvillian, Z and Z,q, are
identity operators on the system Liouville space and the set of ADOs
respectively, I'=3,7,/m)((n| is a matrix of ADO decay rates,

=Y hen En®[n)){(n| is a superoperator that accounts for finite
truncation of the hierarchy,”” and V is the term that couples differ-
ent ADOs within the hierarchy. Henceforth, we will swap between
the Liouville vector notation |p)) and standard operator notation p,
as is most appropriate.
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lll. THE HYBRID HEOM/QME METHOD

Using HEOM to study CT in these systems can be difficult
due to the large reorganization energies involved, which give rise
to large values of aj for baths associated with CT processes. The
large coupling coefficients for certain modes means many ADOs are
needed to converge the HEOM dynamics. This can make HEOM
calculations involving CT states intractable when there are large
numbers of system states and baths. A simplification results as
the reorganization energy of the charge transfer processes is typi-
cally much larger than the electronic coupling between CT states
and LE states, and thus the use of perturbation theory, where the
coupling to the CT states is treated as a small parameter, can be
expected to give an accurate description of the coupled dynamics
of the LE and CT states.”””®” In this section, we describe how
Zwanzig projection can be used to construct a hybrid HEOM/QME
method in which radiative and electron transfer processes are treated
with perturbation theory while preserving the high accuracy of
the EET dynamics afforded by HEOM. Similar approaches have
been used to derive hybrid HEOM methods to describe radiative
processes in EET in protein-pigment complexes,’”””’” but these
have not included charge transfer processes. The approach taken
here combines some of the ideas for describing radiative processes
in Ref. 19 with the Nakajima-Zwanzig theory-based approaches
that have been used to derive quantum master equations for spin
density operators of different charge transfer states in photoexcited
molecules.”

A. Zwanzig projection

Here, we use the Zwanzig projection operator approach to con-
struct a hybrid HEOM/QME method. We set up the problem by
formally including the bcr and EM field degrees of freedom as well
as the full set of electronic states, in the system Hamiltonian H; in
the hierarchical equations of motion. This means that the “system”
Hamiltonian is taken to be

Ner
A A A A Aber
Hs = Higs + ) er, (HCT,,,S + AVC“TI")
n=1

Abe N N N N
+ HG(ST + Higcr + Hergs + Hem + Hp. (25)

The response of the system to the big couplings is treated with
the HEOM, with the set of Ny, = >, Ny, LE baths indexed by
j=mn,r,and

(26)

m?

Ner
Vs = [LEa)(LEs| + > x5, Tcr,
m=1
are the set of system-bath coupling operators. The coefficients x5 "
here describe how the brg degrees of freedom are coupled to the CT
states as defined in Eq. (17).

The main variables of interest for this system, when the brg
degrees of freedom are treated with the HEOM method, are the
reduced density operators for the LE states and the CT and GS state
populations. These populations are given by

Gas(t) =T1a Try [po(t) 14, (27)

ARTICLE scitation.org/journalljcp

where po(t) is the zeroth ADO of the hierarchy, I14 is a projec-
tion operator onto the manifold of electronic states with A = LE,
CT, or GS, and Try denotes a trace over all bcr and by field degrees
of freedom, which we collectively refer to as b’. Since we aim to treat
the exciton dynamics with the HEOM, we construct the projection
operator for the HEOM ADOs as

P = ZPA ® Iad()) (28)
A
Pa = pocp ™ s Try [ - 1. (29)

Here, the local equilibrium density operator for the ber degrees of

4 b y b A A
freedom in state A is p57 = e PH A JTry, [e P! i ], and AT = HECST
for A = GS or LE, where

HE = Hog + AV, (30)

with the terms here defined as in Eq. (12). The EM field density
operator is approximated as the zero temperature equilibrium den-
sity operator of the bare EM field, where all field modes are in their
ground state, p°™ = ®kp|Okp) (Okp|- This approximation is justified
by the fact that we are only interested in spontaneous emission
processes since the field modes at the LE state energies are not
thermally excited at ambient temperatures, therefore, fw,, ~ 0 for
field modes resonant with the LE-GS energy gaps. This type of pro-
jection operator is analogous to that used in Refs. 56 and 57 for
electronic state spin density operators. This projected density oper-
ator contains the reduced density operator hierarchy, |04(t))), for
each electronic state A,

Plp())) = ;IPZ”)) ® |p"™)) @ loa(1))), G
loa(6)) = Xloan(1))) © [n)), (32)

Gan(t) = I Try [pa(t)]114. (33)

An example of the partitioning into separate hierarchies for different
state manifolds, |04 (¢))), is illustrated in Fig. 2 for a system with four
LE states, two CT states, and the ground state.

Using this projection operator P, we can obtain a quantum
master equation for the projected hierarchy of ADOs Plp(t))) using
the Nakajima—-Zwanzig equation,’” *

d ¢
SPp() = PLPp(O) + [ K- P dr, (39)
0
where the memory kernel K(t) is given by
K(t) = PLe 4 (1 - P LP. (35)

The generalized master equations for |o4(t))) can be straightfor-
wardly obtained from this by tracing out the bcr and bey degrees
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FIG. 2. chematic of the states, interstate coupling, and partitioning into reduced
hierarchies |oa(t))) for an example system with four LE states, two CT states,
and the GS.

of freedom. This gives the following general hybrid HEOM/QME
for |oa(1))):

SO =Ll ) 43 [T Dles(rds G6)

where L4 = (1 |PaLPalp} ) is the component of PLP that acts
on |o4(t))) and similarly Kag(t) is the component of Ksp(t)
= ((1br|PAIC(t)733|pl§’ )) that couples |op())) to |oa(£))). Here, [1;/))
is the identity operator on the bcr and EM degrees of freedom
and |p,l3,’ ) = |pb”)) ® |p°™)) and the Liouville space inner product
is ((A|B)) = Tr[A TB].

B. Approximating the exact master equation

While Eq. (36) is formally exact, evaluating the kernel requires
evaluation of the exact dynamics generated by L, which is diffi-
cult due to the large Hilbert space associated with bcr and bgwm.
However, in the absence of the excitonic dynamics, each can be
treated accurately with simplifying approximations. First, we make
the Markovian approximation, in which we assume the decay time
scale of Ksp(t) is much faster than the dynamics of |04(t))), and
therefore we approximate the time-convolution terms as’”°

A Kas(t - 7)[os(7)) dr » A Kas() drlos(8)).  (37)

Second, we approximate the full kernel in Eq. (35) with its sec-
ond order approximation in perturbation theory.”””° Here, the
perturbation Liouvillian Ly is taken to be

Ly = Ler + Lr, (38)

ARTICLE scitation.org/journalljcp

Lpr = —é [Hers - ]© Tador (39)
Lr = —é[HD, 18 Tador (40)

where Hgr is given by Eq. (12) and Hp is given by Eq. (9). With this,
the kernel /C(t) can be approximated as

K(t) » KD (t) = PLye ™)' 5y P, (41)
where we have defined
Lo=L-Ly -V (42)

Because the baths are uncorrelated, the second order kernel can be
split as

K@ (1) =K (1) + £ (1) (43)
= PLpre SV Lo P+ PLre T LD, (44)

into an electron transfer term, IC%ZT) (1), and a radiative decay term,
K& ().

The final simplification we make is to approximate the
reference propagator e(“°*”)" appearing in the ET kernel as

e(z:0+v)t ~ e(z:0+1> )t) (45)

where V=3, v mX(n[Vin')X(n'| is V projected onto a subset
of the ADOs. We make this approximation to reduce the density
of the coupling between elements of |o4(¢))) in the equations of
motion and increase the computational efficiency of the method.
For the radiative decay term, we simply approximate LTVt oy gLost
where Ly is just the coherent system dynamics term appearing in
Lo. In deriving explicit expressions for terms appearing in the hybrid
HEOM/QME, it is im Eortant to note that £y and V can be decom-
posed as Ly =@ 5Ly and V= EBA,BVAB, where each term only
acts on coherences |A)(B| between electronic states in manifolds
A and B.

Applying the above set of approximations to Eq. (36) allows us
to write the hybrid HEOM/QME as

%|0A(t)))=ﬁA|0A(t))) + %:RAB\GBU)))» (46)

where Rap can be written as a sum of electron transfer and radia-
tive decay terms, Rap = REL + RE4s. We can write this system of
equations more explicitly as

S an(t) =~ [Aass02a(1)] - ya 4 (1)

- i .

+ BanGan(t) - EZ (njk + 1)@ [Vajs Gams (£)]

Jjok

i Nik N N

~ h2 fa (4 VAs005(0) - 000 (V)

+ ZZRAB,nn’ 6iB,n’(t): (47)
B n’
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where Has and V4 j are the components of the electronic state terms
in H and Vj projected onto the manifold of electronic states A (i.e.,
Va J= I, Vj fIA), Zan is a superoperator that accounts for finite
truncation, projected on A, and Rapnn is the component of Rap
that couples state 6an(f) to 6pn (t). Now that we have the gen-
eral form of the Markovian hybrid HEOM/QME, we just need to
evaluate the transfer operators RET and RE,. This is detailed in the
following sections.

C. The electron transfer term

We start by considering the electron transfer term, REE. By not-
ing that £y + V does not mix populations and coherences between
the LE, CT, and GS manifolds, the elements of R5% where A # B can
be evaluated straightforwardly as

ET LAB B RBA , ARBA LAB
Rias = Li Gap Lo + Loy Gpa L1727 (48)
where the £ Iz I: A8 terms are given by
I S
£II_}?FBO' = hHA HET HBU (49)
L1
LM = 40Tl Her Tl (50)

and the G55 terms are given by
Ghn= [~ drGha(Sihe s (51)

where we have used the spectral decomposition of the projected
reference Liouvillian

(L3 + V) SkE = Ais Shbs (52)

where £0 is defined as the block of £ [as g1ven in Eq. (42)] that acts
solely on AB coherences, and likewise for V42 BT [w1th VET given in
Eq. (45)], and SEL is the matrix of eigenvectors and AEL is the diag-
onal matrix of eigenvalues. Due to the block diagonal structure of
L&8 + V45, this can be straightforwardly evaluated. The correlation
function GS$p(t) is given by

-1y by -1y by
G (£) = T, [ /e M o), (53)

which is the moment generating function for the energy gap between
subsystems A and B, with HZCT defined in Eq. (30). The remaining
diagonal RE} terms are given by

ET L.BA »A L,BA R,AB »A R,AB
Rian=- (L GoaLi + Ly GapLun)  (54)
B+A

as required to conserve population.

For practical calculations, we use the full version of these
expressions, but insight into the effect of ET on the exciton dynamics
can be gained by making some additional approximations. First, we
consider the limit where the system and LE bath time scales are long
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compared to the decay time of Gy £ (t). In this limit, the REg;
term becomes

NLI

kcr <—LE{Pn) }_,ZAn[pn, | D)

7aLE,LE ==
n= 1

i.e., a sum of dissipative and conservative terms. Here, kct, 15 is the

Fermi’s golden rule rate constant for ET from the LE manifold to the
CT, state,”

Ver,« —i(Ecr,—E e
kCTm—LE—‘ CT LE| [ Gere(t)e (Fer—Fedi/h qg - (56)

and Epg is an effective energy scale of the LE states such that H LEs
~ Erg lig, Her, s = Ecr, Icr,, where the effective coupling constant

Nig

|VCTn<—LE|2 = (57)

m=1

is given by a sum over couplings involving all of the LE states [as
given in Eq. (7)]. Finally, P, = |y, ){yx| is a projection operator onto
the reactive state in the LE manifold given by

[yn) = |LE.) Vi, cT, (58)

|Ver,<Le| A Z
and A, is an energy shift term given by

[Ver, o1l

An=
h

Im / Gep(t)e Femn Ew)t/h gy, (59)
0
which in the limit of a highly activated reaction is given by

|Ver, <Le |2

Ay = (60)

bl
AEcrt,«LE

where AEct,—1g is the vertical energy gap from the LE state to the
CT,, state.”*”*

From this, we deduce that electron transfer has three main
effects on the exciton dynamics. First, the ET causes population loss
from the LE manifold from the reactive state |y, ). Second, it causes
decoherence between the states [y, state and the rest of the mani-
fold of LE states. Third, the energy shift terms perturb the exciton
dynamics, modifying the energy gaps and couplings between LE
states. If the reactive state is just a specific localized LE state, i.e.,
|wn) = |LE,, ), then the energy shift term just alters the energy of this
LE state, which in the excitonic basis introduces coupling between
delocalized excitonic states as well as shifting exciton state energies.
In the limit of Gaussian statistics for the bath and high temperature,
this reduces to Marcus theory.”’®”” Equation (56) ignores the effect
of exciton formation, which shifts the free energy of states in the
LE manifold, thereby changing the rate constants for electron trans-
fer. The full hybrid HEOM/QME theory that we use in simulations,
however, includes this important effect.
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D. The radiative decay term

The radiative coupling terms can be derived in a similar man-
ner to the ET term, the details of which are given in the Appendixes.
Here, we simply state the final expressions for the two nonzero radia-
tive transfer terms RES,LE and RIL{E)LE. The GS <« LE transfer term is
given by

Risis = o 3 (£F St Olnas(Stas) L8
060 h=x,y,2

+ Ly S?;’SS,LE Q?}S,LE(S%Z,LE)_TD%)' (61)

Similarly, the REE)LE term can be evaluated as

RR - _ ERSO’S Q3 SO,s —1£R
LE,LE 67’180637&;‘;’5 a LE,GS LE,GS( LE,GS) o
L o0, 3 0, -1 ,L
+ Lo S Qasie(Sasie) La)s (62)
where L1 =Tlgs e ITigé6  and L6 = 6T1ig i Tgs,  where

the dipole moment operators f, are given in Eq. (10).
These expressions use the eigenvalue decompositions of
the blocks of Lo, LS = 8% (i051e)(S%) ", and
[,éf’GS :S%];,GS(_iQLEvGS)(S%};,GS)_I’ where QGS,LE and QLE,GS
are diagonal matrices with real positive-valued entries. It should
be noted that the decay rates for the excitonic states |e,) appear-
ing in these expressions exactly correspond to the standard
Wigner-Weisskopf decay rates.”’

IV. EXCITON DIMER MODEL

As a test for the approximations that go into the hybrid
HEOM/QME method, we have performed simulations on a model
exciton dimer, consisting of two LE states, coupled to a single CT
state. The bcr bath is taken to be harmonic in this example, allowing
us to obtain exact dynamics directly with the HEOM method. The
LE system Hamiltonian for this model is

A Ae Ae
Higs = 7|LE1><LE1| - 7|LE2>(LE2|
+ J(|LE1){LE;| + |LE2){LE4]) (63)

and the CT state Hamiltonian is taken to be Hcrs = (AEcT + Act)
|CT)(CT]| and the CT bath shift operator is taken as AVECTT = Ber,
where Bcr is a harmonic bath displacement operator. The LE baths
and the ber bath are taken to have Debye spectral densities'!

Tw) =Y I

2 2’
2 yptw

(64)

where j = LE|,LE;, or CT labels the bath. In this model, we set

ALE, = Atg, = ALg and only the LE; state is coupled to the CT state

with a coupling coefficient Vig, cr = V. The correlation coefficients
CT a ;

k1, describing the correlation between the CT state energy gap

and the LE state energy gaps are taken to be ng] =0 and KEETZ =K.

The structure of the coupling between states and the partitioning
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into different HEOM/QME hierarchies, |04(t))), is illustrated in
Fig. 3(a).

The HEOM/QME calculations were performed with the adap-
tive short iterative Arnoldi integrator described in the supplemen-
tary material of Ref. 78, with a Krylov subspace dimension of k = 9,
and an error tolerance parameter of € = 107'2. The hierarchy was
truncated using the frequency cutoff criterion, with ADOs with
Y, > Tc = 10y, excluded from the hierarchy. The same cutoff
scheme was used to truncate V in evaluating the electron transfer
kernel but with a looser choice of cutoff parameter I'crr = 2.5y}, s0
overall couplings between only 6 of the 55 ADOs were accounted
for in evaluating R% ;. The HEOM was closed using the termination
scheme and low temperature correction described in Ref. 78.

The exact HEOM calculations on the dimer model were also
performed using the adaptive short iterative Arnoldi integrator with
k=9 and e =10""". The problem was simplified by reducing the
number of baths from three to two as described in Appendix B—this
greatly reduced the number of ADOs needed in the exact cal-
culations. The hierarchy was truncated using a reorganization
energy weighted frequency cutoff scheme, wherein ADOs with a
weight wn = 3 vik njg/Aj > L are excluded from the hierarchy, with
L. =20. This scheme accounts for the fact that the hierarchy needs
to be deeper for the modes with of larger reorganization energy
baths because coupling coefficients down the hierarchy scale as
aji o< \/)TJ This more efficiently truncates the HEOM than other
schemes, such as the frequency cutoff scheme” or the L, M cutoff
scheme.”

As a first example of the HEOM/QME method, we per-
formed simulations for the dimer model with By, = 0.25, fAe = 1,
BV =0.1, ﬁ)LCT =5, k=1, and BAEcr = —6 [labeled model A in
Fig. 3(b)], with a range of values of Aig and J. The initial condi-
tion was set to 61 (0) = |LE; )(LE;| and 6¢r(0) = 0. We look at three
regimes of the exciton dynamics: the damped coherent transport
regime (BA;; = 0.1 and fJ = 1), the vibrationally assisted transport
regime (BA;; = 1 and BJ = 1), and the incoherent Férster transport
regime (BA;; = 0.1 and f] = 0.1). These model parameters are cho-
sen to be typical of coupled LE and CT states in light harvesting
complexes such as the Chla dimer coupled to lutein in Fig. 1.*!

In Fig. 3(b), we compare the exact simulated dynamics to the
hybrid HEOM/QME dynamics, looking at three observables: the
total LE state population, p; (), the relative population difference
between the LE states, (pig, () — pie, (¢))/pre(t), and the relative
LE coherence, defined as 2 Re[(LE;|61,s(¢)|LE2)]/pre(t). We see
that in this example, the hybrid HEOM/QME method performs
remarkably well in the three regimes of exciton dynamics, with only
small deviations in the long time limits of the relative LE population
differences and coherences. In particular, the time scale of decay of
the LE population is captured very well by the hybrid method for all
three models.

In a second, more challenging, test for the hybrid method, we
performed simulations for the same dimer model with Shy, = 1.75,
BAe =1, BV = 0.5, /)’ACT =5, k=1, and fAEcr = -2 [labeled model
B in Fig. 3(b)]. In this example, the coupling between the CT and
the LE manifold is much larger, the free energy of the CT state
is higher, so back reaction effects are more significant. Further-
more, the characteristic bath frequency is comparable now to the LE
system frequencies, leading to significant non-Markovian effects in
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FIG. 3. (a) Schematic diagram showing the LE states and CT state in the dimer model, and the nonzero interstate couplings, together with the partitioning into reduced
hierarchies. (b) A comparison of the hybrid HEOM/QME method with the exact HEOM result for the dimer model A with ghy, = 0.25, Ae = 1, BV = 0.1, BA; = 5,k = 1,
and BAEcr = —6 (left three columns) and for the dimer model B with fhy, = 1.75, BAe = 1, BV = 0.5, BAc; = 5, x = 1, and BAEcT = -2 (right three columns), with a
range of values of A g and J. The first and fourth columns show the total LE population dynamics, the second and fifth columns show the LE population difference relative
to the total LE population, and the third and sixth columns show the real part of the LE coherence relative to the total LE population. The rows correspond to models
with 8J =1, BA ¢ = 0.1 (top), BJ =1, BA ¢ = 1 (middle), and BJ = 0.1, BA, ¢ = 1 (bottom). (c) Convergence of the hybrid HEOM/QME results with respect to I'cer with
parameters described in the text. The panels correspond to « = 0 (left) and x = 1 (right).

the LE dynamics, and the ET rate from the LE manifold to the CT
state is closer to the frequencies of exciton dynamics. However, in
Fig. 3(a), we see that the hybrid method still performs well in all
regimes of exciton dynamics, with only small errors in the decay of
the total LE population. The errors in the population dynamics can

likely be attributed to the increased importance of CT-LE coherence
in this example, which is treated with a perturbative-Markovian
approximation with the hybrid method. Within high temperature
perturbation theory, the steady state average CT-LE coherence scales
roughly as V/Acr = 0.1, which is five times larger in this set of
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models compared to the previous ones with V/Acr = 0.02, so it is
not unexpected that the rate of ET is not captured quite as well in
these more challenging models.

As a final example, we examine the convergence of the LE pop-
ulation dynamics with respect to the cutoff parameter I'c gr, for x = 0
and x = 1. When « = 1, there is no contribution from the big, bath
to the free energy change or reorganization energy of the charge
transfer process; however, when « = 0, the brg, bath reorganizes
in the LE; — CT transfer, which means that when « = 0, this bath
has a significant contribution to the free energy change and reor-
ganization energy of the LE; — CT process. In these simulations,
we set I'c = 7y, and examine the population dynamics for A, = 1,
BJ =1 with model parameters the same as in dimer model A [as in
Fig. 3(b)]. In Fig. 3(c), we show the population dynamics for various
Tcer values for x = 0 and x = 1. We see that convergence is much
faster in the x = 1 case, where the LE bath does not contribute to
the reorganization energy or free energy change of the LE — CT
process, so only the LE system energies need to be accounted for in
the kernel to obtain accurate results. Conversely, when « = 0, there
is a significant contribution to the reorganization energy and free
energy change from the LE bath (roughly 20%); therefore, the LE
bath response has to be accounted for in more detail in the ET kernel
to obtain accurate results.

V. LHCII

Having established the accuracy of the hybrid HEOM/QME
method on a range of dimer models, we turn to a more complex
problem, charge transfer energy quenching in LHCII. LHCII is an
important light harvesting complex in plants, which absorbs light
energy and transports it to reaction centers.! It is also known to
play a role in non-photochemical quenching in plants, and one
mechanism for excitation energy quenching in the complex is elec-
tron transfer from the carotenoid lutein to excited chlorophyll-a
molecules.”*"""” The resulting Chla® Lut** pairs recombine to the
ground state of the system, thereby quenching excitation energy
as heat. In Ref. 67, Cupellini et al. parameterized the free energy
change, reorganization energy, and diabatic coupling for charge
transfer from Lutl to a612* and Lut2 to a603”; from this, they used
Marcus theory and a simple kinetic model to estimate the excita-
tion lifetime of chlorophyll in LHCII. This model treated the coupled
Chla* and Chlb* dynamics with a simple kinetic model, where EET
between the a612* and a603” states and the pool of Chla” states is
modeled as a simple first order rate process. This treatment ignores
many of the details of EET in LHCII, such as the strong coupling
between the a612* and a611" states, and the a603* and a602" states,
which leads to exciton formation.

A. Model details

In order to go beyond a simple kinetic treatment of excita-
tion energy transfer and CT quenching in LHCII, we have modeled
the coupled exciton and charge transfer dynamics of an LHCII
monomer with the hybrid HEOM/QME method. This allows us
to fully explore the effects of coupled exciton and charge transfer
dynamics on the Chl* lifetime. The LHCII monomer contains eight
Chla and six Chlb molecules, excitations on which are all coupled,
together with two lutein molecules (Lutl and Lut2), as shown in
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FIG. 4. (a) Structure of the LHCIl monomer (PDB 1RWT chain C5¢) showing
the chlorophyll A (green), chlorophyll B (light blue), and lutein (pink) molecules.
(b) A scheme of the electronic states and couplings used in this model.
Couplings between states are represented by double-headed arrows, the single-
headed arrow represents the radiative and non-radiative transfer processes, and
the dashed lines represent the blocks of states treated with their own explicit
hierarchies of ADOs |g4(t))).

Fig. 4(a). We partition the system into an LE space, two CT states,
and the GS as outlined in Fig. 4(b). We explore this system using
two different LE Hamiltonians for LHCII, which have been para-
meterized using various spectroscopic data: the model of Miih et al.
from Ref. 66 (henceforth referred to as model 1) and the model
of Novoderezhkin et al. from Ref. 46 (henceforth referred to as
model 2). These models differ subtly in their Chla* and Chlb™ site
energies and couplings, which is shown below to have a significant
effect on the quenching dynamics. The LE-environment coupling
is treated with the HEOM approach, with a single Debye bath for
each site, with a reorganization energy of 220 cm™" and character-
istic frequency, yp cur+»> of 353.7 cm ™, as taken from the study of
Kreisbeck et al. in Ref. 21. This model for the LE-environment cou-
pling misses some small vibrational resonance effects in the Chlb*
to Chla* energy transfer dynamics and it cannot reproduce struc-
tured vibrational features in the monomer absorption spectrum, but
it does accurately capture the important features of the excitation
energy dynamics when compared with more complex structured
environment models.”! Because we are primarily interested in time
scales of excitation energy redistribution and quenching in this
system, and because we wish to use as simple a spectral density
as possible to reduce the number of baths needed in the HEOM
calculations, we choose to use this spectral density for the Chl*
excitations.

In order to describe the charge transfer process, we use the
reorganization energies, charge transfer free energy changes, and
diabatic couplings calculated by Cupellini et al. from QM/MM
(quantum mechanics/molecular mechanics) simulations. The reor-
ganization energy for the bcr bath for each charge recombination
process to the GS is assumed to be the same as for the corre-
sponding charge separation, which is a reasonable assumption if
polarization of the environment and lutein reorganization are the
dominant contributions to the total reorganization energy, and the
free energy of the GS relative to the excited states is taken from
the LE model Hamiltonians. Using these parameters, we assume
the ber bath can be treated as harmonic, with a Debye spectral
density of y, = 30 cm ™', which is representative of the response of
the polarizable environment.”” We have also explored how adding
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structure to this spectral density affects the quenching dynamics as
will be explained below. For the Lutl — a612* charge transfer and
Lut2 — a603” charge transfer, we used the same diabatic coupling
matrix elements as calculated by Cupellini ef al.,"” denoted as Vi
and Vcr, respectively. We use the same diabatic couplings for
the recombination processes 612~ — Lutl®™ and a603~ — Lut2",
given that the donor-acceptor separation is the same for the charge
separation and charge recombination steps, although a different
Chla orbital is involved in the recombination process, so the
couplings will be different in reality. The full set of parameters and
the LE state Hamiltonians are given in Appendix D.

The transition dipole moment operators for the LE system
are calculated using the atomic positions from PDB 1RWT® for
the Chla and Chlb molecules and assuming the transition dipole
moment for each LE state, M, points in the direction from Nz to
Np.*! The magnitude of the transition dipole moment operator is
taken to be 4.0 D for Chla and 3.4 D for Chlb.*’ In modeling exci-
tation relaxation in the LHCII monomer, it is also necessary to
incorporate direct internal conversion of the Chla* and Chlb” states.
This was done by adding the following non-radiative transition
operators to the HEOM/QME:

N;
R X kNRn R
Rikie 01Ea(t) = =) ~ " {|LEx) (LEd|, b12a ()}, (65)
n=1
NR NLE
Rasir 0ten(t) = Y knra|GS)(LEs| 61ea()|LEA)(GS|,  (66)
n=1

and we set kg, = 0.25 ns”}, in line with the kinetic model of
Cupellini et al.”” A similar model has been used previously in
quantum master equation-based studies of the bacterial LHI/LHII
system,”! and a justification of this form of the non-radiative tran-
sition operator from the Nakajima-Zwanzig equation is given in
Appendix C.

In all simulations with the hybrid HEOM/QME method, we
use an adaptive short iterative Arnoldi integrator (as described in
Ref. 78) with an error tolerance parameter of 107 and Krylov
subspace dimension of 16. The Nakajima-Zwanzig low tempera-
ture and termination corrections described in Ref. 78 were also
used in these simulations, and using this scheme, the populations
of Chla*, Chlb* and CT states were found to be converged with
an HEOM frequency cutoff parameter of I'c = 3y, oy« using the
Matsubara decomposition scheme for the correlation functions. The
cutoff parameter for the ET kernels was set to [ g1 = 2yD,Chl* for the
charge separation steps and I'cgr = 0 for the charge recombination
steps. All simulations were run at a temperature of 300 K. These
methods are all implemented in the freely available HEOM-lab
code,” which was used to perform all simulations presented in this

paper.

B. Population dynamics

As a first application of the hybrid HEOM/QME method to
LHCII charge transfer quenching, we have simulated the popula-
tion dynamics for the Chla®, Chlb”*, and CT states for Model 1,
with the initial condition set as an excitation completely localized
on a612. The population dynamics are shown in Fig. 5. For this
initial condition, there is an early rapid transfer of population to
the strongly coupled a611” state, as an exciton is formed where the
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FIG. 5. Populations of the LE states and the a612~Lut1* state calculated with
the hybrid HEOM/QME method for an initial excitation localized on a612 using the
Model 1 LE Hamiltonian.

excitation is delocalized between the two Chla sites. This exciton
formation is followed by slower excitation energy transfer to the
other Chla* and Chlb* states as well as the a612 Lutl™ state.
Importantly, formation of the a612™Lutl™ state from the exciton
state happens on a comparable time scale, roughly 10 ps, to energy
redistribution between the Chla* and Chlb” states, highlighting the
need to treat both the CT and exciton dynamics simultaneously.
We found that at least I'c = 3y}, o~ was needed to converge the
population dynamics, with hierarchy termination corrections from
Ref. 78, corresponding to treating the exciton system-environment
coupling up to sixth order in non-Markovian perturbation the-
ory, with partial Markovian eighth-order corrections. As has been
demonstrated previously by Kreisbeck et al’' for LHCII in the
absence of CT quenching, simple mixed Redfield-Forster theories
cannot describe the population dynamics of this system without a
posteriori tuning of domain definitions. In contrast, the population
dynamics from the HEOM/QME do not require such a posteriori
fine-tuning and instead can be systematically converged by increas-
ing the size of the hierarchy. Direct HEOM calculations on this
system would, however, not be feasible. A rough estimate of the
depth of hierarchy needed for a system treating bcr with the HEOM
explicitly can be obtained by requiring that the termination correc-
tion term proposed in Ref. 78 is small compared to the y, in the
terminating ADO. From this, we find that the hierarchy depth, L,
would need to satisfy L > 2Acr/(Byber) = 2500. As a result, this
calculation would be intractable with standard HEOM methods due
to the very large reorganization energy associated with the charge
transfer processes; but, with the hybrid HEOM/QME method, this
calculation runs in a few minutes on a single central processing unit
(CPU).

In order to compare the kinetic model used by Cupellini et al.
to our model including the full exciton dynamics, we have also sim-
ulated the population dynamics where population is evenly divided
between the Chla™ states, with no initial coherences between sites.
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FIG. 6. Excited state population dynamics for LHCII with an initial excitation parti-
tioned equally between all eight Chla* states with no coherences between these
states, calculated with the hybrid HEOM/QME method. Results in the top panel
use the Model 1 LE Hamiltonian and results in the bottom panel use the Model 2
LE Hamiltonian.

The total populations of the Chl*, Chla*, Chlb*, and CT states and
GS are shown for both models in Fig. 6. In both models, there is
rapid equilibration between the Chla* and Chlb” states, occurring
on a time scale of a few picoseconds, followed by population trans-
fer to the CT states within ten picoseconds. The a612”Lut1™ state is
populated to a much greater extent than the a603™Lut2* state
because the latter lies nearly 1000 cm™! above the Chla* states,
whereas the former is nearly degenerate with the Chla® states. In
Model 1, we observe a greater extent of population transfer to
the Chlb™ states and a lesser extent of population transfer of the
a612"Lutl™ state compared to that of Model 2.

Interestingly, the overall decay of the Chl* population is notice-
ably faster in Model 2 compared to Model 1. In order to quantify
the excitation lifetime, we fit these population decay curves to a
sum of three exponentials [constrained such that pcy+ (¢ = 0) = 1],
and use this to calculate the integrated lifetime 7 = ;™ p o+ (¢) dt.
For Model 1 we obtain 7.5 =0.83 ns and Model 2 we find
Teff = 0.50 ns.

Both these lifetime estimates are closer to the experimental
value for the excitation lifetime, 2 ns for LHCII in a membrane, than
that of the kinetic model of Cupellini et al., which predicted a 0.3 ns
integrated lifetime. This suggests the importance of treating the
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exciton dynamics explicitly in modeling charge transfer quenching
in light harvesting complexes. We suspect that a significant source of
error in our model, compared to experiment, is the estimate for the
diabatic coupling for the charge recombination steps, which affects
the lifetime of the CT states and, therefore, also strongly influences
the CT quenching rate.

Part of the difference between the kinetic model of Cupellini
et al. and our model is that we correctly account for exciton for-
mation in the excited state dynamics, which changes the rate of
population transfer from the LE manifold to the CT states. This is
because exciton formation modifies the effective coupling matrix
element by ~1/v/2 for the charge transfer rate since charge trans-
fer occurs from the excitonic state |y) ~ (1/v/2)(|a611%) — [a612*))
(although this picture is complicated by the LE bath reorganiza-
tion, which reduces the relative coherence between the a611* and
a612* states to ~0.16 for Model 1 and ~0.20 for Model 2, an effect
that mixed Redfield-Forster theories would struggle to capture).
Furthermore, exciton formation lowers the free energy of the ini-
tial excitonic state by ~100 cm™ for both models. This means the
effective free energy change for the formation of the @612 Lut1* is
~0 cm”", which is reflected in Fig. 5, where the a611%, a612*, and
a612"Lutl™ states have approximately equal population by ¢ = 50
ps. This means the excitonic state is stabilized relative to the CT state
and this decreases the steady state CT population, decreasing the rate
of charge separation.

The faster quenching in Model 2 is primarily due to the larger
steady state population of the a6127Lutl™ state, which provides
the main channel for charge transfer quenching of the Chl* exci-
tations. The larger steady state population of the a612” Lutl™ state
can be explained by the differences between the excitonic struc-
ture of the two LHCII models. In Model 1, the a611-a612 excitonic
state is the third lowest energy state, lying more than kgT above
the lowest lying excitonic state, whereas in Model 2, the a611-a612
excitonic state is the lowest energy state, with the next nearest
excitonic state lying about 0.5kgT above this. This means that in
Model 2, more of the Chla* excitations are funneled into the exci-
tonic state coupling to the quenching state, which leads to a greater
extent of CT state formation and faster Chl* population decay. This
illustrates the importance of the excitonic energy funnel in deter-
mining the quenching efficiency. This observation was not found
to depend on the choice of spectral density for the LE coupling
baths.

C. Role of the excitation energy funnel

In order to further explore the effects of the excitonic energy
funnel on excitation quenching in LHCII, we have performed sim-
ulations on modified versions of the Model 1 and Model 2 Chl*
Hamiltonians. For both models, we introduced a shift to the site
energies of all states in the LE manifold except the a611 and a612
states, such that the site energies are changed from E, to E, + 0E.
The energy of the a603”Lut2™ charge transfer is shifted by the same
amount. This effectively preserves the a611-a612 exciton state in
the LE manifold but just shifts its energy relative to the remaining
excitonic states. Varying the shift from —500 to +500 cm™", we have
calculated the total Chl* population decay and the integrated life-
time from the population dynamics to quantify the changes to the
Chl” excitation lifetime as shown in Fig. 7.
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the population dynamics and excitation lifetime. In particular, for
Model 1, a change in shift from —200 to +200 cm™' can change
the excitation lifetime by more than a factor of 2. These significant
changes in excitation lifetime for modest shifts in the excitation
energies suggest a potential mechanism for the activation of non-
photochemical quenching by changes in the energy funnel in
light harvesting complexes directing excitations toward quenching
sites.

D. Role of the charge transfer spectral density

We have examined the potential role of nuclear quantum effects
in determining the charge transfer quenching lifetime. We mod-
ify the spectral density for the charge transfer processes to include
an underdamped Brownian oscillator contribution,'’ where the new
spectral density is

Jer(w) = (1-a) Ip(w) + aTpo(w), (67)
A Qo
Tso(w) = 2 (@01 P’ (68)

where the first portion is a Debye spectral density with
wp =30 cm™!, which represents the low frequency environ-
ment contribution, and Jpo(w) models the high frequency
contribution from C=C stretches in the lutein molecules.*” In
what follows, we have set Q = 1500 cm™' and y =50 cm”!, and
we keep the total reorganization energy for each charge transfer
process fixed at the values determined by Cupellini et al. We have
varied the a parameter, which controls the spectral distribution
of the reorganization energy, between 0 and 0.5 for the Model 1
exciton Hamiltonian, and for each value of a, we have simulated the
population dynamics and calculated 7 and Tmax, again from an
initial condition, where all Chla® states are equally populated with
no coherences.

FIG. 8. Top left: ChI* population dynamics varying e from 0 (yellow) to 0.5 (purple).
Top right: a612~Lut1* population dynamics varying « (same color scheme as top
left). Bottom: excitation lifetime as a function of «. All calculations use the Model
1 LE Hamiltonian with equally populated Chla* states with no coherences as the
initial condition.

The calculated total Chl* and a612”Lut1* population dynam-
ics are shown in the top panels of Fig. 8. We see that increasing the
contribution to the charge transfer spectral density from the under-
damped, high frequency Brownian oscillator decreases the lifetime
of the Chl” excitations. The increased Brownian oscillator contri-
bution increases the extent of nuclear quantum tunneling, which
increases both the rate of charge separation and charge recom-
bination. The effect of increasing the rates of both processes can
be seen more clearly in the a6127Lutl® population dynamics. At
short times, as « increases, the rate of population transfer from
the Chl* manifold to the a612 Lutl? state increases due to an
increasing charge separation rate, which transiently increases the
quenching rate. At longer times, when the Chl” states and CT states
have reached a steady state, increasing « increases the rate of decay
of the a612 Lutl" state, which arises due to an increased charge
recombination rate with increasing o.

VI. DISCUSSION

Using the hybrid HEOM/QME method developed in this
paper, we have been able to explore the charge transfer quenching
dynamics in a LHCII monomer. Using previously parameterized
models of excitation energy transfer and electron transfer in the
LHCII pigment-protein complex, together with some physically
motivated assumptions, we can obtain estimates of the excitation
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lifetime closer to experimental values than those obtained using
simple kinetic models.”” The lifetime estimate, however, depends
strongly on the model of local excitation energies and couplings
used to describe the excitation energy transfer preceding charge
transfer quenching. This may have interesting implications for
the understanding of non-photochemical quenching processes
in light harvesting complexes. It is generally assumed that
non-photochemical quenching is activated by conformational
changes, induced by pH changes or chemical modifications of
the protein or bound carotenoids, in protein-pigment complexes
moving quenchers into positions where they can efficiently cou-
ple to chromophores,””””* " thereby increasing the rate of charge
transfer quenching and/or excitation energy transfer quenching.
The work here highlights the potential role of the excitation energy
funnel in CT quenching, and we suggest that non-photochemical
quenching could also be activated by changes in the site energies
and couplings within the chromophore excited state manifold that
funnel excitations toward quenching sites. These energy and cou-
pling shifts could also be induced by conformational changes in
the protein—-pigment complex and could occur simultaneously with
the conformational changes that move quenchers closer to chro-
mophores. In this way, the energy funneling mechanism could work
cooperatively with quenching activation by movement of quenchers.
Interestingly, it has recently been found in one computational study
that pH changes, which are believed to play a role in activating
non-photochemical quenching, can create modest shifts in the Chl
excitation energies in LHCIL®

Our exploration of the charge transfer spectral density has also
highlighted the importance of understanding all details of charge
transfer processes in light harvesting complexes, including the
details of recombination processes and nuclear quantum effects. One
particularly important factor for predicting charge transfer quench-
ing rates is the rate of charge recombination from the CT state
back to the electronic ground state of the system, which is strongly
dependent on nuclear quantum effects as well as the energetics of
charge recombination and the diabatic coupling strength. This is
because the reverse electron transfer is often deep in the Marcus
inverted regime; for example, in LHCII, the Lut-Chla recombina-
tion processes have a free energy change of —~AG ~ 3, where nuclear
tunneling effects play a decisive role in determining electron transfer
rates.”” Although in our study of LHCII, we have assumed that the
electron transfers can be treated with a spin-boson mapping,”” the
theory developed here does not rely on this assumption. The corre-
lation functions needed to evaluate the ET kernels, GEB(t), can be
evaluated using various approximations including anharmonicity in
the potential energy surfaces.”” " For example, G{(t) could be
evaluated classically’” or using analytic continuation together with
path integral methods to incorporate anharmonic nuclear quantum
effects.”

In this work, we have assumed that we can treat the weakly
and strongly coupled environments (corresponding to the EM field
and bcr degrees of freedom, respectively) as Markovian, but it may
be possible to extend this treatment to non-Markovian cases by
incorporating memory effects via the generalized quantum master
equation > or via a time-convolutionless approach.”> We also
note that the framework of Zwanzig projection could be used to
perturbatively treat effects of environment degrees of freedom
other than bcr and EM field degrees of freedom while retaining
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an exact hierarchical treatment of important non-Markovian bath
modes.

VIl. CONCLUDING REMARKS

In this paper, we have outlined how to rigorously com-
bine the hierarchical equations of motion method with quantum
master equations in both the strong system-bath coupling and
weak system-bath coupling limits to model simultaneous excitation
energy transfer and charge transfer in protein—pigment complexes.
The hybrid HEOM/QME approach is based on the application of
Zwanzig projection to derive a system of equation for a hierarchy
of auxiliary density operators for the various electronic state mani-
folds. This method has been tested against numerically exact results
for an excitonic dimer coupled to a charge transfer state, where it
was found to yield accurate population and coherence dynamics
across a range of excitation energy transfer regimes. We then applied
the method to study charge transfer quenching in LHCII—a pro-
cess suspected to play an important role in photoprotection in
plants.

Using the hybrid HEOM/QME approach, we have been able to
study the interplay of excitation energy transfer and charge transfer
quenching in a realistic model of LHCII. Our results highlight the
importance of the excitation energy funnel in determining quench-
ing efficiency in protein-pigment complexes as well as the role of the
CT state recombination rate when back electron transfer to reform
LE states from CT states occurs at an appreciable rate as is the case
in LHCIIL We expect that the energy funnel mechanism could play
a role in the activation of non-photochemical quenching in many
systems and that it could occur cooperatively with other non-
photochemical quenching (NPQ) activation mechanisms.

All the parameters needed in the hybrid HEOM/QME model
can be obtained using well-established methods: For example, exci-
ton Hamiltonians can be fit based on spectroscopic data™® or
using QM/MM simulations of protein-pigment complexes.”® Like-
wise, electron transfer model parameters can be obtained using
molecular dynamics simulations.”””” By combining existing com-
putational tools with the hybrid HEOM/QME method, currently
implemented in the freely available Matlab code HEOM-lab,* it
may be possible to shed light on the precise mechanisms that pro-
duce non-photochemical quenching in photosynthetic organisms,®
for example, how chemical modifications of carotenoids in the
xanthophyll cycle activate NPQ in LHCII and related proteins like
LHCX1.”™ For this reason, we anticipate the method to become a
useful tool in studying non-photochemical quenching and reaction
center processes in photosynthetic systems.
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APPENDIX A: THE RADIATIVE DECAY TERM

We evaluate the radiative coupling term in the hybrid
HEOM/QME in much the same way as the ET coupling term. Here,
we assume that only the LE states and the GS are connected by
the dipole moment operator, which means we only have to evalu-
ate RES,LE and REE,LE. Starting with ’RRGS,LE, we can insert the dipole
coupling term into the second order kernel and directly evaluate the
radiative coupling term as

1 (=<}
R g = —— / dt
GSLE 2RV € % 0 Wk
5 ( Lige™ ' Liy (anp(0)af, (1),
N £R Los [,1;7 <akp(0)a,tp(t))bw), (A1)

where we have assumed that we can approximate £y + V=~ Ly, in
evaluating this term. The operators £ k%,/ ¥ are given by

EkLp(f = illas (it - exp)1LEG, (A2)
C;:;& = —i6Toe (i - exy) 'Tlgs, (A3)

and the EM field operator correlation function can be evaluated as
(0)af, (1)) = Troy, [akp (0, (pryy, ] = €. (A4)
Ap akP bem Loy L Akp akp Pbr e .

In the limit of a large cavity volume for the EM field Vy, we can
replace the sum over cavity modes k with an integral as

1 1
%kawfdk (A5)

After evaluating the angular part of the integral, we arrive at

s > [ dkf dt ok’
EQTT

a=x,y,z

R
7zGS,LE

GS,LE

L cMB6St (R icokt R £ t p L —icokt
(z: elos LRkt pRLGT o L i ) (A6)

Then, we insert the spectral resolution of Lys acting on
the GS-LE coherences (|GS){(LE,|) and note that all the
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eigenvalues of this operator are purely imaginary, so we can
write these as E(SSS’LE = ‘S:'%E’LE(iQGs,LE)(‘S%Z,LE)f1 and K&E’GS
= S%E,Gs(_iQLE,GS)(S?"ES;,GS)il» where QGS,LE and QLE,GS are diag—
onal matrices with real positive-valued entries. We then evaluate
the time integral, noting the imaginary part vanishes, and change
variables in the k integral to w = cok to give

Résie = 6h = Xyzf dow’
< (Lo Strasd(Quecs —©)(Stias) Lo
+ Ly S&e0(Qasie — 0)(Seere) ﬁo&) (A7)

Integrating over w then yields the express10ns given in Eq. (61).
These steps can be repeated for RLE g to obtain Eq. (62), where
additionally we discard imaginary terms (which correspond to Lamb
shifts).

APPENDIX B: SIMPLIFICATION OF THE DIMER
MODEL BATHS

In this appendix, we describe how the three-bath model for the
dimer-CT model can be reduced to a two-bath model to speed up
exact HEOM calculations. Suppose we have a system coupled to
a set of baths, j=1,...,N, with identical frequency distributions
but different reorganization energies, ie., J;(w) =1 Jo(w) with
;= Aj /Ao as in the dimer-CT model considered here. We can write
the coupling term for bath modes with frequency wja = wos as

I_AIsb,u = Ca th . ’11/2 V, (Bl)

where ¢z = coa» [§a]j = Gjo> [ ]J = VJ, and 7 is a diagonal matrix of
the values of 7. We can insert an orthogonal matrix §, to rewrite
this as

Hsb,,, = cansTSql/ZV = caf]- V (B2)

We can then rewrite the Hamiltonian in terms of a new set of uncor-
related baths with mode displacements gj4, and coupling operators

XQ/,-. If we choose S such that one of the new system-bath coupling

operators is just proportional to the identity operator V o< 1, then
we eliminate coupling between one of the baths and the system and
therefore reduce the complexity of the problem. For x = 1, we can
find such a transformation as follows. First, we write 111/ 2V as

[LE: )(LE,|
1"V = | |LE,)(LE,| + xlCT)(CT] |- (B3)
VHICT)(CT]

where Ao = Aig and 17 = \/Acr/ALe. We then set S as
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1 1
ol
s=|L _L | (B4)
V2 V2
0 0 1
which gives Vas
i
-] 1 \/z
V= ﬁ(\LEl)(LEl\—|LE2)(LE2|—|CT)(CT|)- (B5)
VIICT){CT]|

We see that the system coupling operator for the new bath 1 is pro-
portional to an identity operator, so coupling to this bath does not
affect the system dynamics and it can eliminated.

For the x = 0 case, we set

1 1 1
V2t 2+l [y
1 1
= — -— 0 , B
=1 Ve v
! 1 27
V2+4n  \2+4y V2 +4n
which gives Vas
1 N
—1
V247t
2 1
V= ﬁ(|LE1)<LE1| - |LE2)<LE2|) . (B7)

CT| - |LE1 ){LE:| - |LE2){LEs|)

Nerz il

Again, bath 1 can be eliminated because its coupling operator is pro-
portional to an identity operator. We note that only the top row
of § is uniquely defined for any «, by requiring that V o 1, and
the choice for the other rows, and other coupling operators, is not
unique.

Finally, we note that we can scale the reorganization energy of
a given bath by « if we also scale the corresponding coupling oper-
ator by 1//a because the coupling coefficients are proportional to
\/)Tj, Cja < \/Z without changing the Hamiltonian. The choice does
not affect the exact dynamics, but it does affect how the hierarchy
is truncated with our reorganization energy weighted cutoff scheme.
For the calculation§, we set A, = Arg and A3 = Acr, which means the
coupling operator V3 given above scaled down by 1/, /7.

APPENDIX C: THE INTERNAL CONVERSION TERM

In this appendix, we present a brief justification of the Lind-
blad form for the internal conversion term used to model direct
non-radiative transitions from the Chlx states to the ground state
in LHCII. The argument is essentially the same as that used to derive
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the radiative and ET coupling Hamiltonians. We start by assuming
that the internal conversion coupling is described by a Hamiltonian
of the form

Nig
Higgs = ). (Xn|GS)<LEn| + X}

n=1

LE,)(GS]), (C1)

where we assume the X, operator acts on degrees of freedom other
than the b degrees of freedom and we also assume that these oper-
ators commute at all times. We also assume that the thermal average
of X,, is zero. The nonadiabatic coupling between the LE states and
the ground state depends primarily on local vibrational modes of
the chromophore, so it is reasonable to assume that these operators
commute.

We can now evaluate the second order Markovian
Nakajima-Zwanzig relaxation operator for internal conver-
sion with the projection operator given in the main text.
We will further approximate the reference Liouvillian as
Lo+ V= fé[f[LE Eig, - ] ® Zado» where Eip is the average LE
state energy, an approximation that is justified because the mean
energy difference between the LE states and the ground state is much
larger than the energy differences within the LE manifold. From
this, it is straightforward to obtain the relaxation superoperator as

o

Nig oo -
RII}}}LE& = Z A dt(<Xl(t)Xn(0)>b,e,ELE[/h|LEn)(LEn
n=1

+ (X3 ()X (0 yre_"E“"it/h&
(xhx.(0),

LE,,)(LEn|). (2)

Ignoring Lamb shift terms that originate from the imaginary parts of
the <XI (t)Xn(0)>b, correlation functions, this reduces to

N kg

2

n

RiVie6 = - {|LE,)(LE,

.6}, (C3)

where kngr,n is the non-radiative decay rate for internal conversion
of state LE,,. The corresponding term in the equation of motion for
5'GS,n(t) is

A

Nie
Ros1E0 = D knra|GS){LEA|6]LE,)(GS|. (C4)

n=1

The reverse internal conversion rate is related to the forward rate by
keack = e PEie ki s however, because BErg is typically very large, we
can safely ignore the back reaction terms.

APPENDIX D: ADDITIONAL DETAILS
OF THE LHCII MODELS

In this appendix, we list the model parameters used in our sim-
ulations of the LHCII monomer. First, the LE system Hamiltonians
for the two LHCII models are
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~1.87 560 -889 10456 2971 777.00 5938 -499 -016 -328 -252 310 147 -2.16
L2400 713 123 3593 447 5038 64100 443 1199 014 278 307 220 325
278  -584 672 276 513 -499 -443 68800 3607 6197 435 -108 -201 130
379 -1925 9666 -7.28 -077 -016 -11.99 3607 64800 3.86 430 -2.57 -292 233
~595 -1139 1297 -418 161 -328 0.4 6197 386 000 -2496 23.10 721 -1.55
2489 969 -270 -380 133 -252 -278 435 430 -2496 39.00 12692 615 4.5
913 1583 -0.76 4.67 -2.85 310 307 -1.08 -257 2310 12692 21.00 -047 -0.18
~1079 -496 268 212 -140 147 220 -201 -292 721 615 -047 101.00 -50.22
359 069 —670 -342 037 -216 -325 130 233 -155 455 -018 -5022 187.00
(D2)
for Model 2. The columns/rows correspond to the states in the fol- Her s = (Egs12 + AGer1)|CT1){CTy, (D3)
lowing order: b601*, a602*, a603”, a604*, b605*, b606*, b607",
b608*, b609*, a610, a611*, a612", a613”, and a614*. We incorpo- .
rate the reorganization energy contribution of the LE baths into the Her,s = (Bass* + AGen)|CT:2){CTol, (D4

system Hamiltonian matrices, Hig;, and as such diagonal elements

G0:61:61 Y20z Aeniged z|

correspond to vertical excitation energies in the absence of LE cou-
pling, and the diagonal element minus Ap ¢+ is the free energy of
that LE state in the absence of inter-LE state coupling. The CT state
system Hamiltonians are given by

where Eg12+ and Egeos+ are the diagonal elements of Higs corre-
sponding the states a612” and a603*, respectively. Here, CT is the
a612 Lutl™ state and CT; is the a603 " Lut2™ state. Finally, H Gss =0
by definition. The remaining model parameters are listed in Table I.
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TABLE |. Parameters used for the LHCII monomer CT quenching models.

Value
Parameter (cm™! unless specified otherwise)
AGem -82
AcTi 5405
Ven 240
AGct2 951
Act2 5052
Ver 279
Wp,CT 30
Q 1500
y 50
ELE (Model 1) 14780
ELE (Model 2) 15073
Ap chr+ 220
W D,Chl* 353.6777
bcna (D) 4.0
Henyp, (D) 34
knr (nSfl) 0.25

56,58

The G55(t) and Ghy, (¢) functions were evaluated using

GﬁB(t) = GgA(t)* = exp(Cag(t) + iAeast/h), (D5)

CaB(t) = - /Owdwj%z(w)
x [coth(ﬁhTw)(l —cos(wt)) +i sin(wt)], (D6)

where J45(w) is the ber spectral density associated with the A — B
charge transfer and Aeap is the free energy change excluding big
contributions (i.e., the free energy change with BW =0). In order
to evaluate the integrals over these functions, each component of
the spectral density (the Debye and Brownian Oscillator compo-
nents) was discretized into 512 frequencies using a Gauss-Legendre
quadrature for the function (1/(471)) Jp/so(w)/w,”* and using
this, the {,5(¢) function was evaluated and the required numerical
integrals were evaluated using the trapezium rule. The integrals were
evaluated up to tmax = 23.5 fs, discretized into 1000 time points for
the CT-LE correlation functions and 14 104 time points for the much
more oscillatory CT-GS correlation functions. The same expressions
and methodology were used to evaluate the ET kernel for the dimer
model in Sec. I'V.

REFERENCES

T, Mirkovic, E. E. Ostroumov, J. M. Anna, R. van Grondelle, G. Govindjee, and
G. D. Scholes, “Light absorption and energy transfer in the antenna complexes of
photosynthetic organisms,” Chem. Rev. 117, 249-293 (2017).

2D. J. Vinyard, G. M. Ananyev, and G. Charles Dismukes, “Photosystem II: The
reaction center of oxygenic photosynthesis,” Annu. Rev. Biochem. 82, 577-606
(2013).

3M. Gorka, A. Baldansuren, A. Malnati, E. Gruszecki, J. H. Golbeck, and K. V.
Lakshmi, “Shedding light on primary donors in photosynthetic reaction centers,”
Front. Microbiol. 12, 735666 (2021).

ARTICLE scitation.org/journalljcp

“Molecular Mechanisms of Photosynthesis, edited by R. E. Blankenship (Blackwell
Science Ltd., Oxford, UK, 2002).

5R. Croce and H. van Amerongen, “Light-harvesting and structural organiza-
tion of photosystem II: From individual complexes to thylakoid membrane,”
J. Photochem. Photobiol., B 104, 142-153 (2011).

®R. Gossand B. Lepetit, “Biodiversity of NPQ,” |. Plant Physiol. 172, 13-32 (2015).
7S. Park, C. J. Steen, D. Lyska, A. L. Fischer, B. Endelman, M. Iwai, K. K. Niyogi,
and G. R. Fleming, “Chlorophyll-carotenoid excitation energy transfer and charge
transfer in Nannochloropsis oceanica for the regulation of photosynthesis,” Proc.
Natl. Acad. Sci. U. S. A. 116, 3385-3390 (2019).

8A. V. Ruban and F. Saccon, “Chlorophyll a de-excitation pathways in the LHCII
antenna,” J. Chem. Phys. 156, 070902 (2022).

9A. Pinnola, H. Staleva-Musto, S. Capaldi, M. Ballottari, R. Bassi, and T. Polivka,
“Electron transfer between carotenoid and chlorophyll contributes to quench-
ing in the LHCSRI protein from Physcomitrella patens,” Biochim. Biophys. Acta,
Bioenerg. 1857, 1870-1878 (2016).

1°F E. Ostroumov, J. P. Gotze, M. Reus, P. H. Lambrev, and A. R. Holzwarth,
“Characterization of fluorescent chlorophyll charge-transfer states as intermedi-
ates in the excited state quenching of light-harvesting complex II,” Photosynth.
Res. 144, 171-193 (2020).

Y. Tanimura and R. Kubo, “Time evolution of a quantum system in contact with
a nearly Gaussian-Markoffian noise bath,” J. Phys. Soc. Jpn. 58, 101-114 (1989).
12 A. Tshizaki and G. R. Fleming, “Theoretical examination of quantum coherence
in a photosynthetic system at physiological temperature,” Proc. Natl. Acad. Sci. U.
S. A. 106, 17255-17260 (2009).

3Y. Tanimura, “Numerically ‘exact’ approach to open quantum dynamics: The
hierarchical equations of motion (HEOM),” J. Chem. Phys. 153, 020901 (2020).
T4 A. Tshizaki and G. R. Fleming, “Unified treatment of quantum coherent and
incoherent hopping dynamics in electronic energy transfer: Reduced hierarchy
equation approach,” J. Chem. Phys. 130, 234111 (2009).

T5M. Sarovar, A. Ishizaki, G. R. Fleming, and K. B. Whaley, “Quantum entangle-
ment in photosynthetic light-harvesting complexes,” Nat. Phys. 6, 462-467 (2010);
arXiv:0905.3787.

18], Striimpfer and K. Schulten, “Light harvesting complex I B850 excitation
dynamics,” J. Chem. Phys. 131, 225101 (2009).

7 A. Ishizaki, T. R. Calhoun, G. S. Schlau-Cohen, and G. R. Fleming, “Quantum
coherence and its interplay with protein environments in photosynthetic elec-
tronic energy transfer,” Phys. Chem. Chem. Phys. 12, 7319 (2010).

8L, Chen, R. Zheng, Y. Jing, and Q. Shi, “Simulation of the two-dimensional
electronic spectra of the Fenna-Matthews-Olson complex using the hierarchical
equations of motion method,” J. Chem. Phys. 134, 194508 (2011).

19C. Kreisbeck, T. Kramer, M. Rodriguez, and B. Hein, “High-performance
solution of hierarchical equations of motion for studying energy transfer in
light-harvesting complexes,” ]. Chem. Theory Comput. 7, 2166-2174 (2011).
204, G. Dijkstra and Y. Tanimura, “The role of the environment time scale in light-
harvesting efficiency and coherent oscillations,” New J. Phys. 14, 073027 (2012).
21C. Kreisbeck, T. Kramer, and A. Aspuru-Guzik, “Scalable high-performance
algorithm for the simulation of exciton dynamics. Application to the light-
harvesting complex II in the presence of resonant vibrational modes,” . Chem.
Theory Comput. 10, 4045-4054 (2014).

22M. Schréter, T. Pullerits, and O. Kiihn, “Unraveling the quantum state mixing
of excitonic and vibronic excitations in the dynamics of molecular aggregates,”
Ann. Phys. 527, 536-545 (2015).

ZH. C. H. Chan, O. E. Gamel, G. R. Fleming, and K. B. Whaley, “Single-photon
absorption by single photosynthetic light-harvesting complexes,” J. Phys. B: At.,
Mol. Opt. Phys. 51, 054002 (2018); arXiv:1801.04924.

24y, Jankovié and T. Mancal, “Exact description of excitonic dynamics in molec-
ular aggregates weakly driven by light,” J. Chem. Phys. 153, 244122 (2020);
arXiv:2001.07180.

25Y. Yan, Y. Liu, T. Xing, and Q. Shi, “Theoretical study of excitation energy
transfer and nonlinear spectroscopy of photosynthetic light-harvesting complexes
using the nonperturbative reduced dynamics method,” Wiley Interdiscip. Rev.:
Comput. Mol. Sci. 11, e1498 (2021).

28V 1. Novoderezhkin, R. Croce, M. Wahadoszamen, 1. Polukhina, E. Romero,
and R. van Grondelle, “Mixing of exciton and charge-transfer states in light-
harvesting complex Lhca4,” Phys. Chem. Chem. Phys. 18, 19368-19377 (2016).

J. Chem. Phys. 157, 174104 (2022); doi: 10.1063/5.0117659
Published under an exclusive license by AIP Publishing

157,174104-18

G0:61:61 Y20z Ateniged z|


https://scitation.org/journal/jcp
https://doi.org/10.1021/acs.chemrev.6b00002
https://doi.org/10.1146/annurev-biochem-070511-100425
https://doi.org/10.3389/fmicb.2021.735666
https://doi.org/10.1016/j.jphotobiol.2011.02.015
https://doi.org/10.1016/j.jplph.2014.03.004
https://doi.org/10.1073/pnas.1819011116
https://doi.org/10.1073/pnas.1819011116
https://doi.org/10.1063/5.0073825
https://doi.org/10.1016/j.bbabio.2016.09.001
https://doi.org/10.1016/j.bbabio.2016.09.001
https://doi.org/10.1007/s11120-020-00745-8
https://doi.org/10.1007/s11120-020-00745-8
https://doi.org/10.1143/jpsj.58.101
https://doi.org/10.1073/pnas.0908989106
https://doi.org/10.1073/pnas.0908989106
https://doi.org/10.1063/5.0011599
https://doi.org/10.1063/1.3155372
https://doi.org/10.1038/nphys1652
http://arxiv.org/abs/0905.3787
https://doi.org/10.1063/1.3271348
https://doi.org/10.1039/c003389h
https://doi.org/10.1063/1.3589982
https://doi.org/10.1021/ct200126d
https://doi.org/10.1088/1367-2630/14/7/073027
https://doi.org/10.1021/ct500629s
https://doi.org/10.1021/ct500629s
https://doi.org/10.1002/andp.201500148
https://doi.org/10.1088/1361-6455/aa9c95
https://doi.org/10.1088/1361-6455/aa9c95
http://arxiv.org/abs/1801.04924
https://doi.org/10.1063/5.0029914
http://arxiv.org/abs/2001.07180
https://doi.org/10.1002/wcms.1498
https://doi.org/10.1002/wcms.1498
https://doi.org/10.1039/c6cp02225a

The Journal

of Chemical Physics

277, Blumberger, “Recent advances in the theory and molecular simulation of
biological electron transfer reactions,” Chem. Rev. 115, 1119111238 (2015).
28QQ. Shi, L. Chen, G. Nan, R.-X. Xu, and Y. Yan, “Efficient hierarchical Liouville
space propagator to quantum dissipative dynamics,” J. Chem. Phys. 130, 084105
(2009).

29Q. Shi, L. Chen, G. Nan, R. Xu, and Y. Yan, “Electron transfer dynamics:
Zusman equation versus exact theory,” J. Chem. Phys. 130, 164518 (2009).

39T, Firmino, E. Mangaud, F. Cailliez, A. Devolder, D. Mendive-Tapia, F. Gatti,
C. Meier, M. Desouter-Lecomte, and A. de la Lande, “Quantum effects in ultra-
fast electron transfers within cryptochromes,” Phys. Chem. Chem. Phys. 18,
21442-21457 (2016).

31Q. Shi, Y. Xu, Y. Yan, and M. Xu, “Efficient propagation of the hierarchical
equations of motion using the matrix product state method,” J. Chem. Phys. 148,
174102 (2018).

32R. Borrelli, “Density matrix dynamics in twin-formulation: An efficient method-
ology based on tensor-train representation of reduced equations of motion,”
J. Chem. Phys. 150, 234102 (2019).

33Y. Ke, R. Borrelli, and M. Thoss, “Hierarchical equations of motion approach to
hybrid fermionic and bosonic environments: Matrix product state formulation in
twin space,” |. Chem. Phys. 156, 194102 (2022); arXiv:2202.10273.

34Y. Yan, M. Xu, T. Li, and Q. Shi, “Efficient propagation of the hierarchical equa-
tions of motion using the Tucker and hierarchical Tucker tensors,” ]. Chem. Phys.
154, 194104 (2021).

35L. P. Lindoy, Ph.D. thesis, University of Oxford, 2019.

36 M. Richter and B. P. Fingerhut, “Electron transfer pathways and dynamics in
Drosophila cryptochrome - the role of protein electrostatics,” EP] Web Conf. 205,
10009 (2019).

57M. Richter and B. P. Fingerhut, “Coupled excitation energy and charge transfer
dynamics in reaction centre inspired model systems,” Faraday Discuss. 216, 72-93
(2019).

38N. Makri and D. E. Makarov, “Tensor propagator for iterative quantum time
evolution of reduced density matrices. I. Theory,” ]. Chem. Phys. 102, 4600-4610
(1995).

39N. Makri, “Quantum dissipative dynamics: A numerically exact methodology,”
J. Phys. Chem. A 102, 4414-4427 (1998).

“ON. Makri, “Small matrix disentanglement of the path integral: Overcoming the
exponential tensor scaling with memory length,” J. Chem. Phys. 152, 041104
(2020).

#1S. Kundu and N. Makri, “Real-time path integral simulation of exciton-vibration
dynamics in light-harvesting bacteriochlorophyll aggregates,” J. Phys. Chem. Lett.
11, 8783-8789 (2020).

“25. Kundu, R. Dani, and N. Makri, “B800-to-B850 relaxation of excitation
energy in bacterial light harvesting: All-state, all-mode path integral simulations,”
J. Chem. Phys. 157, 015101 (2022).

“Sw. M. Zhang, T. Meier, V. Chernyak, and S. Mukamel, “Exciton-migration
and three-pulse femtosecond optical spectroscopies of photosynthetic antenna
complexes,” |. Chem. Phys. 108, 7763-7774 (1998).

“G. D. Scholes and G. R. Fleming, “On the mechanism of light harvesting in
photosynthetic purple bacteria: B800 to B850 energy transfer,” J. Phys. Chem. B
104, 1854-1868 (2000).

“3V. L. Novoderezhkin and R. van Grondelle, “Physical origins and models of
energy transfer in photosynthetic light-harvesting,” Phys. Chem. Chem. Phys. 12,
7352 (2010).

“By. Novoderezhkin, A. Marin, and R. van Grondelle, “Intra- and inter-
monomeric transfers in the light harvesting LHCII complex: The Redfield-Forster
picture,” Phys. Chem. Chem. Phys. 13, 17093 (2011).

“7V. 1. Novoderezhkin, R. Croce, and R. van Grondelle, “Dynamics of the mixed
exciton and charge-transfer states in light-harvesting complex Lhca4: Hierarchical
equation approach,” Biochim. Biophys. Acta, Bioenerg. 1859, 655-665 (2018).
“8A. Kelly and Y. M. Rhee, “Mixed quantum-classical description of excitation
energy transfer in a model Fenna-Matthews-Olsen complex,” J. Phys. Chem. Lett.
2, 808-812 (2011).

“9P_ Huo and D. F. Coker, “Communication: Partial linearized density matrix
dynamics for dissipative, non-adiabatic quantum evolution,” J. Chem. Phys. 135,
201101 (2011).

ARTICLE scitation.org/journalljcp

5°H. W. Kim, A. Kelly, ]. W. Park, and Y. M. Rhee, “All-atom semiclassical
dynamics study of quantum coherence in photosynthetic Fenna-Matthews-Olson
complex,” J. Am. Chem. Soc. 134, 11640-11651 (2012).

S'W. C. Pfalzgraff, A. Montoya-Castillo, A. Kelly, and T. E. Markland, “Efficient
construction of generalized master equation memory kernels for multi-state sys-
tems from nonadiabatic quantum-classical dynamics,” ]. Chem. Phys. 150, 244109
(2019); arXiv:1903.09608.

52]. E. Runeson and J. O. Richardson, “Generalized spin mapping for quantum-
classical dynamics,” J. Chem. Phys. 152, 084110 (2020); arXiv:1912.10906.

5%]. R. Mannouch and J. O. Richardson, “A partially linearized spin-mapping
approach for nonadiabatic dynamics. I. Derivation of the theory,” ]. Chem. Phys.
153, 194109 (2020); arXiv:2007.05047.

547, E. Runeson, J. E. Lawrence, J. R. Mannouch, and J. O. Richardson, “Explaining
the efficiency of photosynthesis: Quantum uncertainty or classical vibrations?,”
J. Phys. Chem. Lett. 13, 3392-3399 (2022).

5°M. Sparpaglione and S. Mukamel, “Dielectric friction and the transition from
adiabatic to nonadiabatic electron transfer. I. Solvation dynamics in Liouville
space,” . Chem. Phys. 88, 3263-3280 (1988).

56T, P, Fay, L. P. Lindoy, and D. E. Manolopoulos, “Spin-selective electron transfer
reactions of radical pairs: Beyond the Haberkorn master equation,” J. Chem. Phys.
149, 064107 (2018); arXiv:1808.03211.

57T, P. Fay, “Chirality-induced spin coherence in electron transfer reactions,”
J. Phys. Chem. Lett. 12, 1407-1412 (2021); arXiv:2101.03104.

58T, P. Fay and D. T. Limmer, “Origin of chirality induced spin selec-
tivity in photoinduced electron transfer,” Nano Lett. 21, 6696-6702 (2021);
arXiv:2106.06554.

59M. Thoss, H. Wang, and W. H. Miller, “Self-consistent hybrid approach for
complex systems: Application to the spin-boson model with Debye spectral
density,” J. Chem. Phys. 115, 2991-3005 (2001).

89T, C. Berkelbach, D. R. Reichman, and T. E. Markland, “Reduced density
matrix hybrid approach: An efficient and accurate method for adiabatic and
non-adiabatic quantum dynamics,” J. Chem. Phys. 136, 034113 (2012).

6! A. Montoya-Castillo, T. C. Berkelbach, and D. R. Reichman, “Extending the
applicability of Redfield theories into highly non-Markovian regimes,” J. Chem.
Phys. 143, 194108 (2015).

62A.J. Schile and D. T. Limmer, “Simulating conical intersection dynamics in the
condensed phase with hybrid quantum master equations,” J. Chem. Phys. 151,
014106 (2019).

635, Nakajima, “On quantum theory of transport phenomena,” Prog. Theor. Phys.
20, 948-959 (1958).

64R. Zwanzig, “Ensemble method in the theory of irreversibility,” J. Chem. Phys.
33,1338-1341 (1960).

S5H. Mori, “Transport, collective motion, and Brownian motion,” Prog. Theor.
Phys. 33, 423-455 (1965).

68F, Miih, M. E.-A. Madjet, and T. Renger, “Structure-based identification
of energy sinks in plant light-harvesting complex IL” J. Phys. Chem. B 114,
13517-13535 (2010).

S7L. Cupellini, D. Calvani, D. Jacquemin, and B. Mennucci, “Charge transfer from
the carotenoid can quench chlorophyll excitation in antenna complexes of plants,”
Nat. Commun. 11, 662 (2020).

87. Liu, H. Yan, K. Wang, T. Kuang, ]. Zhang, L. Gui, X. An, and W. Chang,
“Crystal structure of spinach major light-harvesting complex at 2.72 A resolution,”
Nature 428, 287-292 (2004).

9R. Bennett, T. M. Barlow, and A. Beige, “A physically motivated quantization of
the electromagnetic field,” Eur. J. Phys. 37, 014001 (2016); arXiv:1506.03305.
7M. K. Lee and D. F. Coker, “Modeling electronic-nuclear interactions for excita-
tion energy transfer processes in light-harvesting complexes,” J. Phys. Chem. Lett.
7,3171-3178 (2016).

71]. Segarra-Marti, F. Segatta, T. A. Mackenzie, A. Nenov, L. Rivalta, M. J.
Bearpark, and M. Garavelli, “Modeling multidimensional spectral lineshapes from
first principles: Application to water-solvated adenine,” Faraday Discuss. 221,
219-244 (2020).

72T, J. Zuehlsdorff, S. V. Shedge, S.-Y. Lu, H. Hong, V. P. Aguirre, L. Shi,
and C. M. Isborn, “Vibronic and environmental effects in simulations of optical
spectroscopy,” Annu. Rev. Phys. Chem. 72, 165-188 (2021).

J. Chem. Phys. 157, 174104 (2022); doi: 10.1063/5.0117659
Published under an exclusive license by AIP Publishing

157,174104-19

G0:61:61 Y20z Ateniged z|


https://scitation.org/journal/jcp
https://doi.org/10.1021/acs.chemrev.5b00298
https://doi.org/10.1063/1.3077918
https://doi.org/10.1063/1.3125003
https://doi.org/10.1039/c6cp02809h
https://doi.org/10.1063/1.5026753
https://doi.org/10.1063/1.5099416
https://doi.org/10.1063/5.0088947
http://arxiv.org/abs/2202.10273
https://doi.org/10.1063/5.0050720
https://doi.org/10.1051/epjconf/201920510009
https://doi.org/10.1039/c8fd00189h
https://doi.org/10.1063/1.469508
https://doi.org/10.1021/jp980359y
https://doi.org/10.1063/1.5139473
https://doi.org/10.1021/acs.jpclett.0c02760
https://doi.org/10.1063/5.0093828
https://doi.org/10.1063/1.476212
https://doi.org/10.1021/jp993435l
https://doi.org/10.1039/c003025b
https://doi.org/10.1039/c1cp21079c
https://doi.org/10.1016/j.bbabio.2018.06.016
https://doi.org/10.1021/jz200059t
https://doi.org/10.1063/1.3664763
https://doi.org/10.1021/ja303025q
https://doi.org/10.1063/1.5095715
http://arxiv.org/abs/1903.09608
https://doi.org/10.1063/1.5143412
http://arxiv.org/abs/1912.10906
https://doi.org/10.1063/5.0031168
http://arxiv.org/abs/2007.05047
https://doi.org/10.1021/acs.jpclett.2c00538
https://doi.org/10.1063/1.453922
https://doi.org/10.1063/1.5041520
http://arxiv.org/abs/1808.03211
https://doi.org/10.1021/acs.jpclett.1c00009
http://arxiv.org/abs/2101.03104
https://doi.org/10.1021/acs.nanolett.1c02370
http://arxiv.org/abs/2106.06554
https://doi.org/10.1063/1.1385562
https://doi.org/10.1063/1.3671372
https://doi.org/10.1063/1.4935443
https://doi.org/10.1063/1.4935443
https://doi.org/10.1063/1.5106379
https://doi.org/10.1143/ptp.20.948
https://doi.org/10.1063/1.1731409
https://doi.org/10.1143/ptp.33.423
https://doi.org/10.1143/ptp.33.423
https://doi.org/10.1021/jp106323e
https://doi.org/10.1038/s41467-020-14488-6
https://doi.org/10.1038/nature02373
https://doi.org/10.1088/0143-0807/37/1/014001
http://arxiv.org/abs/1506.03305
https://doi.org/10.1021/acs.jpclett.6b01440
https://doi.org/10.1039/c9fd00072k
https://doi.org/10.1146/annurev-physchem-090419-051350

The Journal

of Chemical Physics

73 A. Ishizaki and Y. Tanimura, “Quantum dynamics of system strongly coupled
to low-temperature colored noise bath: Reduced hierarchy equations approach,”
J. Phys. Soc. Jpn. 74, 3131-3134 (2005).

74T, Tkeda and A. Nakayama, “Collective bath coordinate mapping of ‘hierarchy’
in hierarchical equations of motion,” J. Chem. Phys. 156, 104104 (2022);
arXiv:2112.09861.

75L. Ko, R. L. Cook, and K. B. Whaley, “Dynamics of photosynthetic light harvest-
ing systems interacting with N-photon Fock states,” ]. Chem. Phys. 156, 244108
(2022); arXiv:2111.06996.

7®R. A. Marcus, “On the theory of oxidation-reduction reactions involving
electron transfer. I,” J. Chem. Phys. 24, 966-978 (1956).

77N. S. Hush, “Adiabatic rate processes at electrodes. I Energy-charge
relationships,” J. Chem. Phys. 28, 962-972 (1958).

78T, p. Fay, “A simple improved low temperature correction for the hierarchical
equations of motion,” J. Chem. Phys. 157, 054108 (2022); arXiv:2205.09270.

79A. V. Ruban and S. Wilson, “The mechanism of non-photochemical quench-
ing in plants: Localization and driving forces,” Plant Cell Physiol. 62, 1063-1072
(2021).

8D, I. G. Bennett, K. Amarnath, and G. R. Fleming, “A structure-based model
of energy transfer reveals the principles of light harvesting in photosystem II
supercomplexes,” J. Am. Chem. Soc. 135, 9164-9173 (2013).

815. Bourne Worster, C. Stross, F. M. W. C. Vaughan, N. Linden, and F. R. Manby,
“Structure and efficiency in bacterial photosynthetic light-harvesting,” J. Phys.
Chem. Lett. 10, 7383-7390 (2019); arXiv:1908.08373.

827, P. Fay, “heom-lab: A Matlab code for performing HEOM calculations,”
https://github.com/tomfay/heom-lab, 2022.

83y, Balevicius, K. F. Fox, W. P. Bricker, S. Jurinovich, I. G. Prandi, B. Mennucci,
and C. D. P. Duffy, “Fine control of chlorophyll-carotenoid interactions defines
the functionality of light-harvesting proteins in plants,” Sci. Rep. 7, 13956 (2017).
84A. H. Short, T. P. Fay, T. Crisanto, J. Hall, C. . Steen, K. K. Niyogi, D. T. Limmer,
and G. R. Fleming, “Xanthophyll-cycle based model of the rapid photoprotec-
tion of Nannochloropsis in response to regular and irregular light/dark sequences,”
J. Chem. Phys. 156, 205102 (2022).

ARTICLE scitation.org/journalljcp

85A. Chrysafoudi, S. Maity, U. Kleinekathéfer, and V. Daskalakis, “Robust strat-
egy for photoprotection in the light-harvesting antenna of diatoms: A molecular
dynamics study,” J. Phys. Chem. Lett. 12, 9626-9633 (2021).

88V, Daskalakis, S. Papadatos, and T. Stergiannakos, “The conformational phase
space of the photoprotective switch in the major light harvesting complex II,”
Chem. Commun. 56, 11215-11218 (2020).

87M. Lapillo, E. Cignoni, L. Cupellini, and B. Mennucci, “The energy transfer
model of nonphotochemical quenching: Lessons from the minor CP29 antenna
complex of plants,” Biochim. Biophys. Acta, Bioenerg. 1861, 148282 (2020).

883, Maity, V. Daskalakis, M. Elstner, and U. Kleinekathéfer, “Multiscale QM/MM
molecular dynamics simulations of the trimeric major light-harvesting complex
II,” Phys. Chem. Chem. Phys. 23, 7407-7417 (2021).

89]. E. Lawrence and D. E. Manolopoulos, “Path integral methods for reaction
rates in complex systems,” Faraday Discuss. 221, 9-29 (2020).

90, Rabani, S. A. Egorov, and B. J. Berne, “Classical approximation to nonra-
diative electronic relaxation in condensed phase systems,” |. Phys. Chem. A 103,
9539-9544 (1999).

91S. A. Egorov, E. Rabani, and B. J. Berne, “On the adequacy of mixed
quantum-classical dynamics in condensed phase systems,” . Phys. Chem. B 103,
10978-10991 (1999).

927. Tong, X. Gao, M. S. Cheung, B. D. Dunietz, E. Geva, and X. Sun, “Charge
transfer rate constants for the carotenoid-porphyrin-Cs molecular triad dis-
solved in tetrahydrofuran: The spin-boson model vs the linearized semiclassical
approximation,” J. Chem. Phys. 153, 044105 (2020).

9], E. Lawrence and D. E. Manolopoulos, “Analytic continuation of Wolynes
theory into the Marcus inverted regime,” ]. Chem. Phys. 148, 102313 (2018);
arXiv:1710.11113.

941, E. Lawrence and D. E. Manolopoulos, “An improved path-integral method for
golden-rule rates,” ]. Chem. Phys. 153, 154113 (2020).

95H.-P. Breuer, B. Kappler, and F. Petruccione, “The time-convolutionless projec-
tion operator technique in the quantum theory of dissipation and decoherence,”
Ann. Phys. 291, 36-70 (2001).

%F, Cignoni, V. Slama, L. Cupellini, and B. Mennucci, “The atomistic model-
ing of light-harvesting complexes from the physical models to the computational
protocol,” J. Chem. Phys. 156, 120901 (2022).

J. Chem. Phys. 157, 174104 (2022); doi: 10.1063/5.0117659
Published under an exclusive license by AIP Publishing

157, 174104-20

G0:61:61 Y20z Ateniged z|


https://scitation.org/journal/jcp
https://doi.org/10.1143/jpsj.74.3131
https://doi.org/10.1063/5.0082936
http://arxiv.org/abs/2112.09861
https://doi.org/10.1063/5.0082822
http://arxiv.org/abs/2111.06996
https://doi.org/10.1063/1.1742723
https://doi.org/10.1063/1.1744305
https://doi.org/10.1063/5.0100365
http://arxiv.org/abs/2205.09270
https://doi.org/10.1093/pcp/pcaa155
https://doi.org/10.1021/ja403685a
https://doi.org/10.1021/acs.jpclett.9b02625
https://doi.org/10.1021/acs.jpclett.9b02625
http://arxiv.org/abs/1908.08373
https://github.com/tomfay/heom-lab
https://doi.org/10.1038/s41598-017-13720-6
https://doi.org/10.1063/5.0089335
https://doi.org/10.1021/acs.jpclett.1c02498
https://doi.org/10.1039/d0cc04486e
https://doi.org/10.1016/j.bbabio.2020.148282
https://doi.org/10.1039/d1cp01011e
https://doi.org/10.1039/c9fd00084d
https://doi.org/10.1021/jp992189a
https://doi.org/10.1021/jp9921349
https://doi.org/10.1063/5.0016160
https://doi.org/10.1063/1.5002894
http://arxiv.org/abs/1710.11113
https://doi.org/10.1063/5.0022535
https://doi.org/10.1006/aphy.2001.6152
https://doi.org/10.1063/5.0086275



