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We apply real-time path-integral dynamics simulations to characterize the role of electronic coherence in inter-complex excita-
tion 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 nearly identical EET kinetics and population dynamics
over a wide range of parameters. These observations are found to hold for cases in which either the EET donor or acceptor is
a dimeric complex and for cases in which the dimeric complex is either symmetric or asymmetric. The results from this study
suggest that dynamic coherence plays only a minor role in the actual kinetics of inter-complex EET, whereas static coherence
largely governs the kinetics of incoherent inter-complex EET in light-harvesting networks.

1 Introduction light-harvesting systems, chromophores within a complex ex-
hibit strong electronic coupling due to their close-packed con-

The extraordinary efficiency of excitation energy transfer figurations. ' 121819 The electronic coupling between chro-

(EET) in natural light-harvesting systems is generally at-
tributed to rapid timescales of incoherent exciton-transfer
(~ 50 ps) in comparison to the nanosecond-timescale ex-
citation lifetime.! Nonetheless, recent 2D-spectroscopy ex-
periments have observed transient intra-complex electronic
coherence in natural>® and artificial light harvesting sys-
tems,” which raises questions about the role of intra-
complex electronic coherence in facilitating EET across multi-
meric complexes. 10-12 1n this work, we combine real-time
path-integral dynamics simulations'>!% and analysis from
Multi-Chromophore Forster Resonance Energy Transfer (MC-
FRET) theory '3-17 to examine the role of electronic coherence
on the kinetics of EET in light-harvesting systems.
Light-harvesting systems are typically comprised of multi-
ple complexes, which are in turn comprised of multiple light-
absorbing chromophores. For example, Photosystem II is
comprised of the CP43, CP47, and reaction center complexes,
each of which includes multiple chromophores. 82 In most
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mophores in different complexes, however, is typically much
weaker due to the larger distances of separation, leading to in-
coherent dynamics for EET between complexes. The manifes-
tation of electronic coherences in EET has been the subject of
significant experimental >3 and theoretical '"1221-32 attention.
In the current work, we specifically focus on the way in which
intra-complex electronic coherence 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 exam-
ining 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 en-
ergy transfer that is employed in this study. '"'>?? The model
exhibits an EET donor complex that consists of a pair of chro-
mophores and an acceptor complex that consists of a single
chromophore (Fig. 1a). Inter-complex electronic coupling is
described via the parameter 0 and intra-complex electronic
coupling is given by A, 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
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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, A, 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.

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.>>333* 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 (BA >~ 1, where
B = 1/kgT) and the inter-complex coupling is small (86 <
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 dis-
tinguishing between static coherence and dynamic coher-
ence, 10,1253

Static coherence (also known as “exciton delocalization™) is
a time-independent feature associated with shifts in the intra-
complex energy eigenspectrum. 19183637 It can be character-
ized in terms of the off-diagonal elements of the projector for
the donor-complex eigenstates, such that

(D1]pa|D2) = (D1|a) (ax|D2) = c1063q, (1)

where |a) is the o' exciton eigenstate of the donor complex
(in isolation from the acceptor complex and the dissipative en-

vironment) and |D;) is the single excitation basis function (site
basis) associated with the j individual chromophore in the
donor complex.

Dynamic coherence is a time-dependent feature associated
with transient superpositions among the local excitations on
individual chromophores. >1838 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

(D1|p(1)|D2) = (D1 |[w())(W(1)[D2) = 1 (1)e3 (1), (2)

where |y()) = c¢1(t)|D1) +c2(7) |D2) is the exciton wavefunc-
tion. Although it is a well know result that static coherence
effects can strongly impact the EET rate, 1637 the role of
dynamic coherence in EET is less clear. >10!

To characterize the relative contributions of static and dy-
namic electronic coherence in facilitating inter-complex EET,
we use MC-FRET theory>!7 to construct an alternative
parametrization of the model in Fig. 1, such that the ef-
fects of static coherence are preserved, while dynamic coher-
ence is eliminated via the removal of the intra-complex elec-
tronic coupling. Using the partial linearized density matrix
(PLDM) path-integral method,!>'* we investigate the EET
for the model system, considering both the original parame-
terization that supports dynamic coherence and the alternative
parameterization that eliminates dynamic coherence. The nu-
merical results show nearly identical inter-complex EET ki-
netics 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, >
A = Hy+ Hine + By 3)

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

A =HP+H+ A (4)

In general, each complex is comprised of multiple chro-
mophores, 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
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are thus

ZED ID;)(Dj|+ ) Ap;p, D;)(Dy|
J#T
ZeAklAk (Al + Y Aaay A (Avl, )
kK
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 cou-
plings. Coupling between the donor and acceptor complexes
in the system Hamiltonian is given by

= 80,4, D)) (Al (6)
Jjk

where the coefficients are the inter-complex electronic cou-
plings.

Within the dipole approximation, the inter-complex elec-
tronic coupling can be related to the relative orientation of the
transition dipole associated with individual chromophores us-
ing

Ap D !

=-——5[Hp,fip, —
/ 47[80’%[Dj/ ! !

3(fip,7;p, ) (Ap, PD;D )],
(N

where [i; is the transition dipole associated with the ground
to excited transition on chromophore Dj, "p,D, and ijD} are
the vector and unit vector pointed from chromophore D; to
Djr. Asillustrated in Fig. 1C, A;; can be modulated by vary-
1ng the tilt angle 6 of the dlpoles For tilt angles associated
with positive value of intra-complex electronic coupling, the
donor complex corresponds to an H-type aggregate; for neg-
ative values of the coupling, the donor complex is a J-type
aggregate.>*0 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

I:Iim mt+ mt (3
1nt ZCD]71RD 1|D < |

1nt Z CA, IRAA l|Ak> <Ak‘
Ak i

The bath terms of the Hamiltonian are

A 1 A

Hl])D = Z E[P%ji + a%j,iRsz,i]]l
Dj,i

A 1 o

A = Y S 1PR, i+ oR Ra ), (10)
Ak,l

where 1 = znA;Dj n) (n].
The system-bath coupling constants CD;,i and cp, ; are sam-

pled from the Debye-Drude form of the spectral density, '+*!
2
T Cni 24,07
(@)=Y —8(0—wp) = ——5— 11
n( ) 221.“(0,,_’,- ( n,l) w212+17 ( )

where n = D;...A;. The solvent reorganization energy asso-
ciated with each chromophore state |n) is A, = ¥ ¢,/ @07, =
1/7 [;° Ju(®)/o, and the bath relaxation time is 7. We assume
that an independent and identical bath is coupled to each chro-
mophore state.

For use in the following sections, we introduce notation for
the Hamiltonian operators associated with the donor and ac-

ceptor complexes,

AP = AP +ﬁﬂit+HEZ D;)(D;
aA HA+HAt+Hg‘Z|Ak (Agl. (12)

Ay

3 Partial Linearized Density Matrix Dynamics

EET rate constants and time-dependent reduced density ma-
trix elements are obtained from thermal time correlation func-
tions. In this study, we use the PLDM path-integral dynamics
method to compute the necessary correlation functions. >4 In
this section, we review expressions for the EET rate constant
and reduced density matrix in terms of time correlation func-
tions, 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 den-
sity matrix is 1342

pij(1) =T [p(O) ™M) e ] (13)

where p(0) is the initial density operator. Unless otherwise
specified, EET rate constants are obtained from the flux-side
correlation function*>*3 using

k=0 lim Cyy (1), (14)
where Cy (1) = Tr[pF e/ he=H1/M] 1 is the “plateau time”
for flux-side correlation function,***? p = ¢=PH, H is the to-
tal Hamiltonian operator, and Q; = Tr [p(1 — /)] is the re-
actant partition function. The side operator i = Y, |Ak) (Arl
distinguishes between the reactant and product regions, and
F= é[lfl ,h] is the associated flux operator. The rate constant
can be equivalently expressed as k = Q; ! fé” Cye(r)dt, where
Ci(t) = Tr[ﬁﬁeiﬁt/hﬁe’iﬂ’/h], or it can be computed directly
from the population dynamics. 446
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The time correlation functions in Eqns. 13-14 are computed
using the PLDM method. '3!'# Expressing the total Hamilto-
nian in terms of its nuclear kinetic and total potential en-
ergy contributions, A = T 4 V,,,(R) |n) (m|, where |n),|m) €
{{ID;)},{|Ax)}} are the site basis functions, we use the map-
ping representation of Meyer-Miller-Stock-Thoss*’ to trans-
form the discrete electronic states into continuous variables
|n)(m| — @d,, where aj = ﬁ (Gn —ipn). Applying a lin-
earization approximation“? to the nuclear degrees of freedom
and keeping the explicit propagation of the electronic degrees

of freedom, we arrive at the general PLDM expression !3-14
Cas(t) = (AB(1)) = [p oh it B A1 ]
nont
~Y / dR—dqdpdq’dp/GOGg (15)
g,

x (PA)y " (0) B}y (1) Ty T}

ny,ng)?

%(qn, + ipn,)(qny, — ipn,) are the elec-
tronic transition amplitudes, and (ﬁz{@)’;{,’no = [dZy(Ro +
°n0|pA|R0 - —n6>e #P%  and By () = [dZ(R, —

Zpn)|BIR, +%n >ehP N7 are partlal Wigner transformations of

where T[no ) =

operators PA and B. Gy =¢ 2 3 X5 (450 o) provides the initial
distributions of electronic degrees of freedom. The terms Gj,
and T[ 1 ) ATC similarly defined with respect to time propaga-
tion in the reversed direction.

Classical trajectories are used to evaluate the approximate
quantum time correlation function in Eqn. 15. These trajecto-
ries are propagated using the equations of motion '3

qn, = aH;,l(Rt)/aPn,; pn, = _&H;I(Rt)/aq;u (16)

F= _%Vﬁk Hr(;l(Rtvpnmqﬂr) -|—H§1](R,,p;;,q;;) )
where HA(R, p,q) = 1 ¥ Vam(R) (Pnpm + qngm) is the clas-
sical mapping Hamiltonian, '3 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 associ-
ated with electron transfer. '* To further benchmark the accu-
racy of the method for EET processes, Fig. 2 presents a com-
parison 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 var-
ious regimes. Unless otherwise specified, the excitation en-
ergy gap between the donor and acceptor is € = €p — €4=100
cm™~!, the inter-complex electronic coupling is =5 cm™!, the
solvent reorganization energy is A = Ap = A4=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 po = |D)(D|(fp)w-
The exciton transfer rate constants in Fig. 2b-d are calculated
as the long-time plateau value of the flux-side correlation func-
tion, as described in Eqn. 14. To evaluate the partial-Wigner
transformation of the thermal flux operator (e’ﬁﬁ F)y, we use
the approximation '44243

(eilml:") ~ (e*ﬁ(ﬂ3+ﬂl?)) F= (efﬁﬂg)w(efﬁﬂ?)wﬁ,
w w

(17)
where HSb =HP + A D, and the Wigner distribution for AP frd is

nt

(e ﬁHsb)W =TI, tanh

(B ()

X exp

Bap,;
[ @S (B 4 (R ;%‘02)],

7’ ’i
and the Wigner density for acceptor bath FI{)" is

(efﬁﬁl?) —Htanh(ﬁ Al

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 com-
puted using the PLDM method, as well as with classical Mar-
cus Theory (MT)* and a Fermi Golden Rule (FGR) expres-
sion*!* 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 range of A. Note that a maximal transfer
rate is obtained with changing A; this behavior has been pre-
viously discussed in terms of “environment-assisted quantum
transport”, 12:25:48:49

Fig. 2b presents the numerical results for the EET rate upon
varying the inter-complex electronic coupling, &, and with
ep = €a. For small couplings (88 < 1), the system exhibits
non-adiabatic EET dynamics and PLDM agrees with the FGR
result. For larger couplings (86 > 1), PLDM correctly devi-
ates 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,
€ = gp — €. Here, inter-complex coupling is small (86 < 1)
such that FGR provides an accurate description. The FGR re-
sults predict a turnover with maximal rate at € = A. Classical

4| 1-11
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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.

MT gives the correct qualitative trend of the EET rate, but it
underestimates the rate in the inverted regime (€ > A). This ef-
fect 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 sys-
tem (=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 T = 300
K. The PLDM method is used to calculate all needed time
correlation 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 frequen-
cies @; = 1/Ttan(4; tan ' (®,,7)) and coupling constants ¢; =
2w;+/Atan~1(®,7)/xN, where j = 1,..N and @, = 20/t
is the cutoff frequency for the oscillators. The solvent re-
organization energy for the donor and the acceptor baths is
Ap = Ax = 100 cm ™!, and the solvent response time is 7=0.1
ps. These parameters are chosen to be consistent with natural
light harvesting systems. 114!

The time-dependent reduced density matrix p;;(¢) is
calculated as described in Eqn. 13, using p(0), =

Yw = [D1)(D1|(Pp)w for the A = £200cm ! cases where
»)w 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 PHE),, could be sampled exactly from a path-integral
Monte-Carlo based procedure,>*>> we use an approximate ex-
pression, *#2 as described in Eqns. 17-19.
For the case of dimeric donor and monomeric acceptor, the
site and flux operators are i = |A)(A| and

1/2[|D1){D1| 4 [D2){(Ds|]{pn)w for the A = 0 case and
PO
(b

Ao

F = 8[D1){Al - |A)(D1]+[D2)(A] - |A)(D2]],  (20)
respectively. For the case monomeric donor and dimeric ac-
ceptor, the site and flux operators are h = |A1) (A1]| 4 |Az) (As]
and

F= %5 [ID){A1] — A1) {D] + D) (A — |A2){D], (1)

respectively.

5 Results

We now present numerical results and analysis for EET be-
tween monomeric and dimeric chromophore complexes.

5.1 Dynamic coherence in multimeric EET process

We begin by demonstrating the appearance of dynamic co-
herence 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, = &€p, = &p for the case of a dimeric donor); the more
general case of non-degenerate chromophore dimers will be
discussed in Sec. 5.3. The donor-acceptor energetic gap
g€ =¢&p—€x =500 cm ! and inter-complex electronic cou-
pling §=5 cm~!. The remaining parameters, as well as the ini-
tial conditions for these calculations, are described in Sec. 4.

Fig. 3a-b presents the real and imaginary components of the
intra-complex dynamic coherence (D1|p(2)|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 electronic coupling, A. 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 pop-
ulation on the donor complex, (D1|p(¢)|D1) + (D2|p(2)|D2).
This result indicates that the EET kinetics are also strongly in-
fluenced by intra-complex coupling. By varying A from 200
to -200 cm ™!, the EET rate accelerates by nearly a factor of
five.

This journal is ©@ The Royal Society of Chemistry [year]
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These results are consistent with recent theoretical re-
sults>?! which illustrate that intra-complex dynamic coher-
ence correlates with the inter-complex EET kinetics. The re-
sults might be interpreted to suggest that the EET rate is sen-
sitive to an important role of dynamic coherence; however, in
the next sections, we show that if we derive a parameteriza-
tion of the model that preserves the effects of static coherence
in Fig. 3 while largely eliminating the intra-complex dynamic
coherence, then the EET Kkinetics are essentially unchanged.

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, A.
We end this section by demonstrating that the alternative pa-
rameterization 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, 517 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

kve =Y, Op;a.0p,a,Re [ [ d;lik’(t)Elf)lj/(t)}, (22)

IR
where
E/ (1) = Trp, [ /"Dy e™/"P D )]
(23)
I 1) = Te, [0 (Al ) 3]

5D, A 1s the inter-complex coupling between donor |D;) and

acceptor |A;), HP is the donor complex Hamiltonian de-
fined in Eqn. 12, and I:I]f is the bath Hamiltonian for ac-
ceptor complex. The density operators associated with ex-
cited donor complex and ground state acceptor complex are
pP = e FH° /ZP and p = e’ﬁH?/Z]?. The notation Trp, |- -+ ]
indicates the trace taken over the bath degrees of freedom as-
sociated with the donor complex.

We now switch from the MC-FRET expression in the chro-
mophore site basis (Eqns. 22 and 23) to the corresponding ex-
pression in terms of the subsystem exciton representation, for
which the basis functions {|a) } and {|7)} satisfy

HP|o) = gola) and H2|y) =g|y). (24)

0.2 r\_ﬂ

2 o1} =
T 0 -
S A= 200cm —
% -0.1 L = Ocm1 —
= = -200cm —
0.2 | . |
0 5 10 15 20
T T
o4 T (b
A o2 —+ .
= o -
2 .02 + .
g
= 04 + —
1 |

Donor Population

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, (D1 |p(7)|D1) + (D2|p(¢)|D2). Results are
presented for a range of intra-complex electronic couplings.
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The site basis functions can be expanded in terms of the exci-
ton basis functions using

IDj) =) cojla) and |Ax) =) cply), (25)
a ¥

where ¢q; = (@|Dj) = ¢}, are the expansion coefficients that
quantify static coherence, as described in Eqn. 1. In the ex-
citon representation, the intra-complex electronic couplings
vanish, such that (a|HP|a’) = (y|HA|y') = 0. The MC-FRET
rate from (Eqns. 22 and 23) can be rewritten in the exciton
representation as 6

ke =), ( )y Cj’oc@&jkffkyﬁi/ﬁj/k/) Re [ / drI} (1)ES (t)} :

oy \jj/ kK
(26)

where
EZ(t) = Trp, [efiﬂfz/heisaz/hefﬁsaeiﬁgz/hefﬁﬂg/ZD}
@7
I(r) = Tra, [eiﬂﬁz/hefisyz/hefiﬂé’?)z/hefﬁﬂﬁ/Zé%} '

In arriving at Egs. 26 and 27, we employ the split-operator
approximation et /n=B)HP — ((i/n=PB)AP p(it/n-P)AG,
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 &y and &, associate with donor and acceptor
complexes, due to the electronic coupling between the sites.
Secondly, comparison of Eq. 22 and Eq. 26 reveals that static
coherence leads to the rescaling of the inter-complex coupling
S by a factor of cjacky. Both of these effects have been em-

phasized in previous work. 111240

Table 1 Relationship between the original and SCP parameterizations

for the case of a dimeric donor complex and monomeric
acceptor complex.

Original SCP ¢

A A = 0

€p, éDl = 5D+1/Z]2)/4+A2

€, &p, = & —/Zp/4+A?

N En = &

O, A 8p,A = 0Op,acos(9/2)+bp,asin(¢/2)
op,A Op,A = 0Op,asin(¢/2) — 8p,acos(¢/2)

a Here, &y = (€p, +€p,)/2. Zp = €p, —€p,. and ¢ = arctan(2A/Zp).

This analysis shows that for any original parameterization
of the model system in the site basis, we can prescribe an al-
ternative parameterization also in the site basis such that the

x 104

1.2 T T T
=
208 P il ~
= -1
= Zp= 0Ocm, ——
=0.4 = 200 cm’! ——
a =400 cm, ——
— =800¢m —m——

0
| | |

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.

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) pa-
rameterization of the model can be obtained from the original
parameterization; more general expressions for the SCP pa-
rameterization 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 orig-
inal parameterization. The SCP parameterization should be
viewed as a procedure to construct a new system with site en-
ergies 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
parametrization largely eliminates intra-complex dynamic co-
herence during the EET process. In Fig. 4 we present the
modulus of dynamic coherence ||(D1]f (¢)|D2)|| for the SCP-
parametrized model. We consider the SCP parametrization
that corresponds to the original parameterization with A =
—200 cm™!, donor-acceptor energetic gap € = &p — € =
500 cm™!, inter-complex electronic coupling §=5 cm~!, and
a range of values for the intra-complex energy gap Zp =
€p, — €p,. The initial condition for these calculations is
(D1]p|D1) = (D2|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-b, and
for the special case of degenerate donor chromophores (Zp =
0) and symmetric donor-acceptor coupling (6p, s = dp,a), the
intra-complex dynamic coherence vanishes completely. Sim-
ilar results are obtained for A = 200 cm~! with a range of
values for Zp (not shown).

This journal is ©@ The Royal Society of Chemistry [year]
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Fig. 5 EET dynamics for the model with a dimeric donor and
monomeric acceptor, comparing the 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, Cg(r) /Cee(0). The solid curves in part
(a) are identical to those in Fig. 3c.

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

5.3 The role of dynamic coherence in EET Kkinetics

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

Fig. 5 compares the EET dynamics obtained for the two pa-
rameterizations with a range of values for the electronic cou-
pling. 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
(D1]|p|D1) = (D2|p|D2) = 1/2 employed for the SCP param-
eterization 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 ex-
citon population on the donor complex, (D1|p(¢)|D;1) +
(D2]p(t)|D2), for the two different parameterizations; the re-
sults from the original parameterization are identical to those
presented in Fig. 3c. The similarity of the exponential de-
cay in each case makes clear that the kinetics of EET for the
two parameterizations is nearly identical. Fig. 5b presents the
normalized flux-flux correlation function Cy¢(¢)/Cyr(0) for the
EET process, which shows that the transient dynamics asso-
ciated with inter-complex EET is also nearly identical for the
two parameterizations. 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.

Figure 8 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 parameteriza-
tion, the corresponding SCP parameterization exhibits essen-
tially identical rates for inter-complex EET across all regimes.

The turnover behavior seen in Fig. 8 as a function of elec-
tronic 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 eliminated) still exhibits the turnover behavior. We
now investigate the mechanistic origin of this turnover behav-
ior.

The energy-level diagrams at the right of Fig. 8 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 € = €p — €, and the two donor chro-
mophores are equally coupled to the acceptor chromophore
by 8. In the corresponding SCP parameterization, only one
of the two donor chromophores remains coupled to the ac-
ceptor chromophore (SD1 A =V28, SDz A = 0) and the energy
gap associated with the donor state with non-zero coupling is
shifted to a value of &€ = &p —€x + A. As in the turnover be-
havior 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. 8 is in the normal, activationless,
or inverted regimes. Indeed, the observed turnover in Fig. 8
occurs precisely at the Marcus theory prediction of & = A,
for which A = —300 cm ™!, since &p — €4 = 500 cm ™! and
A =200 cm~!'. We thus see that the turnover behavior in
Fig. 8 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

8| Journal Name, 2010, [voll,1-11
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Fig. 6 EET rates for the model with a dimeric donor and
monomeric acceptor, comparing the the original (red) and the SCP
(black) parameterizations 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.

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 chro-
mophore by § =5 cm ™!, the electronic coupling among the
acceptor chromophores assumes values of A = £200 cm™?,
and a range of asymmetries between the acceptor site energies
Zp = &p, — Ea, 18 explored while keeping the donor-acceptor
energetic gap €p — (€a, + €a, )/2 fixed at a value of 500 cm ™!
fixed. 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, 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 co-
herence in inter-complex excitation energy transfer (EET) pro-
cesses 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 mapping any original parameterization of the con-
sidered system-bath model to an alternative parameterization
that preserves the effects of static coherence (including inter-
complex energy level alignment) while eliminating dynamic

-1 T T
Original
T 15 tSCP l
o
=
S 2 __a- 200 o’ §
—A=-200cm™ |
Original
2.5 : :
0 400 800 1200 1600
Znem™)

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

coherence, thus enabling the analysis of the relative impact of
these two types of electronic coherence. Across many differ-
ent regimes for intra-complex coupling and site-energy bias,
and considering the cases of EET from a dimeric donor com-
plex 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 transition EET population dy-
namics are almost entirely dominated by static coherence ef-
fects; 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. 8), 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, 2627
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 electronic
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 suggest-
ing 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

62 o
kFGR = %Re [/mdwED(w)IA(w) . (28)
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which employs Forster Resonance Energy Transfer (FRET)
theory for monomeric donor and acceptor chromophores in a
weak-coupling regime. Here, 0 is the inter-complex electronic
coupling, and the emission spectrum for the donor and the ab-
sorption spectrum for the acceptor are respectively given by

+oo ) » y
Ep(w) = / die™ " Trp, {e’HE,I/he—tHlPt/h}

=) . . -
IA((D) = / dte“‘”TrAb {e’Hﬁt/he*lHQ)t/h} . (29)

For a linearly coupled harmonic bath, these spectra can be an-
alytically evaluated as

Ep(@) = [ dreoreien-A 0

IA((D) _ /oo dteiwte—i(sA—HL)—g(t)’ (30)
where the harmonic bath correlation function is given by
< J
g(t) = /0 dw% coth(ﬁTw) [(1—cos(wr)+isin(wr)],

(3D
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 com-
plex, k and k' index the chromophores in the acceptor com-
plex. As shown in Eqgs. 24 and 25, the sets {€,} and {g,}
corresponds to the intra-complex energy eigenvalues for the
donor and acceptor, respectively, and {cq;} and {cy} are the
associated expansion coefficients for the energy eigenvectors.

Table 2 General expressions for the SCP parameterization.

Original SCP

App, App, =0

AnAy Apcay =0

{ep, } {&p,} = {ea}

{eAk} {‘?Ak} = {8}’}

{SDjAk} {SDjAk} = {Zj’k’cj’asDjrAk/C]t/y}
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