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Efficiently fabricating artificial light-harvesting systems (LHSs) with cascade energy transfer properties is
significant for mimicking natural photosynthesis. Through a coordination-driven self-assembly approach,
metallacycle M surrounded by alkyl chains was successfully constructed from tetraphenylethylene (TPE)
building blocks in nearly quantitative yield. Interestingly, from the prepared metallacycle M, star-shaped
supramolecular complex M-3 and cross-linked supramolecular network M-4 with one-step energy-
transfer properties were efficiently fabricated based on host—guest interactions. Furthermore, from M-3
and M-4, two different artificial light-harvesting systems (LHSs) with two-step sequential energy transfer
characteristics were efficiently prepared via supramolecular interactions. The two types of LHSs were
compared in detail, and the critical factors affecting the light-harvesting efficiency, including the

Received 10th December 2022, photophysical properties, aggregation-induced emission characteristics, energy transfer efficiency, and

Accepted 27th April 2023 antenna effect, were carefully analysed. Additionally, both of the artificial LHSs, M-3-5 and M-4-5,
DOI: 10.1039/d2tc05264d showed excellent energy transfer efficiency and high antenna effects. This research provides an efficient

hierarchical self-assembly approach to construct artificial LHSs featuring excellent energy transfer
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Introduction

The energy crisis is a global problem and searching for clean
and economical energy sources is a global challenge. However,
the sunlight reaching Earth every hour contains more energy
than humans use in an entire year." Widespread in nature,
photosynthesis is a highly efficient process for capturing,
transmitting, and storing light energy from the sun.” This
process occurs in chloroplast pigments with highly efficient
photon harvesting abilities owing to the large number of closely
packed chlorophylls within the pigment-protein complexes.
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efficiency and high antenna effects with diverse architectures.

After transmitting through the chlorophyll molecules, the
excitation energy is eventually transported to the reaction
centre, where it is transformed into chemical energy.’> Many
scientists have attempted to solve the energy crisis by taking
inspiration from photosynthesis.* In particular, much effort
has been made to explore its complex mechanism and mimic
its critical steps in recent decades.*® To date, by mimicking the
primary step of natural photosynthesis for efficiently utilizing
light energy, a variety of artificial LHSs have been successfully
designed and constructed for use in photocatalysis, biological
imaging, and optoelectronic devices.®

Two important factors must be considered to construct an
optimal artificial LHS: (1) the system must have several donors
per acceptor, and (2) the donor must be tightly packed but free
of aggregation-caused quenching (ACQ). Unfortunately, con-
ventional chromophores tend to aggregate at high concentra-
tions, which is detrimental to photoluminescence and results
in undesired ACQ.” Therefore, exploiting strategies to increase
chromophore density while minimizing self-quenching is still a
major challenge in constructing LHSs. To date, the reported
artificial LHSs constructed by covalent synthetic strategies have
always faced multistep synthesis issues,® which prevent their
scale-up and widespread application. Efficient natural LHSs
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have been constructed noncovalently from protein and chlor-
ophyll. Therefore, in contrast to conventional artificial LHSs
using covalent bonds, supramolecular LHSs prepared with
noncovalent interactions are typically simple to construct and
free from multiple syntheses.’ In fact, various artificial
LHSs, including supramolecular polymers,®>'* organogels,""
biomaterials,'* and organic-inorganic hybrid materials,'® have
been successfully prepared via noncovalent self-assembly. Addi-
tionally, most reported artificial LHSs only have a one-step
direct FRET process from donors to acceptors, but the extre-
mely effective natural LHS entails multichannel information
communication.”* To mimic natural LHSs and understand
related structure-function correlations, establishing structu-
rally diverse multistep sequential FRET systems for systematic
analysis is of great interest.'®> However, to date, only a few
reported approaches have succeeded in realizing efficient
structurally diverse artificial LHS construction, so the efficient
construction of structurally diverse artificial LHSs with out-
standing multistep energy transfer efficiency and antenna
effects remains challenging.

Owing to their easy synthesis, solution processability, and
tuneable photophysical properties, research on supramolecular
self-assembly has advanced significantly over the past few
decades. In this context, based on the building block TPE with
aggregation-induced emission (AIE) properties,'® a supramole-
cular hierarchical self-assembly approach has been designed to
efficiently construct structurally diverse artificial LHSs featur-
ing outstanding energy transfer efficiency and ultrahigh
antenna effects. To achieve this goal, we employed a 120°
TPE-containing dipyridyl donor decorated with terminal
nitrile-functionalized alkyl chains and a 120° diplatinum(u)
ligand to fabricate a discrete regular hexagonal metallacycle
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M through coordination-driven self-assembly in nearly qualita-
tive yield (Scheme 1). Based on the host-guest interactions
between the prepared metallacycle and neutral pillar[5]arenes,
a star-shaped supramolecular complex M-3 and a cross-linked
supramolecular network M-4 with one-step energy transfer
properties were efficiently fabricated. After introducing the
hydrophobic fluorescent dye Nile Red 5 into the aggregation
states of assembly M-3 and M-4 as a second acceptor, an LHS
with a two-step sequential energy transfer property was
obtained for both of them. The two LHSs were compared in
detail, and the critical factors that affect the higher light-
harvesting efficiency and value of the antenna effect were
carefully analysed. This research presents an efficient hierarch-
ical self-assembly approach to construct structurally diverse
artificial LHSs with two-step sequential energy transfer proper-
ties and sheds new light on strategies to enhance the energy
transfer efficiency and antenna effects in artificial LHSs.

Experimental
Synthesis

Materials. All reagents were of analytical purity and used
without further treatment. TLC analyses were performed on
silica-gel plates, and flash chromatography was conducted
using silica-gel column packages. All air-sensitive reactions
were carried out under an inert N, atmosphere.

Synthesis of 1. Compound 1a (1.90 g, 2.67 mmol) and
4-pyridylboronic acid (1.92 g, 16.00 mmol) were added to a
200 mL Schlenk flask, and the flask was evacuated and refilled
with N, three times. Then, freshly distilled toluene (80 mL),
ethanol (20 mL), and aqueous K,CO; (2.88 g, 21.36 mmol)

) ’N/\\\q\ {
SN~ + AN a) Acetone, H,0, 50 °C, 8 h = ~7 )i I
\'/\/A\,\ b) KPFg, H,0 ]
1 2 &
po od
/7~ T\
M

Scheme 1 Self-assembly of 120° dipyridyl donor 1 and 120° diplatinum(il) acceptor 2 into discrete hexagon metallacycle M. Chemical structures and
cartoon representations of BODIPY-containing pillar[5]arene building block 3, DSA-containing pillar[5larene building block 4, and fluorescent

acceptor Nile Red 5.
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solution (20 mL) were added under nitrogen, Pd(PPhj;),
(601 mg, 0.52 mmol) was added, and the reaction mixture
was stirred at 80 °C for 48 h under a nitrogen atmosphere.
After cooling to room temperature, the product was concen-
trated and purified by flash column chromatography to afford
compound 1 (820 mg, 43.4%) as a yellow powder.

Synthesis of M. 1 (12.63 mg, 17.82 pumol) and 2 (20.79 mg,
17.82 pmol) were mixed in a 1:1 molar ratio and dissolved in
acetone/water (2.4 mL, 5/1, v/v). The whole reaction mixture was
heated at 50 °C for 8 h to yield a homogeneous solution and
then cooled to room temperature. Then, the addition of a
saturated aqueous solution of KPF, into the bottle with con-
tinuous stirring resulted in product precipitation. The reaction
mixture was centrifuged, washed several times with water, and
dried. Then, a yellow powder was obtained.

Characterization

UV-vis spectra were recorded in a quartz cell (light path 10 mm)
on a Shimadzu UV2700 UV-visible spectrophotometer. Steady-
state fluorescence spectra were recorded in a conventional
quartz cell (light path 10 mm) on a Shimadzu RF-6000 fluores-
cence spectrophotometer (slit width 5 nm/5 nm for ex/em
except for special instructions). The absolute fluorescence
quantum yields were measured in solution using a commercial
fluorometer with an integrating sphere (RF6000, Shimadzu).
The fluorescence lifetimes were recorded in a quartz cell (light
path 10 mm) on the Edinburgh FLS980 transient fluorescence
spectrometer. All spectral measurements were made at room
temperature.

Computational methods

The extended tight binding (GFN2-xTB) semiempirical tight-
binding method was employed to optimize the structures of
TBC and TM in the gas phase with xtb software.'” Then, the
corresponding structure was rendered by VMD code."® The size
was measured by means of Multiwfn software."

Results and discussion

It has been found that coordination-driven self-assembly,
which is based on metal-ligand coordination interactions, is
an effective method for creating discrete two-dimensional
metallacycles and three-dimensional metallacages with accu-
rate control over the shape and size of the final assemblies as
well as the distribution and total number of incorporated
functional moieties. The 120° TPE-containing dipyridyl build-
ing block 1 decorated with terminal nitrile-functionalized alkyl
chain moieties was designed and synthesized through esterifi-
cation and Suzuki-Miyaura coupling reactions (Schemes S1 and
Fig. S1, S2, ESIf). Guided by the coordination-driven self-
assembly approach, discrete regular hexagonal metallacycle M
with three TPE molecules and six alkyl chains attached to
the terminal nitrile was constructed in quantitative yield by
stirring a mixture of 120° donor ligand 1 and 60° diplatinum(ii)
acceptor 2 at a 1:1 molar ratio in acetone/water (5/1, v/v)

This journal is © The Royal Society of Chemistry 2023
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(Scheme 1 and Scheme S2, ESIt). For efficient light collection
in LHSs, a high-density array of chromophores is necessary.
However, random aggregates of chromophores cannot be used
because the excited state would be quickly quenched in the
disordered aggregates by a process called ACQ.***° To address
this ACQ effect, a TPE moiety with typical AIE properties was
adopted to construct metallacycle M as the main building
block. The obtained metallacycle M was first monitored by
3'p{1H} and "H NMR spectroscopy (Fig. S3-S5, ESIT).
Multinuclear NMR spectroscopy analysis confirmed that the
formed metallacycle had a discrete and highly symmetric
structure. For instance, the *'P{'H} NMR spectra of metalla-
cycle M exhibited a sharp singlet at 14.22 ppm, which was
shifted upfield by approximately 5.0 ppm relative to the starting
60° diplatinum(ii) acceptor 2. This upfield shift and the
decrease in the coupling of flanking '°°Pt satellites at approxi-
mately AJppe = —185.8 Hz for M are consistent with back-
donation from the platinum atoms (Fig. S6, ESIt). Additionally,
significant downfield shifts were observed for metallacycle M in
the "H NMR spectra compared to the proton signals of dipyridyl
ligand 1, resulting from the loss of electron density upon the
coordination of the Pt(u) metal centre with pyridyl moieties
(Fig. S7, ESIT). Moreover, the self-assembly of metallacycle M
was further studied by 2D NMR techniques (‘H-'"H COSY,
'H-"H NOESY, and DOSY), which proved the successful pre-
paration of regular hexagonal metallacycle M (Fig. S8-S10,
ESIt). ESI-TOF-MS analysis provided further support for the
formation of a discrete and highly symmetric metallacycle. As
shown in Fig. S11 (ESIt), the ESI-TOF-MS spectrum of metalla-
cycle M exhibited three main peaks at m/z = 1080.01, 1386.26,
and 1896.66, corresponding to different charge states owing to
the loss of the hexafluorophosphate counterions [M — 5PFs ",
[M — 4PFs | and [M — 3PFs >, respectively, where M
represents the initiating coordination architecture. More
importantly, these peaks were isotopically resolved and were
in good agreement with their theoretical distribution, which
allowed the structure of the regular hexagonal metallacycle M
to be definitely established. The structure of metallacycle M was
also simulated by theoretical calculations, as shown in Fig. S12
(ESIt). Metallacycle M presented a roughly planar hexagonal
ring with an internal diameter of approximately 3.4 nm and
thus had a sufficient cavity for host-guest interactions.
Pillar[5]arene is capable of binding the neutral ditopic nitrile
guest with strong affinity via host-guest interactions, according
to previous reports.>® The driving force of these host-guest pro-
cesses mainly consists of dipole-dipole forces, hydrophobic effect,
[C-H.- 1], [C-H---N], and [C-H-:--O] weak interactions with the
addition of water. Hence, based on the host-guest interaction
between pillar[5Jarene and terminal nitrile-functionalized alkyl
chains, a star-shaped supramolecular complex and a cross-linked
supramolecular network were constructed from metallacycle M
with BODIPY-decorated mono-pillar{5]arene and AlE-featured
DSA-decorated di-pillar[5]arene, respectively. The self-assembly of
metallacycle M with BODIPY-decorated mono-pillar[5]arene 3 to
form star-shaped supramolecular complex M-3 was first investigated
by "H NMR spectroscopy. As indicated in Fig. S13 (ESIT), the related
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Fig. 1 Fluorescence emission spectra (a) and fluorescence quantum
yields (b) of 1 versus the water fraction in the acetone/water mixtures
(V/V). (Aex = 365 nm, [TPE unit] = 20 uM). Fluorescence emission spectra
(c) and fluorescence quantum yields (d) of M versus the water fraction in
the acetone/water mixtures (v/v) (lex = 365 nm, [TPE unit] = 20 pM). Inset:
Photographs of corresponding 1 (a) and M (c) versus the water fraction in
the acetone/water mixtures (v/v) under a 365 nm ultraviolet lamp.

NMR signals of H1'-H5’ on metallacycle M showed obvious broad-
ening and shifted upfield upon the addition of BODIPY-decorated
mono-pillar{5Jarene 3. These chemical shift changes of the protons
on guest metallacycle M indicated that the electron-rich cavity
of pillar[5]arene was successfully filled by the guest molecule.
Moreover, the host-guest interactions of metallacycle M and DSA-
containing host 4 have also been characterized (Fig. S14 and S15),
which proved the successful construction of host-guest complex
M-4. Furthermore, the binding affinity of long-chain alkyl-CN-
containing metallacycle M and pillar{5]arene ligands 3 or 4 was
then evaluated to quantitatively evaluate the host-guest interactions.
A 1:6 and 1:3 binding model were calculated in M:3 and M:4,
respectively, which were in accord with the existence of six long-
chain alkyl-CN moieties of metallacycle M as guest binding sites and
one pillar{5]arene of 3 as well as two pillar[5]arene of 4 as host
binding sites (Fig. S16, ESIT). Due to the introduction of the TPE
units, the AIE properties of ligand 1 and metallacycle M were
investigated. As shown in Fig. 1(a) and (c), ligand 1 and metallacycle
M were nonemissive in the acetone solution, and the emission
intensity was dramatically enhanced with a water fraction close to
90%. The fluorescence quantum yield also showed a similar trend
with the gradually increasing water fraction; thus, both ligand 1 and
metallacycle M exhibited typical AIE properties (Fig. 1(b) and (d)).
Notably, the fluorescence quantum yield of metallacycle M was
approximately two times stronger than that of ligand 1, showing
typical AIE properties induced by metal-ligand coordination inter-
actions. This change resulted from the coordination interactions
between Pt-N bonds, which restricted the rotation of the phenyl
groups on the TPE moieties.

Subsequently, with the combination of TPE-containing
metallacycle M and BODIPY-containing pillar[5]arene 3
through host-guest interactions, the AIE properties of the
assembled star-shaped supramolecular complex M-3 were
investigated. To construct the complex M-3, the molar ratio of
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Fig. 2 Fluorescence emission spectra (a) and plots of (I — Io)/l (b) of M-3
versus the water fraction in the acetone/water mixtures (v/v). Fluorescence
emission spectra (c) and plots of (I — Ig)/lo (d) of M-4 versus the water

fraction in the acetone/water mixtures (v/v).

metallacycle M and compound 3 was set to the optimal 1:6. As
shown in Fig. 2(a) and (b), with a gradual increase in the water
fractions in the acetone solution of complex M-3, the emission
intensity of the system gradually decreased and showed a
typical ACQ phenomenon. This may be due to the energy
transfer process from TPE to the BODIPY moiety in the host-
guest complex M-3, while the acceptor BODIPY is a typical ACQ
molecule, so the fluorescence emission intensity gradually
decreased with an increasing proportion of poor solvent water.
Contrary to M-3, the AIE property of the cross-linked supramo-
lecular network M-4 was also measured, and typical AIE
features were observed (Fig. 2(c) and (d)). When the water
fraction in the acetone-water mixed solvent was less than
20%, the system exhibited dim fluorescence. The fluorescence
emission signal was significantly enhanced as the water con-
tent increased from 20% to 50%. After the water fraction
increased from 50% to 90%, the fluorescence intensity
increased gradually, although the growth slowed dramatically.
This was because the aggregation-caused restriction of mole-
cular motion occurred at a water fraction of 20%. Under
365 nm irradiation from a UV lamp, the complex M-4 system
emitted bright yellow fluorescence. Compared with M-3, the
fluorescence emission of M-4 showed an opposite trend with an
increase in the proportion of poor solvent, which was primarily
attributed to the fact that both the TPE and the DSA moiety in
M-4 have AIE characteristics.

These investigations on the absorption and emission spectra
of ligands, metallacycles, and host-guest complexes found that
the emission spectra of M overlapped with the absorption
spectra of both BODIPY- and DSA-decorated pillar[5Jarenes 3
and 4, respectively (Fig. S17, ESIt). Thus, it is possible to
construct a FRET system by combining donor metallacycle M
with BODIPY-decorated pillar[5]arene acceptor 3 and DSA-
decorated pillar[5Jarene acceptor 4 (Fig. 3(a) and (d)). It can
be seen from the spectra (Fig. 3(b) and Fig. S18, ESIt) that as
acceptor 3 was gradually added to the 90% acetone/water
metallacycle M solution, the emission intensity of the whole

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) The fabrication of the FRET system between donor M and
accepter 3. (b) The fluorescence emission spectra of M with the addition
of 3 in acetone/water (1/9, v/v) (c) The fluorescence lifetime of M and M-3
in acetone/water mixtures (1/9, v/V) (lex = 365 nm, [TPE unit] = 20 uM,
[BODIPY unit] = 40 puM). (d) The fabrication of the FRET system between
donor M and accepter 4. (e) The fluorescence emission spectra of M with the
addition of 4 in acetone/water (1/9, V/V) (Jex = 365 nm, [TPE unit] = 20 uM).
() Fluorescence lifetime of M and M-4 in acetone/water (1/9, v/v)
(lex = 365 nm, [TPE unit] = 20 pM, [DSA unit] = 20 pM).

system steadily decreased. This might be attributed to the
broad emission peak of the TPE moiety covering the whole
emission peak of BODIPY. However, the emission peak
assigned to the TPE moiety decreased obviously with the
addition of acceptor 3. This confirmed the successful energy
transfer from the TPE moiety to the BODIPY moiety. As the
percentage of acceptor 3 increased, the emission of the whole
system was mainly attributed to the contribution of BODIPY;
however, BODIPY is a typical ACQ molecule and caused sub-
stantial energy loss in the 90% water fraction solvent. The
emission peak from the TPE moiety almost disappeared with
a donor/acceptor ratio of 1:6 (Fig. S19, ESIf). Further fluores-
cence decay profiles also verified the FRET energy transfer from
M to acceptor 3. As shown in Fig. 3(c) and Table S1 (ESIT), the
average lifetime of metallacycle M was 1.55 ns, and it decreased
to 0.95 ns under the same measurement conditions after
addition of acceptor 3 into the system. A similar energy transfer
process was also successfully constructed by metallacycle M
with DSA-containing acceptor 4 (Fig. 3(e)-(f), Fig. S20, S21 and
Table S2, ESIT). Because the emission peak overlap between M
and 4 was smaller than that of the energy transfer system
constructed by M and 3, the emission wavelength between
500 and 700 nm attributed to the DSA moiety gradually

This journal is © The Royal Society of Chemistry 2023
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increased with the addition of acceptor 4, which was accom-
panied by a decrease in the emission of donor metallacycle M at
400-500 nm upon excitation at 365 nm (Fig. S22, ESIT). These
outstanding optical properties indicate that two first-order
energy transfer systems, a star-shaped supramolecular complex
and a cross-linked supramolecular network structure, were
efficiently and separately constructed from metallacycle M
through host-guest chemistry.

The morphologies and sizes of the formed aggregates of
host-guest complex M-3 and M-4 in acetone/water (1/9, v/v)
were investigated by dynamic light scattering (DLS) and trans-
mission electron microscopy (TEM) measurements (Fig. S23a
and 24a, ESIT). DLS experiments show that the M-3 and M-4
complex formed well-defined aggregates with a narrow size
distribution, giving an average diameter of 93 nm and
224 nm, respectively. Additionally, both solutions exhibited
an apparent Tyndall effect as further evidence of the existence
of nanoaggregates. TEM experiments were carried out to deter-
mine the morphologies of the aggregates. According to
Fig. S23a, 24a (ESIt), the obtained TEM images revealed several
nearly spherical shapes with an average diameter of approxi-
mately 88 nm and 210 nm, which agrees with the corres-
ponding DLS data. These results, combined with the excellent
optical properties, showed the excellent capability of the M-3
and M-4 aggregates in acetone/water (1/9, v/v) to fabricate
artificial LHSs.

Furthermore, a two-step sequential energy-transfer process
was realized by simultaneously encapsulating another carefully
selected hydrophobic dye as the second energy acceptor. To
construct a two-step sequential FRET system, hydrophobic
fluorescent dye 5 (Nile Red) was chosen as a promising acceptor
because its absorption closely matched the emission of the
aggregates of complex M-3 and M-4 (Fig. 4(a), 5(a) and Fig. S25,
ESIt). The TEM images show roughly spherical forms with an
average diameter of approximately 96 nm and 227 nm. In
comparing with M-3 and M-4, the average diameter of these
two sequential FRET systems M-3-5 and M-4-5 had increased,
indicating the Nile Red 5 was successfully constructed into both
M-3 and M-4 systems. The DLS data also confirmed these
results (Fig. S23b and 24b, ESIT). Then, the light-harvesting
behaviour of star-shaped supramolecular complex M-3 com-
bined with fluorescent dye 5 was investigated. As acceptor 5 was
incorporated into the M-3 assembly, the emission band at
535 nm ascribed to the BODIPY chromophore on acceptor 3
gradually decreased, while the emission peak of acceptor 5 at
630 nm increased (Fig. 4(b)). In addition, as the receptor 5 ratio
changed, it can be observed from Fig. 4(c) that the visual
fluorescent colour changed from green-yellow to red. Based
on the 1931 Commission Internationale de L’Eclairage (CIE)
chromaticity diagram, the emission was mainly located in the
red region (CIE, > 0.40). The CIE chromaticity diagram also
confirmed the change in fluorescence colour from green-yellow
[CIE coordinate (0.42:0.54)] to red [CIE coordinate (0.63:0.37)]
(Fig. 4(d)). When the ratio of donor M-3 and acceptor 5 reached
1:6:0.067, an optimal secondary energy transfer efficiency of
40% was observed from the BODIPY chromophore moiety to
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fluorescence emission spectra at 500-700 nm of M-3 with the addition
of 5 (b). Photographs (c) and CIE coordinates (d) of M-3-5 in acetone/water
(1/9, v/v) with different concentrations of 5 under a 365 nm UV lamp. The
fluorescence lifetime of M-3-5 in acetone/water (1/9, v/V) (€). (Aex = 365 nm,
slit (5 nm, 5 nm), [TPE unit] = 20 um, [BODIPY unit] = 40 pM).

Nile Red 5, and the corresponding antenna effect was 4.1
(Fig. S26, ESIT). These observed phenomena suggested that
the energy transfer process from M-3 to 5 effectively occurred,
and a supramolecular artificial LHS was successfully fabricated.
Upon excitation with ultraviolet light at 365 nm, a decrease in
the fluorescence lifetime from the aggregates of complex M-3
(r = 0.95 ns) to the LHS M-3-5 (t = 0.82 ns) was observed in the
fluorescence decay experiments (Fig. 4(e)), indicating that
secondary energy transfer occurred from M-3 to 5 and providing
additional evidence that light harvesting was successfully per-
formed. Notably, all the above optical experiments were per-
formed under UV light irradiation at 365 nm, and combined
with the first-order energy transfer results from metallacycle M
to M-3, all these optical results indicated that metallacycle M
successfully served as a donor in the LHS. The two-step
sequential energy transfer process took place from metallacycle
M to acceptor 3 and then to Nile Red 5 in relay mode.

In addition, for comparison with the LHS constructed from
M-3 and to evaluate the efficiency of the presence of a TPE unit,
AlE-featured cross-linked supramolecular network M-4 was
used to fabricate artificial LHSs in acetone/water (1/9, v/v)
through the addition of acceptor 5 (Fig. 5(a)). It can be observed
from the spectra (Fig. 5(b)) that with the gradual addition of
acceptor 5 into the M-4 system, the starting emission intensity
at 550 nm decreased, while the emission peak at 630 nm
ascribed to acceptor 5 increased first and then gradually
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Fig. 5 Fabrication of the artificial LHS (a). Fluorescence emission spectra of
M-4 in acetone/water (1/9, v/v) with the addition of 5 (b). Photographs (c) and
CIE coordinates (d) of M-4-5 in acetone/water (1/9, v/v) with different con-
centrations of 5 under a 365 nm ultraviolet lamp. The fluorescence lifetime of
M-4-5 in acetone/water (1/9, v/V) (€). (Aex = 365 nm, slit (5 nm, 5 nm), [TPE unit] =
20 uM, [DSA unit] = 20 pM).

decreased after M-4-5 reached the optimal ratio of 1:3:0.020.
As the receptor 5 ratio changed, a variety of emission colours
were observed from green-yellow [CIE coordinate (0.41:0.54)] to
orange [CIE coordinate (0.54:0.44)] (Fig. 5(c) and (d)). Accord-
ing to the fluorescence decay profiles (Fig. 5(e)), a decrease in
the average fluorescence lifetime from M-4 (t = 1.28 ns) to M-4-5
(r = 1.17 ns) was observed, indicating that secondary energy
transfer took place from M-4 to 5 and providing additional
evidence that the LHS of M-4-5 was successfully fabricated.
Specifically, all the above optical experiments were carried out
under irradiation with UV light at 365 nm. When considered
together with the first-order energy transfer results from metal-
lacycle M to acceptor 3, all these optical results indicated that
metallacycle M successfully served as a donor in LHS, and the
two-step sequential energy transfer process took place sequen-
tially from metallacycle M to acceptor 4 and then to Nile Red 5.
Subsequently, the energy transfer efficiency and antenna effect
were calculated to quantitatively evaluate the light-harvesting
efficiency of the constructed LHS. According to the fluorescence
spectra in Fig. S27 (ESIY), the secondary energy transfer effi-
ciency was determined to reach 84.5%, and the antenna effect
was estimated to be up to 10.1 for LHS M-4-5 at a ratio of
1:3:0.10 (excitation at 365 nm). Compared with the secondary
energy transfer efficiency of 40% and antenna effect of 4.1 from
M-3-5, the LHS M-4-5 constructed from AIE-featured DSA
decorated di-pillar[5]Jarene was dramatically enhanced. Upon
excitation with UV light at 365 nm, the energy transfer effi-
ciency of LHS M-4-5 was calculated to be 2.11-fold stronger than
that of the LHS of M-3-5 at a ratio of 1:6:0.067, and the
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antenna effect was enhanced approximately 2.46-fold. As shown
in Fig. S26b and S27b (ESI{), the fluorescence spectra upon
excitation at 550 nm and the emission spectra upon excitation
at 365 nm were similar for both assemblies M-3-5 and M-4-5,
demonstrating that both artificial LHSs also possessed an
excellent ability to harvest visible green light. Additionally,
under the same conditions, as 5 was incorporated into
aggregation-based M, the emission band at 550 nm ascribed
to the TPE chromophore on acceptor 5 gradually decreased. In
comparison, the emission peak of acceptor 5 at 630 nm
increased. These results demonstrated that energy transfer
occurred from M to 5 in M-5 but with an inferior antenna effect
(Fig. S28, ESIf). These observed phenomena suggested that
the energy transfer process from M to 5 occurred. Therefore,
the M-3-5 and M-4-5 can provide an efficient FRET platform,
which simultaneously exists three FRET processes. Moreover,
density functional theory (DFT) calculations showed that the
TPE has a larger energy gap of 3.96 eV between the lowest
unoccupied molecular orbital (LUMO) and the highest occu-
pied molecular orbital (HOMO) than the other three chromo-
mere acceptors. The largest energy gap meant that TPE was
easier to generate electron excitation under the shortest wave-
length irradiation and be a more desirable energy donor. The
LUMO energy of TPE is —1.59 eV. In comparison, the calculated
LUMO energy for BODIPY and DSA were —2.62 €V and —2.20 €V,
while NiR was only —2.72 eV, which meant that they were more
prone to electron reception and were more desirable energy
acceptors (Fig. S29 and S30, ESIt). These results indicate that
the supramolecular artificial LHSs M-3-5 and M-4-5 could be an
efficient platform for harvesting solar energy from the UV and
green visible-light range, which provides an efficient strategy to
mimic photosynthesis with high energy utilization.

Thus, through the strategy of hierarchical self-assembly, a
star-shaped supramolecular complex and cross-linked supra-
molecular network were efficiently constructed. Both acted as
artificial LHSs with high secondary energy transfer efficiency
and antenna effects in the aggregation states. Notably, com-
pared with star-shaped supramolecular complex M-3-5, cross-
linked supramolecular network M-4-5 exhibited a superior
light-harvesting ability, which was mainly because the acceptor
DSA-containing 4 in the M-4-5 system was an AIE molecule.
While BODIPY-containing acceptor 3 in the M-3-5 system was
an ACQ molecule, its luminescent performance in the aggre-
gated state was poor, which is not conducive to light capture
and transfer. These results also show that using molecules with
AIE properties to construct light-harvesting systems has sig-
nificant advantages. Additionally, the cross-linked supramole-
cular network formed a densely packed cross-linking structure,
and the energy transfer efficiency between molecules was
significantly higher, which may also be another reason for its
better light-harvesting efficiency. Finally, by changing the ratio
of receptor molecules 3 or 4 in the above two artificial LHSs, it
was possible to achieve a variety of colour emission regulations
from yellow-green to red or from yellow-green to orange,
respectively, resulting in high potential application in lumines-
cent materials.
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Conclusions

In summary, two structurally different supramolecular artificial
LHSs were efficiently constructed from discrete hexagon metal-
lacycle M by combining hydrophobic, host-guest, and coordi-
nation interactions. Based on the sequential FRET mechanism,
both exhibited two-step sequential energy-transfer properties
with excellent light-harvesting efficiency and a high antenna
effect. Due to the excellent photoluminescent properties in the
aggregation states compared to those of ACQ units, it was clear
that using molecules with AIE features to construct light-
harvesting systems increased their energy transfer efficiency
and antenna effect. In comparison to the star-shaped supra-
molecular complex-based LHS M-3-5, the energy transfer effi-
ciency of the cross-linked supramolecular network-based LHS
M-4-5 was enhanced approximately 2.11-fold, and the antenna
effect was enhanced approximately 2.46-fold. In addition, by
changing the ratio of the second acceptor Nile Red 5 in these
two artificial LHSs, the emission colour was tuned from green-
yellow to red or from green-yellow to orange, resulting in
significant application potential in luminescent materials.
Therefore, this study not only provides a unique approach
driven by metal-ligand coordination interactions, host-guest
interactions, and hydrophobic interactions for the efficient
fabrication of structurally diverse multistep artificial LHSs with
high energy transfer and antenna efficiency but also offers pro-
spects for utilizing solar energy by artificial LHSs for the future
production of renewable energy. Moreover, this research enriches
our understanding of the structure-function correlations of arti-
ficial LHSs and the correlation with the photophysical processes
therein, possibly leading to the realization of new types of solar
power conversion devices incorporating a multistep sequential
energy-transfer supramolecular artificial LHS.
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