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 A B S T R A C T

Photosynthesis is a central biochemical process, which converts solar energy into chemical energy and supports 
life on Earth. This review elucidates the relationship among structural features, quantum mechanisms and 
energy transfer efficiency in both oxygenic and anoxygenic phototrophs. We examine how different geometric 
configurations of light-harvesting complexes optimize energy transfer efficiency through electronic coupling 
and vibronic coherence. The review highlights the principles, energy gradient and clustered arrangement, that 
govern these effects and discusses common computational methods for evaluating energy transfer efficiency 
in photosynthetic systems. Drawing inspiration from the geometric architectures of natural photosystems, we 
discuss how these principles may guide the design of artificial photosynthetic systems, focusing on the strategic 
tuning of structural parameters to enhance quantum-mediated energy transfer. This theoretical framework 
emphasizes the importance of chromophore arrangement, electronic coupling, and environmental interactions 
in improving energy capture and conversion efficiency. Finally, we consider future directions, stressing the need 
for a clearer understanding of how these structural features can be translated into synthetic systems. Future 
research should help narrow the gap between natural and artificial photosynthetic systems, and support the 
development of sustainable energy technologies.
1. Introduction

Photosynthesis is one of the most important biochemical processes 
on Earth, converting solar energy into chemical energy and providing 
the foundation for almost all life forms. Oxygenic phototrophs, includ-
ing plants, algae, and cyanobacteria, employ specialized photosynthetic 
architectures for harvesting solar energy. In contrast, anoxygenic pho-
totrophic bacteria employ different photosynthetic architectures as re-
flected in their distinct reaction centers and antenna systems. Mirkovic 
and Scholes [1] provided schematic diagrams of light-harvesting struc-
tures across different organisms. Whether in simple bacteria and algae 
or in complex higher plants, many photosynthetic complexes exhibit a 
common three-part structural model consisting of an antenna, transfer 
network, and reaction center [2]. In most well-characterized photo-
synthetic systems, light energy is captured by the antenna, transferred 
to the reaction center via an exciton mechanism, and converted into 
chemical energy through photochemical reactions [3–5]. Quantum ef-
fects in light harvesting were comprehensively reviewed by Engel 
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et al. [6], and the quantum characteristics of these processes were 
further elaborated by Panitchayangkoon et al. [7],Collini et al. [8],
Fassioli et al. [9]. The initial light-harvesting and excitation-energy-
transfer processes of photosynthesis can achieve near-unity quantum 
efficiencies, a remarkable feature that has attracted extensive research 
interest [10]. Significant progress has been made in elucidating the 
fine structure of photosynthetic complexes, the EET processes within 
these complexes, and the role of quantum effects in photosynthe-
sis [6,8,11–14]. Numerous studies have revealed that photosynthetic 
structures either exploit quantum effects or use structural organization 
to influence energy transfer efficiency [15–21]. This raises the question 
of how the spatial and energetic structure of photosynthetic complexes 
contributes to EET, trapping, and the high quantum yields observed in 
natural light-harvesting systems.

In natural photosynthetic antennae, an important structural feature 
is the energy gradient, or the energy funnel, which refers to the ar-
rangement of pigments in a manner that creates a gradient of excitation 
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 Abbreviations
 2DES Two-dimensional electronic spectroscopy  
 A acceptor  
 ATP adenosine Triphosphate  
 ACPII Alloxanthin–chlorophyll 𝑎∕𝑐-binding protein 

II
 

 B bridge  
 B800 B800 bacteriochlorophyll ring  
 B850 B850 bacteriochlorophyll ring  
 BChl(s) Bacteriochlorophyll(s)  
 CDC Charge density coupling  
 Chl(s) chlorophyll(s)  
 CMRT Coherent modified Redfield theory  
 CP Chlorophyll protein  
 D donor  
 D1/D2 D1/D2 reaction-center proteins of 

photosystem II
 

 DNA deoxyribonucleic acid  
 E. coli Escherichia coli  
 EET Excitation energy transfer  
 ETC Electron transfer chain  
 FCP fucoxanthin–chlorophyll a/c-binding protein 
 FMO Fenna–Matthews–Olson  
 FRET Förster resonance energy transfer  
 GSB Green sulfur bacteria  
 H.c. Hermitian conjugate  
 HEOM Hierarchical equations of motion  
 LH1 light-harvesting complex 1  
 LH2 light-harvesting complex 2  
 LHC Light-harvesting complex  
 Lhca Light-harvesting chlorophyll a/b-binding 

protein
 

 LHCI Light-harvesting complex of photosystem I  
 LHCII Light-harvesting complex of photosystem II  
 MOF metal–organic framework  
 NADPH reduced nicotinamide adenine dinucleotide 

phosphate
 

 NMQT non-Markovian quantum trajectory  
 NPQ Non-photochemical quenching  
 P680 primary donor chlorophyll pair of 

photosystem II
 

 P700 primary donor chlorophyll pair of 
photosystem I

 

 PSI Photosystem I  
 PSII Photosystem II  
 PSII-SC photosystem II supercomplex  
 RC Reaction center  
 TDC Transition density cube  
 TDDFT Time-dependent density functional theory  
 TrEsp Transition charge from electrostatic 

potential
 

energy levels, guiding the flow of excitation energy toward the reaction 
center. Another vital structural feature is the clustered arrangement of 
pigments. Generally, the mechanism of energy transfer in photosyn-
thetic systems can be categorized into two types: incoherent hopping 
and coherent delocalization transfer [11,13,22], which are described by 
Förster resonance energy transfer (FRET) and Redfield theory, respec-
tively (see Box 1 below). However, the actual energy transfer process in 
photosynthetic systems is more complex, and the two mechanisms often 
coexist [23,24]. The core parameters that determine the energy transfer 
mechanism are ratio of the electronic coupling strength against the 
energy gap between pigments [24]. Clustered pigment arrangements 
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provide a useful structural basis for understanding this mixed coherent–
incoherent transport picture. In the clusters, the pigments are closely 
spaced, leading to strong electronic coupling and the formation of 
delocalized excitonic states. While among the clusters, the pigments 
are distantly spaced, resulting in weaker coupling and a more localized 
excitation, which can be treated by the Förster theory. These two 
structural features can be found in various photosynthetic systems, such 
as the PSI and PSII supercomplexes in higher plants [25,26], the LH1 
and LH2 complexes in purple bacteria [11,27], and the FMO complex 
in green sulfur bacteria [28,29]. Thus, it is reasonable to regard the two 
features as fundamental design principles in photosynthetic systems, 
both natural and artificial. To verify this hypothesis, we systematically 
review the relationship between these structural features and energy 
transfer efficiency across different photosynthetic systems, and also 
discuss the state-of-the-art and structure of artificial photosynthetic 
systems.

In this review, we first survey oxygenic and anoxygenic photosyn-
thetic systems and summarize the geometric features of their light-
harvesting complexes in Sections 2.1 and 2.2, with emphasis on energy 
gradients and pigment clustering. Then, we summarize the current 
understanding of the relationship between geometric structures and 
quantum effects in photosynthetic systems, with a particular focus on 
how these structural features influence energy transfer efficiency in 
Section 2.3. Next, we discuss how the design principles derived from 
natural photosynthetic systems can be applied to the development of 
artificial photosynthetic systems in Section 3. Finally, in Section 4, we 
discuss future research directions in this field, highlighting the need 
for a deeper understanding of how these structural features can be 
effectively translated into synthetic systems to bridge the gap between 
natural and artificial photosynthesis.

2. Revealing quantum efficiency in photosynthesis

Throughout this review, we distinguish among excitation-energy-
transfer efficiency, trapping efficiency, photochemical quantum yield, 
and overall solar-to-chemical conversion efficiency. EET efficiency 
refers to the probability or fraction of an excitation reaching a specified 
acceptor or trap within a defined time window, whereas photochemical 
quantum yield denotes the fraction of absorbed excitations that produce 
successful charge separation under specified conditions [13,64–66]. 
These quantities are related but are not interchangeable, and none 
should be interpreted as the overall solar-to-chemical conversion ef-
ficiency of photosynthesis [66,67]. Table  1 provides a comparative 
roadmap of the major photosynthetic architectures, their dominant 
structural control parameters, and the evidence supporting proposed 
quantum–mechanical contributions.

2.1. Research on oxygenic photosynthetic organisms

Oxygenic photosynthesis converts carbon dioxide into carbohy-
drates and other cellular components, with water molecules providing 
electrons through oxidation reactions. The process can be primarily 
divided into three stages. In the first stage, solar light energy  is 
captured. In the second stage, the captured energy  is used to produce 
ATP and reducing equivalents. In the third stage, carbon dioxide  is 
converted into carbohydrates and other cellular components [68]. The 
first and second stages primarily occur in PSI and PSII, respectively, 
and quantum effects have been observed in these processes. Oxygenic 
photosynthetic organisms include plants, algae, and cyanobacteria. 
In plants, PSI and PSII are organized into distinct supramolecular 
assemblies.

PSI-LHCI is among the most efficient known photosynthetic
reaction-center systems, exhibiting a high internal photochemical yield 
under conditions in which excitation trapping and charge separation 
dominate over loss channels. This exceptional efficiency arises from the 
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Table 1
Comparison of different photosynthetic systems.a.
 Type of pho-
tosynthesis

Complex Major EET pathway Structural features Quantum effects/efficiency mechanisms Common research methods  

 Oxygenic PSI-LHCI LHCI/peripheral antennae → PSI core 
chlorophylls → RC (P700). red 
chlorophylls extend absorption into 
the low-energy region but can slow 
equilibration and excitation trapping.

In higher plants, four Lhca subunits form 
two heterodimers, Lhca1/4 and Lhca2/3, 
arranged as a crescent-shaped antenna 
belt around the PSI core. Pigment 
arrangement and orientation balance 
strong electronic coupling with avoidance 
of concentration quenching; red 
chlorophylls create low-energy states.

PSI exhibits a near-unity internal 
photochemical quantum yield, supported 
by rapid excitation transfer and charge 
separation. Protein-controlled pigment 
energies and couplings, together with 
excitonic delocalization, contribute to the 
energy-transfer landscape. Red chlorophylls 
introduce a trade-off between expanded 
spectral coverage and trapping kinetics.

2DES, structure-based Redfield–Förster 
modeling, combined structural and 
spectroscopic analysis/modeling, Modified 
Redfield, HEOM.

 

 PSII-SC LHCII/minor antennae → CP43/CP47 
core antennae → RC (D1/D2, P680). 
Excitation energy follows multiple, 
partially parallel routes rather than a 
simple energy-funneling pathway

The supercomplex comprises a dimeric 
PSII core with major LHCII and minor 
antenna complexes. CP43/CP47 serve as 
core antennae that mediate excitation 
delivery to the reaction center, sparse and 
spatially separated linker pigments limit 
electronic connectivity between peripheral 
antennae and the RC.

Coherent and incoherent contributions can 
coexist in descriptions of excitation-energy 
transfer. However, functional 
interpretations of long-lived electronic 
coherence in the intact PSII-SC should be 
made cautiously. Protein/environmental 
dynamics can regulate excitation migration 
and trapping and are incorporated in 
current models. However, the geometric 
structural determinants of PSII efficiency 
remain incompletely resolved.

Time-resolved fluorescence/absorption 
spectroscopy, structure-based 
quantum-dynamics modeling, and network 
analysis, kinetic Monte Carlo simulations, 
and Förster/Redfield/HEOM approaches.

 

 Anoxygenic FMO Chlorosome → baseplate → FMO →
RC;

FMO is a homotrimeric pigment–protein 
complex; depending on species and 
structure, each monomer binds seven or 
eight BChl 𝑎 molecules. BChl 8 lies on 
the baseplate-facing input side, whereas 
BChls 1 and 6 are commonly treated as 
candidate input-side sites. BChl 3, 
together with nearby BChl 4, defines the 
RC-facing low-energy output region; BChl 
3 is often treated as a principal terminal 
site. The protein-shaped site-energy 
landscape biases transfer toward the 
output region, while local pigment-pair 
geometry can tune electronic coupling.

Quantum coherence and 
environment-assisted transport have been 
extensively investigated in FMO. The 
protein scaffold tunes site energies and 
biases net transfer toward the RC-facing 
low-energy region. However, the 
functional role and the electronic versus 
vibronic origin of long-lived oscillatory 
signals remain debated.

2DES, HEOM, CMRT/Redfield theory, 
site-energy calculations, and 
open-quantum-system modeling.

 

 LH2 → LH1 → RC LH2 (B800 → B850) → LH1 
(B875/B880, species-dependent) → RC 
special pair.

In LH2, the B850 ring is strongly 
coupled, whereas the B800 ring is more 
weakly coupled. Ring symmetry, local 
dimerization, and pigment orientations 
shape electronic coupling and the 
excitonic-state structure, including access 
to dark states. LH1 contains multiple 
bacteriochlorophylls arranged around the 
RC in closed, elliptical, or partially open 
assemblies, depending on the species. LH1 
geometry can influence intercomplex 
coupling.

Delocalized B850 excitons and dark-state 
protection can enhance transport in 
densely packed LH2 arrays, although their 
relevance in natural membranes remains 
unresolved. B800 coherence can affect 
B800 → B850 transfer robustness, and 
single-molecule experiments resolve 
room-temperature coherent pathways. 
Strong LH1 coupling supports exciton 
delocalization; idealized elliptical 
LH1–LH2 models can promote high-energy 
entangled states and heat-pump-like EET.

Structural spectroscopy, quantum master 
equations, 
Redfield/Förster/HEOM/modified Redfield 
approaches, mesoscopic diffusion and 
kinetic models, single-molecule ultrafast 
spectroscopy.

 

a The PSI-LHCI section refers to [25,30–36]; The PSII-SC section refers to [16,19,26,37–45]; The FMO section refers to [6,7,22,23,28,29,46–54]. The LH2-LH1-RC section refers to [11,12,27,52,53,55–63];
intricate pigment arrangement and energy transfer pathway organiza-
tion. When the intermolecular distance between pigment molecules is 
sufficiently small, excitonic effects dominate, leading to delocalization 
of excited states across different pigment molecules. However, if the 
distance becomes too small, concentration quenching effects reduce 
quantum efficiency. Consequently, the pigments in PSI have evolved 
to achieve an optimal distance distribution within the permissible 
range [36,69]. This distribution is closely related to the protein struc-
ture, where proteins serve as scaffolds and regulate pigment energy, 
enabling the geometric configuration of pigments to reach an opti-
mal state, thereby enhancing energy transfer rates while preventing 
excited-state quenching [70].

LHCI is composed of Lhca complexes that are arranged in a crescent 
shape surrounding the core structure of PSI. The Lhca complexes consist 
of chlorophyll 𝑎∕𝑏-binding proteins and exist as functional dimers of 
Lhca1/4 and Lhca2/3. The dimeric form of Lhca complexes exhibits 
greater stability, whereas the monomeric form leads to partial loss of 
pigments. Changes in conformation can influence photosynthetic effi-
ciency by affecting pigment interactions and excitation energy transfer 
processes [33].

Particularly noteworthy is the presence of ‘‘red forms’’ of chloro-
phylls in PSI, which are found in virtually all PSI complexes [71]. 
Their excited-state energy in higher plants is lower than that of the 
reaction center [72]. Although these red forms reduce the rate of exci-
tation energy transfer, they can broaden the absorption spectrum and 
protect the reaction center from photodamage [31]. Akhtar et al. [25] 
employed the combination of Redfield and Förster theory to compute 
the excitation dynamics of a structure-based model, and the resulting 
excitation energy transfer processes in PSI are illustrated in Fig.  1.
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PSII in higher plants typically exists as a core dimer, which contains 
around 35 chlorophyll a molecules, and assembles with the major 
LHCII trimer and minor antenna proteins (CP24, CP26 and CP29) 
to form a PSII-SC. Excitations harvested by peripheral LHCII com-
plexes are funneled toward the CP43/CP47 core antennas and the 
D1/D2 reaction-center region through several largely parallel transfer 
routes [37,73]. CP43 and CP47 cooperatively enhance both electronic 
energy transfer and charge separation, thereby improving the quantum 
efficiency of charge separation in the reaction center [42]. Compared 
with the near-unity quantum efficiency reported for PSI supercom-
plexes, excitation-energy delivery in higher-plant PSII-SC is markedly 
less efficient. A principal structural origin is the sparse and spatially 
separated set of ‘‘linker’’ pigments that couple the peripheral antenna 
to the PSII reaction center, which limits electronic connectivity be-
tween the antenna manifold and the primary donor. This architecture 
has been suggested to mitigate the risk of inadvertent oxidation of 
antenna chlorophylls by the unusually high oxidizing potential as-
sociated with the primary donor in PSII [38]. Furthermore, Shibata 
et al. [43] indicates that the simple funnel system fails to adequately 
explain the light-harvesting process in PSII. Although considerable 
progress has been made in excitation energy transfer network analysis 
based on PSII structures [26], definitive research findings regarding 
the geometric structural factors that influence photosynthetic efficiency 
remain scarce [74]. The schematic diagram of the EET in PSII is shown 
in Fig.  2. Zhang et al. [75],Wang et al. [76],Shen et al. [77] have 
investigated the EET processes in algae and cyanobacteria based on 
photosynthetic system structures. However, specific research on the 
relationship between geometric structures and quantum effects remains 
lacking.
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Fig. 1. Schematic of the structure-based Redfield–Förster model of EET in PSI. The size of the circles represents the population of individual Chls in the excited 
state, with the color of the circles indicating the chlorophyll energy levels. Blue circles correspond to higher-energy Chls, while red circles represent lower-energy 
red Chls. The lines represent EET between chlorophylls, with the line thickness indicating the energy transfer rate. Excitation sources at 675 nm and 697 nm 
were used, and the chlorophyll excited state populations were recorded at 50 fs and 5 ps after excitation with each light source.
Source: Figure adapted with permission of [25].

Fig. 2. EET analysis based on the PSII structure. A shows the protein composition and chlorophyll distribution of the PSII-SC. B illustrates the chlorophyll domain 
structure generated by exciton coupling. C depicts the EET process in PSII along with site energies, where the circle size represents the chlorophyll population, the 
circle color indicates the average site energy of the chlorophyll, and the arrow thickness represents the relative rate of EET. D illustrates the excitation probability 
of the structural domains due to random chlorophyll excitation caused by the special charge separation and intrinsic dissipation of chlorophyll at t = 0. E shows 
the probability distribution of chlorophyll excited states, charge separation, and intrinsic dissipation after initial excitation.
Source: Figure adapted with permission of [26].
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Fig. 3. Schematic diagram of the LH1-RC complex and the surrounding LH2, 
along with their spatial distribution.
Source: Figure adapted with permission of [11].

These comparisons point to two different structural solutions to 
efficient light harvesting in PSI and PSII. In PSI, a densely connected 
chlorophyll network, together with a protein-tuned distribution of low-
energy states, enables fast equilibration and efficient trapping in the 
reaction center. PSII is organized differently. Its antenna-to-core ar-
chitecture is more heterogeneous and more tightly constrained by 
photoprotection. Excitations reach the reaction center through several 
partially parallel routes, while weak inter-complex connectivity and 
the competition between charge separation and dissipation shape the 
observed dynamics. The contrast between PSI and PSII is therefore 
best framed in terms of excitation migration, trapping kinetics, and 
photoprotective constraints, rather than as a simple ranking of overall 
quantum efficiency [13,19,20].

2.2. Research on anoxygenic photosynthetic organisms

Anoxygenic phototrophic bacteria, such as purple bacteria and 
green sulfur bacteria, employ photosynthetic architectures that are 
fundamentally distinct from those of oxygenic phototrophs. These or-
ganisms typically possess a single photosynthetic system, in contrast to 
oxygenic photosynthetic organisms, which harbor two distinct photo-
synthetic systems, PSI and PSII. Furthermore, anoxygenic phototrophic 
bacteria do not employ H2O as an electron donor and consequently do 
not generate oxygen as a byproduct of photosynthesis [66].

The photosynthetic architectures of purple bacteria primarily con-
sist of the peripheral LH2 antenna complex, the LH1-reaction center 
core complex, and  the RC, as shown in Fig.  3.

The LH2 complex exhibits a ring-shaped architecture composed of 
nine pairs of 𝛼𝛽-apoproteins and contains two major pigment rings, 
namely the B800 ring and the B850 ring. Upon absorption by the B800 
ring, light energy is subsequently transferred to the B850 ring and 
then relayed to LH1 [55]. In the B850 ring, 16–18 bacteriochlorophyll 
molecules are tightly packed with specific orientations, generating 
extremely strong intermolecular coupling effects. In contrast, the B800 
ring contains 8–9 bacteriochlorophyll molecules arranged in a more 
loosely packed configuration, exhibiting weaker coupling interactions 
as shown in Fig.  4.

The absorption peak of the B800 ring remains consistent with that 
of isolated bacteriochlorophyll molecules, whereas the absorption peak 
of the B850 ring undergoes significant spectral shifts due to strong 
intermolecular coupling and interactions between the chromophores 
and the surrounding protein matrix [9]. The geometric configuration 
of B850 forms a system composed of approximately degenerate and 
strongly coupled sites, making it a focal point of research [78]. The 
B850 structure harnesses quantum effects to construct a highly efficient 
light-harvesting system, where the pigment molecules arranged in a 
ring configuration with large in-plane transition dipole moment compo-
nents exhibit strong symmetry. This symmetry results in the transition 
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Fig. 4. Excitons in bacterial light-harvesting units. (a) Pigment arrangement in 
LH2, with the red arrows indicating the 𝑄𝑦 transition dipole moments, together 
with a schematic illustration of the partial delocalization and relaxation of 
electronic excitation. (b) Experimental absorption spectrum (gray dots) and 
the theoretical fit to the B800 and B850 bands in LH2.
Source: Figure adapted with permission of [27].

probability of the lowest degenerate state pair being 𝑁 times stronger 
than that of all other excitonic states, where 𝑁 represents the number of 
dimers in the ring. Upon excitation of one energy level, rapid relaxation 
occurs to the lowest excitonic state with minimal transition probability 
back to the ground state, thereby allowing the excitation energy to be 
confined for an extended duration [56,79–81]. This confinement re-
duces the generation of non-productive fluorescence and consequently 
enhances the energy transfer efficiency. Mattioni et al. [27] demon-
strated that the local geometric organization within LH2 can modulate 
excitonic delocalization and the involvement of dark states, thereby 
enhancing long-range energy transport in densely packed LH2 arrays. 
However, whether this mechanism constitutes the primary origin of 
the improved energy-transfer efficiency observed in natural LH2 mem-
branes remains inconclusive. Although electronic coupling in the B800 
ring is relatively weak, Cheng and Silbey [58] showed that quantum 
coherence in this system is significant. This coherence can alter EET 
within LH2, and thereby can influence the uniformity and robustness 
of EET from B800 to B850 at room temperature.

LH1 is a bacteriochlorophyll-based core antenna associated with the 
reaction center; in different species, the spectral designation (e.g., B875 
or B880) and assembly geometry of LH1 can vary, including closed, 
elliptical, and partially open arrangements [55,60]. In the purple non-
sulfur bacterium, the LH1 complex utilizes 32 BChl molecules to form 
a ring-like structure (B875), where the tightly packed arrangement 
of BChl molecules gives rise to strong electronic interactions between 
nearest-neighbor molecules. Consequently, the excitation energy can 
be coherently delocalized across the BChl network, and this quantum 
coherence facilitates the accelerated transfer of energy from LH1 to 
the reaction center [11]. Oka [59] proposed an ideal model in which 
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Fig. 5. Schematic diagram of the spatial arrangement of the chlorosome, the FMO protein, and the reaction center, along with the distribution of BChl in the 
FMO.
Source: Figure adapted with permission of [83].
the LH1 ring is not perfectly circular but adopts an elliptical geometry, 
and this structural deformation has important consequences for energy-
transfer efficiency. The elliptical arrangement promotes the formation 
of quantum entanglement between LH1 and LH2 at higher excitation 
energies, enabling the utilization of thermal fluctuations to achieve a 
heat pump effect that facilitates highly efficient energy transfer from 
LH2 to LH1 via these high-energy quantum entangled states. The reac-
tion center is positioned at the center of the LH1 ring structure. With 
the assistance of proteins, the reaction center preserves electronic co-
herence in photosynthetic complexes and facilitates the coherent spatial 
migration of excited states, which is crucial for maintaining the remark-
able efficiency of photosynthetic energy conversion [15]. Policht et al. 
[82] identified the exciton and vibronic structures within the reaction 
center. Nevertheless, the mechanisms underlying their roles in energy 
transfer and charge separation still require further theoretical and 
experimental investigations. The photosynthetic architectures of green 
sulfur bacteria primarily consist of chlorosomes, the FMO protein, and 
the reaction center. The following schematic illustrates their structural 
configuration and spatial arrangement  in Fig.  5.

Light is first absorbed by the pigments within the chlorosome, after 
which the resulting excitation energy is transferred to the baseplate 
and subsequently relayed from the baseplate to the FMO complex. The 
FMO protein complex is a key component of light-harvesting systems. It 
serves as a conduit for energy transfer between the chlorosomes and the 
RC, while chlorosomes act as light-harvesting antennae. The excitation 
energy transferred through the FMO complex is ultimately funneled to 
the RC, where the energy is used to drive photosynthetic processes [82].

The FMO complex is a water-soluble homotrimeric protein, with 
each monomer binding 7 or 8 bacteriochlorophyll a molecules. When 
the fine structure of the FMO complex was first studied, it was thought 
to contain only 7 BChls. Tronrud et al. [47] identified the presence 
of an eighth BChl within the FMO monomer. Subsequently, through 
computational analysis of the optical properties of the FMO protein, 
Schmidt am Busch et al. [48] demonstrated that this eighth BChl func-
tions as a molecular bridge linking the FMO complex to the baseplate. 
BChls 1 and 6 have also commonly been treated as candidate input-
side sites in exciton models of FMO, whereas BChl 3 and nearby BChl 
4 are associated with the RC-facing output region [28,54]. Skochdopole 
and Mazziotti [84] proposed a quantum-redundancy picture for FMO, 
in which selected pigment subsystems can retain energy-transfer perfor-
mance comparable to that of the full BChls. This quantum redundancy 
mechanism in nature can withstand the temporary or permanent loss 
of one or more chromophores. Subsequently, Moix et al. [49] found 
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that the absence of the eighth BChl does not significantly alter the 
energy transfer efficiency. However, the optimal conditions for the bath 
parameters of the eight-BChl system are closer to experimental values 
compared to those of the seven-BChl system.

The FMO complex was among the earliest structurally characterized 
light-harvesting complexes [46]. Long-lived oscillatory signals have 
been observed in FMO spectroscopy, but their electronic versus vibronic 
origin and their functional relevance to energy-transfer efficiency re-
main debated [6,7,51,85,86]. The BChls within the FMO complex 
possess distinct site energies shown in Fig.  6, thereby establishing an 
energy gradient from higher- to lower-energy pigments, which directs 
excitation transfer from the baseplate-facing input side toward the 
reaction center-facing output region [54]. Adolphs and Renger [28] 
employed two independent methodologies to determine the site ener-
gies of the seven BChls within the FMO monomer and then calculated 
the spatial and temporal relaxation dynamics of excitons. Based on 
the computational results, it was concluded that the most significant 
factors influencing site energy variations are charged amino acids and 
ligands. Furthermore, the orientation of the FMO trimer relative to 
the RC positions BChl 3 and BChl 4 at the interface between the two 
complexes, thereby enhancing the efficiency of energy transfer. Ishizaki 
and Fleming [29] proposed that the FMO complex utilizes quantum co-
herence in conjunction with the protein scaffold-modulated site-energy 
landscape to guide the unidirectional energy flow from the chlorosome 
antenna to the RC. Thus, it can be speculated that quantum coherence 
enables the system to overcome local energetic traps, consequently 
improving the efficiency of energy transfer. Through investigation of 
the geometric distribution of BChl positions within the FMO complex, 
Ai et al. [22] demonstrated that the site-energy landscape forms an 
energy funnel structure oriented toward the RC. Moreover, the energy 
gap resulting from the lower site energy of BChl 3 relative to other sites 
supports highly localized excitonic states, which can prevent energy 
backflow and thereby enhance the efficiency of energy transfer toward 
the RC. Additionally, the geometric dimerization of BChls within the 
FMO complex modulates the degree of electronic coupling, thereby 
tuning the energy matching of excitonic states and further improving 
energy transfer efficiency.

Several structural themes run through anoxygenic light-harvesting 
systems. Pigment geometry sets the electronic couplings, site energies 
bias the direction of excitation flow, the protein environment modu-
lates disorder and dissipation, and trapping at the reaction center turns 
migration into photochemical output. In purple bacteria, the LH2-LH1 
architecture is shaped by ring-like pigment arrays, collective excitonic 
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Fig. 6. (a) Dimeric arrangement of chlorophylls in the FMO monomer and 
the EET pathways. (b) Excitation energies of chlorophylls in the FMO and the 
energy transitions of the two EET pathways.
Source: Figure adapted with permission of [22].

states, and coupling between adjacent antenna complexes. FMO, by 
contrast, relies more on a protein-tuned energy landscape with defined 
input and output regions. From this perspective, quantum coherence is 
best regarded as a system-dependent dynamical feature. It is neither a 
stand-alone explanation for high efficiency nor a negligible by-product. 
Its contribution depends on the geometry, energy landscape, bath 
fluctuations, and trapping kinetics of the specific complex.

2.3. Structure-based quantum coherence: The origin of the near-unity effi-
ciency

It is no doubt that the specific spatial arrangement of chromophores 
in light-harvesting antennae has a decisive impact on the efficiency of 
energy transfer [87,88]. However, it is still unclear how near-unity ef-
ficiency is determined by the spatial arrangement of chromophores and 
the quantum mechanism behind it. Quantum coherence, which is also 
called electronic coherence or electron exciton coherence, originates 
from the delocalization of the exciton eigen state of electron degree 
of freedom. For the restricted definition of quantum coherence, see 
Ref. [19]. The existence of quantum coherence in biological photosyn-
thetic systems, specifically in the FMO complex found in green sulfur 
bacteria, was first reported in [6] with two-dimensional electronic spec-
troscopy, and soon verified by [7,50], theoretically and experimentally. 
Furthermore, Collini et al. [8] and Romero et al. [16] elucidated the ex-
istence and function of quantum coherence in cryptophyte marine algae 
and PSII RC, which further emphasized the importance of coherence in 
enhancing the quantum efficiency of  the EET process. Nevertheless, an 
entirely distinct viewpoint of the long-lived coherence reported by [6] 
have been raised as early as 2012 [51], and have been summarized 
by [19,89]. This view argues that the observed long-lived coherence 
is not of electronic origin but rather arises from vibrational modes 
that are resonant with excitonic energy gaps [19,51,85,86,89]. In this 
subsection, we review the major works on this issue and discuss the 
controversies they have generated.

Several theoretical approaches are available for calculating the 
energy transfer efficiency of photosynthetic systems as open quantum 
systems with system–bath interactions as the origin of dissipation, 
including FRET, CMRT, and the numerically exact HEOM. In the box 
below, we provide a brief introduction to these methods, highlighting 
their respective domains of application and key advantages [90,91]. 

The structure-based quantum mechanism was first elucidated in 
LH1 and LH2 with a single or double ring structure. Yang et al. [57] 
investigated the influence of spatial factors on the quantum transfer 
efficiency and average transfer time. As introduced in Section 2.2, LH2 
consists of two pigment rings, named B800 and B850, respectively. 
Note that no RC exists in LH2 and it serves as an energy transfer 
pathway to the RC in another complex, LH1. In this study, a double-ring 
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XY-model was presented to simulate the LH2, and the results indicated 
that a specific dimerization of  the B850 ring can promote the transfer 
efficiency and shorten the transfer time at the same time.

The model in [57] treated all BChls as two-level systems with 
excited states |𝑒[𝑐]𝑗 ⟩ and ground states |𝑔[𝑐]𝑗 ⟩ and excitation energy 𝛺𝑐 , 
which is suitable only for  the zero- and one-exciton subspaces. Thus, 
the raising and lowering operators of  the 𝑗th BChl on the [𝑐] ring are 

𝜎+[𝑐]𝑗 = |𝑒[𝑐]𝑗 ⟩⟨𝑔[𝑐]𝑗 |, 𝜎−[𝑐]𝑗 = |𝑔[𝑐]𝑗 ⟩⟨𝑒[𝑐]𝑗 |, (11)

with 𝑐 = 𝑎(𝑏) denoting the B800 (B850) ring. The Hamiltonian of B800 
and B850 under the XY model reads 

𝐻𝑎 =
𝛺𝑎
2

𝑁
∑

𝑗=1
𝜎𝑧[𝑎]𝑗 + 𝐽1

𝑁
∑

𝑗=1
(𝜎+[𝑎]𝑗 𝜎−[𝑎]𝑗+1 +H.c.) (12)

and 

𝐻𝑏 =
𝛺𝑏
2

2𝑁
∑

𝑗=1
𝜎𝑧[𝑏]𝑗 + 𝐽2

𝑁
∑

𝑗=1
[(1 + 𝛿)𝜎+[𝑏]2𝑗−1𝜎

−[𝑏]
2𝑗

+ (1 − 𝛿)𝜎+[𝑏]2𝑗 𝜎−[𝑏]2𝑗+1 +H.c.],

(13)

with 𝑁 = 8. In Eq. (13), the parameter 𝛿 ≠ 0 describes the dimerization 
of BChls in B850 rings. The interaction Hamiltonian between B800 and 
B850 could be written as

𝐻𝑎𝑏 =𝑔1
𝑁
∑

𝑗=1
[𝜎+[𝑎]𝑗 (𝜎−[𝑏]2𝑗−1 + 𝜎

−[𝑏]
2𝑗 ) +H.c.] + 𝑔2

𝑁
∑

𝑗=1
[𝜎+[𝑎]𝑗

× (𝜎−[𝑏]2𝑗−3 + 𝜎
−[𝑏]
2𝑗−2 + 𝜎

−[𝑏]
2𝑗+1 + 𝜎

−[𝑏]
2𝑗+2) +H.c.]. (14)

For the function of LH2, the final state of energy transfer in LH2 should 
be the ground state 

|0⟩ ≡
𝑁
∏

𝑗=1
|𝑔[𝑎]𝑗 ⟩⊗

2𝑁
∏

𝑗=1
|𝑔[𝑏]𝑗 ⟩, (15)

and  the population on the ground state provides the energy transfer 
efficiency 𝜂. The other LH2 and LH1 complexes are regarded as the 
environment, and the physical picture here turns into energy leakage 
from LH2 to the environment.

In the following steps, a Markovian quantum master equation is 
used to obtain the numerical solution of 𝜂 , as described in Box 1. 
While solving the master equation, they transformed the equation to 
the 𝑘-space and proved that the efficiency 𝜂(𝑡) of a mixed initial state 
𝜌(0) =

∑

𝑘1 ,𝑘2
𝜌𝐴𝑘1 ,𝐴𝑘2 (0)|𝐴, 𝑘1⟩⟨𝐴, 𝑘2| is the weighted average of 𝜂[𝐴,𝑘](𝑡)

whose initial states are 𝜌[𝐴,𝑘](0) = |𝐴, 𝑘⟩⟨𝐴, 𝑘| as 
𝜂(𝑡) =

∑

𝑘
𝜌𝐴𝑘,𝐴𝑘(0)𝜂[𝐴,𝑘](𝑡). (16)

The details of the derivation are demonstrated in Sec. III ∼ VI in [57]. 
Finally, the numerical result of 𝜂 as function of time 𝑡 and dimerization 
parameter 𝛿 is plotted as a contour map (see Fig. 5 of [57]), which 
indicates that in the short 𝑡 regime of a practical energy transfer 
process, 𝛿 ≠ 0 can enhance the transfer efficiency due to the quantum 
coherence from dimerization of the B850 ring. The effect of dimeriza-
tion as a result of a specific structure on transfer efficiency has also 
been investigated in other studies [22,60].

Furthermore, the energy transfer in LH1 has also been studied in 
Ref. [93], where a dark-state effect was identified to suppress the 
population on less important BChls to improve the energy transfer effi-
ciency. They concentrated on a ring-shaped model consisting of a single 
acceptor at the center and several donors uniformly distributed on the 
circumference, which is similar to LH1. Following the convention, the 
donors are modeled as two-level systems, i.e., |𝑒⟩ and |𝑔⟩, with energy 
gap 𝜀𝑖(𝑖 = 1,… , 𝑁). On the ring, only adjacent hopping of excitations 
is considered with coupling strength 𝑔. To simulate the absorption of 
sunlight, each BChl is supposed to be coupled to light of frequency 
𝜔, which is described by the creation (annihilation) operator 𝑏† (𝑏). 
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Box 1. Theoretical methods for EET in photosynthetic systems

Förster theory. Förster theory, proposed by Theodor Förster in 1948, describes a nearly-classical picture of resonance energy transfer, in 
which the energy transfer process is modeled as a random walk in a network of chromophore sites [13,92]. Energy transfer from the donor 
to the acceptor occurs via several hopping steps, each of which is induced by dipole–dipole interactions between the two chromophores 
under the weak coupling assumption. Given the nature of dipole–dipole coupling, the transfer rate 𝑘𝐴𝐵 between two specific sites A and 
B, which is the focus of our analysis, is reasonably proportional to 1∕𝑅6, where 𝑅 denotes the inter-chromophore distance. The complete 
form of 𝑘𝐴𝐵 reads 

𝑘𝐴𝐵 = 𝑘𝐴

(

𝑅0
𝑅

)6
, (1)

where 𝑘𝐴 is the dissipation rate without B, and 𝑅0 is the distance at which 𝑘𝐴𝐵 = 𝑘𝐴, known as the critical quenching radius or Förster 
radius. Förster obtained the expression of 𝑅0 with the spectral overlap integral 𝐽 , the quantum yield of the donor 𝛷𝐴, and  the orientation 
factor 𝜅 as 

𝑅6
0 =

9(ln 10)
128𝜋5𝑁𝐴

𝜅2𝛷𝐴
𝑛4

𝐽 , (2)

where 𝑛 is the medium index of refraction and 𝑁𝐴 is the Avogadro constant. The spectral overlap integral 𝐽 reflects the degree of overlap 
between the donor emission spectrum and the acceptor absorption spectrum, thereby guaranteeing energy conservation.
Förster theory, compared with the other two theories discussed here, has the advantages of simplicity and relatively accurate prediction 
in  the incoherent regime. However, Förster theory, which is founded on the dipole-dipole interaction, becomes invalid when the 
inter-chromophore distance is on the same order as the chromophore size, i.e., when the coherence between chromophores is sufficiently 
strong. Under that condition, the transfer rate is strongly dependent on the spatial geometry of chromophores, thereby limiting the 
concise form of Förster theory.

Coherent modified redfield theory. Instead of the semiclassical form of Förster theory, CMRT is based on the equation that governs the total 
density matrix 𝜌tot of the system and environment (ℏ = 1). 

𝜌̇tot = −𝑖[𝐻, 𝜌tot ]. (3)

The total Hamiltonian is 𝐻 = 𝐻𝑆 +𝐻𝐵+𝐻𝑆𝐵 , with 𝐻𝑆 =
∑

𝑘,𝑙 𝐸𝑘|𝑘⟩⟨𝑘|+𝐽𝑘𝑙|𝑘⟩⟨𝑙| and 𝐻𝐵 being a collection of harmonic oscillators, where 
𝐸𝑘 and 𝐽𝑘𝑙 are respectively the site energy and electronic coupling in the site basis |𝑘⟩. Here, |𝑘⟩ represents the state in which only  the 𝑘th 
site is in its excited state and the other sites are in the ground states. The exciton states |𝑒𝑛⟩ satisfying 𝐻𝑆 |𝑒𝑛⟩ = 𝑒𝑛|𝑒𝑛⟩ can be expressed in 
the site basis {|𝑘⟩} as |𝑒𝑛⟩ =

∑

𝑘 𝐶𝑛𝑘|𝑘⟩. Since we are only interested in the population of the system, we can extract the reduced density 
matrix of the system 𝜌𝑆 from 𝜌𝑡𝑜𝑡 by taking a partial trace over the bath degrees of freedom as 

𝜌𝑆 = tr𝐵(𝜌tot ). (4)

The evolution of 𝜌𝑆 is governed by the quantum master equation, which is written in the exciton basis {|𝑒𝑛⟩}. Using perturbation theory 
and  the secular approximation, the form of the master equation is obtained as 

𝜕𝑡𝜌𝑆 = −𝑖[𝐻𝑆 (𝑡), 𝜌𝑆 ] −
∑

𝑛≠𝑛′
𝑅dis
𝑛𝑛′ (𝑡)

[{

†
𝑛𝑛′𝑛𝑛′ , 𝜌

}

− 2𝑛𝑛′𝜌
†
𝑛𝑛′

]

−
∑

𝑛≠𝑛′
𝑅pd
𝑛𝑛′ (𝑡)𝜌𝑛𝑛′𝑛𝑛′ . (5)

where {𝐴,𝐵} = 𝐴𝐵 + 𝐵𝐴 is the anti-commutator and 𝑛𝑛′ = |𝑒𝑛⟩⟨𝑒𝑛′ | is the jumping operator. Each term in Eq. (5) has  a distinct 
physical interpretation. The first term is the evolution controlled by the electronic Hamiltonian. The second and the third terms represent 
dissipation of eigenstate |𝑒𝑛⟩ and pure dephasing between eigenstate and ground state, corresponding to the diagonal and off-diagonal 
terms in the original equation. The rate matrices 𝑅dis

𝑛𝑛′ (𝑡) and 𝑅
pd
𝑛𝑛′ (𝑡) are determined by the line shape function 𝑔(𝑛), spectral density 𝐽 (𝜔)

and reorganization energy 𝜆𝑛 of the system. The detailed derivation of Eq. (5) and the specific form of 𝑅dis
𝑛𝑛′ (𝑡) and 𝑅

pd
𝑛𝑛′ (𝑡) can be found 

in [53]. Note that the rate matrices for dissipation and pure dephasing are both time-dependent, originating from the time integral from 0 
to 𝑡 contained in the equation. When introducing the Markovian approximation into our theory, the upper limit of this integral is extended 
to infinity [91]. This extension implies that, for times 𝑡 beyond the characteristic timescale of the system–bath interaction, the rate matrices 
converge to steady-state values. Consequently, the numerical simulation is simplified without sacrificing accuracy.
Compared to FRET, the master equation of CMRT takes into account the effects of spontaneous emission and pure dephasing on the 
dynamics, thus providing higher numerical accuracy when treating the systems with strong coherence.
Without loss of generality, the site energies of donors are assumed to 
be identical, i.e., 𝜀𝑖 = 𝜀. The Hamiltonian of this ring model reads 

𝐻 = 𝐻𝐷 + 𝜀𝐴𝐴†𝐴 +𝐻𝐷𝐴 + 𝜔𝑏†𝑏 + 𝐽
𝑁
∑

𝑖=1
(𝑒†𝑖 𝑏 +H.c.), (17)

where 𝐻𝐷 =
∑𝑁
𝑖=1[𝜀𝑒

†
𝑖 𝑒𝑖 + 𝑔(𝑒†𝑖 𝑒𝑖+1 + H.c.)] and 𝐻𝐷𝐴 =

∑𝑁
𝑖=1 𝜉(𝑒𝑖𝐴

† +
H.c.) are the Hamiltonian of the donors and their interaction with the 
acceptor, respectively. The operators 𝑒†𝑖 = |𝑒⟩𝑖⟨𝑔| and 𝐴† = |𝑒⟩𝐴⟨𝑔|
represent the creation operators of the 𝑗th donor and the acceptor, 
respectively.
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Next, we transform to the eigenstate representation of the donor 
Hamiltonian 𝐻𝐷. The creation and annihilation operators of the eigen-
state, in other words, the collective excitation mode, can be written as 
a Fourier transformation
𝑒†𝑗 =

∑

𝑘
𝑒−𝑖𝑘𝑗𝑒†𝑘∕

√

𝑁, (18)

𝑒𝑗 =
∑

𝑘
𝑒𝑖𝑘𝑗𝑒𝑘∕

√

𝑁, (19)

where 𝑘 is the momentum of the collective excitation, and the summa-
tion is over 𝑘 = 2𝜋(𝑛−1)∕𝑁 , with 𝑛 = 1,… , 𝑁 . The donor Hamiltonian 
𝑛
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Box 1 (continued). Theoretical methods for EET in photosynthetic systems

Hierarchical equations of motion. Hierarchical equations of motion [52,61,62] provide an exact approach compared to FRET and CMRT. 
Due to the second-order perturbation used in the derivation,  the CMRT master equation cannot describe the multi-photon transition 
processes, which play a role in incoherent FRET dynamics, as noted in [52]. Thus, HEOM is developed to address the need for a rigorous 
framework that reduces to these two limiting cases, coherent CMRT and incoherent FRET, under different conditions.
For this purpose, a series of hierarchically coupled auxiliary density operators {𝜌𝑛} is introduced into the HEOM, which represents 
fluctuations of electronic energy and dissipation of reorganization energy [52]. The subscript 𝐧 represents the set of indices 𝐧 =
{{𝑛10, 𝑛11,⋯},⋯ , {𝑛𝑁0, 𝑛𝑁1,⋯}} that defines the hierarchy level. The index of 𝐧±𝑚𝑘 differs from 𝐧 only by changing the specified 𝑛𝑚𝑘 to 
𝑛𝑚𝑘+1. The 𝜌0 with 𝟎 = {{0, 0,⋯},⋯ , {0, 0,⋯}} is identical to the reduced density operator 𝜌𝑆 defined before. The specific form of HEOM, 
as the coupled equations with 𝜌𝑆 and {𝜌𝑛}, depends on the correlation function 𝐶(𝑡) of the system [61], and is therefore related to the 
spectral density of system–bath interaction 𝐽 (𝜔). Under the commonly employed Drude spectral density 

𝐽 (𝜔) =
𝜂𝛾𝜔

𝜔2 + 𝛾2
, (6)

with 𝜂 as the coupling strength, the correlation function has the exponential series form as 

𝐶(𝑡) =
𝑁
∑

𝑘=0
𝑐𝑘e−𝛾𝑘𝑡, (7)

where 𝛾0 = 𝛾 is the Drude constant and 𝛾𝑘≠0 = 2𝑘𝜋∕𝛽 are Matsubara frequencies, with 𝛽 = 1∕𝑘𝐵𝑇  denoting the inverse temperature. The 
coefficients are determined by the fluctuation–dissipation theorem as [14] 

𝑐0 =
𝜂𝛾
2
[cot(𝛽𝛾∕2) − 𝑖], (8)

and 

𝑐𝑘≠0 =
4𝑘𝜋𝜂𝛾

(2𝑘𝜋)2 − (𝛽𝛾)2
. (9)

Assuming that the initial state is the direct product, i.e., 𝜌tot (0) = 𝜌𝑆 (0)⊗ exp(−𝛽𝐻B)∕𝑍 with 𝑍 as the partition function of the bath, the 
specific form of the HEOM can be written as 

𝜌̇𝑛 = −

(

𝑖 +
𝑁
∑

𝑚=1

∑

𝑘
𝑛𝑚𝑘𝛾𝑘

)

𝜌𝑛 − 𝑖
𝑁
∑

𝑚=1

[

|𝑙⟩⟨𝑙|,
∑

𝑘
𝜌𝑛+𝑚𝑘

]

− 𝑖
𝑁
∑

𝑚=1

∑

𝑘
𝑛𝑚𝑘(𝑐𝑘|𝑙⟩⟨𝑙|𝜌𝑛−𝑚𝑘 − 𝑐

∗
𝑘𝜌𝑛−𝑚𝑘 |𝑙⟩⟨𝑙|). (10)

where |𝑙⟩ is the vector in site basis, and the number of hierarchy levels 𝑁 determines the accuracy in practical simulations.
𝐻𝐷 is diagonalized by 𝑒†𝑘(𝑒𝑘) as 

𝐻𝐷 =
∑

𝑘
(𝜀 + 2 𝑔 cos 𝑘)𝑒†𝑘𝑒𝑘, (20)

and the interaction term becomes

𝐻𝐷𝐴 =
∑

𝑗
𝜉

(

∑

𝑘
𝑒𝑖𝑘𝑗𝑒𝑘𝐴

†∕
√

𝑁 +H.c.
)

,

=
∑

𝑘
𝜉

(

1
√

𝑁

∑

𝑗
𝑒𝑖𝑘𝑗

)

𝑒𝑘𝐴
† +H.c. (21)

Owing to the symmetric structure of the ring, the summations ∑𝑗 𝑒
𝑖𝑘𝑗

with 𝑘 ≠ 0 vanish. Thus, only the 𝑘 = 0 term is left and Eq. (21) is 
simplified as 
𝐻𝐷𝐴 =

√

𝑁𝜉(𝑒0𝐴† +H.c.), (22)

which indicates that only the zero-mode excitation is coupled to the 
acceptor. Thus, the total Hamiltonian can be separated into two decou-
pled parts: 𝐻 ′ = 𝐻𝐷 − (𝜀 + 2 𝑔)𝑒†0𝑒0 and

𝐻eff =𝜔0𝑒
†
0𝑒0 + 𝜔𝑏

†𝑏 + 𝜔𝐴𝐴†𝐴

+
√

𝑁[(𝜉𝑒†0𝐴 + 𝐽𝑒†0𝑏) +H.c.], (23)

where 𝜔0 = 𝜀 + 2 𝑔 − 𝑖𝜅 and 𝜔𝐴 = 𝜀𝐴 − 𝑖𝛤 . Here 𝜅 and 𝛤  are 
phenomenologically introduced as the dissipation rate of donors and 
the chemical reaction rate of the acceptor.

In the effective Hamiltonian (23), there are three main types of 
excitation states under the single-excitation subspace, denoted as |1𝐷⟩, 
|1𝑏⟩, and |1𝐴⟩, respectively. The energy structure of 𝐻eff could be 
described as a three-level 𝛬 type system (see Fig. 1 (b) of [93]). In 
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this well-studied model, the presence of  a dark state can dramatically 
enhance the energy transfer efficiency [94]. The so-called dark state 
effect is understood as the quantum interference phenomenon that 
renders the system transparent to certain decay channels. In the present 
case, the energy is from the solar photons, thus the initial state is |1𝑏⟩, 
and the desired final state is |1𝐴⟩. The dark state here is an eigenstate 
of 𝐻eff that has only a small coefficient on  the irrelevant state |1𝐷⟩
to maximize the transfer efficiency. The theoretical condition for the 
existence of  a dark state channel is that energy detuning 𝛥 = 𝜔−𝜀𝐴 = 0. 
These properties all agree with the numerical result in [93]. Setting the 
parameters above as 𝜀𝐴∕𝜉 = 12, 𝑔∕𝜉 = 0.3, 𝜅∕𝜉 = 0.1, 𝛤∕𝜉 = 0.3, 𝜀∕𝜉 =
11.4 and 𝐽∕𝜉 = 0.1, the eigenstates at resonance 𝜔 = 𝜀𝐴 are 
|𝐸1⟩ ≈ − 0.995|1𝑏⟩ + 0.01𝑖|1𝐷⟩ + 0.01|1𝐴⟩,

|𝐸2⟩ ≈0.07|1𝑏⟩ + (0.7 + 0.03𝑖)|1𝐷⟩ + 0.7|1𝐴⟩,

|𝐸3⟩ ≈0.07|1𝑏⟩ + (−0.7 + 0.03𝑖)|1𝐷⟩ + 0.7|1𝐴⟩,

(24)

Here, |𝐸1⟩ is the dark state and the initial state can be rewritten with 
the eigenstates above as |1𝑏⟩ = 0.995|𝐸1⟩+0.07|𝐸2⟩+0.07|𝐸3⟩, indicating 
that the component of the dark state in the initial state is near-unity 
under the practical condition 𝐽 ≪ 𝜉. The numerical simulation result of 
energy transfer efficiency 𝜂 as a function of detuning 𝛥 and the ratio of 
dissipation rate to chemical reaction rate 𝜅∕𝛤  illustrated in Fig.  7(b) 
shows that there is a maximum efficiency at 𝛥 = 0 regardless of the 
value of 𝜅∕𝛤 . In summary, the ring-shape structures of LH1 and LH2 
induce quantum mechanisms of dimerization and a dark state channel, 
leading to the near-unity energy transfer efficiency.

The ring-structured complex could also be stacked into several 
layers, constructing a rod-like overall complex. Kim and Cao [95] has 
proposed a ‘‘stacked-disk rod’’ model to simulate the experiments of 
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Fig. 7. (a) contour map of the transfer efficiency 𝜂 depending on detuning 𝛥
and the ratio 𝜅∕𝛤 . (b) and (c) are the section of (a) at different value.
Source: Figure adapted with permission of [93].

tobacco mosaic virus coat protein monomers [96,97]. Their model is 
composed of three species of BChls, D, A and B. The BChls as sites 
of the model are uniformly distributed on each ‘‘disk’’, and the disks’’ 
are equally spaced. The difference between B and D sites is that the 
spectral overlap between B and A is larger than that between D and A. 
In other words, B serves as an energy ‘‘bridge’’ between D and A. The 
critical parameters in their model are the number ratio 𝑁𝐷∕𝑁𝐴, the 
transfer rate from D to A 𝑘𝐷𝐴, and the dissipation rate 𝑘𝑆 . Although a 
classical master equation from Förster theory was used to investigate 
the time evolution of the system in the theoretical description part, 
in which quantum dephasing and resonance are both neglected, there 
are also some useful conclusions in this article. For instance, the 
numerical calculation shows that an optimal number ratio exists when 
the transfer efficiency reaches its maximum under certain 𝑘𝐷𝐴 and 𝑘𝑆 . 
The optimal values of 𝑁𝐷∕𝑁𝐴 in their simulation depend positively on 
𝑘𝐷𝐴. When 𝑘𝐷𝐴 experiences a 100-fold increase, 𝑁𝐷∕𝑁𝐴 rises from 5 to 
approximately 33, which may provide a theoretical interpretation for 
the scale difference of natural photosynthetic systems. The introduction 
of B sites opens up an alternative route to enhance energy transfer 
efficiency. The simulation of  the AD model without B and  the ABD 
model reveals that replacing some D sites with B can generally improve 
the transfer efficiency, and the evaluation of the spatial distribution 
would be completely reversed. Kim and Cao [95] created four different 
distributions of BChls illustrated in Figs.  8 and 9 shows the efficiency 
𝑞. Notably, distribution (c) has the lowest 𝑞 in AD systems while the 
highest 𝑞 in  the ABD system. The general features shared by pho-
tosynthetic complexes may be useful for constructing high-efficiency 
artificial photosynthetic systems.

Unlike the high-symmetry ring-shaped complexes, PSI and PSII 
in higher plants are more complicated in spatial configuration, and 
no complete theory has yet fully explained how the structural fea-
tures in PSI and PSII support high-efficiency energy transfer. However, 
we can ask another question instead. What sets an optimal spatial 
structure apart from others, and what do optimal structures have in 
common? Following this question, Scholak et. al. [87,88] and Mostarda 
et. al. [98] tried to obtain the answer from a statistical perspective. 
They generated random spatial distributions of the BChls, with the 
number of BChls set to 𝑁 = 7 in [87] and 𝑁 = 8 in [98]. These 
values are similar to the number of pigments in the well-studied FMO 
complex in green sulfur bacteria. The transfer efficiency of the random 
complexes was then computed using the definition of efficiency 𝜂 as 

𝜂(𝑇 ) = max |⟨out|𝜓(𝑡)⟩|2, (25)

𝑡∈[0,𝑇 ]
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Fig. 8. Stacked-disk ABD rod system using in simulation of [95] with the ratio 
𝑁𝑑 ∶ 𝑁𝐵 ∶ 𝑁𝐴 = 68 ∶ 28 ∶ 6. The sites are arranged regularly in (a)∼(c), and 
randomly in (d).
Source: Figure adapted with permission of [95].

Fig. 9. Dependence of the efficiency 𝑞 of spatial distribution. The open 
symbols represent the ABD system with bright B chromophores. The circles 
and downward triangles represent 𝑘𝐵𝐷 = 0 and 𝑘𝐵𝐷 = 1, respectively. The 
filled gray circles represent the AD system where all the B chromophores are 
replaced by D. Other detail of the parameters please see the main text of [95].
Source: Figure adapted with permission of [95].

where |𝜓(𝑡)⟩ is the wave function of  the system at time 𝑡, and 𝑇  is the 
maximum time of simulation, which is set as 1∕10 of the time scale of 
direct interaction between the initial state and the final state to ensure 
the validity of the simulation results. The scale of the simulation is 
primarily restricted by computational cost, as the computation time 
scales exponentially with 𝑁 , rendering simulations with 𝑁 ∼ 100
intractable.

The results and discussion in [87,98] share common ground but 
focus on different aspects. Their simulation results show that the con-
formations with high efficiency are rare but do exist among millions 
of stochastic ones. As a controlling indicator, the proportions of con-
figurations with efficiency exceeding 90% are 0.005% and 0.015%, 
respectively. The spatial structure of a high-efficiency conformation 
is illustrated in Fig. 2(a) of [87] and its evolution of populations is 
shown in Fig.  2(b), where an almost-100% population of the output 
state is reached at time  ′. The spatial structure of this conforma-
tion is ‘‘asymmetric and non-periodic, hence far from trivial’’ [87]. 
However, no further discussion of this special structure is given in the 
remainder of this article. Mostarda et al. [98] went a step further on 
this issue. A network clusterization algorithm [99] was introduced to 
identify the geometric similarity of the high-efficiency configurations 
generated earlier. Finally, all the configurations are partitioned into 
three main classes called ‘‘pair’’, ‘‘inline’’ and ‘‘sparse’’, respectively. 
The differences among the three classes are broad, e.g., in their re-
sponses to small random displacements, i.e., the efficiency loss after 
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random displacement of the initial distribution (see Fig. 1b of [98]). 
The pair class shows its robustness against random displacement, whose 
average energy loss is around 0.06, compared with averages of 0.14 
for the inline class and 0.10 for the sparse class. However, the cost of 
robustness is slower transfer time for the pair class. Next, we discuss 
the structural properties of the pair class, as a representation of all 
three classes, although their structural and dynamical behaviors are 
completely different. It is composed of two modules, the backbone (4 
sites) and the pair (2 sites). The former is nearly in a straight line 
from the input site to the output site and approximately equally spaced, 
while the latter is very close spatially. Their dynamical characteristics 
are completely different. The pair is ‘‘inactive’’ with population on 
them never more than 0.075 in most of the time, while the backbone 
is quite ‘‘active’’ dynamically with populations always larger than 
0.25. The inactive property of the pair indicates that it is a critical 
step of energy transfer, which is verified by the fact that removal of 
the pair results in an average efficiency loss of 0.2 and up to 0.32. 
Other classes, despite having entirely different configurations, exhibit 
similarly high efficiencies, suggesting that these diverse configurations 
also exist in natural photosynthetic systems and may even be found 
within a single complex as different pathways. Therefore, identifying 
these mechanisms in natural photosynthetic complexes and translating 
them into artificial photosynthetic systems remain promising directions 
for future study.

Note that studies reviewed above are all based on the perspective 
that the long-lived coherence is electronically originated, and the quan-
tum mechanisms are induced by the specific spatial structure of the 
chromophores. However, there is also a different perspective that the 
long-lived coherence is vibronic in nature, so the long-lived electronic 
coherence may not be required to explain efficient photosynthetic 
EET [19,51,85,86,89]. As early as 2012, Christensson et al. [51] pro-
posed a vibronic exciton Hamiltonian of FMO to explain the long-lived 
coherence. In this model, the vibrational modes of the chromophores 
are explicitly included in the system Hamiltonian rather than being 
treated as part of the environment. The result of numerical simulation 
of this model has shown a 1.3 ps dephasing time at 77 K, which 
is consistent with the experimental observation in [6]. The success 
of this model has indicated that the vibronic coupling may be the 
origin of the long-lived coherence in photosynthetic systems. In 2014, 
Fuller et al. [100] reported the 2D spectra of PSII reaction center 
using 2DES, where a series of oscillation frequencies were extracted 
from the spectrum. Moreover, they performed theoretical simulation 
of a special dimeric pair of PSII reaction center using the method 
developed by Butkus et al. [101,102] to distinguish the vibronic and 
electronic wavepacket motion. The reason of choosing this special pair 
is that it exhibits the strongest coupling and others couplings are much 
weaker. The simulation shows that coupling the dimer with a specific 
vibrational mode of 339 cm−1 could produce a coherence map that 
closely matches the experimental map (see Fig.  3(d)). Interestingly, 
the low-frequency mode 127 cm−1, which exists in exciton frequency 
modes but not in vibrational modes, can also be produced by the 
electronic-vibrational coupling above. Their results shows the com-
plexity of the spectra of photosynthetic complexes, where electronic, 
pure vibrational and mixed electron-vibrational (vibronic) coexist. The 
core question is that which one is in the majority? The subsequent 
works [85,86,103] further confirmed this viewpoint from different per-
spectives. Duan et al. [85],Thyrhaug et al. [103] repeated the photon 
echo 2D spectra experiment on FMO trimer of [6] at low temperature 
(77 K) and room temperature (296 K). In contrast to the earlier 277 
K observations reported by Panitchayangkoon et al. [7], these spectra 
did not show clear evidence of long-lived electronic coherence. Further, 
Duan et al. [85] also analyzed the possible long-lived (∼1 ps timescale) 
signal, argued that such signals could only be attributed to weak 
vibrational coherence. Maiuri et al. [86] addressed this question using 
a different experimental strategy. They used the mutagenesis-induced 
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FMO mutant and its wild-type FMO to implement broadband pump–
probe experiments, where the two mutant used in experiment exhibit 
significantly different electronic couplings compared to the wild-type 
FMO complex. If the signal observed in experiment originates from 
electronic coherence, the experiment result of mutant and wild-type 
must be noticeably different. However, the coherent oscillations and 
corresponding Fourier spectra of mutants and wild-type FMO observed 
in experiment were reported to be essentially consistent, which strongly 
indicated that the observed oscillation signals do not originate from 
electronic coherence. Although all these experiments were carried out 
on FMO complexes, considering the similarity of FMO with other 
complexes on distance between BChls, this perspective was supposed to 
be universal [85]. Overall, several lines of experimental evidence argue 
against assigning the observed long-lived oscillations solely to elec-
tronic coherence in natural photosynthetic complexes. Nevertheless, 
further experiments capable of disentangling electronic and vibronic 
contributions are needed to quantify their respective roles in EET and 
energy-transfer efficiency.

In the framework of vibronic coherence, some attempts of eluci-
dating the mechanism of high-efficiency energy transfer has also been 
made. Malý et al. [104] proposed the role of vibronic states in energy 
transfer based on their numerical simulation on simplified models. 
Their study addressed the question of why low-energy states fail to 
trap energy and hinder energy transfer, in contrast to the behavior 
observed in semiconductors. The classical picture of vibronic state is 
the bath of electronic degree of freedom. In that picture, electronic ex-
citation energy transferred into vibrational modes is usually treated as 
dissipation into molecular motion. However, Malý et al. [104] argued 
that the excitation of vibronic state led to a ‘‘transient hot bath’’ of the 
corresponding low-energy electronic state, which could be used by the 
excitation to escape the low-energy state. According to their simulation, 
the detrapping rate of excitation can be significantly increased when 
the vibrational mode is in resonance with the energy gap between the 
target state and the low-energy state. From this view, the low-energy 
state does not act as the trap during the lifetime of the corresponding 
vibronic state. A limitation of their simulations, however, is that the 
predicted escape probability under ideal conditions is only about 40%, 
which is relatively low and cannot directly account for the high effi-
ciency of photosynthesis. Further theoretical and experimental work 
is needed to determine whether this mechanism operates in specific 
photosynthetic complexes and to quantify its contribution to EET.

As discussed in Sections 2.1 and 2.2, energy gradients and clus-
tered pigment arrangements recur across many natural photosynthetic 
complexes. The mechanisms reviewed in Section 2.3 suggest that these 
structural features can modulate exciton delocalization, energy match-
ing, and trapping. They therefore provide useful design motifs for 
artificial photosynthetic systems aimed at improving EET efficiency. 
The following section summarizes these design principles in more 
detail.

3. From natural to artificial design: Design principles and exam-
ples

Constructing an optimal artificial photosynthetic system is an im-
portant goal in the research of photosynthesis. To this end, we may 
gain inspiration from natural photosynthetic systems. It has been the-
oretically predicted and experimentally verified that quantum coher-
ence and delocalized exciton states play a vital role in achieving 
the high EET efficiency observed in photosynthetic light-harvesting 
complexes [13]. However, it is still a topic of interest how these 
mechanisms can be exploited in the design of artificial photosynthetic 
systems. In this section, we review the design principles summarized 
from research on natural photosynthetic systems, and provide some 
discussion.
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3.1. Design principles for bio-inspired photosynthetic systems

When constructing an artificial photosynthetic system, what we 
really care about are the parameters of the chromophores, i.e., the 
coordinates, dipole orientations, excitation energies, and interactions 
with  the environment. Although this appears to be a well-defined 
optimization problem with a deterministic optimal solution, the high 
computational cost associated with solving the complex governing 
equations makes the use of standard optimization algorithms impracti-
cal. Rather than treating it as a conventional optimization problem, it is 
more constructive to interpret the factors that enhance EET efficiency 
as the fundamental design principles of photosynthetic systems. Such 
design principles have been discussed in a number of papers and 
reviews from distinct perspectives [13,18,22,27,65,105].

Ai et al. mainly focused on the geometric arrangements of chro-
mophores. Through the calculation of a four-site model (see Scheme 
1 of [22]), the following principles were suggested. The first is to 
establish an energy gradient from external sites to the target site, and 
the second is to form strongly-coupled clusters to create exciton delo-
calization and tune exciton energy for better energy matching between 
the donor and acceptor of each EET process. These principles paint a 
picture of natural photosynthetic systems as cluster-structured entities. 
The entire complex is constructed from strongly coupled chromophore 
clusters that are interconnected via weak couplings. In this respect, 
Bryant and Canniffe [106] noted that the dynamics of different cou-
pling strengths should be treated by different theories, such as Förster 
theory for weak couplings and Redfield theory for strong couplings. 
Further, they analyzed the well-studied FMO complex and verified that 
it corresponds to the principles above.

The average inter-chromophore distance within clusters is a critical 
geometric parameter. As the dipole–dipole coupling strength, which 
governs chromophore interactions, scales as 1∕𝑟6, it exhibits a strong 
dependence on distance, increasing dramatically at short separations. 
However, this distance cannot be decreased indefinitely. Beyond a 
certain point, the benefits of stronger coupling are counteracted by 
detrimental effects such as exciton trapping or quenching [13,31,107], 
which leads to the shortening of the excitation lifetime. The opposing 
mechanisms indicate that an optimal spacing exists in natural systems. 
Ai et al. [22] investigated the population dynamics of site 4 in their 
model, 𝑃4(𝑡), which is regarded as the target state in the EET process. 
By simulation of the model, it is found that 𝑃4(𝑡) could be described as 
a double-exponential growth, with a rapid but minor rise and a major 
long-time exponential growth. To reflect the EET efficiency, the end-
to-end effective transfer rate 𝑅eff was defined as the component of the 
major exponent. Based on the coherent transfer theory, they proposed 
the analytical result of 𝑅eff. Assuming that |𝜀𝑘⟩ is the 𝑘th eigen state 
of the system Hamiltonian, and 𝑅𝑚𝑛 is the state-to-state EET rate, the 
analytical result 𝑅′

eff is written as 

𝑅′
eff ≡ max

{

𝑅21𝑅32
𝑅21 + 𝑅32

,
𝑅32𝑅43
𝑅32 + 𝑅43

}

. (26)

Fig.  10 displays the geometric dependence of 𝑅eff by full
non-Markovian quantum trajectory (NMQT) simulation and analytical 
result. As shown by a comparison of the two panels, the theoretical 
predictions agree well with the simulation results, which verifies that 
quantum coherence plays a crucial role in energy transfer. From the 
data presented in Fig.  10, the distance of chromophores in a cluster 𝑟
exhibits an optimum at roughly 11 Å. This value is basically consistent 
with the situation of natural photosynthetic systems (∼10 Å in many 
antenna complexes) [106] and can serve as an important guide for the 
design of artificial photosynthetic systems.

Beyond the arrangement of chromophores, it is also of consider-
able importance to exploit the vibrational spectral  properties of the 
environment to enhance the EET process. Rey et al. [105] proposed 
a design principle named the photon antenna mechanism, which can 
coherently modify the sampling of environmental spectral noise to 
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Fig. 10. Geometrical dependence of the effective transfer rate 𝑅eff (ps−1) as a 
function of the two geometrical parameters 𝑟 and 𝜃. (a) 𝑅eff calculated from 
full CMRT-NMQT dynamical simulations. (b) 𝑅′

eff predicted by the analytical 
result in Eq. (26).
Source: Figure adapted with permission of [22].

extract maximum noise strength and then accelerate the EET process. 
We illustrate the details of their proposal by a model taken from their 
article [105].

Considering a light-harvesting antenna, which involves 𝑁 + 1 chro-
mophores, the reaction center is labeled as 0 and the others are labeled 
sequentially from 1 to 𝑁 . The electronic Hamiltonian of the system can 
be written as 

𝐻𝑆 =
∑

𝑖
𝜀𝑖|𝑖⟩⟨𝑖| +

∑

𝑖≠𝑗
𝐽𝑖𝑗 |𝑖⟩⟨𝑗|(𝑖, 𝑗 = 0, 1, 2,… , 𝑁), (27)

where |𝑖⟩ and 𝜀𝑖 are the excited state and local energy of  the 𝑖th chro-
mophore (site), and 𝐽𝑖𝑗 is the coupling strength between the 𝑖th and 𝑗th 
sites. The delocalized exciton states |𝑒𝑛⟩ satisfying 𝐻𝑆 |𝑒𝑛⟩ = 𝑒𝑛|𝑒𝑛⟩ can 
be expressed in the site basis |𝑖⟩ as |𝑒𝑛⟩ =

∑

𝑖 𝐶𝑛𝑖|𝑖⟩. The reaction center 
0 is nearly isolated and can only be populated irreversibly from site 𝑁 . 
To deal with the interaction between the system and the environment 
(i.e., the non-electronic degrees of freedom of chromophores and the 
protein scaffolds surrounding the chromophores), it is supposed that 
the system is coupled with a continuous bath of harmonic oscillators 
with environmental spectral density 𝐽 (𝜔). According to the CMRT, it 
is appropriate to treat this problem in the exciton basis {|𝑒𝑛⟩}. The 
dynamics of the population 𝜌(𝑆)𝑛𝑛  of the system is described as follows

𝜌̇(𝑆)𝑚𝑚 =
∑

𝑊𝑚𝑛𝜌
(𝑆)
𝑛𝑛 −

∑

(𝑊𝑛𝑚 + 𝛤𝑒𝑚→0)𝜌(𝑆)𝑚𝑚, (𝑚 ≠ 0)

𝑛≠𝑚 𝑛≠𝑚
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𝜌̇(𝑆)00 =
∑

𝑛
𝛤𝑒𝑛→0𝜌

(𝑆)
𝑛𝑛 , (28)

where the transition rates between eigen states |𝑒𝑚⟩ and |𝑒𝑛⟩ are 

𝑊𝑚𝑛 =

{

2𝜋𝐽 (𝐸𝑚𝑛)𝜒𝑚𝑛𝑛(𝐸𝑚𝑛), 𝐸𝑚𝑛 ≥ 0
2𝜋𝐽 (𝐸𝑚𝑛)𝜒𝑚𝑛[𝑛(𝐸𝑚𝑛) + 1], 𝐸𝑚𝑛 < 0

(29)

with

𝜒𝑚𝑛 =
∑

𝑖
|𝐶𝑚𝑖𝐶𝑛𝑖|

2, (30)

𝑛(𝜔) = 1
exp(𝜔∕𝑘𝐵𝑇 ) − 1

, (31)

𝐸𝑚𝑛 = 𝐸𝑚 − 𝐸𝑛. (32)

Eq. (29) indicates that the transition rates 𝑊𝑚𝑛 depend on the density 
of photons 𝑛(𝜔) and the spectral density 𝐽 (𝜔) at  a frequency equal 
to the energy gap 𝐸𝑚𝑛. As has been noted by [106], the protein scaf-
folds of natural light-harvesting antennae can modify the parameters 
(e.g., the position and orientation of chromophores) to match the envi-
ronment. Further, typical spectral densities of light-harvesting antenna 
complexes have at least one maximum at a finite frequency [108]. 
It is evident that natural photosynthetic systems can enhance their 
energy transfer rates by adjusting the geometric and energetic param-
eters of chromophores with protein scaffolds. This tuning aligns the 
energy gap with the maximum of the environmental spectral density, 
thereby optimizing performance under varying conditions. In artificial 
photosynthetic systems, similar attention should be given to replacing 
the protein scaffold with an engineered structure or other suitable 
support (see the introduction of semi-artificial photosynthetic systems 
in Section 3.2). We suggest that this represents a promising direction 
for future research.

3.2. Bio-inspired artificial photosynthetic systems

Artificial photosynthetic systems can be broadly classified into
all-artificial and semi-artificial systems. All-artificial systems mimic 
selected functions of natural photosynthesis using entirely synthetic 
components, such as semiconductors, molecular photosensitizers, pho-
tocatalysts, or photoelectrochemical devices. These platforms are de-
signed to absorb light, generate charge carriers, and drive reactions 
including hydrogen evolution, CO2 reduction, and nitrogen fixation. 
Although they can provide efficient photon capture and charge separa-
tion, their product selectivity and capacity for multi-step synthesis of 
complex multi-carbon products are often limited.

Semi-artificial photosynthetic systems combine artificial
light-harvesting or charge-separation components with biological mod-
ules derived from natural photosynthetic or metabolic systems. In 
such systems, selected functions of natural photosynthesis – for ex-
ample, light absorption, electron delivery, or catalytic conversion – 
are replaced, supplemented, or coupled with synthetic materials, while 
enzymes or living cells retain their high selectivity, multistep catalytic 
capability, and potential for self-repair. This combination enables the 
tunable optical and electronic properties of nanomaterials, including 
light absorption, band structure, morphology, and interfacial charge 
transfer, to be integrated with biological catalysis [109,110]. For 
example, a self-assembled PCN-222–E. coli biohybrid uses a porphyrinic 
MOF as a light-capturing and photoelectron-donating component, while 
engineered cells use the resulting reducing power for hydrogen and 
lysine production [111].

To compare these two classes within a unified design framework, 
it is useful to proceed from simplified all-artificial assemblies to more 
integrated semi-artificial systems. All-artificial platforms offer well-
defined and highly controllable architectures for isolating the effects 
of chromophore geometry, energetic ordering, molecular packing, and 
scaffold rigidity on excitation transport. These structure–function re-
lationships then provide a basis for semi-artificial systems, in which 
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similar design principles must operate together with interfacial elec-
tron transfer and biological or metabolic conversion. We therefore 
discuss fully artificial light-harvesting assemblies first and then exam-
ine how related principles appear in semi-artificial solar-to-chemical 
systems [109,110].

3.2.1. All-artificial systems
All-artificial light-harvesting platforms provide valuable model sys-

tems in which individual structural variables can be controlled directly. 
In particular, they make it possible to isolate the effects of chromophore 
position, donor–acceptor distance, energetic ordering, molecular pack-
ing, and scaffold rigidity before these variables are coupled to more 
complex catalytic or cellular processes.

A representative example is the DNA-origami antenna developed by 
Hemmig et al., in which donor dyes were arranged around a central 
acceptor with programmable nanoscale geometry [112]. By systemati-
cally varying donor number and donor–acceptor separation, this plat-
form directly demonstrated how chromophore coordinates and antenna 
topology affect Förster-type energy transfer and the antenna effect. 
The ring-like donor arrangement surrounding a central acceptor further 
provides a simplified artificial analogue of the peripheral-antenna-
to-reaction-center geometry found in purple-bacterial photosynthetic 
membranes. Such programmable DNA scaffolds therefore offer a con-
trolled framework for testing the geometric design rules discussed in 
Section 3.1.

Energy-level ordering can be incorporated simultaneously with 
structural control. Han et al. constructed a bio-inspired sequential 
energy-transfer system by supramolecular copolymerization of three 𝜎-
platinated (hetero)acene chromophores [113]. The three components 
formed an energetically downhill visible-to-near-infrared cascade, en-
abling sequential transfer from the initial donor through an intermedi-
ate relay to the final acceptor. Dense and ordered chromophore packing 
supported long-range exciton migration, while the Pt(II)-containing 
molecular design reduced excessive stacking and aggregation-caused 
quenching. The resulting ternary copolymer achieved an overall se-
quential energy-transfer efficiency of 87.4%, illustrating that an ef-
fective artificial energy funnel requires both energetic matching and 
packing geometries that impart directionality to exciton transport and 
preserve useful excited-state populations.

Structural order can also control exciton transport. Haldar et al. 
used a surface-anchored metal–organic framework to assemble donor 
and acceptor chromophores in a highly ordered crystalline architec-
ture [114]. By introducing energy-accepting linkers at defined po-
sitions, they observed strongly anisotropic transport of an excimer-
related excited state along a crystallographic direction. This result 
shows that short-range chromophore packing and long-range mesoscale 
order can jointly define the pathway and direction of exciton migra-
tion. Such ordered frameworks are therefore promising scaffolds for 
constructing artificial antenna networks that funnel excitation toward 
spatially defined reaction centers.

Mu et al. [115] further demonstrated that strong intra-cluster cou-
pling must be balanced against aggregation-induced loss channels. 
Their purple-bacteria-inspired polymeric supramolecular columns used
stacked donor chromophores to support exciton diffusion along the 
column, while acceptor molecules were intercalated within the assem-
bly. The slightly twisted donor geometry preserved fluorescence by 
limiting overly tight 𝜋–𝜋 overlap, thereby enabling detectable energy 
transfer even at a donor–acceptor ratio of 20,000:1 and an antenna 
effect exceeding 100. This example captures the trade-off discussed 
in Section 3.1, since dense packing can promote electronic coupling 
and exciton diffusion, whereas local geometry must limit concentration 
quenching.
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3.2.2. Semi-artificial systems
The all-artificial platforms discussed above clarify how energy gra-

dients, chromophore geometry, and scaffold organization influence 
excitation transport. Semi-artificial systems extend these principles to 
solar-to-chemical conversion by integrating synthetic light-harvesting 
or charge-separation components with biological modules, such as 
isolated enzymes, photosynthetic proteins, or living cells. In addition 
to intramolecular and interchromophore energy transfer, their design 
must account for material morphology, surface charge, band align-
ment, redox mediators, and the spatial organization of the bio–abiotic 
interface [109,110].

At the molecular level, semi-artificial systems can retain natural 
photochemical reaction centers while extending their light-harvesting 
functions with synthetic absorbers. Amoruso et al. [116] constructed 
quantum-dot–RC–LH1 nanoconjugates in which excitation energy was 
transferred from a synthetic quantum-dot antenna to purple-bacterial 
reaction-center–light-harvesting-1 complexes through Förster
resonance energy transfer. This system provides a direct semi-artificial 
analogue of the donor–acceptor geometry principles discussed above, 
because spectral overlap, interfacial separation, and attachment geom-
etry together determine whether captured excitation can be transferred 
productively to the native photochemical core. Liu et al. [117] further 
developed genetically encoded pigment–protein chimeras in which 
plant light-harvesting complexes were covalently linked to purple-
bacterial reaction centers, enabling polychromatic light harvesting 
through the combination of complementary pigment systems. These 
studies demonstrate that engineered protein interfaces can regulate 
energy matching and antenna–reaction-center connectivity while pre-
serving the charge-separation function of natural reaction centers.

Semi-artificial design can also couple synthetic light absorbers to 
cellular metabolism. In the self-assembled PCN-222–E. coli biohybrid 
reported by Li et al. [111], the porphyrinic MOF PCN-222 functions 
as a light-harvesting and photoelectron-donating component, whereas 
engineered E. coli provides the metabolic machinery for fuel and 
chemical production. The rod-like MOF morphology promotes bacterial
adhesion, and its visible-light absorption and electronic structure en-
able photogenerated electrons to enter the cellular redox network. 
Riboflavin was proposed to mediate interfacial electron transfer, while 
secreted small organic acids assist hole consumption. Under illumina-
tion, the hybrid increased intracellular NADPH availability, supported 
hydrogen production, and enhanced lysine production relative to the 
bacterial control [111].

This example illustrates how the principles summarized in Sec-
tion 3.1 can be extended beyond artificial antenna design. Energy-level 
alignment provides a thermodynamic driving force for electron trans-
fer; interfacial proximity and surface organization regulate coupling 
between the material and the cell; and the local chemical environment, 
including mediators and hole scavengers, determines whether charge 
separation is converted into useful reducing power rather than re-
combination or photodamage. Semi-artificial photosynthesis therefore 
requires coordinated structural design across light absorption, charge 
transport, interfacial electron transfer, and metabolic utilization.

The same design logic applies at larger length scales. Song et al. 
[118] introduced Ru single-atom bridges at the interface between 
porous carbon nitride and Shewanella, where the interfacial Ru − N4
structure promoted charge separation, lowered the electron-transfer 
barrier, and enhanced direct electron uptake by the microorganism. 
This study highlights how atomically defined interfacial coordination 
can improve electronic coupling across a bio–abiotic junction. Like-
wise, Chen et al. [119] combined semiconductor components with 
purple-membrane-derived vesicles to construct a semi-artificial plat-
form for CO2 reduction. Together, these examples show that energy-
level alignment, interfacial distance, local chemical environment, and 
downstream catalytic trapping must be optimized as a continuous 
energy-flow process rather than as isolated design variables.
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Overall, semi-artificial systems connect the structural principles 
identified in all-artificial antenna assemblies with the catalytic selec-
tivity and metabolic versatility of biological modules. Their future
development will require the integrated optimization of antenna
architecture, charge-separation pathways, bio–abiotic interfacial cou-
pling, and catalytic or metabolic turnover, so that solar-energy cap-
ture and chemical conversion can be designed as a single functional 
network [109,110].

4. Conclusion and future outlook

This review has examined the relationship between molecular archi-
tecture and quantum effects in oxygenic and anoxygenic phototrophs. 
Across PSI–LHCI, PSII–SC, LH2–LH1–RC, and FMO, excitation-energy 
transfer is governed by the coupled effects of pigment geometry,
intermolecular distance and orientation, electronic coupling, site-energy
organization, protein–environment interactions, and reaction-center
trapping. These factors do not act independently. Instead, they col-
lectively determine whether excitation transport proceeds through 
partially delocalized dynamics, incoherent hopping, or a mixed regime, 
and whether the resulting excitation is productively converted into 
charge separation.

The comparison of natural photosynthetic systems indicates that 
high performance cannot be attributed to a single structural motif 
or to quantum coherence alone. PSI combines a densely connected 
pigment network with protein-tuned low-energy states that favor rapid 
equilibration and trapping, whereas PSII employs a more heteroge-
neous antenna-to-core topology that balances excitation migration, 
photoprotection, and charge separation. Similarly, ring-based LH2–LH1 
architectures emphasize strong local coupling and collective excitonic 
states, while FMO illustrates the importance of a protein-shaped site-
energy landscape with defined input and output regions. Quantum co-
herence should therefore be regarded as a system-dependent dynamical 
feature that may contribute to excitation transport under appropriate 
structural and environmental conditions, rather than as a universal and 
independent origin of high efficiency [13,19,24].

The structural principles identified in natural photosynthesis pro-
vide a useful basis for artificial light-energy conversion. All-artificial 
assemblies enable controlled examination of chromophore placement, 
donor–acceptor geometry, energetic cascades, molecular packing, and 
scaffold rigidity. Semi-artificial systems further integrate these prin-
ciples with natural reaction centers, enzymes, or living cells, thereby 
extending energy transport to interfacial electron transfer and chemical 
or metabolic conversion. In such systems, efficient excitation transfer 
alone is insufficient; energy-level alignment, interfacial coupling, re-
dox mediation, catalytic trapping, product selectivity, and long-term 
stability must be optimized as parts of a continuous energy-flow net-
work [109,110].

Several issues need to be addressed before these structural principles 
can be translated reliably into artificial systems. First, improved inte-
gration of high-resolution structural methods, ultrafast spectroscopy, 
and quantitative kinetic measurements is required to establish how 
pigment geometry, energetic disorder, and environmental fluctuations 
jointly control transfer pathways in intact complexes and biohybrid sys-
tems. Second, multiscale theoretical approaches should connect atom-
istic structures with experimentally constrained electronic couplings, 
site energies, spectral densities, charge-separation kinetics, and com-
peting loss channels. The applicability of Förster, Redfield-type, CMRT, 
and HEOM-based descriptions should be evaluated according to the 
relevant coupling, disorder, and environmental regimes rather than 
treated as interchangeable methods.

By integrating quantum–mechanical theory, structural biology, spec-
troscopy, and materials engineering, future research can clarify how 
natural architectures balance energy transport with robustness and 
photoprotection. Such knowledge will support the rational design of 
artificial and semi-artificial systems in which light absorption, exci-
tation or charge transport, interfacial electron transfer, and chemical 
conversion are optimized as a unified functional process.
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