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1 Introduction

Quantum coherent dynamics in photosynthetic
protein complexes

*3 Fylu Zheng,© Zihui Liu, Shaul Mukamel,® Michael Thorwart,*®
* and Hong-Guang Duan*©

Ajay Jha,
R. J. Dwayne Miller

Since the birth of quantum mechanics, there has been a long fascination of the role of quantum effects
in the evolution of biological systems, which has inspired decoding quantum coherence effects in
photosynthetic systems. In photosynthetic complexes, the pigments do not exist in isolation; they
interact with their surrounding protein environment. However, the strength of this system—bath coupling
can vary, and one must be careful in characterizing it (with many complexes actually in an intermediate
coupling regime). This review will summarize the studies toward unraveling excitonic energy transfer in
photosynthetic systems, examining the influence of electronic and vibronic coherence and system-bath
interactions on transfer efficiency in photosynthetic protein complexes. The review first examines the
absorption properties of chlorophylls and the structural organization of protein complexes, highlighting
their role in facilitating ultrafast-energy and charge-transfer processes. It also introduces the principles
of multidimensional coherent spectroscopy (a nonlinear four-wave-mixing technique) and related
ultrafast spectroscopic methods, which provide key insights into these processes. We also discuss
theoretical approaches and models (quantum master equations and other quantum dissipative models)
used to simulate the evolution of electronic coherence in photosynthetic systems. Additionally, the
review considers recent advancements in both natural and artificial photosynthetic systems, focusing on
the critical role of system—bath interactions and dissipation in protein environments. These dynamics
are shown to direct energy transfer effectively, overcoming the fragility of quantum coherence under
physiological conditions.

can persist and influence biological functions. These insights are
not only of fundamental interest but also hold transformative

The relevance of quantum effects in the evolution of biological
systems has long fascinated scientists since the inception of
quantum physics.' Among these, quantum coherence, the
maintenance of phase relationships between quantum states,
has been a focal point of research due to its potential implica-
tions for understanding and optimizing natural processes.’
The ability of living systems to employ these quantum coherences
efficiently in the challenge of environmental noise poses fascinat-
ing questions about the extent to which coherent quantum effects
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implications for quantum technologies.’

Quantum systems in biology are inherently open systems,
interacting continuously with their surroundings in what is
known as the system-bath framework.® While these interactions
enable processes such as energy dissipation and thermal equili-
bration, they simultaneously drive decoherence, limiting the
longevity of quantum interference effects to direct biological
processes.” Nonetheless, it has been hypothesized that nature
may have optimized these interactions to constructively
exploit quantum phase effects, especially in crucial biological
processes.®® Exploring this hypothesis has the potential to yield
insights that could bridge biology with disciplines such as
quantum computing and quantum information science, where
decoherence remains a significant challenge.'®

Photosynthetic systems provide an ideal platform for inves-
tigating quantum coherence in biological settings. Photosynth-
esis, one of the most fundamental processes sustaining life on
Earth, involves the efficient capture, transfer, and conversion of
solar energy into chemical energy.'™'> Within the pigment-
protein complexes of photosynthetic systems, energy transfer
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processes occur with near-perfect efficiency, facilitated by the
interplay of electronic and vibrational dynamics. The Fenna-
Matthews-Olson (FMO) protein complex, a light-harvesting
assembly found in green sulphur bacteria, has served as a
model system for probing these dynamics due to its relatively
simple structure and well-characterized properties. The advent
of pulsed laser technologies and advanced ultrafast spectro-
scopic tools has enabled the measurement of delicate quantum
coherent dynamics in matter on ultrashort timescales."*"* This
progress has opened new avenues for investigating nontrivial
quantum effects during the initial stages of biological processes,
contributing to the establishment of quantum biology as a scien-
tific field.*®*'> Notably, two-dimensional electronic spectro-
scopy (2DES) has played a pivotal role in these investigations by
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providing a powerful method to explore quantum coherence
within these complex systems.'®"” The initial discovery of oscilla-
tory signals in the FMO complex was interpreted as evidence of
long-lived electronic quantum coherence, suggesting a functional
role in enhancing energy transfer efficiency.'® The observed long-
lived quantum coherence was proposed to speed up the transfer of
excitation energy in protein complexes, even at physiological
temperature.’>" This observation catalyzed widespread interest,
laying the foundation for quantum biology as a discipline.
However, subsequent studies have called this interpretation into
question, offering alternative explanations such as vibrational
coherence or ground-state dynamics for the observed oscillations.
The debate highlights the complexity of disentangling quantum
coherence from other phenomena in biological systems.
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Experimental and theoretical studies have illustrated the
transient nature of electronic coherence in photosynthetic
complexes. The lifetime of electronic coherence, heavily influ-
enced by system-bath interactions, is typically much shorter
than the energy transfer timescale under physiological conditions.
For instance, ultrafast transient absorption experiments at cryo-
genic temperatures have measured electronic dephasing lifetimes
on the order of 140-180 femtoseconds (fs) in the FMO complex,>
while room temperature studies observe even shorter lifetimes.
These findings imply that electronic coherence is unlikely to
directly mediate energy transfer in natural environments. Instead,
nature appears to employ strong system-bath coupling to ensure
robust, efficient energy transport via classical mechanisms such
as Forster resonance energy transfer (FRET).>* While the role of
electronic coherence remains contentious, the interplay between
electronic and vibrational dynamics has emerged as a promising
area of study.>* Vibronic coupling, the interaction between elec-
tronic states and molecular vibrations, has been proposed to
extend the coherence lifetime and potentially facilitate energy
transfer. Recent studies have explored the concept of vibrationally
enhanced electronic coherence, where specific vibrational modes
are resonantly coupled to electronic transitions.”> These modes,
often delocalized and anticorrelated, may persist for picoseconds,
significantly longer than electronic coherence. However, the
extent to which such mechanisms contribute to energy transfer
efficiency in physiological conditions remains still an open
question. Recent experimental work has revisited the FMO
complex and other photosynthetic systems to address these
uncertainties. The energy transfer and coherent dynamics of
the FMO complex have been revisited by Duan et al. at room
temperature.”® In contrast to the long-lived electronic coher-
ence, they reported a rather short lifetime for the electronic
coherence (60 fs), which is significantly shorter than the time-
scale of energy transfer at physiological temperature (several ps).
By systematically varying temperature and controlling system-
bath interactions, researchers have clarified the relationship
between coherence and energy transfer. The 2DES measure-
ments and analyzed results showed that the lifetime of electronic
dephasing is shorter than 170 fs at 77 K.*” The long-lived
oscillatory dynamics observed in 2DES has been found to
originate from the ground state bleach. Theoretical models
have been instrumental in interpreting those studies and
elucidating the mechanisms underlying energy transfer.

The entire issue eventually reduces to the decisive question
of how long a quantum matter wave can keep its coherence and
thus its required coherence and thus its wave-like character-
istics. This is determined by the magnitude of the system bath
interaction and distribution by which the biological chromo-
phores are coupled to a noisy, warm, and wet biological
environment under biological conditions. Theoretical simula-
tions of dynamical processes in photosynthetic systems require
preliminary knowledge of electronic properties of the target
systems, such as the excitation energies of the pigments, the
excitonic coupling between the pigments, and the system-bath
interactions. The electronic structure of a molecule is affected
by its surroundings. The stronger the ‘system-bath coupling’,
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the stronger the electronic coupling between chromophores
must be in order to overcome the random energy fluctuations
and phase shifts in the induced polarization between the
resonantly interacting molecules, as part of the spatial trans-
port of energy. In the limit of strong interactions of the
chromophores with their surroundings, these random changes
in phase reduce the interaction to an incoherent, or Forster
mechanism, of energy transport, which can be understood
classically through dipole-dipole interactions, or classical
limit. It all comes down to most accurately determining the
system-bath coupling in terms of a parameter known as the
reorganization energy in the system-bath framework.

Early theoretical analyses used relatively small reorganiza-
tion energy values derived from the frequency difference
between the absorption and emission spectra peaks. Based
on the very accurate spectral density of the bath modes,
which include vibrational fluctuations of the protein and
the pigments for an experimentally determined fluctuation
spectrum,”® the system-bath coupling could be determined to
define the limitations to quantum coherence effects. Numeri-
cally exact path integral simulations for the quantum coherent
energy transfer in the FMO aggregate under realistic physio-
logical conditions were reported in 2011.>° Coherence times
shorter than those originally assigned to exciton coherence
were found. Based on these assumptions, Shi et al. applied
2DES calculations and found shorter electronic coherence life-
times than those interpreted experimentally.>® To address this
discrepancy, ab initio calculations were conducted to capture
site-dependent reorganization energies in pigment-protein
complexes such as the FMO complex and reaction centers.*!
These calculations confirmed significantly larger reorganiza-
tion energy values, approximately an order of magnitude higher
than previously estimated, highlighting the critical role of
environmental coupling in shaping coherence dynamics within
these systems. These findings suggest that the lifetime of
electronic coherence observed experimentally require accurate
realistic theoretical models and calculations. Furthermore,
other studies have demonstrated that the optimal efficiency
of energy transfer in pigment-protein complexes, even in
thermal environments, can be achieved through purely inco-
herent hopping processes. This mechanism, driven by downhill
energy gradients, highlights the role of robust, classical path-
ways in ensuring efficient energy transfer without reliance on
sustained quantum coherence effects, highly sensitive to noise
cancellation.**** With this solid experimental and theoretical
work on the short lived coherence, the collective view of the
researchers involved in this critical evaluation, was that the
electronic coherence is too fragile to enhance energy transfer
in photosynthetic protein complexes under physiological
conditions.**

The field of quantum biology has still been motivated by
theoretical models suggesting various models for system-bath
interactions that might enhance quantum coherence in energy
transfer. These concepts often invoke exotic interactions to
create correlated noise, yet systematic experiments are neces-
sary to validate such effects. Temperature dependent studies
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provide a straightforward way to modulate the system-bath
coupling to reveal this relationship to the quantum decoher-
ence timescales. At ultra-low temperatures of 20 K, quantum
coherent transport is observed by Duan et al, but coherence
diminishes rapidly with increasing temperature, demons-
trating its negligible role in the biological function at physio-
logical conditions.®® Rigorous analysis of temperature-dependent
2D spectra shows the long-lived coherent oscillations ascribed
previously to coherent exciton states are instead vibrational
oscillations in the ground state. This study’s observation of
ultrafast coherence decay is consistent with a memory-less
(Markovian) description of energy transfer on its intrinsic
timescale; however, further calculations including disorder
to reproduce these timescales are needed. In addition, coher-
ent dynamics in energy and charge transfer processes within
reaction centers have been investigated using 2DES. Optical
measurements conducted at 20 K reveal distinct coherence
lifetimes in the PSII reaction center compared to the FMO
complex, attributed to variations in pigment arrangement
and excitonic coupling.*® Notably, the strong exciton interac-
tions in the radical pair produce clear evidence of electronic
coherence persisting for over 600 fs albeit at low temperature.
These findings underscore the importance of temperature-
dependent measurements in determining the nature of
observed coherences and assessing their potential functional
roles in energy transfer processes within photosynthetic
systems.

The exploration of quantum coherence in photosynthetic
systems highlights the value of an interdisciplinary approach
that combines experimental techniques, theoretical modeling,
and computational simulations to unravel the dynamics of
complex biological systems. This review summarizes the key
recent findings, offering a detailed analysis of energy transfer
mechanisms in photosynthetic systems, with a particular
emphasis on the impact of quantum coherence. By integrating
the latest experimental and theoretical developments, this
review seeks to advance the understanding of how quantum
dynamics contribute to the efficiency of energy transfer in
natural and potentially artificial systems. We begin by offering
a general introduction to energy transfer mechanisms, con-
trasting classical Forster energy transfer with coherent energy
transfer models. A theoretical framework for system-bath
interactions will be developed, highlighting the interplay
between coherence, decoherence, and dissipation. An introduc-
tion to photosynthetic complexes to put this work in context is
provided. Additionally, this review will include an overview of
the multidimensional electronic spectroscopic methods used
to study energy transfer pathways, discuss various theoretical
approaches to model experimental data, and summarize sign-
ificant 2DES findings that shed light on system-bath interac-
tions and the evaluation of the role of quantum coherences.
Finally, it discusses open questions and future directions,
emphasizing the broader relevance of the fundamental under-
standing gained from these studies in bridging fundamental
science with applied technologies. Through this comprehensive
analysis, the review aims to provide a detailed understanding of
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quantum coherences and energy dissipation during energy
transfer processes in nature.

2 Energy transfer: coherent vs.
incoherent

Energy transfer is a fundamental process that governs a wide
range of physical, chemical, and biological phenomena. It plays
a crucial role in molecular excitations, facilitating energy
migration in materials, and is central to charge and exciton
transport in semiconductors. Moreover, it is a key process in
quantum optics and photonic materials, influencing the design
and function of optoelectronic devices and energy-harvesting
systems. The ability to control and optimize energy transfer
mechanisms is vital for technological advancements in fields
such as materials science, nanotechnology, and biological
energy conversion. Depending on the role of quantum coher-
ence and environmental interactions, energy transfer is broadly
classified into two regimes: coherent and incoherent energy
transfer. The distinction between these two mechanisms is
significant, as it influences the overall efficiency, speed, and
effectiveness of energy migration in complex molecular and
nanoscale systems. The delineating factor between the two
regimes is the degree of electronic coupling between chromo-
phores relative to the system-bath coupling. Most photosyn-
thetic complexes fall in the intermediate coupling regime,
where electronic couplings (tens to a couple hundred cm™')
are comparable to or somewhat larger than reorganization
energies (tens to 100 cm™*).%’

Coherent energy transfer occurs when an excitation remains
delocalized over multiple sites, behaving as a quantum wave-
function rather than undergoing a sequential hopping process
(as depicted in Fig. 1). In this regime, quantum superposition
and phase coherence significantly impact the energy transfer
process, leading to interference effects and wave-like propaga-
tion of excitations. The persistence of coherence is determined
by factors such as strong electronic coupling between sites and
weak interactions with the surrounding environment, both of
which help suppress decoherence. When the system maintains
coherence over extended time scales, energy can propagate
efficiently over long distances with minimal losses. This beha-
vior is commonly observed in engineered quantum systems,
superconducting circuits, and certain condensed-phase materials,
where coherent transport has been shown to enhance energy
transfer efficiency beyond what is expected from purely classi-
cal models.

Unlike coherent transfer, where quantum effects enable
wave-like motion, incoherent transfer is better described using
rate equations that follow classical probabilistic dynamics.
A well-known mechanism for incoherent energy transfer is
Forster resonance energy transfer (FRET), in which energy is
transferred through dipole-dipole interactions between chro-
mophores. Forster’s theory, while yielding a rate expression
reminiscent of classical kinetics, is fundamentally derived from
quantum mechanical perturbation theory, specifically Fermi’s
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Incoherent hopping

Coherent transport

Fig.1 Comparison of coherent and incoherent energy transfer mechanisms in a photosynthetic protein complex. The red pathway illustrates coherent
transport, where excitation energy flows smoothly through quantum coherence. In contrast, the blue arrows represent incoherent hopping,
characterized by random, thermally driven transitions between chromophores. The energy landscape (color gradient) highlights the variation in site

energies that influence both mechanisms.

golden rule. The efficiency of this process is highly dependent
on factors such as the donor-acceptor separation, molecular
orientation, and surrounding solvent dynamics. This mecha-
nism is particularly relevant in biological and soft-matter
systems, where interactions with a dynamic and complex
environment strongly influence energy transport.

When comparing the two mechanisms, a key difference lies
in their dependence on environmental conditions. Coherent
energy transfer is highly sensitive to external perturbations, and
any interaction with the environment that induces dephasing
can disrupt quantum coherence, causing the system to transi-
tion toward incoherent behavior. In contrast, incoherent energy
transfer is more robust in thermally fluctuating environments,
as it relies on localized hopping and differences in site energies
to create energy gradients to direct the transport energetically
downhill, exploiting dissipation, rather than extended quan-
tum coherence over the relevant length scale. Another impor-
tant distinction is in their efficiency and speed: while coherent
transfer can, under ideal conditions, allow for faster and loss-
minimized energy transport, incoherent transfer provides a
more predictable and stable mechanism, especially in complex,
disordered systems such as biological membranes and organic
molecular assemblies. In the classical limit, the difference in
site energies can be minimized to correspondingly minimize
energy loss while still providing sufficient direction to uner-
ringly direct the energy transport. It must be noted that the
Forster and Redfield theories represent extreme limits. General-
ised Forster or modified Redfield theoretical methods have
also been employed to study light-harvesting dynamics that
account for simultaneous coherent delocalization and incoher-
ent dissipation.*®*°

In the following sections, we provide a detailed discussion of
the theoretical frameworks governing both energy transfer
mechanisms followed by the introduction to system-bath inter-
actions. By examining these processes in various systems, we
aim to clarify their roles in energy transport and explore how
different conditions favor one mechanism over the other.

This journal is © The Royal Society of Chemistry 2025

2.1 Forster resonance energy transfer

Forster resonance energy transfer is applicable for the energy
transfer between molecules at relatively longer distance and
weaker couplings. The mechanism was firstly proposed by
Theodor Forster in the 1940’s.**"** It describes a nonradiative
resonance transfer process between two pigments, which are
usually separated by several Angstroms with the associated
electronic transitions. The energy transfer between two pigments
occurs primarily via a Coulomb coupling. Based on ref. 41, the
rate of energy transfer can be written as

ke = kf(RO/R)67 (1)

where k. denotes the first-order rate constant for energy trans-
fer from the donor to the acceptor, while k¢ represents the rate
constant for donor fluorescence. R refers to the distance
between the donor and acceptor. R, is the critical distance at
which there is a 50% probability of energy transfer occurring
within the donor’s excited-state lifetime, which is given by the
relation

Ro® =8.79 x 10 Ji’n~* A. (2)

n is the refractive index, «? is an orientation factor and J is an
energy overlap factor, which can be written as

J= Ja(z)FD(z)x*d},, 3)

where ¢(4) refers to the molar extinction coefficient of the
acceptor. Fp(4) represents the normalized emission spectrum
of the donor. The parameter J indicates the overlap area of
absorption of the donor and emission spectrum of the accep-
tor. The physical underpinnings of this spectral overlap para-
meter is the degree of similarity of energy scales between donor
and acceptor, which is required by the conservation of total
energy of the system before and after the transfer. This process
requires both molecules to share a common energy state and have
spectral transitions at the same wavelength. Although overlap
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between donor fluorescence and acceptor absorption is necessary,
FRET does not involve photon emission and reabsorption, a
common misconception. Actually, it is not the case. The Forster
resonance energy transfer is a nonradiative process without
photon emission or absorption involved in the process. Some
developments, such as multi-chromophoric FRET and mixed
quantum-classical methods, extend the original theory’s applic-
ability by incorporating partial coherence effects.”*

2.2 Coherent energy transfer

Exciton energy transfer is a key mechanism for energy migra-
tion over short distances, particularly when strong excitonic
coupling is present. This type of transfer is most effective when
molecules are in close proximity, typically within 10 A,*® allow-
ing for significant electronic interactions between them. The
strength of excitonic coupling plays a crucial role in determin-
ing the efficiency and nature of energy transfer, often facilitat-
ing coherent energy transfer by enabling the formation of
delocalized excitonic states. In such cases, the excitonic wave
functions span multiple molecular sites, allowing energy to
propagate efficiently without discrete hopping, distinguishing
it from classical incoherent mechanisms. Here, we consider a
dimer of two electronically coupled pigments and the treatment
can be further extended to several numbers of the interacting
pigments. The associated absorption spectra show a splitting of
peaks reflecting the excitonic coupling and circular dichroism
(CD) is observed. The magnitude of the splitting and the
intensity of the two transitions is strongly related to the
distance between two pigments and also the relative orienta-
tions of the transition dipole moments. The molecular wave
functions of the dimer are given as

(1/v2) (@1 + @2),
(1/3)i0. o,
where @' and @~ are the wave functions of the excited dimer

(in exciton basis) and @; and @, are the wave functions for the
two monomeric pigments (site basis).

(p+

4)
o

2.3 System-bath interactions and the reorganization energy

In photosynthetic protein complexes, the molecular system is
typically modeled in terms of its electronic degrees of freedom
and the optical transitions occurring between the ground state
and electronically excited states. During photoexcitation,
the transition probability associated with electronic excitation
exhibits time-dependent fluctuations. These fluctuations
mediate interactions between the excited electronic states and
the surrounding protein environment, notably through cou-
plings to molecular vibrations and solvent dynamical modes.
The primary interactions between the electronic system and its
environment arise from the coupling of transition charge
densities to vibrational motions of the pigment or cofactor
molecules embedded within the protein matrix. These interac-
tions are generally governed by scattering processes. Recent
research has highlighted that vibrational modes, in conjunction
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with appropriately scaled Huang-Rhys factors, play a critical role
in defining the reaction coordinates for both energy and charge
transfer processes. In addition to pigment-related vibrations,
system-bath coupling also includes contributions from inter-
actions between the electronic wave packet and vibrational and
polarization modes of the solvent. These solvent vibrations
possess distinct frequency distributions, which influence the
relaxation dynamics of the excited-state wave packet. Typically,
this results in rapid energy dissipation toward lower-energy
excitonic states within the complex. The frequency distribution
of solvent vibrations is characterized by the spectral density
function, J(w), which quantifies how different vibrational modes
couple to the electronic system. It is formally defined as:

2
Jo) =25 O

i Miw;

o(w — w;), where m;, w; are the mass and fre-

quency of ith mode. C; is the coupling strength between system
and ith mode. Normally, the Ohmic form with an exponential or
a Lorentzian type of cutoff is employed in the calculations. They

)

show the form j(w) = nw exp(—w/w.) and J(w) = 2/1602(»7:”2. Here

/
n, o, are the coupling constant and cutoff frequency of the
spectral density, the 4 and y are the reorganization energy and
cutoff frequency in the Lorentzian type of the spectral density.
A more detailed discussion of these spectral forms and their
implications is provided in the subsequent section.

From a detailed perspective of system-environment interac-
tions, solvent molecules in close proximity to the molecular
system play a pivotal role in shaping the excited-state dynamics
and the associated relaxation processes. These nearby solvent
molecules exert a significant influence due to their strong
coupling with the electronic states of the system. Furthermore,
the bulk solvent exhibits a broad, highdensity spectrum of
vibrational frequencies, contributing to rapid and efficient
deactivation of the excited-state wave packet. This vibrational
coupling facilitates energy dissipation and relaxation toward
lower-energy states. A key parameter used to quantify the extent
of this system-solvent interaction is the reorganization energy,
denoted by 4. This parameter captures the total coupling
strength between the optical transitions, from the ground to
the electronically excited states, and the dynamic response of
the surrounding solvent. As such, 4 serves as a fundamental
descriptor of how environmental fluctuations influence the
photoinduced processes in molecular systems.

3 Photosynthetic protein complexes

The structural and functional understanding of photosynthetic
systems has evolved remarkably since the 1970s, driven by
advances in biochemical isolation and structural biology tech-
niques. Early studies of the Fenna-Matthews-Olson (FMO)
complex from green sulfur bacteria set the stage for high-
resolution characterization of photosynthetic complexes.*”"*®
This pioneering work revealed the precise spatial arrangement
of pigment molecules, which are intricately organized to enable
highly efficient excitation energy transfer within these systems.

This journal is © The Royal Society of Chemistry 2025
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The elucidation of bacterial antenna complexes, such as
LH1 and LH2, further highlighted the sophistication of photo-
synthetic architectures.*® Using X-ray crystallography, researchers
demonstrated that these systems exhibit densely packed arrange-
ments of chlorophyll and bacteriochlorophyll molecules, orga-
nized to promote rapid energy migration. These structures
minimize energy losses through competing pathways, show-
casing an evolutionary design optimized for solar energy capture
and conversion. Similarly, in plants, the detailed architecture
of light-harvesting complex II (LHCII) revealed the cooperative
interactions between chlorophylls and carotenoids embedded
within protein matrices.’® These pigments work synergistically
to broaden the absorption spectrum and protect against oxidative
damage.

The recognition of modular organization within PSII super-
complexes marked another significant advance.>’* These
supercomplexes, comprising inner antennae such as CP43 and
CP47 and outer light-harvesting complexes, display remarkable
adaptability to environmental conditions. The ability of these
modules to reorganize allows the system to optimize light capture
under varying light intensities while protecting against photo-
damage. For example, during high light conditions, the dissi-
pation of excess energy via non-photochemical quenching
mechanisms prevents oxidative damage to the photosynthetic
machinery.

This modularity also reflects the evolutionary refinement of
photosynthetic systems.”® Adaptations in pigment-protein
complexes and their spatial arrangements have enabled photo-
synthetic organisms to thrive across diverse ecological niches,
from deep-sea hydrothermal vents to sunlit terrestrial habitats.
By maintaining efficiency while responding to environmental

é%z!,é\‘g{&
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stresses, the modular design underscores the resilience and
flexibility inherent in photosynthetic systems. These structural
and functional revelations not only deepened our understand-
ing of the fundamental processes of photosynthesis but also
provided a blueprint for bioinspired designs in artificial energy
systems. The following section provides an in-depth examina-
tion of the structural and functional characteristics of photo-
synthetic protein complexes, laying the foundation for a
subsequent discussion on their roles in energy and charge
transfer dynamics.

3.1 Protein complexes: structure and functions

The structure of a protein is intimately linked to its biological
function. This section discusses the structural features and
functional roles of the FMO protein complex, which is named
after Roger Fenna, Brian Matthews (firstly elucidated its struc-
ture) and John Olson (originally discovered the protein). The
FMO complex serves as a critical component in the energy
transfer process of photosynthetic bacteria. It is situated
between the light-harvesting antenna complex (chromophores)
and the reaction center, facilitating the transfer of captured
solar energy. Structurally, the FMO complex forms a trimer,
composed of three identical subunits. Each subunit contains
seven bacteriochlorophyll (BChl) molecules, amounting to 21
pigments in total.>®>® Recent studies have identified an addi-
tional, eighth pigment located at the interface between sub-
units, increasing the total pigment count to 24.>”*® The overall
molecular configuration of the FMO complex is illustrated in
Fig. 2(a). Specifically, Fig. 2(a) depicts the spatial arrangement
of the BChl pigments within the protein matrix; the eighth
pigment is not shown, as it is often lost during the crystallization

(a) The Fenna—Matthews-Olson (FMO) complex from Chlorobium tepidum (PDB ID: 3ENI), showing bacteriochlorophyll a (BChl a) pigments

enclosed by a beta-sheet-rich protein scaffold (left). The right panel presents a detailed arrangement of the seven BChl a molecules. (b) The trimeric
light-harvesting complex Il (LHCII) monomer viewed from the stromal side (PDB ID: 2BHW), with BChl a pigments highlighted: carotenoids are omitted
fro clarity. (c) Top-down and side perspectives of the LH2 complex from (Rbi. acidophilus), highlighting the pigment rings: B850 (or B820) in blue, B850
(or B820) in green, and B8O in red. Visualizations were produced using VMD.®°
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process used for structural analysis.”® Fig. 2(a) also shows the
labeling of individual BChl molecules. Functionally, solar energy
absorbed by the BChl pigments is funneled through excitonic
energy transfer to a specific pigment with the lowest site energy,
typically the third BChl molecule, located in close proximity to the
reaction center. This strategic positioning facilitates the initiation
of charge separation in the photosynthetic process.

For comparison, the LHCII is a crucial pigment-protein
complex involved in the capture and transfer of solar energy
in higher plants and marine algae. As one of the most abundant
light-harvesting systems in nature, LHCII plays a central role in
photosynthetic light capture and exhibits near-unity efficiency
in transferring excitation energy to the photosystem II reaction
center. In higher plants, LHCII is the primary site for photon
absorption within photosystem II. Structurally, LHCII forms a
trimer, composed of three homologous monomeric subunits.®*
Each monomer houses a suite of pigment molecules, including
chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoids
such as lutein. Carotenoids, particularly effective in the blue-
green spectral region, complement the absorption capabilities
of chlorophylls, which primarily absorb light in the 600-700 nm
range. These pigments are intricately embedded within the
protein scaffold of the LHCII complex. The structural elucida-
tion of LHCII was initially achieved through a combination
of electron microscopy and electron crystallography,®* followed
by high-resolution X-ray crystallography.”® As an integral
membrane protein complex, LHCII serves as a peripheral
antenna system, transferring excitation energy to the core
complexes of photosystem II. The crystal structure of LHCII,
illustrated in Fig. 2(b), reveals the presence of three transmem-
brane helices per monomer, coordinating seven chlorophyll
molecules (both Chl a and Chl b) and two lutein molecules. The
luteins adopt an “X”-shaped conformation, believed to stabilize
the trimeric complex. Fig. 2(b) depicts the detailed arrange-
ment of protein helices and pigments, while Fig. 2(b) identifies
and labels the 14 distinct pigments within the protein matrix,
differentiated by color and numerical labels corresponding to
their pigment types. Upon photon absorption, the resulting
exciton is efficiently funneled through a cascade of excitonic
states, ultimately reaching the reaction center where charge
separation initiates the photosynthetic electron transport
chain.

Another essential component of the photosynthetic appara-
tus is the LH2, a visually striking and structurally elegant
pigment-protein complex found in purple photosynthetic bac-
teria. These organisms possess two major types of light-
harvesting complexes, LH1 and LH2, each contributing to the
overall efficiency of photosynthesis.®> LH2 functions as a
peripheral antenna complex and is classified as an integral
membrane protein. The structural organization of LH2 has
been elucidated using X-ray diffraction techniques,®® and its
arrangement within the native membrane environment has
been visualized through atomic force microscopy.®®> The LH2
complex is composed of repeating heterodimeric subunits,
each formed by two polypeptides, designated as the « and
f chains, accompanied by three carotenoid molecules per
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heterodimer. One of the defining features of LH2 is its char-
acteristic ring-like architecture, consisting of two concentric
circular aggregates of BChl a molecules, nine in the inner ring
and eighteen in the outer ring. This unique arrangement
facilitates efficient excitonic coupling and energy transfer
within the complex. Fig. 2(c) illustrates both the top and side
views of the LH2 complex, highlighting the spatial configu-
ration of its protein subunits and associated cofactors.

Next, we examine the protein architecture and pigment
arrangement of the PSII reaction center, as illustrated in
Fig. 3(a). PSII is a remarkable biological complex, uniquely
capable of driving the oxidation of water to molecular oxygen
using solar energy. The molecular structure of the PSII reaction
center, comprising the core proteins D1, D2, and cytochrome
b559 (Cyt b559), has been thoroughly characterized through
X-ray crystallography.®® Within the PSII reaction center, eight
key cofactors are embedded in the protein matrix. The structure
of PSII reaction center includes two primary chlorophyll mole-
cules (Pp; and Pp,), accompanied by additional accessory
(Chlp;, and Chlp,) and peripheral chlorophylls (Chlzp, and
Chlzp,), as well as pheophytin molecules (Pheop; and Pheop,).
These components are organized in a pseudo-symmetrical
layout, forming two parallel branches known as D1 and D2,
which reflect the underlying protein subunits that coordinate
them. However, recent research has demonstrated that only the
D1 branch plays an active role in the initial steps of charge
separation, initiating the photochemical reactions leading to
oxygen evolution.®”

In comparison, the bacterial reaction center (BRC) is another
structurally symmetric protein complex responsible for charge
separation and electron transfer in purple photosynthetic bac-
teria. The BRC exhibits a high degree of symmetry along its
central axis, and recent studies have shown that charge separa-
tion occurs with near-unity quantum efficiency along the so-
called “A” branch.®® The BRC contains a strongly coupled special
pair of bacteriochlorophyll a (BChl a) molecules, as well as
two additional BChl molecules (designated BA and BB) and
two bacteriopheophytins (HA and HB). These pigments are
spatially organized according to their respective positions along
the A and B branches. Compared to the PSII reaction center,
the BRC displays distinctive absorption characteristics in the Q,
region, allowing for high-resolution investigation of ultrafast
energy transfer and charge separation dynamics. The molecular
configuration and pigment distribution within the BRC are
depicted in Fig. 3(b).

4 Spectroscopic methods for
characterizing dynamics

4.1 Femtosecond transient absorption and emission
spectroscopy

The development of femtosecond spectroscopy in the 1990s
marked a significant leap in experimental capabilities.®®”®
Ultrafast spectroscopy techniques, particularly transient absorp-
tion and fluorescence measurements, revolutionized our
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(b)

Fig. 3 Structural organization of reaction centers in photosynthetic systems. (a) Structure of the photosystem Il (PSII) reaction center, highlighting the
transmembrane protein scaffold (left) and the spatial arrangement of key pigments (right), including chlorophylls (Chlp;, Chlp,, Chlzps, Chlzpy),
pheophytins (Pheops, Pheop,), and the special pair (Pp; and Ppy). (b) Structure of the bacterial reaction center, with the protein complex shown on the left
and the configuration of associated pigments on the right, including bacteriochlorophylls (BChl,, BChly), bacteriopheophytins (BPh,, BPhy, and the
special pair (P., Pm). The 3ARC.pdb file has been used to generate the figure.

understanding of energy and charge transfer in photosyn-
thetic systems.”*””® Femtosecond transient absorption (TA)
spectroscopy uses optical interactions to probe ultrafast
dynamics in molecular systems. A pump pulse excites the
sample, creating an initial excited-state population. The sub-
sequent probe measures changes in transmission that arise
from a combination of ground-state bleaching, stimulated
emission, and excited-state absorption pathways. This enables
detailed insights into population dynamics, energy relaxation,
and coherent phenomena, making it a powerful tool for
studying energy transfer and reaction mechanisms in complex
systems. This technique has been pivotal in studying bacterial
light-harvesting systems like LH1 and LH2. Energy transfer
between B800 and B850 pigment rings, for instance, was
shown to occur in less than 1 ps, confirming theoretical
predictions of rapid exciton hopping.””””® In PSII, transient
absorption studies revealed the interplay between energy
transfer and charge separation.”® The reaction center’s pri-
mary donor, P680, initiates charge separation, transferring an
electron to pheophytin and subsequently to plastoquinone.
Measurements showed that excitation energy is funneled
efficiently from peripheral antennae to P680, facilitated by
bridging chlorophyll molecules strategically positioned within
the protein matrix.

Time-resolved fluorescence spectroscopy®® complements TA
spectroscopy by capturing emission lifetimes of excited states.
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This method had been crucial for mapping energy transfer
pathways in complex photosynthetic systems.®®® Studies
demonstrated that chlorophyll fluorescence lifetimes are shor-
tened when energy transfer is efficient, reflecting the system’s
ability to minimize energy losses during migration toward
reaction centers. Fluorescence anisotropy measurements
further revealed details about energy migration dynamics.®”
By monitoring the depolarization of emitted light, researchers
inferred the orientation and coupling strength of chromo-
phores within light-harvesting complexes. These findings
emphasized the role of pigment-protein interactions in dictat-
ing the efficiency of energy transfer.

The vast datasets generated by TA and fluorescence studies
necessitate sophisticated analysis techniques. Global analysis,
a powerful tool for deconvoluting overlapping spectral features,
has been instrumental in resolving the kinetics of energy
transfer and charge separation.®®°° This approach employs
kinetic models to extract rate constants and species-associated
spectra, providing a quantitative understanding of photosyn-
thetic dynamics. Target analysis, often used in tandem, applies
predefined kinetic schemes to identify specific pathways and
intermediate states. For example, in PSII, this method clarified
the sequential steps of electron transfer, from P680 to quinone
acceptors QA and QB.* The application of sophisticated data
analysis techniques alongside ultrafast spectroscopy has signi-
ficantly enhanced our understanding of energy flow in
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photosynthesis. High-resolution structures inform the place-
ment and orientation of pigments, while spectroscopic data
validate dynamic models.

In the 1990s, the experiments demonstrated a role for
coherent nuclear motions in the TA signals. Studies on bacter-
ial light-harvesting complexes revealed oscillatory features
linked to vibrational coherences, with prominent modes at
110 em~ " and minor contributions from others, showcasing a
coupling between electronic and nuclear degrees of freedom.”**>
By the mid-1990s, transient absorption experiments on bacterial
reaction centers captured coherent vibrational motions persisting
for over 1 ps, challenging the assumption of rapid vibrational
dephasing prior to electron transfer. These studies demonstrated
that vibrational coherence significantly influences energy transfer
dynamics.”® In the late 1990s, investigations into light-harvesting
complex II (LHC-II) utilized three-pulse photon echo and transient
absorption techniques to identify oscillations at 60 cm™", linked
to coherent nuclear dynamics during energy transfer from Chl-b
to Chl-a molecules. These experiments revealed distinct time
scales for coherence between exciton states of a single complex
and coherence between ground and excited state populations.”
Entering the 2000s, the focus shifted to understanding the role
of quantum coherence in photosynthetic energy transfer. Long-
lived vibrational coherences lasting on the order of a picose-
cond were detected in bacterial and plant light-harvesting
complexes. For instance, in LH1 and LH2 systems, oscillatory
features associated with excitonic states and low-frequency
vibrational modes were observed, persisting even at room
temperature.”>%® The evolution of TA studies highlighted the
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growing sophistication in monitoring and interpreting coher-
ence signals, underscoring their importance in photosynthetic
energy transfer dynamics.

4.2 Multidimensional coherent spectroscopy

Before discussing multidimensional spectroscopy, we note that
pigments in photosynthetic complexes have electronic excited
states coupled to vibrational modes of the pigments and protein;
this electron-vibrational coupling means that both purely elec-
tronic and mixed vibronic coherences can influence the transi-
ent spectroscopic signals. Multidimensional spectroscopy has
revolutionized the exploration of ultrafast energy dynamics in
photosynthetic complexes by disentangling some of these coherent
features. Traditional spectroscopic techniques, such as TA spectro-
scopy, often faced challenges in resolving the complex pathways
and dynamics of energy transfer due to spectral congestion.
To address these limitations, multidimensional spectroscopic
methods were conceptualized in the 1990s. This approach,
inspired by nuclear magnetic resonance (NMR) techniques,
was later adapted to the optical regime, paving the way for
studies on photosynthetic complexes.’®®” Two-dimensional elec-
tronic spectroscopy (2DES) has emerged as a groundbreaking
technique. As an extension of nonlinear optical methods, 2DES
enables detailed investigation of coherence and population
transfer processes at femtosecond timescales. As illustrated
in Fig. 4, a 2D spectrum is obtained by plotting the signal as a
function of excitation and detection frequencies. It provides a
powerful tool for disentangling complex spectral overlaps, offer-
ing insights into both electronic and vibrational couplings in
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emission along kg The time delays ty, t; and tz between pulses define the experimental timeline. (b) Experimental BOXCAR geometry illustrating spatial
separation of the laser pulses and the signal detection path. (c) and (d) Representations of the 2D spectra: (c) demonstrates homogeneous versus
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photosynthetic systems. The versatility and precision of 2DES
have also extended its applications beyond photosynthesis, facili-
tating studies of energy and charge transfer dynamics in con-
jugated polymers,®>°%1°! organic semiconductors,'®*'% hybrid
perovskites,'® ™% and quantum materials'®® and their topo-
logical properties.'

Numerous reviews have documented the development and
evolution of 2DES, highlighting both its theoretical founda-
tions and its diverse applications.”””*'®*> These reviews pro-
vide valuable insights into the method’s transformative role in
understanding ultrafast dynamics across various systems. The
principle of 2DES is rooted in the interaction between three
ultrafast laser pulses and the sample, which induces a third-
order nonlinear polarization within the system. This polariza-
tion, generated by the interaction of the incident pulses, emits
a coherent third-order polarization, which is measured via
heterodyne detection of the emitted signal. This detection
method captures both the amplitude and phase of the signal,
ensuring high-resolution spectral and temporal information.
The 2DES involves two key time intervals: ¢; (the coherence
time) and ¢, (the waiting time). During ¢;, coherence is estab-
lished between the ground and excited states of the system,
allowing quantum superpositions to evolve. Following the
second pulse, the system evolves during the waiting time ¢,,
during which population relaxation and other dynamics (such
as energy transfer or decoherence) occur. By performing a
Fourier transform over ¢ and ¢; (the detection time), a two-
dimensional spectrum is generated. This spectrum is plotted
with excitation frequency (w;) on one axis and detection
frequency (w;) on the other, offering a detailed view of the
coupling and dynamics between different states within the
sample. The pulse sequence and photon echo (PE) signal are
shown in Fig. 4(a).

Two primary geometries are employed in 2DES setups: the
noncollinear BOXCARS geometry and the partially collinear
pump-probe geometry, which are shown in detail in Fig. 4(b)
and (c). The BOXCARS geometry uses four noncollinear beams
arranged in a rectangular pattern, offering precise phase-
matching conditions that isolate the signal from undesired back-
ground contributions to achieve better signal-to-noise.*®'"
However, its complexity makes alignment and implementation
technically demanding. Conversely, the partially collinear pump-
probe geometry is simpler and more robust, as it uses over-
lapping beams in a collinear arrangement.'*® While this geometry
requires meticulous calibration to maintain phase stability and
data reliability, its ease of use makes it a popular choice for many
experimental setups. 2D spectra are typically plotted with one
frequency axis for excitation (w,) and another for detection (ws);
either axis can be assigned to excitation or detection, and both
conventions (w, on x-axis vs. y-axis) are used in literature.

The 2DES offers significant advantages over one-dimensional
techniques like transient absorption or fluorescence spectroscopy
by addressing the limitations posed by spectral congestion.
In one-dimensional techniques, overlapping spectral features
often obscure distinct contributions from different chromo-
phores or energy states. In a 2D spectrum, diagonal features
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(peaks along the w; = w; line) indicate populations or
zero-quantum coherences (absorptive peaks without energy
change), whereas off-diagonal cross-peaks reveal correlations
between different transitions, indicating coupling or energy
transfer between excitonic states. This enhanced resolution
enables the identification of individual transitions and their
interactions, even in complex systems like photosynthetic
complexes or organic materials. A key feature of 2DES is its
ability to separate contributions from homogeneous and inho-
mogeneous broadening. Homogeneous broadening arises from
the intrinsic dynamics of a chromophore, such as interactions
with its immediate environment or decay processes. Inhomo-
geneous broadening, on the other hand, reflects static disorder
in the system, such as variations in chromophore environments
or structural heterogeneity. In the limit of fast modulation
(motional narrowing), homogeneous broadening appro-
aches a Lorentzian lineshape, whereas in the static limit of
slow modulation, inhomogeneous broadening can often be
approximated by a Gaussian. In practice, lineshapes may be
Voigt or intermediate depending on the regime. The ability
to distinguish these contributions is crucial for understanding
how local environments affect chromophore properties,
energy transfer efficiencies, and photophysical behaviors.
In 2DES spectra, this separation is achieved by examining
diagonal and off-diagonal (cross-peak) features. Diagonal
peaks are often dominated by inhomogeneous broadening,
while off-diagonal peaks reflect couplings and energy transfer
between states.

The presence of cross-peaks in 2DES spectra is particu-
larly revealing. These features indicate interactions or energy
transfer between coupled chromophores. The intensity,
shape, and temporal evolution of cross-peaks provide quanti-
tative information about coupling strengths, transfer rates,
and the efficiency of energy migration. For example, in photo-
synthetic light-harvesting complexes, 2DES can resolve energy
flow between pigments and reveal how structural or environ-
mental factors modulate these pathways. Temporal changes
in cross-peaks can be analysed to extract quantum coherence
lifetimes, which are critical for understanding how long
coherent superpositions persist in biological or material sys-
tems. The details of 2DES with resolved main and cross peaks,
the time-resolved trace of selected peak are presented in

Fig. 4(d)-(f).

5 Theoretical methods
5.1 Response-function formalism vs. phase-matching approach

In this section, we compare two computational frameworks
for simulating multidimensional spectra: (i) the response func-
tion formalism' and (ii) the phase-matching approach.'*’
We consider these two theoretical formalisms for calculating
third-order nonlinear optical signals. The response function
formalism uses an integral (convolution) representation of
four-wave mixing via double-sided Feynman diagrams (the tradi-
tional Liouville-space approach). In contrast, the phase-matching
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time-domain approach uses real-time propagation of the density
matrix under specific phase-matching conditions (a time-domain
kinetic equation approach).

5.1.1 Spectroscopic calculations based on response func-
tion. In the regime of weak electromagnetic field-matter inter-
action, perturbation theory provides a fundamental framework
for analyzing a wide range of physical observables encountered
in both linear and nonlinear optical spectroscopy. Within
this approach, the system’s optical response is described
through correlation functions involving transition dipole
moments, capturing the underlying dynamics of light-induced
processes.™* The two-dimensional spectra is a third-order opti-
cal response signal and the electronic polarization P can be
written as

PO(1) = i3NJ

dt3‘ dlzJ Cll‘lR(3>(l‘37 1, tl)
0

Jo 0 (5)
E(r,t —3)E(r,t — 13 — h)E(r,t —t3 — 1 — 11).

Here, N refers to the number of the molecules and r represents
the wave vector of electric field. R®) is the third-order optical
response function and it shows the form

RI(13,12,11) = ([[u(ts + 2 + 1), u(t2 + 11)], (1)), 1(0)] po)

— (W) (1) G (1) p),
(6)

where p, refers to the system density operator at initial time,
u(t) = efmetyeHmol Here, u and Hy, is the transition dipole
moment and molecular Hamiltonian, respectively. The Liou-
ville space super-operators ¥~ and %(t) are defined as 7 p = [u,p]
and Y(t)p = e Hmlpelmol  regpectively. Moreover, the time
intervals ¢, ¢, and ¢; are denoted in Fig. 4(a).

In the 2D spectroscopic measurement, a sequence of three
laser pulses, characterized by wave vectors k;, k,, and kj
sequentially interacts with the sample. The resulting third-
order nonlinear signal emerges along a specific phase-
matching direction, denoted as kg, Under the rotating wave
approximation, the overall signal response can be decomposed
into two distinct contributions: the rephasing component k; =
—k; + k;, + k; and the non-rephasing component k;; = —k; — k, +
k;. The total signal can be obtained as: R(S)(tS,tz,tl) = Rip(tastasts) +
Rui(t3,t5,t1). The rephasing and non-rephasing parts can be
written as

o(13)V+9(0)V+9 (1) ~py),
(g (13)7"29(12)V"-4(11) V" +po),

Rip(t3,12,11) = (u

Rnr(l37t27t|) =

N N
= W, and u, = > w,al. al, and

m=1 m=1
a,, are the creation and annihilation operators. The transition
dipole moment can be written as

where Vip = [,u'ivp]y =

N
n= Z .um (llm + ajn) . (8)

m=1

Chem. Soc. Rev.

Chem Soc Rev

With expansion of the commutators, we have the R, and Ry,
with forms

Rip(ts, 12, 11) = @1(t3,12,11) + Po(13, 12, 11) — P3(13, 12, 1),
Rur(t3, 12, 11) = D4(t3, 12, 11) + Ps(t3, 12, 11) — P (13, 12, 11),
9)

where the response functions (¢; — @) are defined by the
following expressions:

(pl (Z37 I, tl) = <H’é’(l3){g([2) [ﬂ+g(

Oy (13,10, 11) = (u_%(13){p, %(

(Port )iy }),
0)[%(0)(pon-)1s]}),

¢walzwﬂmnm%mMﬂmewb,ﬁm
® (g (){%(2) [9(11) (uyp0) -] 111 }),
®s(13,02,11) = (u_9(13){ 1. %(02) [ (11) (1100 ] })

( )
( )
4(t3, 0, 1) =
( ) =
( )=

) [9(n) -1h-

The components @, to ®, correspond to distinct pathways in
Liouville space, each represented by double-sided Feynman
diagrams illustrated in Fig. 5. These pathways contribute to
the third-order optical response and are typically categorized
into ground state bleaching (GSB), stimulated emission from
the excited state (ESE), and excited state absorption (ESA).**
The connection between the terms ¢, — &4 and the four third-
order response functions,'® R,-R, is also depicted in Fig. 5. For
completeness, Fig. 5 illustrates various Liouville-space path-
ways, including the double quantum coherence (DQC) pathway
(involving two-exciton states). Although two-exciton (double-
excitation) levels are not a focus of this review, we include
DQC to show the full third-order response picture; in practice,
our discussions and the experiments reviewed do not excite or
probe the two-exciton manifold in detail.

Under the impulsive excitation approximation, the absorp-
tive component of the two-dimensional spectrum is obtained
by taking the real part of the combined double Fourier-Laplace
transforms of the rephasing, R, and non-rephasing, R, with
respect to the first and third time variables, ¢; and ¢;:

Do (13,12, 11) = (u_9(13){ . %( ) (14p0) 1t

0
S(w3,12,w1) = RCJ dl1J dl |: ”Ultlﬂm“)Rnr(lg,,lz,tl)
’ (1)

+ ei(iw][]+w3[3)Rrp(l3, b, ll)] .

In the response function formalism, finite laser pulse dura-
tions and shapes are included via convolution integrals of the
impulsive response with the pulse temporal profile (often
Gaussian). This convolution effectively accounts for the pulse
bandwidth without explicitly including the pulse in the system
Hamiltonian.

5.1.2 Phase matching approach. We now focus on the
phase-matching (time-domain) approach (sometimes referred
to as the ‘photon echo’ method in the context of nonlinear
spectroscopy). Photon echo transient grating often simply
called the photon echo technique is a specific phase-matched
four-wave mixing experiment in the phase matching approach
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Fig. 5 Feynman diagrams representing different signal pathways in two-
dimensional electronic spectroscopy. (a) Rephasing (photon echo) path-
ways showing ground state bleaching (GSB), stimulated emission (SE) and
excited state absorption (ESA). (b) Non-rephasing pathways for the same
three processes: GSB, SE and ESA. (c) Double quantum coherence (2Q)
pathways invovling coherences between the ground, single-exciton and
double-exciton states. Each diagram shows the sequence of light—matter
interactions with wavevectors ki, k», k3 and the emitted signal kgq with
quantum state evolution indicated at each step.

(PMA), the evolution of the system density matrix is simulated
up to the desired detection time, and the induced polarization
is evaluated at that time for given ¢ and ¢, delays by evolving
three auxiliary density matrices, denoted as p;, p,, and pz.""°
This formalism incorporates the rotating wave approxima-
tion to simplify the treatment of light-matter interaction. The
corresponding equations governing their time evolution are

presented here:

0

S0 (1) = =i[H=Va(t.00) =V (,12) = Vi(1.12). 01 (0] =Ry ()},

9 pa(t) = —i[H—Va(1,00) = Vi(t.2). (0] ~ R pa(0),
9 sty = —i[H = Vi(00) = VA(115),p2(0)]| = R0},

(12)

here, V, = XE,(t — t,)e"”" and E,(t — t,) = exp[—4In 2(¢ — t,)*/7,7],
Tp is the pulse duration. H is the system Hamiltonian, X is the
transition dipole coordinate and R is the dissipative super-
operator. The calculation of the third-order 2D response
involves evaluating the polarization component that propagates
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along the specified phase-matching direction, as formulated
below:

Pox(t1,t2,ts) = €5 *(X[p1(6) — pa(f) — pa(@)]) + c.c.,  (13)

here, the bracket (...) denotes the expectation value of operator.
Experimentally, the Gaussian pulses can be given as

3
E(l) _ Z Ae—4In2(t—t1)2/rpzeiwtefier +ecc.,

=1

(14)

here, A denotes the pulse amplitude, ¢, represents the central
time of the pulse envelope, k, is the associated wave vector, 1,
specifies the pulse duration, and w corresponds to its frequency.
A relatively weak magnitude (4, comparing to the molecular
Hamiltonian Hg) of the laser pulses has been employed to obtain
a reasonable scale of 2D spectra.

While the previous section dealt with calculating both rephas-
ing (photo echo) and non-rephasing contributions via response
functions, this section describes an alternative approach focus-
ing on simulating the photon echo signal directly in the time
domain. Using the phase-matching approach, one can simulate
the time-domain photon echo signal directly by including the
laser pulse interactions in the propagation. A Fourier transform
of this time-domain signal (along appropriate axes) then pro-
duces the corresponding 2D spectrum. In the response function
method, arbitrary pulse shapes can be incorporated via con-
volution integrals; in the phase-matching approach, they are
included by explicitly applying the time-dependent fields during
propagation. Thus, both frameworks can handle shaped or
chirped pulses and even be used for pulse optimization studies
(such as coherent control). Both the response function and
phase-matching calculations can be paralleled. In the response
function method, independent Liouville-space pathways or fre-
quency points can be computed in parallel, while in the time-
domain approach, different ensemble members or pulse delay
conditions can be paralleled. Modern implementations use
multi-CPU and GPU computing to accelerate these calculations.

The response function formalism is well-suited for deriving
analytical expressions and separating contributions (e.g.,
rephasing vs. non-rephasing) and has been the traditional
approach for spectra calculations. The phase-matching time-
domain approach, on the other hand, can be more convenient
for incorporating detailed experimental conditions (pulse
shapes, specific phase sequences) and for simulating time-
domain signals directly. Each approach provides similar results
when applied to the same problem, and choice of method
can depend on the specific computational or conceptual con-
venience. It should be noted that the conventional response
function approach typically employs the rotating wave approxi-
mation (RWA) and assumes that each light-matter interaction
changes the excitation quantum by one (no AC Stark or strong-
driving effects included), and it treats dissipation indepen-
dently of the driving field (dissipative dynamics are not altered
by the instantaneous presence of the laser field). These approx-
imations, while usually valid for weak laser fields, mean that
certain phenomena (e.g., dynamic Stark shifts or pulse-driven
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modifications of decoherence) are not captured in that frame-
work. A real-time propagation approach could, in principle,
include such effects by not invoking RWA or by coupling the
field into the system-bath interaction if needed.

5.2 Quantum dissipative systems and open-system dynamics

In this section, we present the quantum dissipative system
and introduce the corresponding system-bath Hamiltonian.
In addition, we outline several distinct formulations of master
equations employed in its description. We begin with the
coherent modified Redfield theory, an approach that extends
standard Redfield to include certain coherence effects. It is a
second-order perturbation theory in the system-bath coupling
that can incorporate non-Markovian effects (here non-Markovian
or time-nonlocal dynamics means that the future evolution of
the system depends on its history, i.e., the equation of motion
involves an integral over past times - a memory kernel)."*
We discuss several theoretical formalisms for open quantum
dynamics: (1) perturbative density-matrix approaches (e.g.,
Redfield and its variants, including coherent modified Red-
field), which assume weak system-bath coupling; (2) Forster
resonance energy transfer (FRET) and modified-FRET methods,
which are applicable in the incoherent (hopping) regime;
(3) hierarchical equations of motion (HEOM), a numerically
exact method for system-bath dynamics; (4) quantum path-
integral methods such as QUAPI; and (5) hybrid quantum-
classical (QM/MM) simulations, which combine quantum
chemistry with molecular dynamics. Each approach has its
regime of validity and strengths, as described below.

5.2.1 Quantum dissipative systems. A molecular system
with electronic degrees of freedom (DOFs) interacting with a
thermal bath can be considered as a quantum dissipative
system. The total Hamiltonian is given as

Hiot = Hs + Hg + Hgp, (15)
where Hg describes the electronic DOFs, which shows
Hs = Z 6,,1(1,,7 am + Z Z Jnm am ap + ay am) (16)

m=ln<m

In this formulation, ¢,, denotes the transition energy localized
on site m, while J,,, represents the coupling between molecules
n and m. Hy corresponds to the nuclear phonon degrees of
freedom. The model assumes that the electronic excitation on
molecule m interacts exclusively with its own independent
harmonic bath, such that

_ mi}v; (pm/

Here, Ny denotes the total number of bath modes interacting
with molecule m. The quantities x,,; and p,, represent the mass-
weighted coordinate and momentum, respectively, of the j-th
harmonic oscillator bath mode with frequency w,,. The elec-
tron-phonon interaction term, Hgg, is considered to induce
only site-specific fluctuations in the electronic energy, with no

+ (Um/xm/z) (17)
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correlations between different chromophores. Hgg is assumed
to be linear in the bath coordinates, then, we have

Nm

HSB - § E cm]xm]am am = § F, am A,y

m=1 j= m=

(18)

where the collective bath coordinate F,, is defined as F,, =
N
> C¢mjXmj With c,; being the coupling strength between the
J=1
excitation of molecule m and the j-th mode. The correlation
function of the collective bath coordinate F,, is then given by

1 _ .
Cu(t) = Z—BTr (e’ﬁH“"e’HPh’Fme”HPh’Fm)

_ (19)
1 00 —lot
:7J dos In(o)
TJo

1 —efo’

where Zg is the partition function, f = 1/(kgT), and J,,(w) is the
spectral density, which describes the frequency distribution of
harmonic oscillators in the bath and their coupling to the
molecule. The definition of the spectral density is

N,
T Cmj
Im(w) == E
2 = Omy

O(@ — o). (20)

For the light-matter interaction, we employ the dipole approxi-
mation of the molecule in the visible range and the Hamilto-
nian can be written as

H(t) = Heor — wE(Y), (21)

where E(t) is the classical electromagnetic field and u is the
dipole operator. The total dipole operator u has been defined in
eqn (8).

5.2.2 Quantum master equation: Redfield vs. coherent
modified Redfield equation. The population dynamics of the
molecular system and their interactions with light and the bath
can be calculated by quantum master equations.'*" The Naka-
jima-Zwanzig equation can be directly derived from the total
Hamiltonian with the projection operators. With the second-
order approximation of system-bath interaction, the typical
form of Redfield equation can be derived with Markovian
approximation. The evolution of the system is characterized
through its reduced density matrix, derived by performing a
trace over the bath degrees of freedom in the total density
matrix, ptot(ﬂi

ps(t) = tre{peor(8)}- (22)

The formal expression for the time evolution of the reduced
density matrix, ps(t), is provided by the Nakajima-Zwanzig
equation (here 72 = 1)

Ips(t)

o —iLps(1) — J'Odfz%/(f)ﬂs(f - 1),

(23)

where the kernel of the integro-differential equation is
defined by

A (1) = trg{ Lspe LU Lpppl. (24)
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Here, the Liouville-space superoperator notation is employed,
such that ¥p = [H,p], and related forms. The projection
operator P is specified as:

Pp = pgtre{piot) (25)
where pg is the equilibrium density matrix of the bath
—Hy/kpT
: (26)

PB = _trB{efHB/kBT}'

For convenience, it has been assumed that the system-bath
interaction fulfills

trg{Hspps} = 0. (27)

The initial state is taken to be separable, such that p(t = 0) =
ps(t = 0)pg. The Nakajima-Zwanzig eqn (23) is formally exact.
However, the kernel (24) is hard to obtain. Thus, the Nakajima-
Zwanzig equation is of little practical use. Here, we need to
include two approximations: (i) the memory kernel (24) is
expanded up to the second order in Hgp (Born approximation)

—i(fz,”s+ffls)‘fg

Y(1) ~ trg{ZLspe SBOBJ- (28)

(if) The reduced density matrix pg(t — 7) in the integral is
expressed by

ps(t — 7) = e pg(0),

here, we need to neglect the interaction with bath. Because the
integro-differential equation is local in time, the second step
presented here relates to the Markov approximation. In this
context the non-local and local equations of motion relate to a
chronological or partial time ordering,"*” respectively.

With the two approximations (28) and (29), a local-in-time
equation of motion for the reduced density matrix can be
written as

(29)

Aps(1) .
gt = —’[I[‘Isal’s(f)]
- | @t @ ps0paly. G0
where we have defined
Hgp(1) = e7i(HS+HB)THSBei(HS+HB)T- (31)

Introducing, furthermore, the energy eigenstates of the
system

Hs|u) = Eulp), (32)
the original form of the Redfield equation is obtained,
8.05 1/(Z) .
L = i P (1) D Rumipsen (1) (33)
pst KA
Here, ps (t) = (u|ps(¢)|v) indicates the matrix elements of the

i

reduced density matrix in the eigen-representation and w,, =
E, — E,. In this subsection, we assume the p is the index of the
electronic state, which should not be mixed with the definition
of transition dipole moment in the last sections. As the same
description as in eqn (23), the first term on the right-hand side
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of eqn (33) accounts for the isolated-system dynamics, the
dissipation due to the interaction to the thermal bath is
accounted by the Redfield tensor R,,,;. The explicit expression
for R, is derived from eqn (30) and it can be written as

+
51/)» Z F/tmac
o

- + -
= F/lwm + F}m/uc

- 5;17( } F/lom/_a
o

Ruwci

(34)
with

t
F/lu,u,c+ = J thrB{</ﬂL’67jHBTHSB€iHBi’V> <'[1‘P]SB|K>}ef’.w#h"7
0

(35)

it
Fiwuc7 :J drtrB{<ﬂ,\HSB|u)<u’ef'H"THSBe"HBT|K>}ef"")’?”‘
0
(36)

The accuracy of the approximation can be improved by the
coherent modified Redfield equation (CMRT), in which the
non-Markovian effect can be included with the time-dependent
correlation functions. The CMRT can be derived from the
Nakajima-Zwanzig equation'* using a scheme for the separa-
tion of the total Hamiltonian,'** it can be expressed as

Hy = Hs+ Hg + Y _ |u){u|Hsp|u)(ul,
' (37)
H' = " |w){ulHsslv) (v,

WUV uFv

where |u) are eigenstates of Hg and H' is the off-diagonal term
of the system-bath interaction part in the exciton basis. In this
exciton basis, H, is diagonal and it shows

(H|Ho|p) = &, — (38)

where ¢, is the p-th excitonic energy of the system Hamil-
tonian and

)“umlu + Hy(u),

2
e
)v;u/u’l/’ = Z <,Uv‘Km|V> <:u,|]<m‘l/> Zzn%a (39)
o 7 ATMmj Dnmj
is the weighted reorganization energy. Here, K, is the m-th

element of the system-bath interaction term, which denotes
the coupling elements between system and bath. Moreover,

K|
— 40
T +M%@ﬁzmw) @)

describes a bath of harmonic oscillators with mass m;, fre-
quency w;, and momentum pe.

Moreover, we need to define the new projection operator for
CMRT method. Different from Redfield master equation, here,
we define only projections on the diagonal part of the system
density matrix in the eigenstate basis. We have

N
P=> P, with P
n=0

w = Rigtr{lul-}, (41)
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where P, is the projector onto the u-th excitonic state and
Req = exp[—PHg(1)]/Zeq is the equilibrium density matrix of
the bath when the system is in the excitonic state |u). Also,
Zgq = trexp[—fHg()] with = 1/(ksT). T is the temperature.

With these defined variables, one obtains the equation of
motion for the populations in the form (determining H' to
second order and invoking the time-dependent population
transfer rate)

)= 3[R 09,0 1)~ Ros10,,1)]

(42)
with the population transfer rates'*®
t
Ry (1) = 2Re| dete{lv) wlexp(ithoe) 1)
0

x R, exp(iHor)H’},
t

= 2ReJ0dr exp [—z’a)w,f — (7)) — G (7)

+ gw/;m(T) + g;t,uuu(f) - 21‘()%/1/1/1/ - ;L;t,uuv)r
X {g;wuu(f) - I:g.l/‘m/u(‘c) - g.uu;w(‘f) + Zi;Lz/yyy]
X [g.ww/(f) - gu;tuu(r) + 2i}~,um/u} }
(43)

Here, w,, = ¢, — ¢, The lineshape function g, ./(t) can be
expressed as two-time-integral of the bath correlation functions,
which shows

(44)

t T
g;u/u’l/([) = Z (u| Ki|v) <”/‘Kk‘y/>JOdTJ0dflC(T/)>

k

iot

ood . . .
with C(7) = | ?wJ (w)eﬂm — With these equations, we obtain

the absorption lineshape in the CMRT framework as

I(w) = ReZdHL dr
u

. 1 !
X €Xp [1 (w - WHO)Z — (1) — EZ ‘()RWW(T):| .
vF#EUY
(45)

Up to this point, eqn (42) constitutes the modified Redfield
theory, as developed and applied in ref. 125-131. Based on the
population transfer term in eqn (42), we could extend the
quantum master equation by including the time-dependent
terms and the resulting coherent modified Redfield quantum
master equation can be written as**?

9 pslt) = ~ilH + F(1),ps(0] ~ Rips(0)},

(46)
where F(¢) is the time-dependent system—field interaction term.
The diagonal and off-diagonal terms are also included in the
relaxation and dephasing operator ®{ps(¢)} and the diagonal
part of the relaxation operator, which was described in ref. 121,
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can be written as the following after the secular approximation

R(os(D}= 3 [Ruwn (095, = R Ops]- 7
The off-diagonal terms R{ps(t)},,, describe the decoherence of
the excited states and electronic dephasing between the ground
and excited states. Moreover, the transfer rate can be effectively
determined by 1/T, = 1/2T; + 1/T3, where T, is the transverse
relaxation time, Ty, 7, are the longitudinal relaxation time
and pure dephasing time, respectively. For more specificity,

1/Ti = Y Rywe + > Ruvee and 1/T; is given by the first
eFu eFv

derivative of the lineshape function g,..(t). Thus, the off-
diagonal terms of the excited states and the relaxation between
ground and excited states are

%{Ps(t)},w = {; ZR;l/tL‘('(t) + ZRW@(I):H
Le#u e#v

+ gﬂl‘”’/(t) }/’s;w(t)7
(48)

§R{IOS(Z)}MOZ {; Z Rmmnn(t) + Z ermm([):|

Lm #n n#m

+guuuu(1)}ﬂsuo(l).

The extension of the quantum master equation has also been
developed in ref. 133.

5.2.3 Time local vs. non-local quantum master equation.
Apart from the Redfield and CMRT approaches, several other
quantum master equation formulations exist that are derived
under the second-order approximation for system-bath inter-
actions. These perturbative schemes are generally categorized
into two types: time-local (TL) and time-nonlocal (TNL), which
are based on the Nakajima-Zwanzig projection formalism
and the Hashitsume-Shibata-Takahashi identity, respectively.
In the TL quantum master equation (QME), the system’s
evolution depends solely on its instantaneous state, whereas
the TNL QME additionally incorporates the influence of its past
dynamics. In this section, our primary focus is on the TL
framework, though comparisons with the TNL formalism are
also provided.

The TL formalism originates from the Hashitsume-Shibata-
Takahashi identity and is also referred to in the literature as the
time-convolutionless method,"** the partial time-ordering
prescription,’*® or the Tokuyama-Mori approach.™*® This fra-
mework can be derived via a second-order cumulant expansion
of the time-ordered exponential, leading to a resummed form
of the resulting expression.'* In some studies, it is alternatively
described as the time-dependent Redfield theory."*” Gzyl'*®
demonstrated that the time-convolutionless formulation devel-
oped by Shibata et al.™*° is equivalent to an earlier formulation
proposed by Fulinski and Kramarczyk."*®'*' By applying the
Hashitsume-Shibata-Takahashi identity, the TL equation can
be obtained to second order in the system-bath interaction.*?

dps(1)

1
L = i P (1) + J()dl,K(l7 ps (),

& (49)
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where
K(t, !y =3P Us(t, ), [a(t — )Lk —b(t — ") L, ]%;(z, '),
k
(50)
jeff [HS + Hrem ], $k7 = _i[KIu ‘]y a(fk+ = [Kla .]-H

(51)

where K is the k-th element of system-bath coupling term, the
free time evolution superoperator of the relevant system can be
written as

t

Us(t, 1) =T, exp{fij

(52)

dfys(f)},

here, T is the time-ordering operator. Here, we do not consider
the initial correlation between system and bath, thus, we have
ps(t = 0) p(t = 0)pgl. By making the approximation
substitution,®” we could obtain the formula as

ps(t') = Ut )ps(2), (53)

in the form of TNL equation. Here, we neglect the influence of
dissipation on the time propagation of the density matrix
within the integral. Employing the real and imaginary parts
of the correlation function and carrying out the commutators
Zi and Z;", we define the following operators

A (1) = Jtdt/a(z — " Us(t,1") K, (54)
0
Al (1) = J[dt/b(z — t"us(t, 1)Ky, (55)
0
and
Ae) = AY(D) — iA(0). (56)

With these defined identities, the EOM for the reduced
density matrix can be obtained as:

Dps(t) = — i pg(0) = S [Kel0s(0) + ps) ALK
k

— Kip(0)AL(1) = Ac(Dp(DKi]
(57)

these equations will be used in the following discussion of
time-dependent and time-independent cases.

In its classical definition, a master equation is considered
Markovian when it lacks any time-convolution terms, as exem-
plified by the TL approach. In the present context, however, the
term ‘“non-Markovian” is used in a different sense than in
some prior works. Within the TNL framework, non-Markovian
behavior generally refers to deviations from the standard
Markov approximation. This approximation typically involves
two steps:'**'* first, reformulating the equations such that the
density matrix does not depend on the integration variable; and
second, extending the upper integration limit to infinity,
thereby fixing the integral to a constant value. In this treatment,
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the system Hamiltonian is taken to be time-independent,
enabling the use of an energy eigenbasis without further approx-
imations. In this representation, Greek indices will refer to energy
eigenstates and eigenenergies, e.g., E, and |u). For a time-
independent Hamiltonian, the matrix elements of operators A
can be evaluated in this basis, with the corresponding transition
frequencies w,,. The desired expression can then be obtained by
decomposing the spectral density and applying a change of
integration variables,"*”'** leading to the following form:

1
(Ul Ailw) = <M|Kk|u>j dr'C(t' e = (u|Ke|) O (1, )
0
(58)

in which the complex function ©"(t,w,,) is given by

@ l < ( ;—iw/”,)t 1
CU;U/ Z JVJ lw#,,

(59)

J

here, the notation of ref. 146 is adopted for O(t,w,,), together
with the use of correlation functions. For the non-Markovian
case, ©(t,w,,) must be computed at every time step, in contrast
to the Markovian limit where it is evaluated only once. In the
Markovian approximation, the expressions are readily obtained
by extending the upper integration limit in eqn (58) to infinity."**
Regardless of whether the dynamics are Markovian or non-
Markovian, the computation of the electronic matrix elements
in eqn (59) does not require any explicit time integration.

We now consider the scenario of a time-dependent Hamil-
tonian, where the eigenstate representation can no longer be
employed as a straightforward means of solving the problem.
Even performing instantaneous diagonalization at each time
step is insufficient, as it necessitates corrections for the time
dependence of the basis functions. A viable approach to
address this challenge involves the introduction of auxiliary
quantities, a strategy originally proposed by Meier and Tannor
for the TNL-QME framework.'*” Within the TL formalism,
however, auxiliary operators are defined in place of auxiliary
density matrices,"*® taking the following form:

t -
AL (1) = J de'e’e as(1,1')K, (60)
0
; ! il
W (1) :J dr'e’ wus(t,t")K. (61)
0
With these operators, the TL-QME can be written as
dp ¢ ) ' ny
jt( N e (:Z [os(1)45(1) = A5 (0)ps ()]
k=1
—Z ps (DA (1) + A4 (1)p s(0)]-
(62)
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Taking the time derivative of A(t) and Ak(¢), the following
differential equations can be written as

da;

5 = Uk —iZs) M+ K, (63)
dA; o i

dtk = () —i%s) A + K. (64)

The formulation is independent of the chosen representa-
tion and remains applicable to any general time-dependent
system Hamiltonian, including scenarios such as light-matter
interactions or strong laser driving. The coupled differential
equations given in eqn (62)-(64) can be numerically integrated
using a Runge-Kutta algorithm. In related work, Yan and
collaborators****® proposed an analogous method derived
from a correlation function framework, which takes the form:

ct) =t~ = [ 2250 oo eon(12)
o0 (65)
- IL (;—C;;J(w) sin(wt)
= ,:1 s {coth (B /2 - coth g /2)¢ 1}
o (66)
+%k:lj(m)e it
e R

In numerical studies, the TNL variant of the quantum master
equation has been widely utilized, as it explicitly incorporates non-
Markovian interactions between the system and its environment.
Within the framework of a second-order treatment of system-
bath coupling, the kernel function, which is responsible for
encoding the memory effects, can be reformulated into a set of
coupled equations through the introduction of auxiliary density
operators. This formulation is referred to as the TNL quantum
master equation."””*>" The temporal evolution of the full density
matrix, pyr, is then described by the Liouville-von Neumann
equation ¥

Prot = _i[Htot; /)tot] = ZProt (68)

The total Hamiltonian, H, = Hg + Hg + AHgg + A*Hyen,
comprises the system Hamiltonian, bath Hamiltonian, system-
bath interaction term, and the corresponding renormalization
term, as previously outlined. The interaction is expressed as

N
Hsg = f(x) Y ¢;x;, where f(-) is a real-valued function. Following
j=1

the Nakajima-Zwanzig projection formalism,"* the dynamics are
partitioned into system and bath contributions. The thermal bath
is described by the canonical density operator pp! = exp(—SH,)/Z,
at temperature T, with Z;,, denoting the bath partition function.
The exact formal quantum master equation for the reduced
density operator pg(¢) is obtained by applying the projection
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operator P = ppd, tr,, with tr,ppd
Q=1 — P,"" yielding:

= 1, and its complement

pslt) = LTp(r) + jodz'm Nps(t') + (1),

S = L+ itre Loy + 22 L ren,

o (69)
K1) = itry 24, (%f Jova )Q(zb L,

(1) = Mtrp Ly (fejogyd’”> 0016:(0).

In this context, p(0) denotes the total density operator at the
initial time ¢ = 0. The Liouville superoperators %, Zq, and Zren
correspond to the system, the system-bath interaction, and the
reorganization energy contributions, respectively. The effective
system Liouvillian is given by £ = —i[Hg + Hyen, ], while I'(f)
represents the inhomogeneous term arising from the initial
density configuration. By performing a first-order expansion of
the correlated thermal equilibrium state with respect to the overall
coupling strength 4, the expression can be reformulated as:

ol e

Zs Zb

B(Hs+Hy)

(70)

! —(B—#) s+ Hy) (1) B (HyHy)

— /‘L?Zib‘[ dﬁ Hsb (S s
here, the partition functions are Zy. = Trexp(—fHor), Zp = Trp
exp(—fHp) and Z; = Trgexp(—fHs). We take the trace over the
system part and we can write

e 1 — H,

Py = Zh ¢~ PHe +Z J dp'e” (Zcxl>e FHs - (71)
where y = (1/Zy)try[f(x)e *]. The well-known bath correlation
function can be separated into real a(t) and imaginary parts b(¢).
After inserting eqn (70) and (71) into eqn (69), we can write the last
three terms of eqn (69) by a(f) and b(¢), then, we obtain

«ip:ﬂ = gs +/~“2,u$rems +)~2X.u$77

K(t,\=22" (a(t— N7l o pi— )T

u "
CJ/’g)sdl $+),

‘0 ! n
T ()= AZ$*J dr’ [a(z— z/)fefufs“’ L pH

+b(tft’)ﬁ"efﬂyﬁd’"ngq},
(72)
with ¥~ = —i[Hsg, o] and ¥" = [HSB, o], — 2y. 7 is the time-
ordering operator'>® and u= fo (w) /.

In order to obtain an analytlc form of the bath correlation
function, the actual spectral density can be expanded into a
sum of artificial forms of spectral density in the form

n Pr®
T =3 [(w + Q/()2+Fk2} [(w — Q)T ‘3}’

(73)

NI?—I
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where py, Q; and I'y are the spectral amplitude, frequency and
width follows from the expansion of the original function in
terms of Lorentzian functions. After inserting the expanded
form of J(w) in eqn (71), we obtain

coth F(Qk + iFk)e’QA”rk’]

2

Pk coth {E(Qk - iFk)e"'Qk”F"’}

2301, " |2
(74)
2
+2 J(ivy)e V!
b=
n .
Dk iQut—Tit —iQut—Tyt
b(t) = iQt—Tyt _ il =T
1) 28O T ¢ ),

with the Matsubara frequencies vy = 2nk/f. Then, we rewrite the
Ny r n I .

correlation functions as a(t) = kz abe’i and b(r) = kz aj.e’k’ with
=1 =1

n; = 2n, n, = 2n +n' (1’ is the number of Matsubara frequencies).
We then define a new set of auxiliary density matrices

t 00
N7 Iyt gt _
pilr) = z(fefod' **"*e"k’L di'e el 2

t t "
+J dt'e}'i(’*’/)fejﬂd’/L"ff’ps(t'))
0
(75)
i qd;’g’. o o P! iy
pi(t) = 4 7elo se"k’J di'e?s el gt pt
0

4 i ! "
+ Jodt’eyi(”’ )fefﬂd’ L5$+ps(1’)).

The time-retarded term of eqn (69) can be deconvoluted into
a set of coupled first-order equations, which shows the form

ps(t) = L (1)ps(t) + 7 [Z’ w2 k() + Z'oczzpm}
k=1 k=1

Pr(t) = [Z5(1) + 7] pi(0) + 22 ps(1),

P(t) = [Zo() + 0] pi(0) + AL ps (1), k=1,....m.

k=1,...,n,

(76)

5.2.4 Hierarchy equation of motion and recent progress.
Different from Redfield and time non-local quantum master equa-
tions, the hierarchy equation of motion (HEOM) includes the full
order of system-bath couplings and yields numerically exact results.
The HEOM has been constructed by Tanimura*>*"*® and it has
been further extended by other research groups.’”'**"'%* Here, we
start from the bath correlation function as described before

1[° e—fwrj(w)
Cp(t) == do——"—"=
() TJO T " po

(77)
The Lorentzian spectral density with a Drude type of cutoff is

J(w) = w? V:)yz. The bath correlation function Cy,(t) in eqn (77)
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can be written as a sum of exponentially decaying functions,
which shows the form

Cult > 0) = 3 cre .
k=0

(78)

with v, = y and v are the Matsubara frequencies, as introduced
before. The coefficients are

oo = Tleot(By/2) — i, 79)

and

4fcmny
——— k> 1.
(2km)> — (By)?

Here, n is the coupling strength contained in the spectral
density. The initial state can be expressed as a direct product
between the reduced density matrix and the bath at equili-
brium. The formula of HEOM can be written as

d L ~
ap” = — (lg + Z annkyk) Pn — ZZ |:(1m+(1m, Z p"u1A>+:|
m=1 k k

(80)
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(81)

where ¥p = [Hs,p] and Hg is the system Hamiltonian with
electronic DoFs. The subscript n denotes the set of indices
n={ny, ny, ..., nyNt={n0, M1, - - -} - - -y Moy Aina, - - -1} The index
of n,;* differs from n only by changing the specified 7,,; to
N = 1. The po with 0 = {{0, 0, ...}, ...,{0, O, ...} is the real
system reduced density operator and the other p, are the
auxiliary density operators (ADOs). The ADOs shows in the
hierarchy levels of coupled differential equations and contain
the information of collective bath modes and also their inter-
action with the system part. The schematic diagram of reduced
and auxiliary density operators is shown in Fig. 6.

Starting from the non-Markovian quantum state diffusion
framework, Eisfeld and Strunz et al. developed a hierarchy of
stochastic differential equations for pure states.'®® This hierarchy
of pure states (HOPS) method can include non-Markovian
dynamics in open quantum systems from the ensemble average
over a bunch of quantum trajectories. It has been shown that the
equation of motion for the reduced density matrix obtained via
HOPS is formally equivalent to that of the HEOM method
(hierarchical equations of motion), meaning HOPS can reproduce
HEOM'’s results for a given spectral density when converged to the
same level of accuracy.'® Recently the matrix product states have
been combined with the HOPS method, significantly reducing the
complexity of HOPS for increasing system size.'®"*® Raccordi
et al. have recently developed an adaptive HOPS scheme, extend-
ing the application of HOPS to larger (mesoscopic) photosynthetic
systems.'®*"”° These developments have enabled HOPS to simu-
late systems of previously intractable size by dynamically adjust-
ing the number of trajectories or basis elements in the method.

Different to aforementioned methods where the bath DOFs
are typically traced out to produce the dynamics for the system
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Fig. 6 Hierarchical structure of reduced density matrices and auxiliary den-
sity operators. The diagram illustrates the hierarchical equation of motion
(HEOM) framework, where the top node represents the primary reduced
density matrix of the system, p'?. Lower levels include auxiliary density
operators p®, p@, p, etc., which account for successive orders of system—
bath coupling. Dashed lines denote the coupling between different hierarchy
levels, with the depth N defining the extent of the hierarchy in the simulation.

of interest, Zhao’s research group has been developing a wave
function based method by combining the Davydov trial states
with the time-dependent variational principle, which can treat
both the system and bath DOFs explicitly.'”""'”> Thanks to its
excellent accuracy-efficiency balance and high adaptability to
broad parameter regimes, this method has been widely applied
to simulate the coupled exciton-phonon dynamics'”>™7® and
spectroscopy of light-harvesting complexes.'””"”® Recently the
exciton diffusion dynamics in nanoarrays containing more than
one hundred B850 rings (> 1600 pigments) has been successfully
simulated with the GPU implementation of this method."”®
Numerically exact results also can be obtained within this frame-
work using a superposition of the Davydov trial states.'”'”?

5.3 Quasi-adiabatic path integral

The quasi-adiabatic path integral (QUAPI) method is another
approach to calculate the population dynamics of system-bath
model. This method was developed by Makri’s research
group'’*™® and further extended by others."®* % It is different
from the quantum master equation, since it employs an iteration
procedure to propagate and account the influence of the bath by
an influence functional. With a proper account of the memory
effect in a specific system, QUAPI is able to yield numerically exact
results. Different from HEOM, the QUAPI produces the results
without limitation on the form of the spectral density. It is well
known that the HEOM is suitable for Lorentzian types of spectral
densities. We include a brief note on the QUAPI (quasi-adiabatic
path integral) method, which is a numerically exact open-system
technique. In the context of photosynthetic energy transfer,
QUAPI has been used to investigate the example of the exciton
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dynamics in the FMO complex, providing benchmarks for other
approximate treatments. We restrict our discussion to such
energy-transfer-related findings, referring the reader to dedicated
reviews for the general QUAPI methodology.

More recently, Makri et al.'®” recently proposed the small matrix
decomposition of the path integral (SMatPI), a method designed to
overcome the substantial memory demands of the iterative QUAPI
algorithm. This approach works by progressively distributing the
temporal entanglement across extended path segments, thereby
diminishing its overall contribution. As the entangled component
becomes sufficiently small, the reduced density matrix can be
propagated iteratively through simple multiplication of matrices
whose dimensions match those of the isolated system. Further-
more, Makri demonstrated that certain additional long-range
influence functional terms can be incorporated into the SMatPI
framework without incurring notable computational overhead,
resulting in the extended SMatPI (x-SMatPI) method."®®

A related advancement involves reformulating the QUAPI
path summation within a tensor network framework, as intro-
duced by Strathearn et al'®*® In this formulation, the time-
evolving matrix product operator (TEMPO) method performs
the QUAPI calculation by contracting a tensor network, thereby
significantly enhancing the method’s efficiency and applicabil-
ity. This tensor network representation enables highly accurate
treatment of otherwise challenging bath spectral densities,
such as those found in sub-Ohmic environments."*°

In this section, we briefly review the QUAPI method. We assume
that the interaction between the system and the bath is turn on
at ¢ = 0. Thus, we can write the initial density matrix in the form

p(0) = ps(0)ps(0).

Then, we can write the evolution of the system part of the reduced
density matrix as the evolution of coordinates in the discrete
variable representation (DVR) |s), which shows the form

(82)

(83)

ps(s”,8,t) = trg(s"|e " p(0)e™"|s"), and which

is given by
ps(s”,s'st) = sto+ stﬁ - -JdA?N,1+Jd.SO’ stf - vJ~dsN,1’
X (/| e HOM By FY gy e HOA Bt
X (50" 95 0) 07 s €0 i) - s [ M)

+ — - = .
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where the time-discretized influence functional is given as
+ o+ + M- — . - /.

I(SO 381 5oy SN—1 58 580 581 -3 SN 737A[)
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These terms have been obtained in ref. 180 and 181. The
influence functional can be written with the bath temperature

(o)
_>exp{4,1/h > 2: (6" — 57) (neeese
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and have been taken from ref. 180 and 181. The time propaga-
tion of QUAPI is performed by the reduced density tensor

2Ak; +
T( max}(sk ySk+1 9. - ysk+2AkmaX71 )

and the propagator matrix A**>, Both are given by
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The reduced density tensor at ¢ = 0 is given as

AR (g % 6 sar 550) = (5o ps(0)]s0 7). (90)

‘max

Then, one determines the time-resolved density matrix of
the system by the iteration process. The finite memory of the
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system is included by the memory time t = AkpaAt. The
reduced density matrix at time ¢ = NA¢ can be expressed as

Ps(SNiQNAt) = A (SNi;SN+1i =
= O;NAt)I()(SNi).

= SN+AK

‘max_

(91)

The calculation of the time-evolved reduced density operator
requires to consider the proper timescale of non-Markovian
effects in a particular system. The calculations have to be
performed with an initial test of the memory of the system by
varying Ak.x and At. The converged results can be obtained by
evaluating the special state of a density operator. The detailed
procedures have been described in the ref. 185. The time
propagation of tensor and reduced density operators are shown
in Fig. 7.

More recent improvement of the full iterative QUAPI sum
have been introduced as SMatPI'®” and its extended version
x-SMatPL'®® We refer to the original literature for further details.
Furthermore, we mention that the tensor network approach
TEMPO has been used recently to calculate two-dimensional
spectra'® and transient X-ray absorption spectra.'®?

5.4 Quantum dynamics based on atomistic modeling

It is challenging to treat the whole system (molecule + environ-
ment) fully quantum mechanically. Combining molecular
mechanics (MM) simulations with quantum mechanics
(QM) calculations provides a compromise solution for this
problem.®**%° The environment of the molecules is simulated
using molecular dynamics (MD) while the molecules of interest
are treated quantum mechanically. This forms the basis of the
QM/MM approach. This partition is chosen for computational
efficiency and does not necessarily align with a physical
division into system vs. bath in the sense used in our open-
system discussions above. This first-principles approach yields
detailed structural and energetic information (e.g., time series
of site energies and couplings), but it does not directly give
spectral lineshapes because no open-system averaging is per-
formed; line shapes must be obtained by further analysis of the
QM/MM trajectory (e.g., via Fourier transforming correlation
functions or using ensemble averages). In other words, QM/MM
provides parameters and dynamical trajectories rather than a
closed-form description of decoherence or relaxation.

In practice, one often uses MD simulations to generate an
ensemble (or trajectory) of chromophore configurations within
the protein. Electronic structure calculations (quantum chem-
istry) are then performed on snapshots from this ensemble to
obtain distributions of excitation energies and couplings. This
approach captures how thermal fluctuations influence electro-
nic properties over time. In order to consider the environmen-
tal effects on the electronic structures of the molecule, for each
frame, the surrounding atoms within a radius of a target
molecule can be included in the single point calculations via
various treatment, such as point charges. Reliable electronic
structures are evaluated from the ensemble average over all the
snapshots.
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the reduced density matrix through successive applications of the time-evolution superoperator R, defining at discrete time intervals.

Beyond the pioneer application to the LH2 complex,'®* this
methodology has been extensively applied to investigate
the electronic structures of the various photosynthetic
complexes.’***°® Kleinekathdfer and co-workers have further
studied the effects of the surrounding protein atoms and QM
methods on the excitation energies of the pigments in LH2,>*”
FMO,?°® LHCIL,**° and photosystem I1.>*°*'? Zhao et al. con-
structed the excitonic model for the 8-site FMO complex**° and
a bacterial RC system.?®" With the excitation energies for all the
frames, not only can the average site energy be obtained, but
also the pigment-environment coupling strength can be eval-
uated by calculating auto-correlation functions of excitation
energy fluctuations. Apart from QM/MM, fully quantum
dynamic methods like the multi-configuration time-
dependent Hartree (MCTDH) approach have been applied to
model energy transfer in light-harvesting complexes,”***'* pro-
viding detailed insight into vibronic coherence (see, e.g., the
work of Kithn and co-workers).

6 Energy transfer in photosynthetic
protein complexes

In this section, we review four illustrative cases in which
coherence and energy transfer have been investigated: (6.1) a
synthetic dimer as a basic model system, (6.2) and (6.3)
two natural light-harvesting complexes (examples), and (6.4)
Physical principles of energy transfer under dissipation.
Each subsection will describe the system, the key findings
about coherence, and the implications for the energy transfer
efficiency.

Natural photosynthetic protein complexes exhibit non-trivial
electronic excited-state behavior, largely due to the intricate
coupling between electronic degrees of freedom (DoFs) and
molecular vibrations. This coupling presents a significant
challenge in unambiguously identifying the origins of quantum
coherence observed in these systems. We begin with a synthetic
heterodimer, which, being a minimal two-chromophore

Chem. Soc. Rev.

system, serves as a baseline for testing quantum coherence
effects. This system was designed with two chromophores at a
fixed separation resulting in a measurable excitonic coupling,
providing a controlled environment to observe electronic coher-
ence without the complexity of larger complexes.**>>"”

6.1 Energy transfer in an artificial dimer system

To elucidate the origin of long-lived coherence, Miller and
colleagues employed 2DES to study a synthetically designed
dimer composed of two identical indocarbocyanine (cyanine)
dye molecules linked by butyl chains.?'®>'® The two chromo-
phores are separated by approximately 10 A, resulting in strong
excitonic interactions (given their transition dipole moments,
this geometry corresponds to a substantial Coulombic coupling
between them), with ab initio calculations indicating a coupling
energy of approximately 800 cm ™' between the monomers. The
refined molecular structure of the dye dimer is presented in
Fig. 8(a). Experimental absorption spectra reveal clear vibra-
tional progressions, indicative of strong electronic-vibrational
coupling in the cyanine dye system, as shown in Fig. 8(b). These
interactions make the system particularly well-suited for resol-
ving and distinguishing between electronic and vibrational
coherences via 2DES. The real and total parts of the measured
and simulated 2D spectra are shown in Fig. 8(c) and (d),
respectively. Distinct and well-resolved diagonal and cross
peaks in the spectra provide direct evidence of significant
excitonic and vibronic couplings within the dimer. Oscillations
observed in the dimer’s 2D spectra were attributed to vibronic
coherence - a coherent superposition between an electronic
excited state and a vibrationally excited level of another electro-
nic state (as defined earlier in Section 4.2). In contrast, purely
electronic coherence (superposition of exciton states) was
either not observed or damped quickly. The presence of these
well-separated spectral features enables a clear distinction
between pure electronic coherence and vibrational coherence
components. Theoretical analysis, employing a vibronic dimer
model alongside time non-local methods, was used to fit the
experimental data. These calculations indicate that electronic

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Optical response and coherent dynamics in a dye dimer system. (a) Molecular structure of the dye dimer, showing the coupling between the two

monomer units. Adapted from ref. 218 with permission from Springer Nature

Limited,?*® copyright © 2014. (b) Experimental and theoretical absorption

spectra for the monomer (top) and dimer (bottom), with electronic and vibronic contributions indicated. A zoom-in inset highlights fine spectral features
near peak A. (c) Experimental 2DES of the dye dimer at various population times, revealing dynamic spectral evolution. (d) Simulated 2DES at selected
waiting times, capturing the progression of peak features and coherence patterns. (e) Real part of the signal trace for a selected spectral feature (top) and
its Fourier transform (bottom), showing oscillatory components and their frequencies. Adapted from ref. 219 with permission from IOP Publishing Ltd and

219

Deutsche Physikalische Gesellschaft,“** copyright © 2015.

coherence in the system persists for less than 120 fs at room
temperature, whereas vibrational coherence can endure for
>1 ps. The time-resolved trace and associated Fourier trans-
form are shown in Fig. 8(e). The extracted reorganization
energy of 250 cm ™! is significantly higher than values typically
observed in natural photosynthetic protein complexes. While
this synthetic dimer system offers a valuable framework for
dissecting the respective contributions of electronic and vibra-
tional coherence, the presence of both strong excitonic cou-
pling and pronounced system-bath interactions (as reflected in
the large reorganization energy) limits the direct comparison of
its energy and charge transfer dynamics to those occurring in
natural photosynthetic complexes. The main point of this paper
is that the decoherence time could be directly determined from
the antidiagonal corresponding to the homogeneous linewidth.
The decay in the off diagonal peak corresponding to excitonic
coupling are intrinsically related. Further, the magnitude of the
excitonic cross peak is also the square of the corresponding
dipole moments such that this signal contribution should be
on the order of 25% of the peak amplitude on the diagnal, not
the much small amplitude previously assigned to excitonic
features.'® This latter connection allows a simple way to dis-
tinguish vibronic terms from impulsive Raman contributions
from ground state coherences.

This journal is © The Royal Society of Chemistry 2025

The nature and origin of quantum coherence in photosyn-
thetic systems have also been explored extensively by van
Grondelle’s research group®®° using 2DES. Their investigations
focused on the B820 bacteriochlorophyll dimer, aiming to
differentiate between electronic, vibrational, and vibronic
coherences. Theoretical simulations of the 2DES spectra showed
strong agreement with experimental data, thereby validating the
employed models and parameter sets. However, the presence of
prominent ground-state bleach signals in the spectra posed a
challenge in isolating purely electronic coherence from vibra-
tional contributions. In response to these complexities, a grow-
ing body of theoretical work has emerged, seeking to more
precisely resolve the underlying mechanisms of coherence in
such systems.*?*"2*¢ Notably, Plenio and collaborators>* investi-
gated the influence of vibrational coherence on electronically
coupled dimers. Their findings suggest that long-lived oscillatory
features in 2DES can be interpreted as arising from an enhance-
ment of vibronic coherence, particularly when vibrational modes
resonate with the energy gap between two electronic excited
states. In contrast, alternative explanations have been proposed
by the research groups of Tiwari and Thorwart.>>**” Tiwari et al.
developed a vibronic dimer model that incorporates anti-
correlated vibrational modes in both the ground and excited
electronic states to account for the experimentally observed long-

Chem. Soc. Rev.
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lived coherences.?® Their work underscores the role of nonadia-  provided valuable insights. However, the preponderance of experi-
batic couplings in facilitating energy transfer in photosynthetic mental evidence indicates the absence of long-lived electronic
antenna complexes. Further insights into the coupling between coherence under typical conditions. This absence has been largely
electronic and vibrational degrees of freedom were provided by attributed to strong system-bath interactions, which significantly
Engel and co-workers,>*® who argued that electronic coherence suppress electronic coherence lifetimes, particularly at room
lifetimes can be extended when vibrational modes resonate with  temperature. Similarly, studies on photosynthetic protein
electronic energy gaps, particularly under weak system-bath complexes containing two pigment molecules have encountered
coupling conditions. However, this interpretation has been challenges in isolating electronic coherence. The presence of
critically evaluated by Duan et al.,””” who employed a projection ~dominant GSB signals in the 2DES spectra limits the effectiveness
technique that maps wave packet dynamics in the excited-state of distinguishing purely electronic contributions from ground
manifold onto key reaction coordinates. Their results suggest state and excited state vibrational dynamics superimposed on
that under conditions of strong system-bath coupling, the the spectral changes. Furthermore, theoretical models have
proposed enhancement of electronic coherence by resonant yielded varying conclusions regarding the potential enhancement
vibrations is significantly diminished. Consequently, their find- of electronic coherence, depending on whether the system-
ings challenge the notion that vibrational resonance alone can environment coupling is in the weak or strong coupling regime.
sustain long-lived electronic coherence in biological systems. These findings underscore the nuanced and context-dependent
The associated molecular dimer structures, measured 2DES and  nature of coherence phenomena in excitonic systems.

modeling are shown in Fig. 9.

Extensive investigations utilizing 2DES have been conducted
with the goal of disentangling the intricate interplay between
electronic and vibrational coherence. Studies involving artificial ~Studies on artificial dimer systems have revealed that purely
dye dimers and other synthetic molecular dimer systems have electronic coherence typically persists for less than 120 fs at

6.2 Energy transfer in natural antenna complexes (FMO,
LHCIH and LH2)
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including the ground state, two exciton states and a higher excited state. (b) Experimentally measured two-dimensional electronic spectra (real part of
the rephasing component) at selected population times, showing evolution of spectral features over time. Adapted from ref. 220 with permission from
Royal Society of Chemistry,22% copyright © 2014. (c) Schematic illustration of light harvesting, where a photon excites a pigment—protein complex,
generating excitonic states. Reproduced from ref. 24 with permission from Springer Nature Limited,?* copyright © 2013. (d) Theoretical model of two
coupled chromophores interacting via excitonic coupling, incorporating both electronic and vibrational relaxation pathways. (e) Time-domain oscillatory
signals from different experimental conditions, compared with theoretical fits, highlighting long-lived vibronic and electronic coherences. (f) Simulated
2DES spectra, revealing vibronically induced quantum beat signatures consistent with experimental data. Adapted from ref. 228 with permission from
National Academy of Sciences,?%® copyright © 2019.
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room temperature. In contrast, molecular vibrational coher-
ence has been shown to endure for durations exceeding 1 ps.
The synthetic molecular dimer examined by Miller and collea-
gues exhibited both strong excitonic coupling and significant
system-bath interactions, resulting in a relatively large reorga-
nization energy. In photosynthetic protein complexes, pig-
ments are embedded within a protein matrix and surrounded
by a solvent environment. The structural rigidity imposed by
the protein scaffold, along with the specific binding of pig-
ments, contributes to a more stable configuration, leading to
weaker system-bath coupling and a correspondingly smaller
reorganization energy. 2DES was initially employed to study
excitonic energy transfer in these biological systems. In 2005,
Brixner et al. conducted pioneering 2DES measurements on the
FMO complex,®*® where the appearance of cross peaks in the
2D spectra provided evidence for delocalized excitonic states
and coherent energy transfer across pigment sites. Subsequent
studies in 2007 reported long-lived oscillatory dynamics®
(data are shown in Fig. 10(a)), sparking widespread interest in
the potential role of quantum coherence in biological energy
transfer.

Building on this, Duan et al. revisited the ultrafast excitonic
dynamics and associated electronic coherence in the FMO
complex using diffractive-optics-based 2DES at physiological
temperature (296 K).>® Fig. 10(b) presents the experimentally
measured real component of the 2D spectra. The authors
developed an advanced theoretical model and extracted opti-
mal parameters by fitting both absorption and CD spectra.

Review Article

The excellent agreement between the measured and simulated
2DES confirmed the robustness of the model. To further
investigate electronic coherence lifetimes, the anti-diagonal
spectral profile of the primary peak was analyzed and is shown
as a black solid line in Fig. 10(b). A Lorentzian lineshape
function was used to extract the spectral bandwidth, from
which an electronic dephasing time of approximately 60 fs
was determined, which is substantially shorter than the time-
scale of energy transfer within the FMO complex. Additionally,
time-resolved traces of selected main and cross peaks in the
2DES revealed electronic coherence lifetimes consistent with
this dephasing time, reinforcing the conclusion that electronic
coherence decays on a timescale shorter than energy transfer.
This coherence-dephasing equivalence is valid within the
Markovian regime. Notably, instead of the conventionally
assumed reorganization energy of ~35 cm™ ', a larger value
of ~100 cm™" was required to accurately reproduce both linear
and nonlinear spectroscopic features in the system. Further
investigations by Duan et al extended this work to low
temperatures,®®> where temperature-dependent 2DES measure-
ments on the FMO complex enabled the separation of electro-
nic coherence from vibrational contributions. The 2D spectra
recorded at 20 K, shown in Fig. 11 at various waiting times
(30, 50, 510, and 1005 fs), allowed for precise characterization
of electronic dephasing and decoherence lifetimes across dif-
ferent thermal conditions.

In addition, the excitonic energy transfer and quantum coher-
ence dynamics within the FMO complex have been investigated
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by the Zigmantas research group.”” Utilizing polarization-selec-
tive 2DES at cryogenic temperatures, the study aimed to differ-
entiate between electronic and vibrational coherences. The
extracted coherence lifetimes revealed that electronic coherence
remains short-lived, even at 77 K (details in Fig. 10(c)). These
results are consistent with the timescales reported by Duan
et al.,* further reinforcing the conclusion that electronic coher-
ence in the FMO complex decays rapidly.

The LHCII system has been the focus of extensive ultrafast
spectroscopic investigations due to its central role in photo-
synthetic energy transfer. In 2009, 2DES was first applied to
probe energy transfer dynamics within LHCIL,>*® with subse-
quent studies examining coherent behavior at cryogenic tem-
peratures. These efforts were later extended to physiological
conditions,”*' where rapid electronic dephasing and persistent
vibrational coherence were observed during the energy transfer
process. Theoretical modeling was employed to reproduce the
experimental results and elucidate the underlying dynamics.
Advancements in multidimensional spectroscopy, parti-
cularly through the use of multi-pulse configurations, led to
the development of three-dimensional (3D) electronic
spectroscopy,”*> which was successfully applied to study LHCII.
This innovative approach enabled the resolution of coherent
energy transfer pathways and the identification of the origins of
coherence without the need for complex theoretical frame-
works. Further progress was achieved through the implementa-
tion of multi-color 2DES and two-dimensional electronic-
vibrational (2DEV) spectroscopy.>** These techniques allowed
for the selective detection of electronic and vibrational

Chem. Soc. Rev.

coherences, revealing the intricate interplay of vibronic and
vibrational contributions to the energy transfer process in
LHCII. The representative results of 2DES and 2DEV are shown
in Fig. 12. Additionally, Weng, Shi, and collaborators employed
2DES to further explore coherent energy transfer in LHCIL>**
Parallel developments have occurred in the study of the LH2
complex, another essential photosynthetic assembly involved
in light energy transport. In 2006, ultrafast energy transfer
dynamics in LH2 were investigated using 2DES, with particular
focus on the excitonic coupling and energy transfer between the
B800 and B820 bands.>** Technological advancements subse-
quently enabled single-shot detection and the use of ultra-
broadband pulses for enhanced temporal and spectral
resolution.>****” Engel and colleagues later reported evidence
of long-lived electronic coherence in LH2, suggesting that
coherence may facilitate efficient energy transfer within the
complex.”*® Cerullo and co-workers further contributed by
developing multicolor coherent spectroscopy,?*® which utilized
varying excitation and detection wavelengths to resolve popula-
tion transfer pathways from higher-energy Q, to lower-energy
Q, states of two ring structures of LH1. Importantly, 2DES has
also been employed to study energy transfer in vivo, revealing
that the timescales of excitonic transport in native photosyn-
thetic membranes closely resemble those observed in isolated
LH2 complexes.”*® Complementary to this, Ogilvie and Jansen
introduced fluorescence-detected 2DES,**! which exhibited
enhanced signal clarity through reduced ground-state bleaching,
enabling the observation of strong cross peaks. They proposed
using time-resolved fluorescence-detected 2D spectroscopy to

This journal is © The Royal Society of Chemistry 2025
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investigate state-resolved exciton-exciton annihilation. Further-
more, van Grondelle and colleagues explored hidden dark states
in LH2,>**> while the effects of static and dynamic disorder were
examined in subsequent studies.”** Their simulations revealed
that accurately modeling the frequency distribution of the protein
environment requires incorporating temperature-dependent fac-
tors. The representative results of 2DES of LH2 complex are shown
in Fig. 13.

6.3 Energy transfer in PSII reaction center and bacteria
reaction center

The PSII RC complex plays a crucial role in facilitating both
excitonic and charge transfer processes within natural photo-
synthetic protein assemblies. Early insights into the ultrafast
timescales governing population transfer were obtained
through transient absorption spectroscopy, which later evolved
into more advanced studies using 2DES. The first 2DES experi-
ment on a photosynthetic reaction center was conducted by
Ogilvie and colleagues in 2010,>* revealing critical information

This journal is © The Royal Society of Chemistry 2025

about the dynamics and pathways of population transfer.
To interpret these experimental findings, a theoretical frame-
work was developed using a quantum master equation
approach, specifically the Redfield equation.'®*' Subsequently,
a tight-binding model was proposed, with parameters refined
through fitting to the absorption spectra, enabling the incor-
poration of charge-transfer states and their associated
dynamics."®” Building upon these models, Novoderezhkin and
collaborators®*>2*® introduced a comprehensive excitonic
model incorporating charge-transfer states. Their model para-
meters, including system-bath coupling constants, were
robustly constrained through simultaneous fitting of multiple
linear spectroscopic measurements: absorption, CD and
fluorescence emission. Further 2DES investigations by Ogilvie’s
group®*® revealed long-lived oscillatory signals, attributed to
coherent dynamics associated with energy and charge transfer
in the reaction center. The measured data is shown in Fig. 14(a)
and (b). Independently, van Grondelle and co-workers® inde-
pendently reported similar findings. Both studies highlighted
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decomposed into GSB, SE and two contributions from excited-state absorption (ESA1 and ESA2), highlighting difference in signal pathways between
detection methods. Adapted from ref. 241 with permission from American Chemical Society,241 copyright © 2018.

strong vibronic coupling between electronic excited states and
nuclear vibrational modes. Complementary theoretical ana-
lyses confirmed the presence of vibronic quantum coherence
during the photoexcitation process. More recently, a multi-
color 2DES approach was developed to probe coherent
dynamics and charge separation in the PSII reaction center®>°
(see Fig. 14(d)). This technique, with its broadband detection
window, enabled simultaneous observation of excitonic states
and dark charge-transfer states. In 2024, Jha et al. revisited the
energy and charge transfer dynamics in PSII using 2DES at
cryogenic temperatures (20 K).*® The resulted data are shown in
Fig. 14(c). Their analysis and theoretical modeling indicated an
absence of strong electronic coherence, while vibrational coher-
ence was observed to persist for over 1 ps. The study also
revealed that electronic coherence lifetimes are highly sensitive
to the magnitude of excitonic couplings between pigment
molecules. Additionally, a novel type of PSII reaction center
capable of absorbing far-red light was recently purified and
investigated using 2DES.>®" This study reported the forma-
tion of a radical pair within ~3 ps, assigned to the state
ChID, PD;". These findings suggest that, in far-red PSII,
primary charge separation occurs between ChlD; and PDy,
highlighting a potentially underappreciated role of the PD,/PD,
pair in the initial stages of PSII charge separation.

The bacteria reaction center is another unique protein
complex in nature. The measured absorption spectrum of

Chem. Soc. Rev.

bacteria reaction center shows less congested spectral features
compared to the spectrum of the PSII reaction center, which
indicates strong excitonic couplings between different pig-
ments in the bacteria reaction center. This feature of well-
separated cross peaks is well resolved in 2DES. This separation
of the excitation and the detection windows of 2DES becomes
an valuable tool to disentangle the origins of electronic and
vibrational coherence. Zigmantas et al. employed 2DES and
studied the energy and charge transfer dynamics in bacteria
reaction center complex.”*> The measured 2DES and 2D vibra-
tional maps are shown in Fig. 15. They claimed the vibronic
coherence was observed after photoexcitation. Moreover, the
primary energy and charge transfer processes were probed by
2DES.>*? The detailed pathways of population transfer were
revealed by applying a global fit and the resulted data show the
detailed timescales of charge transfer in bacteria reaction
centers. In addition, the coherent dynamics during the charge
transfer process in bacteria reaction center has been further
investigated by 2DES.>>*
tional coherence in the bacteria reaction center have also been
studied by van Grondelle and coworkers.>*® They reported that
the electronic and vibrational coherences were involved during

Moreover, the electronic and vibra-

the processes of energy and charge transfers. In addition, the
electronic couplings between different regions of pigments
were studied by multi-color 2DES.>*® Pumping in the visible
region and probing in the near IR allows one to track in detail

This journal is © The Royal Society of Chemistry 2025
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Fig. 14 2DES of the PSII reaction center and its coherent dynamics. (a) Experimental 2DES map of the PSII reaction center showing four key spectral
frequares and their associated coherence decay profiles (left), with Fourier transforms of oscillatory components (right). Reproduced from ref. 249 with
permission from Springer Nature Limited,?*° copyright © 2014. (b) Population dynamics at 80 K and room temperature (RT) for different spectral regions,
along with corresponding 2D spectra and decay traces, as reported by Grondelle's group. Reproduced from ref. 9 with permission from Springer Nature
Limited,® copyright © 2014. (c) Time evolution of 2DES spectra at selected waiting times (30 fs to 1000 fs), illustrating changes in peak structure and
coherence lifetimes. Adapted from ref. 36 with permission from The American Association for the Advancement of Science,®® copyright © 2024.
(d) High-resolution 2DES data collected at 20 K, revealing detailed spectral assignments including Q,, Soret and anion bands, as well as excitonic and
charge-separated (CS) state features. (e) Reported 2DES measured using a milticolor pulse configuration, enabling broader spectral coverage and
enhanced resolution of overlapping transitions. Adapted from ref. 250 with permission from The American Association for the Advancement of

Science,?*° copyright © 2023.

the population transfer and charge-associated dynamics in
bacteria reaction center.

The BRC represents another highly specialized protein
complex within natural photosynthetic systems. Compared to
the PSII reaction center, the absorption spectrum of the BRC
displays fewer congested spectral features, suggesting stronger
excitonic coupling among its constituent pigments. This char-
acteristic leads to well-resolved and clearly distinguishable
cross peaks in 2DES, making BRC an ideal system for disen-
tangling the contributions of electronic and vibrational coher-
ences through spectral separation in the excitation and
detection windows. Zigmantas and collaborators®* applied
2DES to investigate the energy and charge transfer dynamics
within the BRC. Their study provided compelling evidence for
the presence of vibronic coherence following photoexcitation.
Additionally, the primary energy and charge transfer events
were examined in greater detail through 2DES.>** By employing
global fitting procedures, they were able to extract specific
population transfer pathways and associated timescales for
charge separation processes in the BRC. Further investigations
into coherent dynamics during charge transfer in the BRC have

This journal is © The Royal Society of Chemistry 2025

reinforced the presence of quantum coherence, vibronic coher-
ences in particular, on short time scales.>®* van Grondelle and
co-workers®>® also explored this system, reporting the concur-
rent involvement of both electronic and vibrational coherences
in mediating energy and charge transfer processes. Moreover,
multi-color 2DES techniques have been employed to probe
electronic couplings between distinct pigment domains within
the BRC.>*° By selectively pumping in the visible spectral region
and probing in the near-infrared, it was possible to track
the detailed progression of population transfer and charge-
associated dynamics with high temporal and spectral
resolution.

6.4 Physical principles of energy transfer under dissipation

In the investigation of energy and charge transfer dynamics
within natural photosynthetic protein complexes, it has become
evident that the system-bath coupling and reorganization
energies are generally weaker than those observed in photo-
active molecules directly exposed to solvent environments. For
instance, studies by Miller, Thorwart, and colleagues on synthe-
tic dye dimers reported reorganization energies associated with

Chem. Soc. Rev.
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solvent vibrational modes in the range of 250-300 cm™* 28219

In contrast, more recent analyses of natural antenna complexes,
such as the FMO complex, have suggested considerably lower
reorganization energies, on the order of 100 cm™", albeit signifi-
cantly higher than the previously estimated value of 35 cm™*,
which was originally inferred from the Stokes shift between
absorption and emission peaks in linear spectra. However,
advanced spectroscopic measurements and refined theoretical
modeling have since demonstrated that the earlier estimate of
35 em™ ' substantially underrepresents the actual system-bath
interaction in FMO. A critical factor influencing this interaction
is the protein environment. When pigments are embedded
within a protein matrix, rather than directly solvated, they
experience structural shielding and increased rigidity. These
features attenuate the influence of the environment by reducing
the effective reorganization energy. This feature will lead to lower
energy losses in directing the energy transport and should not be
taken as evolutionary optimization to increase electronic coher-
ence time scales, which all occur with smaller system-bath
couplings. In this regard, recent studies on charge separation
in the PSII reaction center*® have shown that the magnitude of
excitonic coupling between pigments significantly influences the
persistence of electronic quantum coherence. Strong electronic
coupling, such as that found in the radical pair intermediates
within the PSII reaction center, can support relatively long-lived
electronic coherence even at room temperature. In contrast,

Chem. Soc. Rev.

antenna complexes, where the average inter-pigment distance
is greater, tend to exhibit weaker or intermediate excitonic
coupling. As a result, these systems are less likely to sustain
observable electronic coherence, even under cryogenic condi-
tions. Moreover, we have listed the lifetimes of electronic coher-
ence of the studied photosynthetic systems, which is shown in
the table below:

Artificial dimer 45 fs
FMO protein complex 60 fs
LHCII protein complex 65 fs
PSII reaction center 56 fs

An intriguing aspect of photosynthetic antenna complexes is
that the typical energy gap between pigment sites is approxi-
mately 100 cm ™', a value comparable to the thermal energy
scale at room temperature. Notably, the strongest electronic
coupling values facilitating excitonic energy transfer are also
on the order of 100 cm '. This energetic proximity plays a
critical role in determining the lifetime of electronic coherence
within these systems. Duan and colleagues conducted
temperature-dependent 2DES studies on the FMO complex,
extending measurements down to cryogenic temperatures (20 K).
This experimental design enabled them to systematically

This journal is © The Royal Society of Chemistry 2025
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investigate how electronic coherence lifetimes evolve with
temperature. Their findings revealed that even at 20 K, the
lifetime of purely electronic coherence does not exceed 1 ps.
Instead, it decays rapidly on the same timescale as electronic
dephasing between the ground and excited states, confirming
that electronic coherence in the FMO complex is inherently short-
lived, even under low-temperature conditions. These decay
constants include inhomogeneous dephasing due to static site
disorder, detailed modeling is required to separate pure
dephasing from ensemble-averaged contributions.>*” >

Particularly compelling are recent investigations into ultra-
fast energy and charge transfer dynamics in the reaction center
complex, as reported in ref. 36. 2DES measurements revealed a
congested spectral region characterized by vibrational progres-
sion features. Detailed analysis of the data identified long-lived
oscillatory dynamics following photoexcitation, suggestive
of coherent interactions. By applying fitting procedures and
theoretical modeling to the measured 2DES, it was possible to
quantify the coupling between electronic degrees of freedom
and environmental vibrational modes. The resulting calcula-
tions indicated a system-bath coupling strength corresponding
to a reorganization energy of ~120 cm™", signifying a relatively
strong interaction between the electronic system and its
environment. Importantly, the analysis also suggested the
presence of long-lived electronic coherence within the radical
pair persisting even at room temperature. However, recent
theoretical studies by Renger and co-workers>®*>®® challenge
the interpretation of this radical pair as the initial site for
charge separation. Their findings suggest that the Pp; and Pp,
pair is not the primary origin of charge transfer in the reaction
center. Consequently, while a long-lived electronic coherence
between these two pigments may be observed, it does not
directly correlate with the initiation of charge separation.
Instead, the strong orbital overlap and interaction within the
radical pair likely facilitate charge delocalization during photo-
excitation but are not sufficient to account for the full charge-
transfer pathway.

A recent study by Weng and colleagues®®* applied 2DES
to the allophycocyanin (APC) photosynthetic protein complex.
Rather than observing electronic coherence, the authors
reported long-lived vibrationally assisted quantum coherence
during the energy transfer process. Their findings were compared
between dimeric and monomeric APC systems. The notable
differences in the spectroscopic signatures, particularly the
absence of narrow anti-diagonal peaks and well-resolved cross
peaks in the dimer, were attributed to distinct excited-state
absorption characteristics rather than coherent excitonic
features. These observations closely resemble earlier results
obtained from artificial dimer systems. In the APC dimer, a
substantial excitonic energy gap (~800 cm™ ') exists between
monomers, while the inter-monomer excitonic coupling was
relatively weak (~150 cm™'). Such a parameter regime falls
within what is generally defined as the weak coupling limit,
which is known to support only short-lived electronic coher-
ence, particularly at room temperature. In this regime, the large
energy gap combined with moderate coupling strength leads to

This journal is © The Royal Society of Chemistry 2025
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rapid electronic decoherence, and vibrational coherence alone
is insufficient to sustain or enhance quantum coherence in the
electronic system. In this review, we emphasize that while
energy and charge transfer in photosynthetic protein com-
plexes can be understood within the framework of excitonic
energy transfer, the dynamics largely fall outside the domain of
coherent quantum transport. The relatively strong system-bath
interactions and the correspondingly large reorganization ener-
gies characteristic of these biological systems limit the persis-
tence of electronic coherence, even under cryogenic conditions.
The protein environment imposes a smaller reorganisation
energy (50-100 cm™ ') than a polar solvent might, thus incur-
ring lower energy loss per transfer step.’” Nature appears to
favor a thermally driven, dissipative mechanism for energy
transfer, wherein energy cascades from higher to lower excited
states via robust, environmentally stabilized pathways. It is
notable that the collective difference in site energies is on the
order of 100 cm ™", the minimum required to thermally prevent
back transfer on the relevant time scale and ensure the energy
transport process is unidirectional. The evolutionary optimiza-
tion then is on engineering of the difference in site energies to
be as small as possible while still directing energy transport
energetically downhill. These dissipative channels ensures
efficient and reliable energy transfer in natural photosynthetic
systems. The schematic diagrams are shown in Fig. 16.

7 Future perspectives

Cutting-edge ab initio and hybrid quantum-classical computa-
tional methods, accelerated by GPU-based computing, have
made it possible to accurately estimate site energies, excitonic
couplings, and system-bath interactions. These developments
enable not only refined modeling of bright and dark exciton
states but also the decoding of quantum coherence and dis-
sipation pathways during energy and charge transfer. Despite
increased understanding of excitonic energy transfer mechan-
isms, there is a growing consensus that in typical biological
conditions, the combination of relatively strong system-bath
interactions (i.e., on the order of electronic splittings) due
fundamentally to large reorganization energies tend to sup-
press any long-lived electronic coherence. As demonstrated in
FMO, LH2, LHCII, and PSII complexes, coherence lifetimes are
typically on the order of tens to hundreds of fs, shorter than the
energy transfer timescales. This suggests that natural photo-
synthesis operates primarily in a dissipative regime, where
thermally driven relaxation through well-organized pigment
networks ensures robust and efficient energy transport, even
in fluctuating environments. Nevertheless, the idea of lever-
aging transient coherence as a functional tool—rather than
expecting it to be sustained indefinitely—opens up new ave-
nues for research and technology. While long-lived electronic
coherence is unlikely to dominate under physiological condi-
tions, the transient coherence observed during early excitation
may still enhance energy transport under specific conditions.
In this view, coherence is not seen as a long-term phenomenon,

Chem. Soc. Rev.



Review Article

@

(©) 9y
g Energy Transfer
o Pheo
o chl, A
€ R4~ 1s
3] CcP47 R a%
=

antenna

3
i
2 HZO/%

Chem Soc Rev

Downhill energy transfer

5
Feg Qg
-e% %3: Energy Transfer
Phe:izf\
2 ' Chl,
q CP43
antenna

0,+ 4H*

Fig. 16 Concluding perspective on energy flow in photosynthetic complexes. (a and b) The FMO protein illustrates a structured energy landscape that
promotes robust downhill excitation transfer, where site energetics and couplings guide relaxation while limiting long-lived quantum coherences. (c) In
PSII, antenna—-reaction center organization similarly favors efficient energy funneling toward charge separation over coherence preservation.

but rather as a transient mechanism that can momentarily
stabilize or guide excitonic energy flow. However, strong dis-
sipation typically limits its practical impact in natural systems.
The precise assignment of these coherences in complex bio-
logical systems, along with their direct functional implications
for population dynamics, remains an unresolved issue. Emer-
ging experimental and theoretical advances, particularly those
employing varied pulse sequences®*>>°® and probing distinct
frequency regimes,”*>”! hold promise for further unraveling
the complexities inherent in 2DES.

Looking forward, artificial enhancement of coherence offers
a transformative opportunity. Emerging strategies include:
plasmon-enhanced energy transfer and cavity quantum electro-
dynamics (cavity-QED). In plasmon-enhancement, by coupling
photosynthetic complexes to metal nanostructures, intense
near-field optical fields can modulate the system’s Hamilto-
nian. These interactions can act as auxiliary energy states or
coherent control tools, accelerating energy transfer and mod-
ulating excitonic interactions. Such light-matter hybridization
platforms offer external control over quantum states and may
enable engineered initial wavefunctions for targeted energy
flow.>”? In cavity-QED, embedding pigment-protein complexes
into optical cavities allows the formation of polariton states
through strong light-matter coupling. Initial measurements
show promising evidence that these hybrid states can reshape
population dynamics and enhance excitonic transport effi-
ciency.?”>"?”7 This field opens the door to quantum control
over biological function, enabling programmable coherence
lifetimes and transfer pathways. Together, these advancements
suggest a future where natural energy transfer principles are not
merely understood but engineered, combining biological inspira-
tion with quantum optical technologies. The intersection of

Chem. Soc. Rev.

quantum photonics, synthetic biology, and computational
chemistry may lead to the development of next-generation
light-harvesting systems, both as platforms to study the funda-
mental limits of coherence in complex systems and as tem-
plates for high-efficiency, bio-inspired energy technologies.

8 Conclusions

In this review, we have summarized recent experimental and
theoretical advances concerning coherent energy and charge
transfer in photosynthetic protein complexes. Early interpreta-
tions, particularly those based on original interpretations of
2DES, supported the idea that quantum coherence, especially
electronic and vibronic coherence, could play a functional
role in mediating energy transfer between pigments. However,
accumulating evidence from more recent studies has chal-
lenged this view, indicating that the efficiency of energy and
charge transport in natural photosynthetic systems does not
depend significantly on the persistence of such coherences.
Temperature-dependent 2DES experiments have been espe-
cially instrumental in probing the lifetimes of coherence under
biologically relevant conditions. These studies reveal that elec-
tronic coherence, when observable, decays rapidly, particularly
at physiological temperatures. Moreover, refined 2DES meth-
odologies combined with advanced data analysis have demon-
strated that the previously suggested vibrationally enhanced
electronic coherence lacks strong empirical support. Collec-
tively, these findings, bolstered by complementary theoretical
models, indicate that energy transfer in photosynthetic com-
plexes can proceed with high efficiency in the absence of long-
lived electronic or vibronic coherence.
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Our assessment, consistent with results from other leading
groups, points to excitonic couplings in these systems being
in the weak to intermediate regime. Under such coupling
strengths, excitonic delocalization is typically limited to small
pigment clusters, often two or three chromophores, as exem-
plified by the FMO complex. This limited delocalization, if not
dominating spatial transport, still contributes to the efficient
and high-fidelity population transfer, maintaining near-unity
energy transport efficiency. Importantly, strong system-bath
interactions intrinsic to the protein and solvent environment
lead to rapid electronic decoherence. These interactions are not
detrimental; rather, they appear to be functionally advanta-
geous. Nature seems to have optimized photosynthetic energy
transfer by exploiting such dissipative dynamics, allowing
energy to be funneled reliably through thermally activated
and environmentally robust pathways. Overall, our review
indicates that while oscillatory coherent phenomena can be
observed in certain photosynthetic systems, they are not
required for a high efficiency of the energy transfer. Instead,
efficient transport appears to arise from a combination of
controlled excitonic coupling and environmental interactions
(dissipation and static disorder) that funnel energy rapidly and
irreversibly to reaction centers. Coherence might play a tran-
sient role under special circumstances (e.g., unusually weak
decoherence or very strong electronic coupling), but these cases
are exceptions rather than the rule. In general, nature’s light-
harvesting complexes seem to exploit dissipation across all
relevant time and length scales to ensure robust energy trans-
port, rather than relying on long-lived quantum coherence as a
design principle. Of course, in reality these systems have
evolved with electronic and vibrational degrees of freedom
tuned together to maximize function; our use of terms like
‘dissipation’ simply categorizes the physical mechanism by
which these natural systems achieve robust transport.
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