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cular artificial light-harvesting
systems based on AIE-active macrocycles for
efficient white-light photocatalysis in water†

Jun-Cheng Yang, ‡a Ke Chen,‡a Guo-Ling Zhang,a Chunxuan Qi,a

Hai-Tao Feng *a and Ben Zhong Tang*b

Constructing supramolecular artificial light-harvesting systems (ALHSs) based on the Förster resonance

energy transfer (FRET) mechanism provides an optimal platform for understanding natural

photosynthesis and simulating natural light-harvesting systems. In the present work, rigid macrocycle K-

1 with a nonplanar conformation and aggregation-induced emission (AIE) properties was selected as an

energy donor in ALHSs, while the non-cyclic AIEgen K-2 was used for a comparative study. In aqueous

solution, an efficient one-step energy-transfer process was established between blue-emitting K-1 and

an acceptor (namely PBTB) with orange fluorescence to afford a high energy-transfer efficiency (FET) of

up to 82.6%. Notably, bright white light emission can be readily realized. Moreover, the triad FRET system

was fabricated through energy transfer from the AIEgens to PBTB, then further transferring the captured

energy to the final red-emitting acceptor (namely as Z1), achieving an efficient two-step sequential

energy transfer. When the ratio of K-1/PBTB/Z1 assemblies reached 1000 : 40 : 14, the optimal FET was

66.4%. More importantly, it was found that the ALHS based on macrocycle K-1 showed much higher

photocatalytic activity for the cross-dehydrogenative coupling (CDC) reaction. Therefore, the flexibility of

this novel supramolecular strategy renders the macrocyclic AIEgen a promising candidate to construct

efficient ALHSs for photocatalysis.
Introduction

Förster resonance energy transfer (FRET) is a long-range dipole–
dipole interaction that occurs between one or more excited
uorophores (donors) and a proximal ground state uorophore
(acceptor).1–4 In the distance-dependent photophysical process,
energy is transferred between the donor and acceptor in a non-
radiative pathway, resulting in uorescence quenching of the
donor and uorescence enhancement of the acceptor.5,6 In
general, various uorescent materials constructed based on the
FRET mechanism should have the following prerequisites: (1)
an adjacent distance between the donor and acceptor (1–10
nm); (2) an efficient overlap between the donor emission and
acceptor absorption; (3) a favorable mutual orientation between
the donor emission moment, acceptor absorption moment and
their separation vector.7 Based on the FRET strategy, many types
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of materials including organic molecules, polymers, metal–
organic frameworks (MOFs), metal nanoparticles (NPs), transi-
tion metal complexes, carbon quantum dots (CQDs) and carbon
dots (CDs) have been rationally designed over the past
decade,8–13 which are widely utilized for photocatalysis, anti-
counterfeiting, encryption, bioimaging, and uorescence
sensing.14–18 It has been an interesting and promising research
eld to construct articial light-harvesting systems (LHSs)
based on FRET,19,20 which not only helps people to gain deeper
insights into the photosynthesis process in nature, but also
plays a guiding role to mimic natural light-harvesting systems.

Early studies mainly focused on constructing ALHSs through
covalent synthesis,21–23 however, the synthesis and purication
difficulties of these ALHSs hampered their widespread appli-
cations, and the low donor/acceptor ratio was not conducive to
enhance the efficiency of excitation energy transfer. In the last
decade, with increasing interest and further research in arti-
cial LHSs, supramolecular articial light-harvesting systems
based on non-covalent assembly have attracted more
attention.24–30 To achieve an efficient supramolecular articial
LHS, there are two key factors that we need to take into
consideration. First, the energy donor should not only be tightly
packed, but also avoid the intramolecular self-quenching of
uorescence resulting from the aggregation-caused quenching
(ACQ) effect.31,32 Second, the donor/acceptor ratio is advocated
Chem. Sci., 2025, 16, 4741–4748 | 4741
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Scheme 1 The schematic diagram of the constructed ALHS.
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to be optimal for energy transfer from multiple donors to one
acceptor.33,34 These factors can suppress energy loss and
improve the excitation energy transfer efficiency (FET). In
contrast to the ACQ effect, uorescent molecules with aggre-
gation-induced emission (AIE) properties exhibiting strong
uorescence in the aggregated state are promising light-har-
vesting antennas, which can effectively prevent uorescence
quenching in the FRET process.35,36 A commonly employed
strategy for the fabrication of supramolecular ALHSs involves
the non-covalent encapsulation of AIE luminogens (AIEgens)
within supramolecular macrocycles (such as crown ethers,37

calix[n]arenes,38–41 cyclodextrins,42–45 cucurbit[n]urils,46–49 pillar
[n]arenes,50,51 and others52,53) and then combining with energy
acceptors, which can well satisfy the above prerequisites.
Remarkably, due to the connement effect of the rigid macro-
cyclic hosts with nonplanar conformations, the intramolecular
motions of the guests could be efficiently restricted, thus sup-
pressing the non-radiative decay and favoring the energy
transfer. Therefore, rigid macrocyclic molecules, with both
nonplanar conformations and AIE properties, have the poten-
tial to serve as energy donors, however, the related studies are
rarely reported.54 As a result, it is desirable to construct novel
supramolecular ALHSs based on AIE-active macrocycles to
clarify the energy transfer process for photocatalysis.

To better simulate the photosynthesis in nature and realize
the full utilization of the harvested energy, an effective way is
to explore the applications of ALHSs for photocatalysis.
Considering the non-planar conformation of triphenylamine
(TPA) and the excellent photostability of carbazole (Cz), two
blue-emitting energy donors (named as K-1 and K-2) based on
TPA and Cz units were synthesized. The introduction of the o-
methyl group increases the torsion angle between the phenyl
ring and carbazole unit, which is benecial to enhance the
aggregated state emission. Therefore, both K-1 and K-2 exhibit
obvious AIE properties. The as-prepared macrocycle K-1 can
encapsulate guest molecules in the cavity to form supramo-
lecular assemblies avoiding the self-quenching of
4742 | Chem. Sci., 2025, 16, 4741–4748
uorescence. As a control, the reference molecule K-2 is
designed as a noncyclic structure. Then, TPA-based uo-
rophore PBTB showing orange emission was selected as a relay
energy acceptor, and red uorophore Z1 was used as the
terminal acceptor. First, an efficient one-step energy-transfer
process was readily established between K-1 and PBTB, with
the optimal donor/acceptor (K-1/PBTB) ratio of 1000 : 40,
resulting in the FET of up to 82.6%. Under the same condi-
tions, the K-2/PBTB assemblies gave a FET of 77.9%
(Scheme 1). Then, with the introduction of Z1 to the binary
system, the calculated FET was 66.4% at the ratio of K-1/PBTB/
Z1 = 1000 : 40 : 14, while the resultant K-2/PBTB/Z1 assemblies
gave a FET of 60.4% under the same ratio. In addition, bright
white light emission was also observed with CIE coordinates of
(0.33, 0.34) at the ratio of K-1/PBTB = 200 : 1 and the ratio of K-
2/PBTB = 500 : 3, respectively. More importantly, it was found
that the ALHS based on macrocycle K-1 exhibited higher
photocatalytic activity for the cross-dehydrogenative coupling
(CDC) reactions under white-light in water, with a yield of up to
87%. Furthermore, several organophosphorus compounds
were synthesized under optimized photocatalytic conditions.
Thus, the tunable feature of the supramolecular strategy
makes the macrocyclic AIEgen K-1 a promising candidate for
the construction of efficient ALHSs for photocatalysis.
Results and discussion

As shown in Scheme S1,† the energy donors K-1 and K-2 were
rationally designed and facilely synthesized. The carbazole
(Cz) derivative 3 was prepared in 78% isolated yield from
commercial 3,6-dibromo-9H-carbazole 1 and 4-uoro-3-
methylbenzonitrile 2. Next, carbazole derivative 4 was
synthesized by Miyaura borylation. The triphenylamine (TPA)
derivative 7 was synthesized from 4-methoxyaniline 5 and 1-
bromo-4-iodobenzene 6 via the Ullmann coupling reaction. As
expected, K-2 was obtained by the Suzuki coupling reaction of
compounds 4 and 7 using Pd(PPh3)4 as the catalyst. Under the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) and (B) Optimized chemical structures of K-1. (C) and (D)
Molecular orbital and geometry optimizations of K-1 and K-2.
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same conditions, the desired K-1 was afforded as a white solid
by the reaction of K-2 and intermediate 4. All new compounds
were characterized by 1H NMR, 13C NMR and high resolution
mass spectrometry (HRMS). The detailed synthetic procedures
and characterization are presented in Scheme S1, Fig. S1–S12
in the ESI.†

Aer the characterization of the molecular structures of K-1
and K-2, the photophysical properties of the two compounds
were investigated using UV-vis absorption spectroscopy and
uorescence emission spectra (Fig. S13†). The absorption
spectra of K-1 in THF exhibited an absorption band from 300
to 420 nm with an absorption maximum at around 320 nm
(Fig. S13A†). In comparison, the maximum absorption wave-
length of the K-2 molecule was 335 nm, showing a slight
change from that of K-1 (Fig. S13B†). For a better under-
standing of the AIE behaviors of K-1 and K-2, their photo-
luminescence (PL) properties were investigated in THF/H2O
mixtures with different water fractions (fw). With the fw grad-
ually increasing to 60%, the maximum emission wavelength of
K-1 showed an obvious red-shi and the uorescence intensity
decreased signicantly, which is the representative twisted
intramolecular charge transfer (TICT) process (Fig. S13C†). As
the fw was further increased from 60% to 90%, the uorescence
intensity started to rise signicantly, accompanied by a blue-
shi of the maximum emission (Fig. S13D†). This indicated
that K-1 exhibits aggregation-induced emission (AIE), mean-
while the aggregates of K-1 were formed in the THF/H2O
mixture. Similarly, as the fw gradually increased to 50%, K-2
also exhibited the TICT effect rst with reduced uorescence
and a red-shied emission band (Fig. S13E†). When the fw was
further increased, a signicant uorescence enhancement can
be observed, which was consistent with the AIE phenomenon
(Fig. S13F†).

As shown in Fig. 1A, the optimized molecule of K-1 exhibited
a highly twisted conformation when viewed from the side,
which favors the solid-state emission. The distance between the
two tert-butyl groups is 25.41 Å. When viewed from the top, it
was observed that K-1 has a non-planar cavity (Fig. 1B). The
distance between the top C–H bond and the bottom C–H bond
was 9.18 Å, and the distance between the le and right phenyl
group was 10.79 Å. Subsequently, DFT calculations were per-
formed to collect the structural information on K-1 and K-2. The
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) distributions were
depicted, the HOMO was mainly distributed on the triphenyl-
amine (TPA) skeleton, while the LUMO was almost completely
situated on the phenylcyano group (Fig. 1C). Due to the strong
steric hindrance from the o-methyl group,55,56 there was a large
torsion angle between the phenyl ring and carbazole, resulting
in the almost complete separation of the HOMO and LUMO. In
comparison with macrocyclic K-1, the HOMO–LUMO gap of
branched K-2 was even more narrowed (Fig. 1D), leading to
a red-shied absorption maximum with respect to K-1, which
was consistent with the experimental results.

Next, the one-step energy transfer process between the two
AIEgens and PBTB was investigated. As shown in Fig. 2A, the
absorption band of PBTB was well overlapped with the emission
© 2025 The Author(s). Published by the Royal Society of Chemistry
of K-1, and therefore the uorescence dye PBTB was selected as
the energy acceptor. Consequently, an efficient energy transfer
process from K-1 to PBTB was conrmed in the co-solvents of
water/THF by using uorescence spectroscopy. Upon excitation
at 320 nm, the uorescence spectra of K-1/PBTB assemblies
showed a typical Förster resonance energy transfer (FRET)
process with one isoemissive point: the uorescence peak of
energy donor K-1 at about 460 nm decreased, while that of
energy acceptor PBTB around 600 nm enhanced with the
increase of the PBTB concentrations (Fig. 2B). Furthermore,
uorescence lifetime decay experiments at 460 nm were per-
formed to further verify the energy transfer process for the K-1/
PBTB assemblies (Fig. 2C and Table S1†). The decay curve of the
K-1 was tted as a double exponential decay with uorescence
lifetimes of s1 = 0.94 ns and s2 = 3.95 ns. By contrast, the life-
times in K-1/PBTB assemblies were decreased to s1= 0.70 ns and
s2 = 2.80 ns under the same conditions, indicating efficient
energy-transfer was indeed taken place between K-1 and PBTB.
The above results suggested that the articial LHS based on the
K-1/PBTB system was successfully constructed. To quantitatively
evaluate the performance of this prepared LHS, the energy-
transfer efficiency and antenna effect (AE) were calculated, which
were widely used as empirical parameters for the evaluation of
light-harvesting ability. In this system, the FET was calculated as
82.6% (eqn (S1)†), and the antenna effect was calculated to be
13.1 (eqn (S2)†) at a donor/acceptor ratio of 1000 : 40 (Fig. 2D and
Table S2†). In addition, the energy-transfer efficiency can be
gradually increased with the K-1/PBTB ratio from 1000 : 5 to
1000 : 40 (Table S2†). Moreover, the emission spectrum of K-2
effectively overlapped with the absorption spectra of the acceptor
PBTB (Fig. 2E), suggesting the possibility of energy transfer from
K-2 to PBTB. As depicted in Fig. 2F, with addition of PBTB to K-2,
the PL intensity of PBTB (acceptor) around 600 nm increased
along with the decrease ofK-2 (donor) emission at approximately
Chem. Sci., 2025, 16, 4741–4748 | 4743
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Fig. 2 (A) Normalized PL spectrum of K-1 (lem = 460 nm) and the absorption profile of PBTB (lex = 450 nm). (B) PL spectra of K-1 in water–THF
(v/v= 19 : 1) (lex= 320 nm) with different concentrations of PBTB. (C) Fluorescence decay profiles of the K-1 assembly (blue dots), and K-1/PBTB
assemblies (pink dots) (lem = 460 nm). (D) and (H) A representative case showing the calculation principle of FET and AE. (E) Normalized PL
spectrumof K-2 (lem= 450 nm) and the absorption profile of PBTB (lex= 450 nm). (F) Fluorescence spectra of K-2 in water–THF (v/v= 19 : 1) (lex
= 335 nm) with different concentrations of PBTB. (G) Fluorescence decay profiles of the K-2 assembly (blue dots) and K-2-PBTB assembly (pink
dots) (lem = 450 nm).

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/1
2/

20
26

 9
:5

9:
16

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
450 nm when excited at 335 nm in water–THF (19 : 1; v/v). In
addition, the uorescence lifetime decay experiments of the
light-harvesting system monitored at 450 nm were also per-
formed (Fig. 2G). The results showed double exponential decay
with uorescence lifetimes of 0.60 and 3.11 ns for K-2, which
decreased to 0.45 and 2.30 ns aer the addition of PBTB, indi-
cating the energy transfer from K-2 to PBTB (Table S3†). There-
fore, the above data clearly demonstrated the efficient energy
transfer from K-2 to PBTB. The energy transfer efficiency was
estimated to be 77.9% with a molar ratio of donor/acceptor of
1000 : 40 (Fig. 2H and Table S4†), and the antenna effect was
calculated to be 37.2 at such donor/acceptor ratio, indicating
that the K-2/PBTB could also function as an efficient light har-
vesting antenna in an aqueous environment.

Given that the photosynthetic light-harvesting system in
nature contains multi-step sequential energy transfer with mul-
tichromophoric assemblies,57–59 multi-step sequential energy
transfer rather than simple one-step energy transfer is more
meaningful for ALHSs. Therefore, based on the efficient one-step
energy transfer achieved byK-1/PBTB, we further investigated the
two-step sequential energy transfer process. As depicted in
Fig. 3A, the absorption region of the triphenylamine-based
organic dye Z1 partially overlapped with the emission region of
the K-1/PBTB complex, making it possible to realize the two-step
FRET process. As shown in Fig. 3B, when excited at 320 nm, the
emission intensity of K-1/PBTB at 600 nm showed a marked
decrease with the gradual addition of Z1. Meanwhile, the
maximum emission wavelength red-shied from 600 to 700 nm,
accompanied by a substantial increase in uorescence intensity.
The uorescence decay experiments showed a decline of the
uorescence lifetime from the K-1/PBTB assemblies (s1 = 3.63
ns, s2 = 11.22 ns) to the K-1/PBTB/Z1 assemblies (s1 = 2.36 ns, s2
= 7.96 ns) when monitored at 600 nm (Fig. 3C and Table S5†).
4744 | Chem. Sci., 2025, 16, 4741–4748
When the ratio ofK-1/PBTB/Z1 reached 1000 : 40 : 14, theFET was
calculated to be 66.4% and the AE was 18.2 (Fig. 3D). Based on
the prerequisites for efficient light-harvesting, we speculated that
the relatively small overlap between the absorption spectra of Z1
and the emission spectra of PBTB could result in reduced energy
transfer efficiency. In general, the above results indicate that K-1/
PBTB/Z1 could realize an efficient two-step sequential energy
transfer process. Encouraged by the above light-harvesting
process of K-1/PBTB/Z1, K-2/PBTB complexes and Z1 were also
suitable for undergoing of two-step energy transfer due to the
partial overlap between the uorescence emission band of the K-
2/PBTB complex and the UV-visible absorption band of Z1
(Fig. 3E). As presented in Fig. 3F, with the increment of Z1
concentration, the uorescent intensity of energy donor K-2/
PBTB complexes at 590 nm emission gradually decreased and the
intensity of acceptor Z1 at 680 nm emission obviously increased.
Simultaneously, the uorescent color of the K-2/PBTB/Z1
complex exhibited a signicant change from orange to red (inset
of Fig. 3F). In addition, compared to the FET of K-1/PBTB/Z1, the
result of the K-2/PBTB/Z1 at the same ratio was 60.4% (Fig. 3H),
exhibiting a small decline. In contrast, the AE value of K-2/PBTB/
Z1 was 20.8. Moreover, uorescence decay proles were also
obtained in the K-2/PBTB/Z1 system (Fig. 3G). Compared with
the lifetimes of K-2/PBTB, the result of K-2/PBTB/Z1 at 590 nm
exhibited a signicant decrease (Table S6†). In general, the
transfer efficiency of the constructed two-step energy transfer
was reduced to some extent (Tables S7 and S8†). In a control
experiment, free PBTB or Z1 without energy donors (K-1 or K-2)
showed almost no uorescence upon excitation, indicating effi-
cient energy transfer from the energy donor to acceptor
(Fig. S14†). Subsequently, the morphologies of the above-
mentioned individual molecules and ALHSs were investigated by
scanning electron microscopy (SEM). The results showed that
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Normalized absorption and emission spectra of K-1/PBTB= 1000 : 40 (lem= 600 nm) and Z1 (lex= 500 nm). (B) Fluorescence spectra
of K-1/PBTB = 1000 : 40 with different concentrations of Z1. (C) Fluorescence decay profiles of the K-1/PBTB assembly (pink dots) and K-1/
PBTB/Z1 assembly (red dots) (lem = 600 nm). (D) and (H) A representative case showing the calculation principle of FET and AE. (E) Normalized
absorption and emission spectra of K-2/PBTB= 1000 : 40 (lex = 590 nm) and Z1 (lex = 500 nm). (F) Fluorescence spectra of K-2/PBTB= 1000 :
40 with different concentrations of Z1. (G) Fluorescence decay profiles of the K-2/PBTB assembly (pink dots) and K-2/PBTB/Z1 assembly (red
dots) (lem = 590 nm).

Fig. 4 (A) The PL spectra of K-1 in water with different concentrations
of PBTB. (B). The PL spectra of K-1/PBTB in water with different
concentrations of Z1. (C) CIE chromaticity coordinates of K-1/PBTB
with different concentrations of Z1. (D) PL spectrum of the white-light
emission coordinate (D/A = 200 : 1), inset: photograph of the white-
light emission.
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these nanoparticles appeared to have concave or almost regular
spherical morphology (Fig. S15 and S16†). Therefore, the sizes of
the formed aggregates aer assembly were further studied by
dynamic light scattering (DLS) experiments. The results of DLS
showed that spherical nanoparticles with larger average particle
size were formed aer the acceptors were mixed with donors
(Fig. S17 and S18†), indicating extensive interactions and co-
assembly processes between molecules. In addition, obvious
Tyndall effects could be observed in all solutions (inset of
Fig. S17 and S18†), which also indicated that a large number of
supramolecular nanoparticles were formed.

White organic light-emitting materials are of signicance
because of their potential applications in light emitting devices
and display media.60–62 Generally, white light emission can be
achieved by a combination of the three primary (red, green, and
blue) or two complementary colors (e.g. orange and blue)
according to the Commission Internationale de L'Eclairage
(CIE) chromaticity diagram. As the ratio of PBTB increased, the
uorescence color of the K-1/PBTB system changed from blue to
orange (Fig. 4A), indicating that white light emission can be
realized by tuning the ratio of K-1 and PBTB. In contrast, it is
speculated that the K-1/PBTB/Z1 system failed to achieve white
light emission due to its color change from orange to red as the
ratio of Z1 increased (Fig. 4B). As expected, bright white light
emission can be successfully realized with CIE coordinates of
(0.33, 0.34) at the ratio of K-1/PBTB = 200 : 1 (Fig. 4C and D).
When the energy donor was replaced by K-2, similar results were
obtained in the corresponding ALHSs (Fig. S19†).

Due to the wide application of organophosphorus
compounds in pharmaceuticals, pesticides, ame retardants,
ligands and so on, relevant research reports are of great
signicance.63–66 Therefore, photocatalytic C–P bond formation
© 2025 The Author(s). Published by the Royal Society of Chemistry
has attracted great attention among chemists,67,68 especially the
reports of ALHSs as photocatalysts.69,70 We then investigated the
possibility of the above ALHSs and individual uorescent dyes
as photocatalysts in cross-dehydrogenative coupling (CDC)
reactions, and optimized the conditions of photocatalytic C–P
bond formation (Tables 1, 2 and Fig. S20†).

In a mixed solution of H2O–THF (19 : 1; v/v), benzothiazole
8a was selected as the model substrate for the reaction with
diphenylphosphine oxide 9, and the effect of the photocatalysts
was rst investigated (Table 1). The experimental results
Chem. Sci., 2025, 16, 4741–4748 | 4745
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Table 1 Comparison result using ALHSs as photocatalysts for the CDC
reaction of benzothiazole 8a and diphenylphosphine oxide 9

Entrya Photocatalyst Yield (%)

1 K-1 52
2 K-2 29
3 PBTB 28
4 Z1 12
5 K-1/PBTB = 200 : 1 87
6b K-1/PBTB = 200 : 1 78
7c K-1/PBTB = 200 : 1 65
8d K-1/PBTB = 200 : 1 Trace
9e No 8
10f K-1/PBTB = 200 : 1 n. r.
11 K-1/PBTB = 1000 : 40 72
12 K-1/PBTB/Z1 = 1000 : 40 : 14 70
13 K-2/PBTB = 500 : 3 35
14 K-2/PBTB = 1000 : 40 36
15 K-2/PBTB/Z1 = 1000 : 40 : 14 42

a Reaction conditions: benzothiazole (0.2 mmol), the photocatalyst (5%
mmol), diphenylphosphine oxide (1.2 mmol, 6 equiv.), H2O (1.9 mL),
THF (0.1 mL) 30 W white LED, and under air at room temperature for
24 h. b 3% photocatalyst. c Diphenylphosphine oxide (0.6 mmol, 3
equiv.). d Under N2.

e No PC. f No light.
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revealed that the target product 10a was formed in poor to
moderate yields, when K-1, K-2, PBTB, and Z1 were employed as
photocatalysts (Table 1, entries 1–4). The TLC analysis revealed
that 8a was not fully transformed in all the above reactions.
Notably, the reaction yield exhibited an impressive enhance-
ment, reaching 87% when the K-1/PBTB ALHS was used as the
catalyst (Table 1, entry 5). Moreover, the solution emitted white
light at the ratio of K-1/PBTB of 200 : 1. When the amount of
Table 2 The CDC reaction of benzothiazole 8a and diphenylphos-
phine oxide 9 in organic solvents

Entrya Photocatalyst Solvent Yield (%)

1 K-1/PBTB = 200 : 1 MeOH n. r.
2 K-1/PBTB = 200 : 1 EtOH n. r.
3 K-1/PBTB = 200 : 1 CH3CN Trace
4 K-1/PBTB = 200 : 1 THF 18
5 K-1/PBTB = 200 : 1 CHCl3 90
6 K-1 CHCl3 88
7 K-1/PBTB = 200 : 1 CH2Cl2 40
8 K-1/PBTB = 200 : 1 EtOAc 12

a Reaction conditions: benzothiazole (0.2 mmol), the photocatalyst (5%
mmol), diphenylphosphine oxide (1.2 mmol, 6 equiv.), solvent (2 mL),
30 W white LED, and under air at room temperature for 24 h.

4746 | Chem. Sci., 2025, 16, 4741–4748
catalyst was reduced to 3 mol%, the yield was slightly reduced
(Table 1, entry 6). In addition, the improved equivalent of 9
failed to increase the yield, and the product 10a was obtained
with a moderate yield of 65% (Table 1, entry 7). Subsequently,
a series of control experiments were performed. As expected,
a trace amount of the product was observed in a N2 atmosphere
(Table 1, entry 8), and a small amount of product (8%) was
detected in the absence of photocatalysts (Table 1, entry 9).
Unsurprisingly, this reaction did not occur in the absence of
light (Table 1, entry 10). Since the maximum FET occurred when
the K-1/PBTB was about 1000 : 40, the reaction was conducted
under this ratio of donor/acceptor. The result showed that 72%
yield of 10a can be obtained (Table 1, entry 11). For the same
reason, the reaction was performed at the K-1/PBTB/Z1 ratio of
1000 : 40 : 14, and 10a was isolated in 70% yield (Table 1, entry
12). Unfortunately, the reactions resulted in lower yields at
different ratios of donor and acceptor when the energy donor
was replaced with K-2 (Table 1, entries 13–15). In addition,
when the reaction was carried out in various organic solvents,
chloroform afforded a high yield of 90%. As most natural
photocatalysis occurs in aqueous medium, we selected water as
the reaction solvent. Moreover, other organic solvents only gave
moderate yields, or trace amounts of the desired product can be
formed (Table 2).

Furthermore, the reaction of different benzothiazole deriv-
atives with diphenylphosphine oxide yielded the desired prod-
ucts (10a–10e) in moderate to good yields (65–87%)
(Fig. S21–S35†). We proposed a mechanism for the construction
of the C–P bond. The excited state K-1* interacted with A and
deprotonated to give a radical B and a radical cation C. Then,
the radical cation C was oxidized by O2 and regenerated ground
state D to complete the photocatalytic cycle. Meanwhile, radical
Scheme 2 (a) Visible-light-induced C(sp2)–P bond formation cata-
lyzed by K-1/PBTB. (b) Substrate scope of the C(sp2)–P bond forma-
tion reaction. (c) Proposed mechanism of the C(sp2)–P bond
formation reaction.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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species B attacked benzothiazole E to furnish radical interme-
diate F, which underwent rearomatization by oxidation and
deprotonation to afford the nal product (Scheme 2).
Conclusions

In summary, novel supramolecular ALHSs based on AIE-active
macrocycle K-1 were constructed, which successfully achieved
one-step and two-step FRET processes. Thanks to the typical AIE
properties, undesirable uorescence quenching is effectively
avoided during the FRET process. By contrast with the non-
cyclic AIEgen K-2, the ALHSs based on rigid macrocyclic mole-
cule K-1 exhibited higher energy transfer efficiency, which was
calculated to be 82.6% for the K-1/PBTB system and 66.4% for
the K-1/PBTB/Z1 system, respectively. Bright white light emis-
sion can be successfully achieved at the ratio of K-1/PBTB =

200 : 1 and K-2/PBTB = 500 : 3 with CIE coordinates of (0.33,
0.34), respectively. More importantly, the ALHS based on mac-
rocycle K-1 exhibited higher photocatalytic activity for the cross-
dehydrogenative coupling (CDC) reaction under white-light in
water, with yields of up to 87%. Thus, the exibility of this novel
supramolecular strategy makes macrocyclic AIEgen K-1
a promising candidate for the construction of efficient ALHSs
for photocatalysis. Compared with the existing approaches to
realize ALHSs, this work provided an appealing strategy to
construct novel supramolecular ALHSs based on AIE-active
macrocycles for photocatalysis.
Data availability

The authors conrm that the data supporting the ndings of
this study are available within the article and its ESI.†
Author contributions

Jun-Cheng Yang and Ke Chen contributed equally to this work.
Jun-Cheng Yang: conceptualization, methodology, writing –

original dra. Ke Chen: methodology, investigation. Guo-Ling
Zhang: investigation. Chunxuan Qi: investigation. Hai-Tao
Feng: conceptualization, funding acquisition, writing – review &
editing. Ben Zhong Tang: conceptualization, writing – review &
editing.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work was supported by the National Natural Science
Foundation of China (52173152), the Fund of the Rising Stars of
Shaanxi Province (2021KJXX-48), the Research Foundation of
Education Department of Shaanxi Province (21JK0487), the
Scientic and Technological Innovation Team of Shaanxi
Province (2022TD-36), and the Natural Science Basic Research
Plan in Shaanxi Province of China (2023-JC-QN-0163).
© 2025 The Author(s). Published by the Royal Society of Chemistry
Notes and references

1 U. Hahn, M. Gorka, F. Vögtle, V. Vicinelli, P. Ceroni,
M. Maestri and V. Balzani, Angew. Chem., Int. Ed., 2002, 41,
3595–3598.

2 M. Heilemann, P. Tinnefeld, G. Sanchez Mosteiro, M. Garcia
Parajo, N. F. Van Hulst and M. Sauer, J. Am. Chem. Soc., 2004,
126, 6514–6515.

3 A. Kirch, M. Gmelch and S. Reineke, J. Phys. Chem. Lett.,
2019, 10, 310–315.

4 T. Matsuo, K. Ikeda and S. Hayashi, Aggregate, 2023, 4, e378.
5 T. Förster, Ann. Phys., 1948, 437, 55–75.
6 J. Fan, M. Hu, P. Zhan and X. Peng, Chem. Soc. Rev., 2013, 42,
29–43.

7 L. Wu, C. Huang, B. P. Emery, A. C. Sedgwick, S. D. Bull,
X.-P. He, H. Tian, J. Yoon, J. L. Sessler and T. D. James,
Chem. Soc. Rev., 2020, 49, 5110–5139.

8 D. Zhang, W. Yu, S. Li, Y. Xia, X. Li, Y. Li and T. Yi, J. Am.
Chem. Soc., 2021, 143, 1313–1317.

9 Y.-X. Wu and T.-Y. Jiang, Micromachines, 2022, 13, 1789.
10 X. Tang, Y. Zhu, W. Guan and C. Lu, Aggregate, 2023, 4, e348.
11 H.-X. Liu, D.-H. Si, M. F. Smith, R.-F. Li, X.-Y. Li, L. Li,

H.-B. Huang, Z.-B. Fang, H.-C. Zhou and T.-F. Liu,
Aggregate, 2023, 4, e383.

12 W.-C. Yang, S.-Y. Li, S. Ni and G. Liu, Aggregate, 2024, 5, e460.
13 Y. Wang, S. Zhou, S. Pan, X. Sun, J. Zhou and H. Li, Adv. Opt.

Mater., 2024, 12, 2301486.
14 M. Zuo, W. Qian, T. Li, X.-Y. Hu, J. Jiang and L. Wang, ACS

Appl. Mater. Interfaces, 2018, 10, 39214–39221.
15 M. Hao, G. Sun, M. Zuo, Z. Xu, Y. Chen, X.-Y. Hu and

L. Wang, Angew. Chem., Int. Ed., 2020, 59, 10095–10100.
16 Y. Wu, C. Yan, X.-S. Li, L. H. You, Z.-Q. Yu, X. Wu, Z. Zheng,

G. Liu, Z. Guo, H. Tian andW.-H. Zhu, Angew. Chem., Int. Ed.,
2021, 60, 24549–24557.

17 X. Tian, L. C. Murn, L. Wu, S. E. Lewis and T. D. James,
Chem. Sci., 2021, 12, 3406–3426.

18 X.-Y. Dai, M. Huo, X. Dong, Y.-Y. Hu and Y. Liu, Adv. Mater.,
2022, 34, 2203534.

19 Y.-X. Yuan, J.-H. Jia, Y.-P. Song, F.-Y. Ye, Y.-S. Zheng and
S.-Q. Zang, J. Am. Chem. Soc., 2022, 144, 5389–5399.

20 Y. Wang, N. Han, X.-L. Li, R.-Z. Wang and L.-B. Xing, ACS
Appl. Mater. Interfaces, 2022, 14, 45734–45741.

21 W. Schroeyers, R. Vallée, D. Patra, J. Hoens, S. Habuchi,
T. Vosch, M. Cotlet, K. Müllen, J. Enderlein and F. C. De
Schryver, J. Am. Chem. Soc., 2004, 126, 14310–14311.

22 R. Ziessel, G. Ulrich, A. Haefele and A. Harriman, J. Am.
Chem. Soc., 2013, 135, 11330–11344.

23 P. Parkinson, C. E. I. Knappke, N. Kamonsutthipaijit,
K. Sirithip, J. D. Matichak, H. L. Anderson and L. M. Herz,
J. Am. Chem. Soc., 2014, 136, 8217–8220.

24 C. Li, J. Zhang, S. Zhang and Y. Zhao, Angew. Chem., Int. Ed.,
2019, 58, 1643–1647.

25 L. Xu, Z. Wang, R. Wang, L. Wang, X. He, H. Jiang, H. Tang,
D. Cao and B. Z. Tang, Angew. Chem., Int. Ed., 2020, 59, 9908–
9913.
Chem. Sci., 2025, 16, 4741–4748 | 4747

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc07689c


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/1
2/

20
26

 9
:5

9:
16

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
26 W.-J. Li, X.-Q. Wang, D.-Y. Zhang, Y.-X. Hu, W.-T. Xu, L. Xu,
W. Wang and H.-B. Yang, Angew. Chem., Int. Ed., 2021, 60,
18761–18768.

27 Q. Song, S. Goia, J. Yang, S. C. L. Hall, M. Staniforth,
V. G. Stavros and S. Perrier, J. Am. Chem. Soc., 2021, 143,
382–389.

28 P.-P. Jia, L. Xu, Y.-X. Hu, W.-J. Li, X.-Q. Wang, Q.-H. Ling,
X. Shi, G.-Q. Yin, X. Li, H. Sun, Y. Jiang and H.-B. Yang, J.
Am. Chem. Soc., 2021, 143, 399–408.

29 K. Wang, K. Velmurugan, B. Li and X.-Y. Hu, Chem.
Commun., 2021, 57, 13641–13654.

30 S. Yu, R.-X. Zhu, K.-K. Niu, N. Han, H. Liu and L.-B. Xing,
Chem. Sci., 2024, 15, 1870–1878.

31 D. Zhang, Y. Liu, Y. Fan, C. Yu, Y. Zheng, H. Jin, L. Fu,
Y. Zhou and D. Yan, Adv. Funct. Mater., 2016, 26, 7652–7661.

32 K. Acharyya, S. Bhattacharyya, H. Sepehrpour,
S. Chakraborty, S. Lu, B. Shi, X. Li, P. S. Mukherjee and
P. J. Stang, J. Am. Chem. Soc., 2019, 141, 14565–14569.

33 H.-Q. Peng, L.-Y. Niu, Y.-Z. Chen, L.-Z. Wu, C.-H. Tung and
Q.-Z. Yang, Chem. Rev., 2015, 115, 7502–7542.

34 T. Xiao, L. Zhang, H. Wu, H. Qian, D. Ren, Z.-Y. Li and
X.-Q. Sun, Chem. Commun., 2021, 57, 5782–5785.

35 Y.-X. Hu, W.-J. Li, P.-P. Jia, X.-Q. Wang, L. Xu and H.-B. Yang,
Adv. Opt. Mater., 2020, 8, 2000265.

36 G. Sun, W. Qian, J. Jiao, T. Han, Y. Shi, X.-Y. Hu and L. Wang,
J. Mater. Chem. A, 2020, 8, 9590–9596.

37 S. Wang, J.-H. Ye, Z. Han, Z. Fan, C. Wang, C. Mu, W. Zhang
and W. He, RSC Adv., 2017, 7, 36021–36025.

38 X.-M. Chen, Q. Cao, H. K. Bisoyi, M. Wang, H. Yang and
Q. Li, Angew. Chem., Int. Ed., 2020, 59, 10493–10497.

39 Z. Liu, X. Sun, X. Dai, J. Li, P. Li and Y. Liu, J. Mater. Chem. C,
2021, 9, 1958–1965.

40 X.-L. Li, Y. Wang, A. Song, M.-H. Zhang, M. Jiang, H. Liu,
R. Wang, S. Yu and L.-B. Xing, So Matter, 2021, 17, 9871–
9875.

41 X.-F. Hou, S. Zhang, X. Chen, H. K. Bisoyi, T. Xu, J. Liu,
D. Chen, X.-M. Chen and Q. Li, ACS Appl. Mater. Interfaces,
2022, 14, 22443–22453.

42 F. Qiao, Z. Yuan, Z. Lian, C.-Y. Yan, S. Zhuo, Z.-Y. Zhou and
L.-B. Xing, Dyes Pigm., 2017, 146, 392–397.

43 H.-J. Kim, P. C. Nandajan, J. Gierschner and S. Y. Park, Adv.
Funct. Mater., 2018, 28, 1705141.

44 S. Garain, B. C. Garain, M. Eswaramoorthy, S. K. Pati and
S. J. George, Angew. Chem., Int. Ed., 2021, 60, 19720–19724.

45 F.-F. Li, M. Huo, J. Kong and Y. Liu, Adv. Opt. Mater., 2024,
12, 2400453.

46 J.-J. Li, Y. Chen, J. Yu, N. Cheng and Y. Liu, Adv. Mater., 2017,
29, 1701905.

47 Z. Dong, Y. Bi, H. Cui, Y. Wang, C. Wang, Y. Li, H. Jin and
C. Wang, ACS Appl. Mater. Interfaces, 2019, 11, 23840–23847.
4748 | Chem. Sci., 2025, 16, 4741–4748
48 S. Fu, X. Su, M. Li, S. Song, L. Wang, D. Wang and B. Z. Tang,
Adv. Sci., 2020, 7, 2001909.

49 J.-J. Li, H.-Y. Zhang, G. Liu, X. Dai, L. Chen and Y. Liu, Adv.
Opt. Mater., 2021, 9, 2001702.

50 S. Guo, Y. Song, Y. He, X.-Y. Hu and L. Wang, Angew. Chem.,
Int. Ed., 2018, 57, 3163–3167.

51 C.-L. Sun, H.-Q. Peng, L.-Y. Niu, Y.-Z. Chen, L.-Z. Wu,
C.-H. Tung and Q.-Z. Yang, Chem. Commun., 2018, 54,
1117–1120.

52 Y. Qin, Q.-H. Ling, Y.-T. Wang, Y.-X. Hu, L. Hu, X. Zhao,
D. Wang, H.-B. Yang, L. Xu and B. Z. Tang, Angew. Chem.,
Int. Ed., 2023, 62, e202308210.

53 X. Tian, M. Zuo, P. Niu, K. Velmurugan, K. Wang, Y. Zhao,
L. Wang and X.-Y. Hu, ACS Appl. Mater. Interfaces, 2021, 13,
37466–37474.

54 Y. Li, Y. Dong, L. Cheng, C. Qin, H. Nian, H. Zhang, Y. Yu and
L. Cao, J. Am. Chem. Soc., 2019, 141, 8412–8415.

55 H. Zhang, A. Li, G. Li, B. Li, Z. Wang, S. Xu, W. Xu and
B. Z. Tang, Adv. Opt. Mater., 2020, 8, 1902195.

56 X. Guo, G. Li, J. Lou, K. Chen, R. Huang, D. Yang, H. Zhang,
Z. Wang and B. Z. Tang, Small, 2022, 18, 2204029.

57 G. D. Scholes, G. R. Fleming, A. Olaya-Castro and R. van
Grondelle, Nat. Chem., 2011, 3, 763–774.

58 A. Melis, Energy Environ. Sci., 2012, 5, 5531–5539.
59 D. K. Dogutan and D. G. Nocera, Acc. Chem. Res., 2019, 52,

3143–3148.
60 K. T. Kamtekar, A. P. Monkman and M. R. Bryce, Adv. Mater.,

2010, 22, 572–582.
61 Z. Chen, C.-L. Ho, L. Wang and W.-Y. Wong, Adv. Mater.,

2020, 32, 1903269.
62 J. Zhang, X. Zhao, H. Shen, J. W. Y. Lam, H. Zhang and

B. Z. Tang, Adv. Photonics, 2021, 4, 014001.
63 U. Pradere, E. C. Garnier-Amblard, S. J. Coats, F. Amblard

and R. F. Schinazi, Chem. Rev., 2014, 114, 9154–9218.
64 G. K. Sidhu, S. Singh, V. Kumar, D. S. Dhanjal, S. Datta and

J. Singh, Crit. Rev. Environ. Sci. Technol., 2019, 49, 1135–1187.
65 X. Wang, Q. Zhu, X. Yan, Y. Wang, C. Liao and G. Jiang, Sci.

Total Environ., 2020, 731, 139071.
66 C. Xie, A. J. Smaligo, X.-R. Song and O. Kwon, ACS Cent. Sci.,

2021, 7, 536–558.
67 N. Holmberg-Douglas and D. A. Nicewicz, Chem. Rev., 2022,

122, 1925–2016.
68 S.-Y. Zhao, Y.-Y. Huang, S.-H. Deng, Z.-P. Guan and

Z.-B. Dong, Org. Chem. Front., 2024, 11, 4882–4894.
69 Z. Zhang, Z. Zhao, Y. Hou, H. Wang, X. Li, G. He and

M. Zhang, Angew. Chem., Int. Ed., 2019, 58, 8862–8866.
70 Y. Wang, N. Han, X. Li, S. Yu and L. Xing, ChemPhysMater,

2022, 1, 281–293.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc07689c

	Novel supramolecular artificial light-harvesting systems based on AIE-active macrocycles for efficient white-light photocatalysis in waterElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07689c
	Novel supramolecular artificial light-harvesting systems based on AIE-active macrocycles for efficient white-light photocatalysis in waterElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07689c
	Novel supramolecular artificial light-harvesting systems based on AIE-active macrocycles for efficient white-light photocatalysis in waterElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07689c
	Novel supramolecular artificial light-harvesting systems based on AIE-active macrocycles for efficient white-light photocatalysis in waterElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07689c
	Novel supramolecular artificial light-harvesting systems based on AIE-active macrocycles for efficient white-light photocatalysis in waterElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07689c
	Novel supramolecular artificial light-harvesting systems based on AIE-active macrocycles for efficient white-light photocatalysis in waterElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07689c
	Novel supramolecular artificial light-harvesting systems based on AIE-active macrocycles for efficient white-light photocatalysis in waterElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07689c
	Novel supramolecular artificial light-harvesting systems based on AIE-active macrocycles for efficient white-light photocatalysis in waterElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07689c


