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ABSTRACT

Two-dimensional optical spectroscopy experiments have examined photoprotective mechanisms in the Fenna-Matthews-Olson (FMO)
photosynthetic complex, showing that exciton transfer pathways change significantly depending on the environmental redox conditions.
Higgins et al. [Proc. Natl. Acad. Sci. U. S. A. 118(11), e2018240118 (2021)] have theoretically linked these observations to changes in a quan-
tum vibronic coupling, whereby onsite energies are altered under oxidizing conditions such that exciton energy gaps are detuned from a
specific vibrational motion of the bacteriochlorophyll a. These arguments rely on an analysis of exciton transfer rates within Redfield the-
ory, which is known to provide an inaccurate description of the influence of the vibrational environment on the exciton dynamics in the
FMO complex. Here, we use a memory kernel formulation of the hierarchical equations of motion to obtain non-perturbative estimations
of exciton transfer rates, which yield a modified physical picture. Our findings indicate that onsite energy shifts alone do not reproduce
the reported rate changes in the oxidative environment. We systematically examine a model that includes combined changes in both site
energies and the frequency of a local vibration in the oxidized complex while maintaining consistency with absorption spectra and achiev-
ing qualitative, but not quantitative, agreement with the measured changes in transfer rates. Our analysis points to potential limitations
of the FMO electronic Hamiltonian, which was originally derived by fitting spectra to perturbative theories. Overall, our work suggests
that further experimental and theoretical analyses may be needed to understand the variations of exciton dynamics under different redox
conditions.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/).

I. INTRODUCTION photosynthetic complexes, "~ particularly since reports of long-

lived quantum beats in two-dimensional electronic spectroscopy

vzl 5202 Aen 02

The Fenna-Matthews-Olson (FMO) protein ~ found in green
sulfur bacteria Chlorobaculum tepidum’ is a homotrimer whose sub-
units each consist of eight interacting bacteriochlorophyll (BChl) a
that collectively absorb light and facilitate excitation energy transfer
(EET) in the form of delocalized excitons to the reaction center.

It has become an exemplary system for the study of EET in

(2DES) at both low and physiological temperatures. These find-
ings suggest that non-trivial quantum phenomena may play an
important role in the biological function of the FMO complex, but
there is not yet conclusive evidence or consensus regarding their sig-
nificance.”' A central hypothesis for the observed beats in the FMO,
and in similar studies for other complexes, is the presence of
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vibronic mechanisms whereby a specific vibrational motion cou-
ples to excited state dynamics acting to sustain coherence and assist
energy transfer.

It is well known that the FMO protein is able to regulate
energy transfer to the reaction center in order to protect the bacte-
ria from harmful states that are created under oxidizing conditions,
that is, under high-intensity excitation or when molecular oxygen is
encountered in their environment.”' " The molecular basis for the
regulatory mechanism in FMO has recently been unveiled by Orf
et al.,”” indicating that redox-sensitive cysteine residues are respon-
sible for quenching energy transfer by activating a pathway with a
lifetime of a few tens of picoseconds. In contrast, in reducing con-
ditions, where there is a low probability of oxidative states being
created, this pathway is not present. This discovery motivated 2DES
experiments investigating excitation dynamics in FMO under reduc-
ing and oxidizing conditions, with the aim of assessing a possible
functional role for a vibronic mechanism that has been argued to
be present in this protein complex.” ** These experimental stud-
ies have revealed some significant key features: quantum beats
observed in the reduced FMO complex disappear under oxidizing
conditions,” and specific exciton transfer pathways are significantly
attenuated in the latter.””” Higgins et al.”” have proposed the mod-
ulation of vibronic processes in the complex as a key mechanism
underlying these experimental observations. Specifically, they sug-
gested that for FMO complexes in reducing conditions, resonances
between exciton energy gaps and a specific vibration allow an even
distribution of energy in different transfer pathways. In contrast,
under oxidizing conditions, there are changes in onsite energies that
lead to such resonances being destroyed, thereby favoring energy
transfer toward dissipative sites. This hypothesis relies on a theoret-
ical analysis performed within the Redfield theory framework,” **
which is known to have limited applicability for accurate descrip-
tion of excitation dynamics in the FMO complex.*” An important
question is, therefore, whether the energy transfer rate analysis and
the hypothesis put forward by Higgins et al.’” hold if we apply
a more accurate framework, namely the hierarchical equations of
motion (HEOM)."" ** This is not a simple question to address, as
the concept of transfer rate is not clear when the electronic excita-
tion dynamics is non-Markovian and multi-exponential, as in the
case of FMO. Recent theory has addressed this issue by recasting the
set of HEOM to a memory kernel form to define generalized transfer
rates.” !

In this work, we apply the memory kernel framework™ '
and develop a systematic comparison of the experimental and pre-
dicted exciton kinetics according to both HEOM and Redfield to
assess whether the proposed modulation of vibronic processes holds
when an appropriate non-perturbative treatment of the electronic
excitation dynamics is considered. We observe a stark disagree-
ment between the predicted HEOM and Redfield excitonic transfer
rates for spectral densities that include an underdamped vibrational
motion resonant to an excitonic transition in the FMO. This leads
us to conclude that perturbative approaches to describe effective
transfer rates in systems such as FMO are liable to lead to incon-
sistencies with experimentally determined rates via ultrafast spec-
troscopy; therefore, efforts to rationalize experimental observations
of exciton kinetics in such systems should rely on non-perturbative
approaches such as HEOM," " tensor-network models,”” ** and
direct path-integral approaches.”””” Furthermore, we show that the
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model proposed by Higgins et al.”’ for the oxidized FMO is incon-
sistent with experimental measurements of the absorption spectra.’®
The absorption spectrum is a key fingerprint of a photosynthetic
complex, and any theoretical model must first and foremost be able
to recover it.

To investigate the proposed quantum vibronic hypothesis
within the HEOM framework, we develop a systematic investigation
of generalized excitonic transfer rates over a parameter range that
restricts the variation of the electronic and vibrational parameters
for oxidized FMO to be faithful to its corresponding absorption
spectrum. We propose a model in which both altered onsite energies
and altered relevant vibrational frequencies of the oxidized FMO
lead to rates qualitatively comparable to some of the experimentally
measured rates, but we do not achieve full theory-experiment agree-
ment. We suggest potential sources of the discrepancies between
theory and experiment. One of them is that the employed base elec-
tronic Hamiltonian model, which was generated by Kell et al.'’
via fitting experimental observations with a second-order cumu-
lant approach and Redfield theory, may be unsuitable for FMO in
reducing conditions; this is indicated by the fact that, when con-
sidering the accurate framework, it does not lead to generalized
transfer rates that compare qualitatively with experimental rates for
important transfer pathways, even upon the inclusion of a relevant
underdamped vibrational motion. Other reasons for the discrepan-
cies may be the need to account for more accurate spectral densities
under different environmental conditions. Therefore, our work sug-
gests that further theoretical analyses that include a re-evaluation
and more accurate determination of the departing electronic Hamil-
tonian parameters are needed to understand the changes observed
in the exciton dynamics in FMO under reducing and oxidizing
conditions.

The structure of this paper is as follows: in Sec. II, we intro-
duce the Frenkel exciton model and the vibrational bath modes
that simulate the FMO complex and then outline an approach
to computing EET rates from HEOM in Sec. III. In Sec. IV, we
demonstrate that the previously proposed model of oxidized FMO
does not reproduce the experimental absorption spectra; further-
more, we show that the Redfield approach to rate derivation is
inconsistent with HEOM predictions. In Sec. V, we show that a
non-perturbative description of the environment yields significantly
different qualitative behavior of the exciton rates compared to Red-
field theory when seeking an alternative model. In Sec. VI, we
analyze the behavior of pertinent transfer rates when varying rele-
vant site energies. The conclusions and outlook are then presented
in Sec. VIIL.

Il. MODEL

To simulate the EET dynamics for FMO, we use a Frenkel
exciton Hamiltonian of the form (we set 72 = 1 throughout the study)

8

Hs =Y elidil + S Vili) (il M

i=1 i

where |i) is the excited state of the ith BChl while others are in the
ground state, and €; and V; are BChl site energies and interaction
strengths, respectively.”® We denote the energy eigenstates or exci-
ton states of Hs as |a) with eigenenergy E,. Hereafter, we number the
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BChl sites using Roman numerals I-VIII and the exciton states using
Arabic numerals 1-8. For meaningful comparison with the report
in Ref. 37, we considered the electronic Hamiltonian generated by
Kell et al."’ that is referred to as “model C.” Appendix A summa-
rizes the parameters of this model. As in “model C,” we consider
static disorder for the on-site energies given by independent Gaus-
sian distributions with a full width at half maximum of 125 cm™
for all sites, except for site III, for which it is 75 cm™L. In Fig. 1,
we present a diagram of the structure of FMO alongside excitonic
energy distributions and site participations, i.e., |(ija)|* in relevant
excitons.

The bath is modeled by a set of harmonic oscillators,
Hp = Yik wk,l-l;,iil;k),-, whose displacements are linearly coupled with
coupling strength g, ; to its corresponding local BChl excited state
as Hsp = 3, |i) (i1 2 gk (bri + bL), where BL (by,) are the creation
(annihilation) of local bath mode k of site i. The interaction strength
of BChls to their respective local vibrational environments is there-
fore quantified via a spectral density composed of a low-energy
phonon background and an underdamped mode as

Ji(w) = Jip(w) + Ju(w), 2)

where we have a site-dependent background J;,(w) and a site-
independent mode J,(w). The models in Refs. 13 and 37 use a
log-normal distribution for the spectral density, which is not a

a)
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tractable form for the HEOM. Therefore, we make use of a best-fit
to an underdamped Brownian oscillator (UBO) (with reorganization
energy A, damping rate y, and peak position Q) whose form

J(w) = 21yQ° 3)

w
(0 - O+’

is amenable to HEOM and also allows us to fully reproduce the the-
oretical rates calculated using Redfield theory.”'””” We have applied
the “curve_fit” function provided by the scipy.optimize library to
achieve this fit.”® Therefore, we are in a position to make a fair
comparison of the exciton transfer rates computed using Red-
field and HEOM. We assume a factorized initial state of the form
p(0) = ps(0) ® p5(0), where pp(0) = e P Tr (ePH7) is a thermal
state of the bath at an inverse temperature 8, which is well justified
within the Franck-Condon approximation that is often assumed for
the electronic transitions of each pigment.”

Fitting the functional form of Eq. (3) to the local spectral
densities of model C, we find a background component with
parameters A;p = 30 cm™}, Yip = 415 cm™!, and Qip =190 cm™!
for i # 3. The background parameters for site III are distinct in
model C such that we find A3, =23 cm”l, Vip = 165 cm™', and

Q3, =100 cm™!. For the underdamped mode, A, = 40 cm™}, y,=8
em™}, and Q, =260 cm™!. We demonstrate that the fit is faithful
to the original spectral density with a side-by-side comparison, as

FIG. 1. (a) The Fenna-Matthews—Olson
(FMO) complex, sites labeled [-VIIl,
C49, and C353 label the side chains
of cysteines responsible for excitation
quenching.® (b) Distribution of excitonic
energies (in terms of their corresponding
wavelength) for 100000 realizations of
the disordered Hamiltonian. (c) Site par-
ticipations for excitons 4, 2, and 1 with no
average over disorder.
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FIG. 2. Comparison of the spectral density composed of a log-normal and under-
damped mode to a best-fit UBO model. The inset demonstrates the fit of the single
UBO to the log-normal component. The quantitative agreement between the two
allows us to make a fair comparison of rates computed using Redfield and HEOM.

shown in Fig. 2. All the numerical results shown throughout the
paper assume a vibrational environment at a temperature of 77 K.
We use the following expression for absorption spectra:

A@=2% Re[ A wdtTr(ﬂPeu[ﬁppo])eiwt], @)

P=XY,Z

where £ is the dynamical generator of the irreversible reduced
system dynamics for the electronic degrees of freedom, and
fip = X Up.ili){0] + h.c. is the total transition dipole for a given polar-
ization, and the average is taken with respect to the electronic ground
state, pg(0) = p, = [0)(0|. The initial state of the environment is the
thermal state, p,(0), as mentioned earlier. Structural data pertain-
ing to the transition dipoles (the Hpi elements) were taken from

the Protein Data Bank (code: 3ENI).”” See Appendix B for further
computational details on the linear spectra.

I1l. NON-PERTURBATIVE EXCITON TRANSFER RATES

We now address the issue of defining the effective exciton
transfer rates, which are necessary for understanding the quench-
ing mechanisms. In the context of Redfield theory, the transfer
rates between exciton states are well-defined and are given by the
diagonal elements of the Redfield tensor (see Appendix C). How-
ever, it is well known that Redfield and other perturbative theories
may not accurately describe excited state dynamics for photosyn-
thetic complexes, and non-perturbative methods are called for (Ref.
42). HEOM is a framework capable of accurately describing exci-
ton dynamics in vibrational environments that approximate those
of photosynthetic systems; unlike Redfield, there are no clearly
defined rates in HEOM associated with the exciton-to-exciton pop-
ulation transfer. This is effectively due to the fact that in order
to account for the environmental non-Markovian influence, the
resulting equation of motion for the reduced system is not local in
time. In this section, we utilize projection operator techniques to
extract the transfer rates from the memory kernel reformalization of
HEOM. 9516061
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Assuming factorized initial conditions as indicated in Sec. II,
ie,p(0) = ps(0) ® py(0), we begin by expanding the environmental
correlation functions in terms of exponential functions as

Ci(t) =), (che "+ cpe ™) + > awe W (5)
x P

where we have complex conjugate pairs of rates ((vj;)* = v;;) and
real-valued rates. The expressions for the coefficients and rates of
the expansion are provided in Appendix D. The reduced system
dynamics may be expanded into an infinite hierarchy of dynamically
coupled auxiliary density operators as

Oipi = (—iﬁ§ -3 mvr)pﬁ + 3 (4] par = mOrpii- ), (6)

res res

where the elements of S are of the form {i,k, 0} with i and k index-
ing BChl sites and the terms of C;(t), respectively. We also have
0 = + to index the conjugate pairs of rates and drop it for real-valued
rates. The auxiliary indices 7ii denote the addition of +1 at the rth
entry of 7i such that super-operators 71 and ©, are responsible for
couplings between tiers in the hierarchy. The x superscript denotes
a commutator, and we have set 71; = |i){i,

- i+ () xR Lo
®i,k,i _ ik 5 ik IX + ik 5 ik s, (7)
O =Re(cix) i +Am(ci )iy, 8)

where the superscript o denotes an anti-commutator.

We now represent the hierarchy as £ such that the exact
dynamics of the reduced density matrix p; of the system are
generated by the equation

&p = E,D, (9)
where p = (ps, {p;;7i € A})" is a column vector consisting of Ps

and all auxiliary density operators, with A as the set of auxiliary
indices. We then define a projection operator P whose action on

pis givenas Pp = (ps, {0;7i € A})”, and its complement Q = Z — P
such that Qp = (0, {p;:;7i € A})", where T is the identity operator.
This results in the following coupled set of equations:

OPp=PLPp+ PLOp, (10)

8:Qp=QLPp+ QLOp, (11)
for which the formal solution of Qp is
0p(t) = e*(Qp(0) - [z QLPp(). (12
which then is inserted into Eq. (10) in order to obtain
0 Pp(t) = PLPp(t) + [O’drmeg“f‘f) QLPp(r).  (13)

The first term corresponds to the unitary dynamics of the reduced
system (PLPp = (~i[Hs,ps], {07 €A})T). The inhomogeneous
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term does not contribute to the dynamics, as we assumed a factor-
ized initial state for the system and environment, with the environ-
ment in a thermal state. The final term captures the influence of the
environment on the reduced system dynamics in terms of a memory
kernel, which can be identified as

K(t) = PLe%* QL, (14)

such that for our purposes we now have an integro-differential
equation of motion for the reduced density matrix dynamics

8 Pp(t) = PLPp(L) + fotdfic(t—r)Pp(T). (15)

Equation (15) is rendered to a quantum master equation in
the long-time limit such that we can extract the exact EET rates
of the non-equilibrium steady state that are directly analogous to
rates stemming from Redfield theory. In the long-time limit, the
environmental component becomes

fooodTIC(T) - PLGOL, (16)

where we set G = -lim__,+ ﬁ We thereby recover the opera-
tor from which we can extract exciton transfer rates by expanding
in the eigenstate basis. Given eigenstates |«), |8) of Hs, we may
numerically compute the exact population transfer rate from |a) to

|B) as
Wep = (BIPLGQLP[|a){al]|B). (17)

We include the Ishizaki-Tanimura correction term** in the
definition of the rate in Eq. (17) and compute

Wiaegs = (B(PEP+ PLGQLP)[|a)(a]]|), (18)

with 2= 3, ﬁix(%aw]i(wﬂw:oﬁf —iLi? =¥, M, %@Lkﬂ), where
M is the number of Matsubara terms accounted for by the hierar-
chy. The reason for this amendment to the rates comes from the fact
that we wish to account for every incoherent process, which would
include Lindblad terms that this correction term represents. Finally,
we note that we truncate the hierarchy by setting p; with indices
7i that satisfy Y,.sn- > T, for a pre-set threshold T, to zero, and

ARTICLE pubs.aip.org/aipl/jcp

that we utilize the scaling proposed by Shi et al.*® to improve the
numerical efficiency of the HEOM method.

IV. INCONSISTENCY OF PROPOSED MODEL
WITH EXPERIMENTAL ABSORPTION SPECTRA
AND DIFFERENCES BETWEEN HEOM

AND REDFIELD TRANSFER RATES

Here, we summarize the findings of Higgins et al,”” which
demonstrate how the redox mechanism for FMO manifests as
a change in exciton transfer dynamics. The central observation
inferred from the experimental 2DES results is that the two redox-
sensitive cysteines steer energy transfer in response to redox con-
ditions. Under reducing conditions, the transfer rate of the 4 - 1
pathway is similar to that of 4 — 2 and was determined to be 2.0
and 2.5 ps~ ', respectively. An excitation is therefore relatively unbi-
ased toward either pathway. A drastic change in the two transfer
rates was observed when oxidizing conditions were induced. The
4 — 1 transfer rate decreases to 0.7 psfl, and the 4 — 2 trans-
fer rate increases to 4.4 ps™', resulting in an effective propensity
for the indirect 4 - 2 — 1 EET pathway. It is proposed that this
occurs due to an underdamped vibrational mode that, for reduc-
ing conditions, is resonant to the 4 — 1 transition, which is then
brought out of resonance by changes to the electronic parameters
of the complex whenever oxidizing conditions are encountered.”” A
Redfield model was used to rationalize the redox response, which
manifests in the model as a shift to the energies of sites II, III,
and IV by Ae; = 40 cm™ !, Aes = 120 cm ™}, and Aes = 70 cm™,
respectively, thereby altering the vibrational resonance conditions
that in turn change excitonic transfer rates. The relevant exper-
imentally determined transfer rates for the reducing and oxidiz-
ing conditions are collated in Table I, alongside their theoretical
counterparts.

There are two observable indications of the redox mechanism
in FMO that a theory should be able to reproduce. First and foremost
is the small change in linear absorption spectra, which effectively
tightly bounds the possible changes in electronic parameters. The
second is the relative change in the transfer pathways measured in
the 2DES experiments. Figure 3(a) shows experimental absorption
spectra obtained at 77 K, demonstrating that oxidation causes a red

TABLE I. Exciton transfer rates in oxidizing and reducing conditions. Experimental rates were taken from Higgins et al.>’
as the inverse of measured timescales. This is compared to the model (labeled PNAS) of Higgins et al.3’ calculated with
Redfield and HEOM. We see significant differences in transfer rates between these approaches. The model labeled AE
(altered environment) combines small site energy shifts (—10, —25, and —25 cm~" when oxidized for sites II, lll, and IV,
respectively) with a change in UBO mode frequency (from 260 cm=" in the reduced model to 150 cm=" in the oxidized form).
In this case we capture the phenomenology of the experimental rates under oxidation but do not reproduce the magnitude.
Each entry for Redfield and HEOM rates corresponds to the average of 30 000 realizations of disorder.

Experiment Redfield (PNAS) HEOM (PNAS) HEOM (AE)

Rate (ps™') Reduced Oxidized Reduced Oxidized Reduced Oxidized Reduced Oxidized

41 1.98 0.67 2.51 0.92 0.45 1.05 0.45 0.30
42 2.45 4.41 2.17 2.11 2.66 2.20 2.03 2.73
21 2.20 2.27 2.24 2.80 2.74 2.81 2.60 1.98
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FIG. 3. Comparison of the (a) experimentally observed linear spectra with (b) calculated linear spectra with HEOM for the FMO model C", site shift model of oxidation
with shifts taken from Ref. 37 of Ae; = 40 cm™~", Aez = 120 cm=", and Aey = 70 cm~" for oxidized model, with fitted two-UBO environment described in Sec. I, and (c)
AE model, which consists of model C Hamiltonian with site energy shifts of Ae; = —10 cm=", Aez = —25 cm~", and Aey = —25 cm~", with Drude—Lorentz background
environment (see Sec. \/) and UBO mode centered at 260 cm=" at 150 cm~=", for reducing and oxidizing conditions, respectively.

shift of the spectra while simultaneously maintaining its character-
istic shape to a large extent. We simulated the absorption spectra
generated by the proposed redox model with HEOM, where shifts to
the energies of sites II, III, and IV are introduced, and the results are
plotted in Fig. 3(b). The oxidized model neither has an appropriate
qualitative nor quantitative agreement with the measured absorp-
tion, particularly owing to its failure to recover its characteristic peak
at 825 nm. We further see that the proposed site shifts result in
blue-shifted oxidation spectra, which is contrary to the experimental
results.

Furthermore, the rates in Table | show that while the model
parameters recover some of the observed rates when calculated
using Redfield theory, i.e., it predict changes in the 4 — 1 rate sim-
ilar to the experiment, when using the same parameters within
HEOM, the rate predictions are radically different from Redfield
and, most importantly, from the experiment. The inclusion of the
underdamped mode within the HEOM framework does not have
the effect of targeting the increase of an individual transition; rather,
the multiphonon processes captured in this case act broadly to
increase rates for all transitions. This reiterates the need for non-
perturbative approaches to accurately describe the vibrational influ-
ence on transfer rates. We analyze this in more detail in Sec. V,
where we see how various rates vary as a function of the UBO mode
peak position.

V. STUDY OF VIBRATIONALLY
ENHANCED TRANSFER RATES

We now analyze how generalized excitonic transfer rates
derived within the HEOM formalism behave as a function of the
underdamped vibrational mode peak position Q. To do so, we utilize
the Drude-Lorentz form of the spectral density as our low-energy
phonon background

w
=2 V) —5—5, 19
Jp(w) PVsz +)/12; (19)

1 1

with 1, =35 cm™ and ¥, =106 cm™, which were chosen to
coincide with the parameters that have been studied using HEOM
before.”” This is computationally more efficient to treat with HEOM,
thus enabling a more thorough exploration of parameter regimes.
In addition, we have a discrete vibrational mode as before [Eq. (3)],
with a smaller reorganization energy 1, = 10cm ™' and y, =8 cm™".
The full spectral density is now site-independent and of
the form

J(@) = Jp(@) +Ju(@). (20)

In Fig. 4, we plot the rates W41, W4, and W>_,; as a function
of the peak position Q for different levels of hierarchy truncation,
which is contrasted with the corresponding Redfield result. Note
that all HEOM results include one Matsubara mode. For a trun-
cation depth T =1, there is excellent quantitative agreement with
Redfield, as expected,”” and both theories show a clear increase in
transfer as a result of the resonant vibration. When the truncation is
increased, such that converged results are obtained for T = 4, this
effect diminishes considerably. We are also able to capture addi-
tional structure in the non-perturbative results, in contrast to the
single peak in Redfield. Most notably, there is a peak associated with
a two-phonon harmonic process assisting transfer as observed in
the W4 results.

As a result, we chose the mode peak position for the reduced
FMO model to be Q=260 cm™ in order to assist the 4 — 1
pathway, whereas for the oxidized FMO model we have it at
Q=150 cm™ in order to assist the 4 — 2 transition. To further
benchmark our HEOM implementation, we demonstrate in Fig. 5
that it generates identical dynamics as the open-source Quantum
Toolbox in Python (QuTip) implementation of HEOM"** for the
reduced FMO model. For oxidizing conditions, we also introduce
shifts of —10, —25, and —25 cm™! to sites II, III, and IV, respec-
tively, in order to emulate the experimental absorption and 2DES
results qualitatively. We refer to this combined negative site energy
shift and vibrational mode shift as the altered environment (AE)
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FIG. 4. HEOM and Redfield rates W,_,1, W4_,2, and W,_.4 shown in log scale as a function of the UBO position Q2. The UBO mode has a fixed reorganization energy
Ay = 10 cm~" and damping Y, =8 cm~", and we assume reducing conditions. We show HEOM rates for varying truncation T and one Matsubara mode M = 1. For T = 1,
excellent agreement is achieved between HEOM rates and Redfield as expected, but converged HEOM rates at T = 4 are in stark disagreement with Redfield. For the
converged results, we see a reduced rate for the frequency domain that Redfield predicts a large rate. In (a), we observe a peak at half a frequency of the maximum,

indicating that two-phonon harmonic processes are assisting population transfer. These results are not averaged over disorder.
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FIG. 5. Comparison of site population dynamics computed using our HEOM imple-
mentation (solid lines) to QuTip™® (white dashed lines). This set of dynamics
corresponds to the model discussed in Sec. \/ for reduced FMO. Calculations
have been carried out with a truncation depth T = 4 and a single Matsubara mode
M = 1, assuming a temperature of 77 K.

model. Figure 3(c) shows the resulting absorption spectra averaged
over disorder, which demonstrates a fidelity to the experimental
spectra. This indicates that the site energy shifts compatible with
reproducing the absorption spectra should be smaller in magnitude
in comparison to what has been applied for Fig. 3(b). Excitonic
transfer rates corresponding to the AE model are shown in Table L.
They indicate that our proposed model captures a qualitative both
decrease in 4 — 1 and increase in 4 — 2 from reducing to oxidiz-
ing conditions as seen in the experiment, yet there is not a good
quantitative agreement with the experimental observations. Further

theoretical analyses are needed to achieve agreement between theory
and experiment.

VI. REDOX MECHANISM MODELED
BY SITE ENERGY SHIFTING

In this section, we continue to use the AE model introduced in
Sec. V and explore how site shifts affect EET pathways. In Fig. 6,
we show how the relevant rates are altered for varying site ener-
gies and reorganization energies of the UBOs, 1,. We see that over
the range of site energies studied, which we choose to encompass
the maximum range concomitant with a consistent absorption spec-
trum, we do not observe a significant enough change in exciton
transfer rates to account for the redox mechanism. Figure 6 demon-
strates an opposing tendency of W4, compared with W4, and
W1 as €3 and A, are altered, which qualitatively matches the
trend in the experimental data. We thus observe that some selec-
tivity of the transfer rates is observable from the site energy shifts.
However, the magnitude of the rate change from a shift in the
site energy alone is too small to account for experimental obser-
vations. In Appendix E, we show similar plots for sites II and IV,
again observing results that qualitatively agree with the direction
of rate shifts seen in the experiment,”” but with a reduced mag-
nitude. We observe that varying both the onsite energy shifts and
Ay may predict the general trend for the rates to be comparable to
the experiment, yet the quantitative agreement is still missing. Note
that our results do not rule out a site shift model for oxidation in
general, but rather indicate that the current Hamiltonian and envi-
ronment do not reproduce the correct rates upon the introduction
of sufficiently small shifts while maintaining consistency with lin-
ear spectra. An altered electronic Hamiltonian for the reduced form
may reproduce the relevant oxidized rates upon site energy shifts
alone. We suggest that a refined Hamiltonian based on fitting to
non-perturbative methods may remedy this shortcoming; however,
it is also possible that inter-site couplings may additionally change
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FIG. 6. Change in HEOM exciton transfer rates (a) Wy_.1, (b) W42, and (c) W,_.4 with site energy e; and UBO reorganization energy for each site. The environment
describes a Drude-Lorentz background with A, = 35 cm~" and ¥, =106 cm~". The results are shown for Q = 260 cm~" and y,=8 cm~". All other site energy shifts are

taken as zero. No disorder averaging is shown here.

upon oxidation. Such a change in couplings may lead to differing
excitonic delocalization without a dramatic shift in the linear spec-
tra®® and, therefore, may also contribute to the observed pathway
modulation.

VIl. CONCLUSIONS

In this work, we theoretically investigated the redox-sensitive
exciton transfer rates in the FMO complex using a reformalization
of HEOM into a memory kernel. The FMO complex has been exper-
imentally observed to attenuate the direct exciton 4 — 1 pathway
in comparison to the indirect exciton 4 — 2 — 1 pathway under
oxidizing conditions.” This was proposed to be a result of the
removal of a resonance between a vibrational energy scale and a rel-
evant exciton energy gap due to site energy shifts upon oxidation.
We have shown that the originally proposed model is inconsis-
tent with linear absorption spectra. By deriving generalized rates
and spectra within the HEOM framework, we have also shown
that site energy shifts alone do not yield both consistent linear
spectra and transfer rates with experimental observation. We then
systematically investigated a model that includes both site energy
shifts and a change in the vibrational frequency of an environ-
mental mode that assists exciton transfer. With this framework,
we were able to observe changes in exciton transfer rates, which
qualitatively reproduced the experimental observations for reduced
and oxidized FMO. However, a quantitative agreement with the
large changes in the rates observed in the experiment was not
recovered.

Furthermore, we observed that the differences between the
effective exciton population transfer rates with Redfield and HEOM
are not only quantitative but also qualitative. Notably, we observe a
much lower targeted increase in transition rates via a vibrational res-
onance condition with HEOM than with Redfield, and we observe
significant structure in the HEOM case that is absent in a Redfield
approach. This structure, which manifests as rates that peak at dif-
ferent environmental frequencies, is due to multi-phonon processes

contributing to population transfer, which is captured by HEOM but
not by Redfield. It is therefore clear that non-perturbative numeri-
cal techniques are critical in capturing the underlying mechanisms
of exciton transfer in such systems due to the strong environmen-
tal coupling to a structured vibrational environment that leads to
non-Markovian behavior.

Further work is required to obtain a model that is sufficiently
accurate to describe not only the red shift in oxidized FMO spectra
but also the quantitative exciton transfer rate changes under differ-
ent redox conditions. Possible reasons for the observed deviation
may be that the Hamiltonian employed for reduced FMO, namely,
model C by Kell et al.,”” was obtained by fitting a variety of exper-
imental data according to second-order cumulant expansion and
Redfield theory.”"” Therefore, it is not surprising that the Redfield
theory might capture the rates more closely for this model. Our
work has focused on the influence of a single mode so that we could
compare with the analysis of Higgins ef al.”” However, a more real-
istic vibrational environment would include multiple underdamped
modes.”**” In a future study, it would therefore be interesting to ana-
lyze the interplay of multiple vibrational modes and their influence
on the EET properties for FMO in a similar non-perturbative man-
ner. A promising future line of research would also be to obtain the
electronic Hamiltonian for FMO in native conditions from experi-
mental data fitted using non-perturbative theories. This may better
capture the role of the environment in determining the transfer rates
in the system. For such a Hamiltonian, we note that oxidation could
potentially be described by site shifts alone; although our analysis
mentioned earlier suggests that in such a case, the system would
require a highly sensitive dependence of the rates on shifts of the
site energies, as there is only a small change in the observed lin-
ear spectra between these cases. Changes in electronic couplings
could also apply for oxidizing conditions. These results lead us to
suggest that a possible avenue to propose a more accurate model
would be to revise the FMO Hamiltonian fitting performed by Kell
et al."’ but now within the HEOM or any other non-perturbative
framework. Our work also motivates the use of first-principles
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approaches®® to derive the electronic parameters for reduced and
oxidized FMO.

ACKNOWLEDGMENTS

H.O.G.,C.N,, and A.O.-C. acknowledge the Gordon and Betty
Moore Foundation for financial support (Grant No. GBMF8820).
A.O.-C. and C.N. also acknowledge funding from the Engineering
and Physical Sciences Research Council (EPSRC UK), Grant No.
EP/V049011/1. J.S.H. received support from a National Research
Council Postdoctoral Fellowship, and G.S.E. acknowledges finan-
cial support from the U.S. Department of Energy, Basic Energy
Science, through Award No. DE-SC0020131 and the National Sci-
ence Foundation through QuBBE QLCI (Grant No. NSF OMA-
2121044). H.O.G. and A.O.-C. acknowledge Chawntell Kulkarni
and Christian David Rodriguez-Camargo for their assistance. The
authors acknowledge the use of the UCL Myriad High Performance
Computing Facility.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

H.O.G. and C.N. contributed equally to this work.

Hallmann O. Gestsson: Conceptualization (equal); Formal anal-
ysis (equal); Investigation (equal); Methodology (lead); Software
(equal); Validation (equal); Visualization (equal); Writing - orig-
inal draft (equal); Writing - review & editing (equal). Charlie
Nation: Conceptualization (equal); Formal analysis (equal); Inves-
tigation (equal); Methodology (equal); Software (equal); Validation
(equal); Visualization (equal); Writing — original draft (lead); Writ-
ing - review & editing (equal). Jacob S. Higgins: Formal analysis
(supporting); Investigation (supporting); Methodology (support-
ing); Validation (supporting); Writing — review & editing (support-
ing). Gregory S. Engel: Formal analysis (supporting); Investigation
(supporting); Methodology (supporting); Validation (supporting);
Visualization (supporting); Writing - review & editing (supporting).
Alexandra Olaya-Castro: Conceptualization (lead); Formal analysis
(equal); Funding acquisition (lead); Investigation (equal); Method-
ology (equal); Supervision (lead); Validation (equal); Visualization
(supporting); Writing — original draft (equal); Writing — review &
editing (equal).

DATA AVAILABILITY

The Python code developed during this study and further
data are available from the corresponding author upon reasonable
request.

ARTICLE pubs.aip.org/aipl/jcp

APPENDIX A: MODEL C

The electronic Hamiltonian generated by Kell et al."” is

[12 405  -87 42 -52 55 14 -61 21 ]
-87 12505 28 6.9 15 8.7 45 42
42 28 12150 -54  -02 =76 12 0.6
| 52 69 -54 12300 -62  -16 -51  -13
55 1.5 02 62 12470 60 17 33
~14 8.7 76 16 60 12575 29 -79
-6.1 45 12 -51 17 29 12375  -93
| 21 42 0.6 -13 33 —79  -93  12430]
(A1)

with elements in units of cm™'. This model applies a log-normal
distribution to its spectral density, which is of the form

](w) _ ﬁwe—lnz(w/wc)ﬂaz’ (AZ)

where S is the Huang-Rhys factor, ¢ is the standard deviation,
and w, is the frequency cutoff. For sites 1, 2, 4, 5, 6, 7, and 8, we
have w, =45 cm™, 0 = 0.85, and S = 0.47, and for site 3, we have
w: =38 cm ', 0=0.7, and S = 0.47. Note that to convert from the
convention we use to the one used by Kell ef al.,”* one must send
J(w) = J(w)/(nw?). Finally, for static disorder, sites 1, 2, 4, 5, 6, 7,
and 8 have a full width at half maximum of 125 cm™!, while for site
3, it is 75 cm ™', The dipoles were obtained from the Protein Data
Bank entry 3ENL"’

1. Reduced and oxidized models

Higgins et al.”” propose that an underdamped mode should be
added to the spectral density of model C to match the experimental
transfer rate data. It has the form

 (@-0g)?

S g
Jo(w) = ﬁwze CE (A3)
i

where Sg = 0.375, 0y = 4.25 cm™ !, and Qg =260 cm™!. This modi-
fication of the spectral density was applied to both the reduced and
oxidized models.

They furthermore introduce shifts to the site-energies Ae;
=40 cm™}, Aes = 120 cm ™}, and Aes = 70 cm ™! such that (n|H0xi|n)
= (n|H|n) + Ae, for n =2,3,4, which then serve as the oxidized
model of FMO.

APPENDIX B: ABSORPTION SPECTRA

We use the standard Wiener-Khinchin theorem to simulate the
absorption spectrum of FMO. The absorption spectrum is given as
the Fourier transform of the total transition dipole auto-correlation
function,

AW = Y [ (0m(0)e", (B1)
P

=x.),2 7~
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where the average is taken with respect to the zero excitation state
of the FMO, denoted as p, = |0)(0] (a stationary state), and we have
ftp = X p.ili){0] + h.c. The HEOM yields a non-unitary expansion
of the Feynman-Vernon influence functional such that the negative
time component of Eq. (B1) is problematic, because the backward-
in-time propagation of an irreversible process is non-physical.
Equation (B1) is therefore rewritten formally as

A@=-2 % v [T atinman@) ] @2

p=x.y,z

where we have made use of the fact that ({,(0)a, (1))
= {(f1p(t)1p(0))*. We then have

Alw)=2 Re[[ooodtTr(ﬂpeu[ﬁppo])eiwt], (B3)

P=xy,z

where L is the generator of the reduced system density matrix
dynamics, O;p = Lp. We may formally integrate this expression to
obtain

Alw) =-2 3] Re[Tr (#p an ! [#ppo])] (B4)

p=x.y:z

which is more convenient for our purposes because the problem of
solving the equations of motion is then replaced by the problem of
solving the operator equation

(L +iw)Epw = fppo, (B5)

such that the absorption spectrum may then finally be computed
numerically as

Alw) = -2 Z Re[Tr (fip%p0)]- (B6)
p=xyz

APPENDIX C: REDFIELD EXCITON RATES

Redfield theory relies on the assumption that the coupling
between system and environment is small. The Redfield quantum
master equation is

atpaﬂ = _iwtxﬂpaﬁ + Z Raﬁyﬁpy& (Cl)
7,0

with p.s = (a|p|B), where |a),|B) are eigenstates of the Hamilto-
nian with energies Eq, Eg, and wap = Eo — Ep. The rate of population
transfer from p,, to pgg is given by the Redfield tensor element Rggaqs
where

Ragys = Dapay + Dyaps = 05 ), Tatty = Oy ), Tpezss (C2)
13 &

with Tegys = 2, (a|n)(n|B)(y|n)(n|6)Cu(ws,). Here, Cu(w) is the
half-sided Fourier transform of the correlation function

Co(w) = fo “ arcu (e, (C3)
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which in turn is related to the spectral density J,(w) via

Calt) = % f : dwfn(@) (1 + n(w))e ™™, (C4)

where we have extended the domain of the spectral density to neg-
ative frequencies via the prescription J(w) = —J(-w) for w < 0 and
introduced the Bose-Einstein distribution n(w) = (¢#* —1)7!. The
exciton population transfer rate is then determined as

Rppaa = ZRe(Faﬂﬁa) (C5)
= 22 (afn)*(Bln) Re(Culwag))s (C6)

—2(1+”(waﬂ))z (aln)*(Bln)"Ju(wep),  (CT)

where it is assumed that & # 3.

APPENDIX D: HEOM EXPANSION COEFFICIENTS

The HEOM approach to open quantum system dynamics
is based on the assumption that the environmental correlation
functions can be expressed in terms of the sum of exponentials,

Ca(t) =Y cope™ ™, (D1)
k

where, for a Drude-Lorentz spectral density of the form given in
Eq. (19) with reorganization energy A, and damping y,, we have the
coefficients

Yn0 = Vn» (DZ)
Vnk = 27Tk/ﬁ, (D3)
10 = Anyn (cot (ﬁ;}n ) - i), (D4)
4An)/n Vuk
g = Yk (DS)
B sz,k - Vi

where k =1,2,3 .... For an underdamped Brownian oscillator, the
spectral density of the form given in Eq. (3) with reorganization
energy A,, damping Vo and energy shift Q,,, we have the coefficients

2
e =Dy fon - B (D)
Vnk = 277k/ﬂ> (D7)

Qs n
Cne =+ —— (1+ic0t(ﬁy2'i)), (D8)
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TABLE II. Mean Redfield rates, in units of ps~", for (a) the log-normal density of Ref. 13 and (b) the inclusion of a Gaussian peak as in Ref. 37. Cells highlighted in yellow refer
to the rates of interest: Wy_,1, W4_,2, and W5_4.

‘ Without Gaussian mode ‘ ‘ With Gaussian mode ‘

1 2 3| 4 5] 6 7] 8 1 2 31415 6 7] 8
1 1.96/0.20]0.14|0.07|0.05]0.02|0.01 1 2.00(0.79/2.09]1.19|0.32|0.02]0.01
2(10.22 0.94]2.08]0.98]0.58(0.21|0.11 210.22 0.96]2.08]1.10(1.29{2.64|0.56
3[0.01]0.22 0.99(1.14{0.63{1.62|0.26| [3[0.01{0.23 0.98[1.15[0.67(5.69(3.56
410.00{0.32]0.39 1.33]/1.00{0.79/0.43| [4[0.02[0.31]0.39 1.32[1.00[1.12(2.84
5/0.00(0.0810.32]0.67 0.98(0.85(1.03| |5/0.01(0.08(0.32{0.66 0.97[0.87(1.79
6]0.00{0.02|0.07]|0.29/0.53 1.14{1.95| [6]0.00{0.03]|0.07(0.30{0.53 1.14]2.14
7/0.00(0.00{0.04{0.04{0.10{0.34 1.25| [7]0.00]0.02]0.07]|0.04]|0.10/0.34 1.25
8[0.00{0.00{0.00]/0.01]0.05/0.14|0.55 810.00[0.00{0.03]0.03]0.06]|0.14[0.55

TABLE IIl. Mean Redfield rates, in units of ps~, for the UBO best-fit as shown in Fig. 2 for (a) the log-normal density of Ref. 13 and (b) the inclusion of a Gaussian peak as in
Ref. 37. Cells highlighted in yellow refer to the rates of interest: Wy_,1, W4_,2, and Wo_,4.

\ Without second UBO. | With second UBO. |

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
1 1.95(0.21{0.14|0.07|0.05|0.02(0.01 1 2.22(10.95[2.54(1.43|0.44|0.03]0.01
210.22 1.1112.07/0.99]0.59|0.22]0.11 210.24 1.11]2.13|1.26|1.63|3.17]0.68
310.01/0.36 1.21/1.16]/0.64|1.65|0.27 310.02/0.35 1.22]1.17|0.74|7.37|3.98
410.00/0.31/0.58 1.81{1.00|0.81|0.44 410.0210.32|0.58 1.80(1.02]1.44|3.35
5(0.00/0.08{0.33]1.02 1.51(0.87|1.05 5(0.01/0.09{0.33]1.01 1.4810.95]2.07
6(0.00/0.02]0.07|0.30|0.92 1.30|1.98 6{0.00/0.04]|0.07{0.30]0.91 1.31]2.50
710.00{0.00{0.04(0.04|0.10|0.45 1.49 710.00{0.03{0.10{0.05|0.11{0.44 1.48
8/0.00/0.00/0.00/0.01/0.05|0.14]0.70 8/0.00/0.00/0.03/0.04/0.07|0.16|0.69

TABLE IV. Mean oxidized Redfield rates for the UBO best-fit as shown in Fig. 2 for (a) the log-normal density of Ref. 13 and (b) the inclusion of a Gaussian peak as in Ref. 37.
Given in units of ps~". Cells highlighted in yellow refer to the rates of interest: Ws_,1, Wa_,5, and Wo_,+.

\ Without second UBO. | | With second UBO. |

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
1 2.7211.05|0.67(0.40|0.35{0.09|0.04 1 2.79/1.12]0.90(2.09|5.77|0.61|0.05
210.71 1.39(1.99(0.95/0.61|0.47]0.14 210.73 1.43(2.03|1.02| 0.9 |7.17|1.79
310.16(0.72 1.61]1.63]0.72(1.02(0.36| [3]0.17]0.74 1.67(1.67|0.78|5.97|6.36
410.0410.47]0.73 1.83(1.39]0.73(0.49 410.05]0.48]0.76 1.84(1.44|1.39|4.17
5(0.0110.12]/0.44/0.99 1.58]0.8810.80 510.03/0.13/0.45]0.99 1.60{1.03|1.80
6(0.01]0.04]0.09|0.37|0.87 1.33]1.85 6]0.05[0.04]0.09|0.38|0.87 1.39(2.19
710.00/0.01{0.02/0.03]0.09|0.30 1.69 710.00/0.06{0.07(0.04]0.09|0.31 1.72
810.00[{0.00]0.00{0.01{0.04{0.14|0.90 8(0.00[0.01{0.05[0.04|0.05(0.16/0.92

TABLE V. Mean HEOM rates, in units of ps~", for the UBO best-fit shown in Fig. 2 to the spectral density of Refs. 13 and 37. Cells highlighted in yellow refer to the rates of
interest: W4_,1, W4_,0,and Wo_,4.
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\ Reduced (PNAS) | ] Oxidised (PNAS) |
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

1 2.7410.5410.45|0.26|0.19|0.09|-0.01 1 2.81/1.29|1.05|0.78|0.83|0.33|-0.07
2(0.53 1.31(2.66|1.78|1.45|0.60| 0.48 210.99 1.40(2.20|1.36|1.28|1.17| 0.57

310.07]0.55 1.29]1.34]0.93]2.59] 0.68 310.32]0.84 1.67|1.81]1.12]1.85] 0.93

410.03]|0.72]0.74 1.801.16|1.40| 1.26 410.1410.7910.93 1.85|1.66|1.41]1.31

5(0.02]0.34]0.52]1.20 1.50|1.36| 2.32 5/0.07]0.34]0.70|1.21 1.73|1.50] 1.81

6(0.01]0.22|0.19]0.48|1.06 1.68| 3.38 6]0.05]/0.24|0.280.70{1.15 1.93| 3.57

7(0.01]0.03|0.27{0.20|0.32|0.82 2.13 710.03]0.08/0.18(0.20|0.34|0.72 2.32

8(0.00{0.02|0.06(0.14|0.39|0.66 | 1.41 8]0.01]0.03|0.07{0.14{0.31|0.74|1.64
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4/1,,)/,1 Qf,v,,,k

B (e (i —7) (b9

Cnk = —

withk=1,2,3 ...and w), =
APPENDIX E: CALCULATED RATES FOR EACH MODEL
WITH REDFIELD AND HEOM FORMALISM

Here, for completion, we report all calculated exciton transfer
rates for each model with both Redfield and HEOM where rele-

ARTICLE pubs.aip.org/aipl/jcp

vant. We show that, comparing Tables I and 111, the fit of the UBO
environment within the Redfield approximation does not signifi-
cantly alter any rates. This indicates that while the log-normal form
may have preferable low energy behavior, the UBO is a good model
that enables numerically exact calculations. We may then directly
compare the Redfield (Tables I1I and 1V) and HEOM (Table V)
approaches. In this case we see a significant change in the effect of
the second UBO mode, which in the HEOM calculation does not
act to significantly alter the 4-1 rate as it does in the Redfield cal-
culation. Finally, in Table VI, we show a slight decrease for the 4-1
transition rate, which is captured by a shift in the second UBO mode
frequency.

TABLE VI. FMO oxidation model 2. The reduced model has a second UBO at 260 cm™"; the oxidized has a second UBO at 150 cm~". Rates are given in units of ps~'. Cells

highlighted in yellow refer to the rates of interest: Wy_,1, W4_,2, and W,_,4.

[ Reduced FMO Model 2 |

Oxidised FMO Model 2 |
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FIG. 7. Change in HEOM exciton transfer rates (in units of ps~") with site energy (a)—(c) e, and (d)—(f) 4 and UBO reorganization energy. Environment describes a
Drude-Lorentz background with A, = 35 cm~" and y, = 106 cm~". The results are shown for Q = 260 cm~", y, = 8 cm™". All other site energy shifts are taken as zero.
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We show additional HEOM rate color plots in Fig. 7 below.
We observe very little change in rates with site energy e; how-
ever, a small increase in €4 is observed to decrease Wy, except
for at very high UBO reorganization energies, where increasing
€4 slightly decreases Wy_,;. Increasing e, is also seen to increase
W4, and decrease W,_,; for all values of .. We note that in each
case, however, the change in rates is small for a change in site
energy alone within the limits required to reproduce the observed
linear spectra.
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