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We apply real-time path-integral dynamics simulations to characterize the role of electronic coherence
in inter-complex excitation energy transfer (EET) processes. The analysis is performed using a system-bath
model that exhibits the essential features of light-harvesting networks, including strong intra-complex
electronic coupling and weak inter-complex coupling. Strong intra-complex coupling is known to generate
both static and dynamic electron coherences, which delocalize the exciton over multiple chromophores
and potentially influence the inter-complex EET dynamics. With numerical results from partial linearized
density matrix (PLDM) real-time path-integral calculations, it is found that both static and dynamic
coherence are correlated with the rate of inter-complex EET. To distinguish the impact of these two types
of intra-complex coherence on the rate of inter-complex EET, we use Multi-Chromophore Forster
Resonance Energy Transfer (MC-FRET) theory to map the original parameterization of the system-bath
model to an alternative parameterization for which the effects of static coherence are preserved while the
effects of dynamic coherence are largely eliminated. It is then shown that both parameterizations of the
model (i.e., the original that supports dynamic coherence and the alternative that eliminates it), exhibit

Received 30th April 2015, nearly identical EET kinetics and population dynamics over a wide range of parameters. These observations

Accepted st June 2015 are found to hold for cases in which either the EET donor or acceptor is a dimeric complex and for cases
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dynamic coherence plays only a minor role in the actual kinetics of inter-complex EET, whereas static
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1 Introduction

The extraordinary efficiency of excitation energy transfer (EET)
in natural light-harvesting systems is generally attributed to
rapid timescales of incoherent exciton-transfer (~50 ps) in
comparison to the nanosecond-timescale excitation lifetime."
Nonetheless, recent 2D-spectroscopy experiments have observed
transient intra-complex electronic coherence in natural>® and
artificial light harvesting systems,”® which raises questions
about the role of intra-complex electronic coherence in facilitating
EET across multi-meric complexes.’®™* In this work, we combine
real-time path-integral dynamics simulations’*'* and analysis
from Multi-Chromophore Forster Resonance Energy Transfer
(MC-FRET) theory">" to examine the role of electronic coherence
on the kinetics of EET in light-harvesting systems.
Light-harvesting systems are typically comprised of multiple
complexes, which are in turn comprised of multiple light-absorbing
chromophores. For example, Photosystem II is comprised of the
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coherence largely governs the kinetics of incoherent inter-complex EET in light-harvesting networks.

CP43, CP47, and reaction center complexes, each of which
includes multiple chromophores.'*?° In most light-harvesting
systems, chromophores within a complex exhibit strong electro-
nic coupling due to their close-packed configurations,'"*81
The electronic coupling between chromophores in different
complexes, however, is typically much weaker due to the larger
distances of separation, leading to incoherent dynamics for EET
between complexes. The manifestation of electronic coherences
in EET has been the subject of significant experimental®® and
theoretical'»'*?' > attention. In the current work, we specifi-
cally focus on the way in which intra-complex electronic coher-
ence affects inter-complex EET kinetics, which is crucial to the
efficiency of light-harvesting systems. We address this issue by
distinguishing between static and dynamic types of electronic
coherence and by examining the relative impact of these two
types of intra-complex coherence on the kinetics of inter-
complex EET.

Fig. 1 introduces the simple model for inter-complex energy
transfer that is employed in this study.'"">** The model exhibits
an EET donor complex that consists of a pair of chromophores
and an acceptor complex that consists of a single chromophore
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Fig. 1 Model system for EET that consists of two strongly coupled donor
chromophores and a single acceptor chromophore. (a) An illustrative
atomistic representation of the model, indicating the donor and acceptor
single excitation states. (b) A schematic of the model, indicating the
coupling parameters and the tilt angle between the chromophores of the
dimer. (c) The intra-complex electronic coupling, 4, plotted as a function of
the tilt angle. Positive values of the intra-complex coupling correspond to
H-type chromophore aggregates, and negative values correspond to J-type
aggregates.

(Fig. 1a). Inter-complex electronic coupling is described via the
parameter ¢ and intra-complex electronic coupling is given by 4,
where the latter is a function of the tilt angle, 6, between the
two chromophores of the dimer (Fig. 1b). The intra-complex
coupling can be varied via the chromophore-dipole tilt angle
(Fig. 1c); previous theoretical work has found that the sign of
the intra-complex coupling has a significant influence on both
the rate of inter-complex EET and non-linear spectroscopic
features.>**3* Despite its simplicity, this model exhibits many
of the essential features of EET in light-harvesting systems for
regimes in which the intra-complex coupling is relatively large
(B4 > ~1, where f = 1/kgT) and the inter-complex coupling is
small (0 « 1).

The current work focuses on characterizing the effect of
electronic coherence on the kinetics of EET in light-harvesting
systems. In doing so, we will follow earlier work by distinguishing
between static coherence and dynamic coherence.'**?*

Static coherence (also known as “exciton delocalization”) is
a time-independent feature associated with shifts in the intra-
complex energy eigenspectrum.'®*®*%*” It can be characterized
in terms of the off-diagonal elements of the projector for the
donor-complex eigenstates, such that

(D1]pa|D2) = (D) (2| D2) = C15€25 (1)
where |o) is the ath exciton eigenstate of the donor complex

(in isolation from the acceptor complex and the dissipative
environment) and |D;) is the single excitation basis function
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(site basis) associated with the jth individual chromophore in
the donor complex.

Dynamic coherence is a time-dependent feature associated
with transient superpositions among the local excitations on
individual chromophores.'>'®3® It is most commonly charac-
terized in terms of the off-diagonal elements of the projector for
the time-dependent wavefunction of the exciton, such that

(Dy|p(8)|D2) = (D[ (&) (W(D)ID2) = cx(Be2*(®),  (2)

where [(£)) = ¢1(t)|D;) + ¢,(¢)|D,) is the exciton wavefunction.
Although it is a well know result that static coherence effects
can strongly impact the EET rate,">'®*” the role of dynamic
coherence in EET is less clear.”'*"

To characterize the relative contributions of static and dynamic
electronic coherence in facilitating inter-complex EET, we use
MC-FRET theory'>™ to construct an alternative parametrization
of the model in Fig. 1, such that the effects of static coherence are
preserved, while dynamic coherence is eliminated via the removal
of the intra-complex electronic coupling. Using the partial linear-
ized density matrix (PLDM) path-integral method,"*"* we investi-
gate the EET for the model system, considering both the original
parameterization that supports dynamic coherence and the alter-
native parameterization that eliminates dynamic coherence.
The numerical results show nearly identical inter-complex
EET kinetics for both sets of parameters over a broad range
of EET regimes. These results suggest that static coherence
largely governs the kinetics of inter-complex EET in light-
harvesting networks, whereas dynamic coherence plays only a
minimal role.

2 Model system

The model system employed in this study (Fig. 1) assumes the
form of the Frenkel-exciton tight-binding Hamiltonian,*®
H=H,+ H, + H. (3)

The system part of the Hamiltonian includes contribution
from the donor complex, the acceptor complex, and the inter-
complex coupling, such that

H,=HD + 0% + AS. (4)

In general, each complex is comprised of multiple chromo-
phores, each of which contributes a single basis function for
the description of the exciton. The contributions to the system
Hamiltonian from the donor and acceptor complexes are thus

A, Z e, [D7)(Dy| + ) Apyp, |D;)(Dy|
J

i
N (5)
HS = e JA AL+ Y Aaa, A (Axl,
k k#k

where the coefficients for the diagonal terms correspond to
the chromophore site energies and the coefficients for the off-
diagonal terms correspond to intra-complex electronic couplings.

Phys. Chem. Chem. Phys., 2015, 17, 30914-30924 | 30915


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5cp02517f

Open Access Article. Published on 01 June 2015. Downloaded on 12/4/2025 9:39:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

Coupling between the donor and acceptor complexes in the
system Hamiltonian is given by

~C
HS = ZéD,-Ak D)) (Axl, (6)
Jk

where the coefficients are the
couplings.

Within the dipole approximation, the intra-complex electronic
coupling can be related to the relative orientation of the transi-
tion dipole associated with individual chromophores using

1 S oo .
= drar oo, =3 o0, ) (o, oy )] )

inter-complex electronic

4p,p,

where ji; is the transition dipole associated with the ground
to excited transition on chromophore D;, DD, and fD/.D/, are
the vector and unit vector pointed from chromophore D; to D;. As
illustrated in Fig. 1c, 4;7 can be modulated by varying the tilt
angle 0 of the dipoles. For tilt angles associated with positive
value of intra-complex electronic coupling, the donor complex
corresponds to an H-type aggregate; for negative values of the
coupling, the donor complex is a J-type aggregate.***® While the
inter-complex electronic couplings can also be modeled in terms
of the tilt angle, this dependence is much weaker and is thus
assumed here to be independent of the tilt angle.

The model incorporates the effect of a dissipative environ-
ment via linear coupling of each chromophore site to a corre-
sponding harmonic bath, using

D ~A
Hine = Hint + Hint

~D
Hi, = ZcDm RD/:,'}D/'><D/} 8)
D;,
~A
int — ZCAM RAk.rlAk><Ak|‘
A
The bath terms of the Hamiltonian are
Hy, = A + Ay (9)
D 1 2 2 277
Hy = ZE[PD/J + op,;;"Rp;; i
Dji
. (10)
~A ~
H, = ZE[PAMZ + wA/\zizRAk.iz} 1,
Api
. Ax
where 1 = Y |n)(n|.
n=Dj;

The system-bath coupling constants c¢p, and c,,, ;rzlsampled

from the Debye-Drude form of the spectral density,

22,07

2
T Cn,i
w2+ 1

Jn(w) == o(w—wp;) = 11
() =532 o o) (1)
where n = D; - -A;. The solvent reorganization energy associated

with each chromophore state |n) is 4, =) cui/w.? =
7

/7 Ju(w)/w, and the bath relaxation time is t. We assume
that an independent and identical bath is coupled to each
chromophore state.
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For use in the following sections, we introduce notation for
the Hamiltonian operators associated with the donor and
acceptor complexes,

MD:ﬁ?+ﬁi+HLZ]QXQ|
D;

(12)
~ ~A ~A ~A
HA = Hs +Him +Hb Z'Ak><Ak‘
Ak

3 Partial linearized density matrix
dynamics

EET rate constants and time-dependent reduced density matrix
elements are obtained from thermal time correlation functions.
In this study, we use the PLDM path-integral dynamics method
to compute the necessary correlation functions.’*'* In this
section, we review expressions for the EET rate constant and
reduced density matrix in terms of time correlation functions,
we briefly outline the PLDM method for describing EET
dynamics, and we present benchmark results for EET between
a single donor and single acceptor model.

The general expression for the time-dependent reduced
density matrix is'**?

pif®) = Tr[ p(0)e™ i) il ", (13)
where p(0) is the initial density operator. Unless otherwise
specified, EET rate constants are obtained from the flux-side
correlation function**** using

k= Qr71 lim Cfs(l)7

t—tp

(14)

where Cg(f) = Tr[ pFe™he "] ¢ is the “plateau time” for

p = e PP [ is the total
Hamiltonian operator, and Q, = Tr[j(I — /)] is the reactant

flux-side correlation function,***?

partition function. The side operator /1 = |Ax)(Ak| distin-
Ak

guishes between the reactant and product regions, and £ =

Lon oy .
E[H , ] is the associated flux operator. The rate constant can be

equivalently expressed as k = Q;lf(')"Cff(t)dt, where Cgk(t) =
Tr[ pFe fe~™" ] or it can be computed directly from the
population dynamics.**~*°

The time correlation functions in eqn (13) and (14) are
computed using the PLDM method.'*'* Expressing the total
Hamiltonian in terms of its nuclear kinetic and total potential
energy contributions, A = T + V,,,(R)|n)(m|, where |n), |m) e
{IDj)}, {|Ax)}} are the site basis functions, we use the mapping
representation of Meyer-Miller-Stock-Thoss*” to transform the

discrete electronic states into continuous variables
|n)(m| — @ a,,, where af = E(qn — ip,). Applying a lineariza-

tion approximation*? to the nuclear degrees of freedom and
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keeping the explicit propagation of the electronic degrees of
freedom, we arrive at the general PLDM expression****

Canlt) = (AB(1) = Tr {p/ie%mée*%ﬁ’]

dﬁﬂdqdp dq'dp' GoGy' (15)
2nh

(p/])no 10 (O)B’&/ Vlf(z) % T[n(]tn,] T[/

nt/7/10/]7
where T, ,1 = ip, ) are the electronic
[ 0 t] p 0

(pAYY™ = jdzo

%(Qnt + ipnt) (Qno

transition amplitudes, and

An, n,

= Z = Z ! ip
<R0 + 70,10|/3A|R0 — 70110 >67717P020 and BW = J‘dZ,

- Z Z,
<R, - —tn, |B|R, + 7}1 >eﬁ“z’ are partial Wigner transforma-

—% Z (11/;02 +!’/if)2)

tions of operators pA and B. Gy =¢ 7 provides the

initial distributions of electronic degrees of freedom. The terms

Gy’ and T['n ') are similarly defined with respect to time
0 1t

propagation in the reversed direction.

Classical trajectories are used to evaluate the approximate
quantum time correlation function in eqn (15). These trajec-
tories are propagated using the equations of motion*?
R.)/0qy,

q"t = OHCI R /apnm p'l/ - aHCl
) (16)
= __VR/ [ Rnl’n,v qﬂz) + HVCV}(R”[) ’7qn, )}

where H;;(R,p, q) = Z Vim(R) (Pppm + qngm) is the classical

MIH
mapping Hamiltonian,® and F is the force that acts on the
nuclear degrees of freedom.

In recent work, we have demonstrated the accuracy of the
PLDM method for non-adiabatic reaction dynamics associated
with electron transfer."* To further benchmark the accuracy of
the method for EET processes, Fig. 2 presents a comparison of
PLDM with numerically exact results for the EET rate associated
with excitation transfer from a single donor chromophore to a
single acceptor chromophore. These results provide a clear
picture of how different quantities control the EET rate, as well
as the accuracy of the PLDM method in various regimes. Unless
otherwise specified, the excitation energy gap between the
donor and acceptor is ¢ = e¢p — &4 = 100 cm™!, the inter-
complex electronic coupling is § = 5 cm™ ", the solvent reorga-
nization energy is 1 = Jp = 1, = 100 cm ™', and the solvent
response time is 7 = 0.1 ps. The solvent bath are discretized
following the description in Section 4.

The rate constant in Fig. 2a is calculated from an exponen-
tial fit of the population decay of an excitation on the donor.
The initial condition for the excitation is g, = |D)(D|(pp)w- The
exciton transfer rate constants in Fig. 2b-d are calculated as the
long-time plateau value of the flux-side correlation function, as
described in eqn (14). To evaluate the partial-Wigner
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Fig. 2 The thermal rate k (ps™?) for EET between monomeric donor and
acceptor complexes, as a function of (a) reorganization energy, (b) inter-
complex electronic coupling, (c) site energy gap ¢, and (d) solvent response
time. See text for details.

transformation of the thermal flux operator (e *F),, we use
the approximation'**>*>

(e 7F) ~ (efﬂ(ﬂi#'?)) P
w

w
~D ~A ~
_ (e—/iHsb> <e—/iﬂb> F,
w w
where Hy, = Ho, + Hp, and the Wigner distribution for Ag, is

(e’ﬁ’qR>W = Htanh (ﬂu;D"[)

Pop,;
h y
tan ( >

X exp | —

17)

) (PD,,'Z + op (RDJ +—=
WD, WD

and the Wigner density for acceptor bath Hj is

(e—ﬁﬁb> Ht (ﬁ A, 1)
tanh (%) (

X exp | — o
N

Pa+ wA,izRA,iz)

(19)

Fig. 2a presents the numerical results of EET rate over a
range of solvent reorganization energies, A, using an inter-
complex coupling of § = 20 cm™'. The EET rate is computed
using the PLDM method, as well as with classical Marcus
Theory (MT)** and a Fermi Golden Rule (FGR) expression*"*®
that accounts for nuclear quantization (see Appendix A for
details). Also included are numerical exact results obtained
from the hierarchy equation of motion (HEOM).*' Whereas the
FGR and MT descriptions only agree with the exact results for
large reorganization energies, PLDM works well over the entire
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range of A. Note that a maximal transfer rate is obtained with
changing 4; this behavior has been previously discussed in
terms of “environment-assisted quantum transport’’,'%2>48:49

Fig. 2b presents the numerical results for the EET rate upon
varying the inter-complex electronic coupling, d, and with &p = éa.
For small couplings (0 « 1), the system exhibits non-adiabatic
EET dynamics and PLDM agrees with the FGR result. For larger
couplings (85 > 1), PLDM correctly deviates from FGR,"*** which
assumes weak coupling.

Fig. 2c presents PLDM results for the EET rate over a range
of values of the energy gap between donor and acceptor
states, ¢ = ep — &5. Here, inter-complex coupling is small
(pé « 1) such that FGR provides an accurate description. The
FGR results predict a turnover with maximal rate at ¢ = 4.
Classical MT gives the correct qualitative trend of the EET
rate, but it underestimates the rate in the inverted regime
(¢ > A). This effect is well understood from the fact that
quantized vibrational levels provide additional transfer channels
between donor and acceptor states, especially in the inverted
regime.*”

In Fig. 2d, we explore the effect of the memory time
of the bath, 7. By varying 7 for the asymmetric model system
(¢ =500 cm ™), the EET rate exhibits classical Kramers behavior,
as expected.” For the more interesting symmetric case (& = 0),
the rate increases at the low friction regime (small 7) due to
interference effects, as been discussed in previous semi-classical®>
and numerically exact™ studies.

4 Calculation details

All remaining results in this paper are performed at 7'= 300 K.
The PLDM method is used to calculate all needed time corre-
lation functions, using 10° trajectories obtained from the
equations of motion in eqn (16) to generate tightly converged
results.

The Debye-Drude form of the spectral density described in
eqn (11) is discretized into 500 oscillators,>® with frequencies

w; = (1/7) tan (]N tan ! (w,,,r)) and coupling constants

¢ =2w;y/Atan ~!(w,t)/nN, where j = 1,.. ,N and ,, = 20/t is
the cutoff frequency for the oscillators. The solvent reorganiza-
tion energy for the donor and the acceptor baths is ip = A5 =
100 em ™, and the solvent response time is T = 0.1 ps. These
parameters are chosen to be consistent with natural light
harvesting systems.'*!

The time-dependent reduced density matrix p,(¢) is calcu-
lated as described in eqn (13), using p(0),, = 1/2[|Dy)(D,| +
|D5)(Ds|](pp)w for the 4 = 0 case and p(0)y, = |D1)(D1]|(Pp)w for
the 4 = £200 cm™' cases where (pp), are evaluated in the
manner of eqn (19).

The EET rate constant is calculated using eqn (14). Although
the Wigner transformed thermal flux operator (e’/mﬁ)w could
be sampled exactly from a path-integral Monte-Carlo based
procedure,®>> we use an approximate expression,'“** as
described in eqn (17)-(19).
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For the case of dimeric donor and monomeric acceptor, the
site and flux operators are z = |A)(A| and
A
F = o[[Di)(Al — |A)Di] + [D2)(A] — [ANDof],  (20)
respectively. For the case monomeric donor and dimeric accep-
tor, the site and flux operators are / = |A;)(A;| + |A,)(A,| and

ﬁ:%ﬂmﬂA”—mnan+DMAﬂ—Mﬂ@m7 (21)

respectively.

5 Results

We now present numerical results and analysis for EET between
monomeric and dimeric chromophore complexes.

5.1 Dynamic coherence in multimeric EET process

We begin by demonstrating the appearance of dynamic coherence
in intra-complex EET, for the model system with a dimeric donor
complex and a monomeric acceptor complex. For simplicity, we
assume that the site energies of the two chromophores in the
dimeric complex are degenerate (i.e., &p, = ép, = &p for the case of
a dimeric donor); the more general case of non-degenerate
chromophore dimers will be discussed in Section 5.3. The
donor-acceptor energetic gap ¢ = &, — £y = 500 cm ' and inter-
complex electronic coupling § = 5 cm™'. The remaining para-
meters, as well as the initial conditions for these calculations,
are described in Section 4.

Fig. 3a and b presents the real and imaginary components of the
intra-complex dynamic coherence (D, |p(¢)|D,), as defined in eqn (2).
These results demonstrate that the amount of dynamic coherence
depends upon the magnitude and sign of the intra-complex electro-
nic coupling, 4. As the sign of A changes from positive to negative
values, the dynamic coherence changes correspondingly.

Fig. 3c presents the time-dependence of the exciton population
on the donor complex, (D,|p(¢)|D;) + (D,|p(t)|D,). This result
indicates that the EET kinetics are also strongly influenced
by intra-complex coupling. By varying 4 from 200 to —200 cm™ ",
the EET rate accelerates by nearly a factor of five.

These results are consistent with recent theoretical results
which illustrate that intra-complex dynamic coherence correlates
with the inter-complex EET kinetics. The results might be inter-
preted to suggest that the EET rate is sensitive to an important
role of dynamic coherence; however, in the next sections, we show
that if we derive a parameterization of the model that preserves
the effects of static coherence in Fig. 3 while largely eliminating
the intra-complex dynamic coherence, then the EET kinetics are
essentially unchanged.

12,21

5.2 Reparametrization of the model

In this section, we derive an alternative parameterization of
the system from Section 5.1. In particular, for any original set
of parameters for the model, we derive an alternative set of
parameters that preserves the effects of static coherence while
strictly eliminating the intra-complex electronic coupling, 4.

This journal is © the Owner Societies 2015


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5cp02517f

Open Access Article. Published on 01 June 2015. Downloaded on 12/4/2025 9:39:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
T T T
2 o1} =
T 0 -
=) A= 200cm  —
;EO/ -0.1 | = Oc;m_1 -
= -200 cm
0 5 10 15 20
T T
o4 T ()
A o2 1 .
I 0
2 o2 1 1
g
-04 -T- -
| 1
c
RS
©
=
Q.
o
o
S
c
A
06 | | 1
0 5 10 15 20
t (ps)

Fig. 3 EET dynamics of the model with a dimeric donor and monomeric
acceptor. (a) Real and (b) imaginary components of the intra-complex
dynamic coherence, and (c) the exciton population on the donor complex,
(D1lp(t)ID1) + (D2lp(t)IDy). Results are presented for a range of intra-
complex electronic couplings.

We end this section by demonstrating that the alternative
parameterization largely (and in some cases exactly) eliminates
the dynamic coherence for the EET processes studied here.

In order to develop an alternative parameterization of the
model that eliminates the intra-complex electronic coupling,
we follow previous theoretical work*®>® that compares MC-FRET
theory,"”™" a rate theory for energy transfer among weakly-
coupled multimeric complexes, in both the site and exciton bases.
We begin by expressing MC-FRET rate for the system with the
original parameterization

kme = Z ;A 0D, A, Re U dtIZ’k,(t)Eg/(z)}

Jj kK -

(22)

where

i D A
Eg(l) _ TrDb |:e—1Hb I/I1<D/_,‘etHD[/hﬁD‘Dj>:|
(23)
k! e/ 7'I~A1At/h
]IIA‘/ (l) = TI’Ab CHb t/ <Ak’e !

A@ﬁﬁ] ,
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dpa, is the inter-complex coupling between donor |D;) and
acceptor |Ag), H is the donor complex Hamiltonian defined
in eqn (12), and A} is the bath Hamiltonian for acceptor
complex. The density operators associated with excited donor

complex and ground state acceptor complex are p° = e P ZP

A
and pp =e /Z{j. The notation Trpy[- - -] indicates the trace

taken over the bath degrees of freedom associated with the
donor complex.

We now switch from the MC-FRET expression in the chromo-
phore site basis (eqn (22) and (23)) to the corresponding expres-
sion in terms of the subsystem exciton representation, for which
the basis functions {|o)} and {|y)} satisfy

ﬁ?|o¢) =&, o) and I:I§‘|y) =¢,]y). (24)

The site basis functions can be expanded in terms of the exciton
basis functions using

D) = eyle) and A = ¢,
o bi

(25)

where c,; = (2|D;) = c;,* are the expansion coefficients that
quantify static coherence, as described in eqn (1). In the exciton
representation, the intra-complex electronic couplings vanish,
such that («|A%|o') = (y|H2]y') = 0. The MC-FRET rate from
(eqn (22) and (23)) can be rewritten in the exciton representa-
tion as®®

kvmc = Z (Z cf’acia*5_i/(ck'r’ck’y*5/’k’) Re |:J‘d[11&(l‘)E%(l):| s

7 \irkk
(26)

where

Eﬁ(l‘) — TrDb [effﬁgt/ﬁeiaal/he—ﬁsaefﬂgl/ﬁefﬁﬂg/ZD:|
(27)
(1) = Tra, |:eilflél/ﬁe—is7.t/ﬁefil:lﬁ,//he—/ﬂ:lg/ZQ:|.

In arriving at eqn (26) and (27), we employ the split-operator
approximation el/i-HH? — eli/h=PA olit/h-pHg,

Comparison of the MC-FRET rate expressions in the site and
exciton bases reveals two ways in which static coherence
impacts the EET rate. Firstly, static coherence simply shifts
the eigenspectrum ¢, and ¢, associate with donor and acceptor
complexes, due to the electronic coupling between the sites.
Secondly, comparison of eqn (22) and (26) reveals that static
coherence leads to the rescaling of the inter-complex coupling
0; by a factor of cj,*ci,. Both of these effects have been
emphasized in previous work.' ">

This analysis shows that for any original parameterization of
the model system in the site basis, we can prescribe an
alternative parameterization also in the site basis such that the
effects of static coherence are preserved and intra-complex
electronic coupling is strictly eliminated. Table 1 summarizes
the way in which this Static Coherence Preserving (SCP) para-
meterization of the model can be obtained from the original
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Table1 Relationship between the original and SCP parameterizations for
the case of a dimeric donor complex and monomeric acceptor complex

Original scp®
4 A=0
&p, 5D1:5D+\/ZD2/4+A2

SDZ 51)2 :ED—\/ZD2/4+A2
ea INSEN
Spoa

DA = 0pA cos(¢/2) + Jp,asin(¢/2)
Op,A = 0D, ASIN(}/2) — Op,a cos(¢/2)

“ Here, &p = (ep, *+ £p,)/2, Zp = ép, — ép,, and ¢ = arctan(24/Zp).

So,a

parameterization; more general expressions for the SCP para-
meterization are provided in Appendix B.

Note that in the SCP parameterization of the model, the bath
modes remain diagonally coupled to the single-chromophore
states; the Hamiltonian in the SCP parameterization is thus not
an exact similarity transform of the Hamiltonian in the original
parameterization. The SCP parameterization should be viewed
as a procedure to construct a new system with site energies and
inter-complex couplings that preserve the effects of static
coherence in an original system, while (as is now shown) largely
eliminating dynamic coherence.

Finally, we numerically demonstrate that the SCP para-
metrization largely eliminates intra-complex dynamic coherence
during the EET process. In Fig. 4 we present the modulus of
dynamic coherence [I(D|p(£)|Dy)ll for the SCP-parametrized
model. We consider the SCP parametrization that corresponds
to the original parameterization with 4 = —200 cm ™", donor-
acceptor energetic gap ¢ = ¢, — & = 500 cm ', inter-complex
electronic coupling 6 = 5 cm™*, and a range of values for the intra-
complex energy gap Zp, = ép, — ép,. The initial condition for these
calculations is (D,|p|D;) = (D,|p|D2) = 1/2.

It is clear from the figure that in all cases the intra-complex
is dramatically reduced from the levels seen in Fig. 3a and b,
and for the special case of degenerate donor chromophores
(Zp = 0) and symmetric donor-acceptor coupling (dp,a = Op,a),
the intra-complex dynamic coherence vanishes completely.

x 104
1.2 T T T
Q08 =
= Zp= Ocm| ——
=04 =200 cm’! —— -
a =400 cm”, ——
= =800 cm ——
0
| 1 |
0 025 05 0.75 1
t (ps)

Fig. 4 Dynamic coherence in the SCP parameterization of the model.
Results are presented for various degrees of asymmetry of the donor site
energies, Zp = ¢p, — ¢p,- Note the small scale of the y-axis.
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Similar results are obtained for 4 = 200 cm™" with a range of
values for Zp, (not shown).

For any original parameterization of the model, we have
derived an alternative parametrization that preserves the effects
of static coherence while largely (and some cases exactly)
eliminating dynamic coherence. In the next section, we will
directly compare the EET kinetics for the two different para-
meterizations to examine the isolated effects of dynamic coher-
ence in the EET process.

5.3 The role of dynamic coherence in EET kinetics

Having derived the SCP parameterization to isolate the effects
of dynamic coherence from those of static coherence, we return
to the model system with a donor complex comprised of a
symmetric dimer of chromophores and a monomeric acceptor
complex that was studied in Section 5.1.

Fig. 5 compares the EET dynamics obtained for the two
parameterizations with a range of values for the electronic
coupling. In each case, the results for the SCP parameterization
are obtained from the mapping of the original parameteriza-
tion described in Table 1; furthermore, the initial condition
(D4|p|Dy) = (D2|p|D2) = 1/2 employed for the SCP parameter-
ization was chosen such that the initial exciton population
matches that which was considered for the original parameter-
ization (Fig. 3).

In Fig. 5a, we present the time-dependence of the exciton
population on the donor complex, (D4|p(t)|D1) + (D,|5(?)|Dy),

Donor Population

= A= 200cm’]
<05 = Ocm .
2 \ = -200cm’ ——
S o \\,
-0.5 - '
0 0.05 0.1 0.15
t (ps)

Fig. 5 EET dynamics for the model with a dimeric donor and monomeric
acceptor, comparing the original parameterization (solid curves) and the
SCP parameterization (dashed curves). (a) The exciton population on
the donor complex. (b) The normalized flux—flux correlation function,
Ck(t)/C(0). The solid curves in part (a) are identical to those in Fig. 3c.
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for the two different parameterizations; the results from the
original parameterization are identical to those presented in
Fig. 3c. The similarity of the exponential decay in each case
makes clear that the kinetics of EET for the two parameteriza-
tions is nearly identical. Fig. 5b presents the normalized flux-
flux correlation function Cg(¢)/C(0) for the EET process, which
shows that the transient dynamics associated with inter-
complex EET is also nearly identical for the two parameteriza-
tions. Taken together, these results indicate the static coherence
effects play a major role in the kinetics of EET, whereas dynamic
coherence makes a much smaller contribution.

Fig. 6 further illustrates this point by presenting the EET
rates for the system discussed in Fig. 5. Indeed, across a wide
range of electronic couplings for the original parameterization,
the corresponding SCP parameterization exhibits essentially
identical rates for inter-complex EET across all regimes.

The turnover behavior seen in Fig. 6 as a function of electronic
coupling® has previously been attributed to a balance between
intra-complex dynamic coherence and dissipation to the bath,*>*®
which is seemingly inconsistent with the fact that the SCP
parameterization (for which dynamic coherence is largely elimi-
nated) still exhibits the turnover behavior. We now investigate the
mechanistic origin of this turnover behavior.

The energy-level diagrams at the right of Fig. 6 illustrate how
the electronic coupling in the original parameterization leads
to a shift of the site energies in the SCP parameterization. For
the original parametrization, the donor complex consists of
a symmetric dimer (shown at center in red) with a donor-
acceptor energy gap of ¢ = e¢p — &5, and the two donor
chromophores are equally coupled to the acceptor chromo-
phore by ¢. In the corresponding SCP parameterization, only
one of the two donor chromophores remains coupled to the
acceptor chromophore (dp, s = /20, SDzA = 0) and the energy
gap associated with the donor state with non-zero coupling is
shifted to a value of € = ¢, — g5 + 4. As in the turnover behavior
illustrated in Fig. 2¢ (and also as in the familiar Marcus theory
for electron transfer), the relative values of the energy gap ¢ and
the total solvent reorganization energy determine whether the
system in Fig. 6 is in the normal, activationless, or inverted
regimes. Indeed, the observed turnover in Fig. 6 occurs precisely
at the Marcus theory prediction of & = A, for which 4 = —300 cm ™,
since e, — g5 = 500 cm ™' and 4 = 200 cm ™ *. We thus see that the
turnover behavior in Fig. 6 is simply due to a static coherence
effect, namely the alignment of the donor and acceptor energy
levels that exhibit non-zero coupling, rather than a dynamic
coherence effect.

Finally, Fig. 7 explores the competing roles of static and
dynamic coherence in the EET kinetics for the model system
comprised of a monomeric donor complex and an asymmetric
dimeric acceptor complex. In the original parameterization,
both acceptor chromophores are coupled to the donor chromo-
phore by 6 = 5 ecm™', the electronic coupling among the
acceptor chromophores assumes values of 4 = +200 cm ?,
and a range of asymmetries between the acceptor site energies
Zx = &, — ¢&a, is explored while keeping the donor-acceptor

energetic gap eép — (e, + £4,)/2 fixed at a value of 500 cm ™.
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Fig. 6 EET rates for the model with a dimeric donor and monomeric
acceptor, comparing the original (red) and the SCP (black) parameteriza-
tions over a range of values for the intra-complex electronic coupling in
the original parameterization. At right, energy-level diagrams illustrate how
different values for the electronic coupling in the original parameterization
lead to splitting of the site energies in the SCP parameterization.

'1 I |
Original
T 1.5 F ISCP l
o
=
S 2r - 200 o'} |
——A=-200cm | |
Original
_25 | | |
0 400 800 1200 1600
Znem™)

Fig. 7 EET rates for the model with a monomeric donor and dimeric
acceptor, comparing the original (red, blue) and the SCP (black) para-
meterizations at two different values for the intra-complex electronic
coupling in the original parameterization.

In addition to the EET rates for the system in the original
parameterization (red, blue), the figure also presents the
corresponding results for the SCP parameterization that largely
eliminates dynamic coherence. It is clear that that the rates for
the two parameterizations are nearly identical; as for the
previously considered case of a dimeric donor complex and a
monomeric acceptor complex (Fig. 6), this version of the model
indicates that static coherence plays a dominant role in deter-
mining the EET kinetics, whereas dynamic coherence plays
only a minimal role.

6 Conclusions

In this work, we have used real-time path-integral simulations to
characterize the roles of dynamic and static electronic coherence
in inter-complex excitation energy transfer (EET) processes that
involve multimeric donor and acceptor complexes. Focusing on
the regime of weak inter-complex coupling that is of relevance to
many light-harvesting networks, we develop a strategy for map-
ping any original parameterization of the considered system-
bath model to an alternative parameterization that preserves the
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effects of static coherence (including inter-complex energy level
alignment) while eliminating dynamic coherence, thus enabling
the analysis of the relative impact of these two types of electronic
coherence. Across many different regimes for intra-complex
coupling and site-energy bias, and considering the cases of
EET from a dimeric donor complex to a monomeric acceptor
complex and from a monomeric donor complex to a dimeric
acceptor complex, we find that both the kinetics of EET and the
transient EET population dynamics are almost entirely domi-
nated by static coherence effects; dynamic coherence is found to
cause only minor effects. In particular, this conclusion is found
to hold for EET systems that exhibit an inversion in the EET rate
as a function of intra-complex electronic coupling (Fig. 6), which
had in some cases been previously attributed to a dynamic
electronic coherence effect. Although the results presented here
do not preclude the role of interesting dynamic electronic
coherence effects in regimes of larger inter-complex electronic
coupling,***’ nor are they inconsistent with previous findings
for the role of vibrational coherence effects,”” ®* the conclusions
of the present work suggest that static electronic coherence
effects are a more important consideration than dynamic elec-
tronic coherence effects in the analysis and design of efficient
inter-complex EET kinetics for light-harvesting networks. These
conclusions are thus consistent with the historical view that
emphasizes the importance of energy-level alignment for effi-
cient incoherent energy transfer (i.e., hopping), while suggesting
a less important role for more exotic electronic coherence effects
that have been recently emphasized.

7 Appendix A: Fermi Golden Rule rate

The FGR rate expression is employed in Fig. 2 is

52 00
kegr = =—Re U

o ﬂodwED(w)IA(w) ,

(28)

which employs Forster Resonance Energy Transfer (FRET)
theory for monomeric donor and acceptor chromophores in a
weak-coupling regime. Here, ¢ is the inter-complex electronic
coupling, and the emission spectrum for the donor and the
absorption spectrum for the acceptor are respectively given by

+00

Ep(w) = J

dlefiw[TrDb {eiﬂ;z/he—iﬁgt/h}

—00

00 . A A
I (w) — J dteilthrAb |:ele t/he—:HSbt/h} .

—00

For a linearly coupled harmonic bath, these spectra can be
analytically evaluated as

ED(w) — Jx d[e,/(lJle—i(ang),g*(l)
> (30)
Iz(0) = J (1[(3"“”@*“%Jri)*g(r)7

—00
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where the harmonic bath correlation function is given by

g(t) = J:Odw%coth (ﬁTw) [(1 — cos(w?) + isin(wt)], (31)

such that nuclear quantum effects are included at this level.

8 Appendix B: general SCP
parameterization

Here, we provide expressions for the SCP parametrization for
the general case of multimeric donors and acceptor complexes.
These relations are summarized in Table 2. For the notation in
the table, j and j/ index the chromophores in the donor
complex, k and k' index the chromophores in the acceptor
complex. As shown in eqn (24) and (25), the sets {¢,} and {e,}
corresponds to the intra-complex energy eigenvalues for the
donor and acceptor, respectively, and {c,;} and {c,} are the
associated expansion coefficients for the energy eigenvectors.

Table 2 General expressions for the SCP parameterization

Original SCP
AD,D// ZD/D/, =0
Ay Z‘AkAk, =0
{en} {in} = {6}
ey nt = e}
()D A - \
j {()D,Al\ } = {Z cf’“oD//Ak, Ck’y*}
/7
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