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In nature, photosynthetic organisms achieve the directional transfer and
conversion of solar energy through sophisticated light-harvesting complexes, a process
closely related to Forster resonance energy transfer (FRET). Among them, the energy
transfer efficiency in the red light region is approximately 80%, while in the blue light
region, it reaches about 95%. Inspired by this, a large number of artificial light-harvesting
systems (ALHSs) based on FRET have been gradually developed. This paper reviews the
various artificial light harvesting systems (ALHSs) based on FRET, which provide an
important research platform and theoretical reference for in-depth exploration of energy
transfer mechanisms in photosynthesis and improvement of solar energy conversion
efficiency.

artificial light-harvesting systems, FRET, energy transfer efficiency

With the increasing demand for energy supply and the continuous consumption of traditional fossil
energy, the development of efficient renewable energy technology has become a top priority. Solar
energy is expected to be clean, pollution-free, low operating costs and huge reserves.

Photosynthesis in nature generally includes three processes: light capture, energy transfer and
energy conversion, through which the efficient conversion of solar energy to chemical energy can be
realized [1,2]. As the first stage of natural photosynthesis, the mechanism of light capture system
(LHSS) has been deeply and carefully studied. In this process, chlorophyll and carotenoids and other
pigment molecules are assembled into an ordered array through nanoscale supramolecular assembly,
which can efficiently capture photons with a wide spectral band of 400-700 nm; After that, with the
help of Forster resonance energy transfer (FRET) mechanism, the captured energy was accurately
transferred to the reaction center, and finally more than 95% energy conversion efficiency was
achieved [3-7].

Scientists have built an artificial light collection system based on the light capture process, so as
to efficiently convert and utilize solar energy. Especially, the supramolecular artificial light capture
system based on the Forster resonance energy transfer mechanism has shown great application
potential in the field of photocatalysis [8-13].

© 2026 The Authors. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).
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2. Forster Resonance Energy Transfer (FRET)

FRET is a non radiative energy transfer process, which occurs between two fluorescent molecules
(or chromophores). It was established by German physicist Theodor Forster through theoretical
derivation in the 1940s [14], so it is named after it (Fig. la). It is an important tool for studying
intermolecular interactions in biophysics, molecular biology and analytical chemistry.

The core of FRET is the energy transfer between the donor and the acceptor, and its formation
needs to meet three conditions [15] (Fig. 1b, c):

(1) Donor recipient correspondence is close to each other (usually 10-100 p m).

(2) The emission spectrum of the donor should overlap with the absorption spectrum of the
receptor.

(3) The emission moment of the donor, the absorption moment of the receptor and their
separation vector must be in a favorable mutual orientation.

The artificial light capture system constructed by researchers using covalent bond connection can
not only obtain a very high donor/acceptor ratio, but also achieve a high antenna effect (AE), so that
light energy can be concentrated and transmitted efficiently in the system. In addition, the system
can also achieve efficient energy transfer efficiency (®y,), ensuring that the captured light energy
can be transferred to the reaction center quickly and accurately, creating favorable conditions for
simulating natural photosynthesis.
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Figure 1. (a) Brief photosynthesis process of green plants (Nat. Rev. Chem. 2023, 7, 91) (b)
Formulas for calculating the three energy transfer paths. (J. Am. Chem. Soc. 2003, 9, 24) (c) The
mechanism of FRET. R is the distance between the energy donor and acceptor, J(A) represents the

degree of spectral overlap between the donor emission and the acceptor absorption.(Chem. Soc.
Rev., 2020, 49, 5110)

In recent years, FRET's energy transfer system has been expanded from the traditional single
donor/acceptor system to a trichromatic system using two or more donor/acceptor pairs [16-22]. The
trichromatic energy transfer system is composed of two donor/acceptor pairs that share the same
chromophore, including three energy transfer paths (Fig. 2a):

(I) after chromophore 1 (donor) is excited, energy is transferred to chromophore 2
(receptor). After receiving the energy, chromophore 2 acts as a new donor to transfer the energy to
chromophore 3, that is, multiple one-way single-step transfer.
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(IT) when chromophore 1 (donor) is excited, it transfers energy to chromophore 2 (receptor) and
chromophore 3 (receptor) at the same time, that is, parallel one-step multidirectional transfer.

(IIT') chromophore 1 is excited to transfer energy to both chromophore 2 (1 — 2) and
chromophore 3 (1 — 3). After receiving energy, chromophore 2 continues to transfer energy (2 — 3)
to chromophore 3 as a donor. That is, the combination of parallel single step and double step.
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Figure 2. (a) Schematic diagram of the energy transfer path of the ternary system. (b) Schematic
diagram of sequential energy transfer system (J. Am. Chem. Soc. 2021, 143, 399-408.)
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RO 1is the single donor recipient separation distance corresponding to 50% energy transfer
efficiency. Unlike R, RO depends on the donor emission and absorption spectral overlap integral (J),
the orientation of the dipole moment (orientation factor k2, usually assumed as 2/3), the donor
quantum yield (¢D) and the refractive index (n) of the medium. The spectral overlap between donor
emission and acceptor absorption provides the necessary energy resonance for FRET. It is quantified
by multiplying the normalized donor emission intensity (ID) by the molar extinction coefticient of
the acceptor (€A, unit: M—lcm—1), and then multiplying by the quartic power of the wavelength
(formula 1-2) within the spectral overlap range. Namely:

J = [Ipearid\ (2)
R, can be expressed as:
R} =0.021Jk2¢pn—* (3)

®pr 18 related to the FRET rate constant (k;;), the radiative decay constant of the donor (k,), and
the non-radiative decay constant (k ) as shown in the following equation:
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orrer = Kgr/(kr +kn +ker) 4)

The sum of k, and k, equals the reciprocal of the fluorescence lifetime (t,,) of the donor in the
absence of the acceptor. The average distance (R) between the donor and acceptor can be calculated
from k.

ker = <1/7'D> X <R0/R)6 (5)

The first type of FRET mainly includes covalent coupling of donors and acceptors to achieve long-
wavelength emission, including near-infrared emission, and the preparation of highly sensitive
fluorescent probes by opening/closing FRET through external stimulation. Due to their high molar
extinction coefficient, strong emission characteristics, high quantum yield, and excellent
photophysical stability, BODIPY derivatives have attracted much attention in FRET systems. Its
core feature is the direct covalent labeling of the fluorescent donor (Donor) and acceptor (Acceptor).
In recent years, scientists have innovated upon this system for applications in various fields,
including material detection, cellular imaging, and fluorescent anti-counterfeiting.

The Rani team used naphthyl imine as the donor, peryl imine as the intermediate acceptor, and
Aza-BODIPY as the final acceptor to construct a two-step cascading SS-FRET system via covalent
bonding [23] (Figure 3a). This system successfully achieved near-infrared emission at 721 nm and
demonstrated excellent stimulus responsiveness. The Yu team developed a ratio-fluorescence probe
with BODIPY-rhodamine for sensitive detection of Hg?" ions [24] (Figure 3b). In the presence of
Hg?* ions, the hydrolysis of rhodamine's spirocaprolactam leads to SS-FRET between BODIPY and
rhodamine, causing the system's fluorescence color to shift from green to orange. The Ooyama team
developed a BODIPY-based fluorescent sensor using SS-FRET to measure trace amounts of water in
organic samples [25] (Figure 3c). Using a similar strategy, the Li team developed two probes for
detecting Fe**, demonstrating high sensitivity and selectivity in live cells [26](Figure 3d). The Liu
team developed a FRET fluorescent sensor based on the BODIPY and rhodamine thiocyanate
system, which can effectively detect HOCI in live cells [27] (Figure 3e).
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Figure 3. Donor-acceptor FRET systems linked by covalent bonds.Y. a (Chem. Sci. 2021, 12, 15533-
15542) b(Spectrochim. Acta, Part A, 2020, 228, 117720.) ¢ (Anal. Chim. Acta, 2016, 921, 77-83).
(d) (J. Mol. Struct., 2021, 1236) (e) (RSC Adv., 2019, 9, 15335-15340)
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4. Self-assembled FRET system

Self-assembly refers to the process by which basic structural units (such as molecules, nanoparticles,
etc.) spontaneously organize or aggregate into ordered aggregates with specific structure and
function through non-covalent interactions (such as hydrogen bonds, host-guest interactions, van der
Waals forces, hydrophobic interactions, electrostatic interactions, etc.) without excessive external
intervention (such as artificial deliberate arrangement, template-guided assembly, etc.). This process
demonstrates the self-organizing capability at the molecular or nanoscale level, a phenomenon
widely observed in nature, and serves as an important strategy for developing functional materials.
The orderliness and functionality of self-assembly systems stem from the precise recognition and
synergistic interactions between structural units, and this bottom-up assembly approach provides a
significant avenue for designing and preparing novel functional materials [28] Lehn and Whitesides,
among others, have classified self-assembly processes into two major categories from a
thermodynamic perspective [29]: static self-assembly under thermodynamic equilibrium conditions,
and dynamic self-assembly (also known as dissipative self-assembly) under non-equilibrium
conditions. Static self-assembly refers to the spontaneous formation of ordered aggregates between
molecules under thermodynamic equilibrium conditions. The aggregate structures formed in this
process exhibit environmental independence and can remain stable under conditions without
external interference. Dynamic self-assembly, on the other hand, refers to aggregate structures
formed under non-equilibrium conditions, where the internal components are in a state of
continuous dynamic equilibrium. The maintenance of such self-assembly systems relies on external
energy input or internal energy dissipation. In recent years, significant progress has been made in the
development of artificial light-harvesting systems based on supramolecular self-assembly principles.
These systems exhibit outstanding performance characteristics, including extremely high donor-
acceptor ratios, exceptional energy transfer efficiency, and significant antenna effects. Among these,
systems based on host-guest complexation, biomolecules, metal coordination, and novel solvent-free
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SS-FRET systems have garnered significant attention due to their identifiable and controllable
intermolecular interaction mechanisms and highly efficient energy transfer properties. The following
sections will provide a detailed exploration of these systems.

In nature, photosynthetic organisms achieve directed solar energy transfer and conversion
through sophisticated light-harvesting complexes, a process closely related to Forster resonance
energy transfer (FRET). If we focus solely on single photons capable of exciting chlorophyll
molecules, the maximum energy transfer efficiency can reach ~95%. Inspired by this, a large
number of artificial light harvesting systems (ALHSs) based on cascaded FRET have been
developed. However, only a few examples have achieved an overall energy transfer efficiency
exceeding 80%. Recently, Li group has made a breakthrough in this field. They prepared a novel
organosilicon capsule (CDs-Si) using citric acid (CA) and amphiphilic polydimethylsiloxane as
carbon sources via a solvent-free pyrolysis method [30]. The wide emission spectrum of the
capsules covers the absorption spectra of green (siloxane-functionalized BODIPY, Si-BODIPY) and
red (thodamine B, RhB) dyes, promoting FRET in the CDs-Si/Si-BODIPY and CDs-Si/RhB binary
systems. In the CDs-Si/Si-BODIPY/RhB ternary system, cascaded SS-FRET from CDs-Si to Si-
BODIPY to RhB was achieved, accompanied by parallel FRET from CDs-Si directly to RhB, with
an overall energy transfer efficiency of ~86%. By introducing photoswitching molecules (diaryl
ethylene compounds, DAE), the system achieves switchable luminescence under alternating
ultraviolet and visible light irradiation, forming intelligent AHLSs.

Subsequently, they studied ionic compounds with naphthalimide (NPI) as the head group , and
the energy transfer pathways and efficiencies of the same donor-acceptor combinations in solid,
solution, and supercooled fluid states were compared [31]. Structurally, one end features a
naphthalimide luminescent group, the other end a branched alkyl chain, and the middle a positively
charged imidazole group, with tetrakis[3,5-bis(trifluoromethyl)phenyl]boronic acid (BARF-) serving
as the counterion. Naphthalimide derivatives (NPI-BARF) heated above their melting point and then
cooled to room temperature can form supercooled fluids lasting up to 16 days. In this system, the
blue-emitting NPI-BARF serves as the donor, BODIPY derivatives (TC-BODIPY) as the
intermediate acceptor, and RhB as the final acceptor. In the supercooled fluid state, the overall
energy transfer efficiency reaches up to 97%, with the single-step energy transfer efficiency from
TC-BODIPY to RhB as high as 99.9%, approaching the theoretical limit; in the solid state, due to
poor spectral matching between the donor and acceptor, the overall energy transfer efficiency is
approximately 40%; In the solution state, due to the donors and acceptors being in a monodisperse
state in ethanol, the distance between them is insufficient to reach the FRET range, and thus FRET
does not occur.
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According to the bandgap law, the longer the emission wavelength, the lower the triplet energy
level, and the easier it is for non-radiative transitions to occur, leading to phosphorescence
quenching. Therefore, achieving RTP in the red or near-infrared (NIR) region remains an important
challenge. The efficient ALHSs also contributes to long-lived near-infrared phosphorescence
emission. Yu et al. used poly(acrylamide-co-N-vinylcarbazole) (PAMCz) with ultra-long room-
temperature phosphorescence as the energy donor, and common green/red/NIR fluorescent dyes
(BODIPY derivatives, RhB, and Cy5) as the energy acceptors [32]. In the quaternary system, three
parallel cascading FRET pathways coexist: (I) PAMCz to BODIPY, then to RhB, and finally to CyS5;
(IT) PAMCz to Ala-BODIPY, then to Cy5; and (III) PAMCz to RhB, then to Cy5. White and NIR
phosphorescence emission with a lifetime of 2.7 seconds was achieved through multi-path FRET.
Multi-path cascaded TS-FRET demonstrates significant advantages over single-path cascaded TS-
FRET, including higher antenna effect (AE), broader color-tunable spectra, and enhanced
phosphorescence intensity and lifetime of the final acceptor. Additionally, these materials exhibit
excellent stimulus responsiveness, making them highly promising for applications in information
multi-encryption fields.

Tang et al. constructed a multi-step TS-FRET system in a PVA matrix using 1-bromocarbazole
derivatives with ultra-long blue RTP emission as the donor [33], RhB as the intermediate acceptor,
and NIR dyes Cy5 or Cy7 as the final acceptor (Figure 1-18b). By adjusting the donor-acceptor
ratio, the team successfully achieved long-lived phosphorescence emission spanning the visible to
near-infrared regions. Compared to single-step TS-FRET, two-step sequential TS-FRET exhibits
higher overall energy transfer efficiency, richer phosphorescence colors, and higher RTP quantum
yields for the final acceptor. These water-soluble polymer afterglow materials with ultra-long
lifetime, multicolor emission, and persistent near-infrared luminescence demonstrate significant
potential applications in advanced anti-counterfeiting and information security technologies.
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5. Conclusion

This paper provides a detailed discussion of two types of ALHSs: covalently linked and non-
covalently linked. In terms of energy transfer pathways, the paper reviews single-step FRET,
sequential FRET, and systems where single-step and sequential FRET occur in parallel. Regarding
the construction of efficient ALHSs, the paper discusses efficient FRET based on organosilicon
capsules and ionic liquids. In terms of material performance, the paper introduces polymer systems
that achieve a 2.7 s near-infrared phosphorescence lifetime in polymers based on efficient FRET.
Overall, the construction of efficient ALHSs has a profound impact on the preparation of high-
performance materials. Further expanding the application of energy based on the construction of
efficient ALHSs may be one of the key issues to be addressed in this field in the future.
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