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rvesting systems based on novel
AIEgen-branched rotaxane dendrimers for
photocatalyzed functionalization of C–H bonds†

Xiao-Qin Xu,a Yi-Ru Song,a Jiang-Han Cao,a Wei-Jian Li,a Yu Zhu,a Dan-Yang Zhang,a

Wei Wang, a Xu-Qing Wang*d and Hai-Bo Yang *abc

Aiming at the construction of novel luminescent materials for practical use, a new type of AIEgen-branched

rotaxane dendrimer with up to 42 TPE units precisely distributed with dendrimer skeletons was successfully

synthesized. Attributed to such high-density topological arrangements of AIEgens, these novel rotaxane-

branched dendrimers revealed interesting generation-dependent AIE behaviors. Moreover, taking

advantage of the efficient Förster resonance energy transfer (FRET) process, novel artificial light-

harvesting systems (LHSs) were successfully constructed by the employment of ESY as energy acceptors,

which revealed significantly enhanced photocatalytic performances in the functionalization of C–H

bonds along with an increase in dendrimer generation, thus indicating an impressive generation effect.
Introduction

Photosynthesis is the basis for the survival and development of
life in nature.1 Green plants harvest light through a pigment-
antenna protein complex containing a large number of tightly
arranged chlorophyll molecules to energy acceptor carotenoids,
which is converted into chemical energy via continuous exciton/
energy migration.2 Chemists have tried to design articial light-
harvesting systems (LHSs) for a long time by mimicking this
natural photosynthetic process in order to develop a sustainable
clean energy source.3 In recent years, various systems based on
porphyrin arrays,4 dendrimers,5 organogels,6 metal–organic
frameworks,7 polymers,8 organic nanocrystals9 and others10

have been developed for the construction of articial LHSs. A
common approach is to mimic the natural light-harvesting
process between the donor and acceptor through the Förster
resonance energy transfer (FRET) process.11 Notably, the
construction of efficient articial LHSs requires a high ratio of
energy donors to acceptors and a tight packing degree of energy
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donors.12 However, this tight arrangement usually results in the
aggregation-caused quenching (ACQ) effect of the donor's
uorescence, which might further lead to reduced efficiency.13

Fortunately, the aggregation-induced emission (AIE) effect
coined by Tang et al. in 2001 effectively made up for this de-
ciency.14 Luminogens with a typical AIE effect, oen referred to
as AIEgens, have restricted intramolecular motions (RIMs) in
the aggregated state, which effectively blocks the non-radiative
energy dissipation pathway, thus leading to enhanced emis-
sions and other intriguing properties.15

Notably, AIE-active dendrimers have recently received extensive
attention, attributed to their great potential in the construction of
novel luminescent materials. Compared with other types of well-
investigated AIE-active polymers, AIE-active dendrimers have
unique star-shaped hyperbranched structures and well-dened
topological arrangements of AIEgens, which could serve as ideal
platforms for the rational design and construction of novel arti-
cial LHSs.16 However, thus far, most of the reported AIE-active
dendrimers only focus on AIEgen-cored and AIEgen-terminated
dendrimers owing to the lack of appropriate AIEgen building
blocks with suitable functional groups for the growth of den-
drimers, thus making the synthesis of AIEgen-branched den-
drimers quite difficult.17 Notably, the introduction of AIEgen units
on the branches of AIEgen-branched dendrimers' skeleton would
provide promising platforms for the construction of novel articial
LHSs with high uorescence brightness and high donor density,
which is of great importance. In 2021, our group introduced the
TPE unit, the most classical AIEgen, as a stopper of the key [2]
rotaxane building block, leading to the successful synthesis of
a new type of rotaxane-branched dendrimer with AIEgens located
on branches for the rst time through a controllable divergent
approach.18 To further enrich the family of AIEgen-branched
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The design and synthesis of a new type of AIEgen-branched
rotaxane dendrimer for the construction of novel artificial light har-
vesting systems that display excellent photocatalytic performances in
the functionalization of C–H bonds.
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rotaxane dendrimers, the introduction of AIEgens units into the
wheel component of the rotaxane branches with the dendrimer
skeleton will be of great interest, butmore challenging. On the one
hand, in this newly-proposed AIEgen-branched rotaxane den-
drimer, AIEgens units can exhibit more precise topological
arrangements and move along the axle component in response to
additional stimuli, which is expected to afford superior LHS
characteristics. On the other hand, compared with rotaxane den-
drimers with AIEgens units modied on the axle component,
AIEgens units modied on the wheel component would lead to
a more signicant steric hindrance effect due to more crowded
distributions, which might signicantly improve their AIE
performances. Based on these advantages, it will be of great
importance to construct such novel AIEgen-branched rotaxane
dendrimers and further investigate their light-harvesting perfor-
mances, as well as related applications.

Herein, based on our on-going research interest in mechan-
ically interlocked molecules (MIMs),19 particularly rotaxane den-
drimers,20 a novel class of AIEgen-branched rotaxane dendrimers
with up to 42 AIEgens units on their branches has been designed
and synthesized for the rst time by introducing two TPE units
into the wheel components of the key [2]rotaxane building block.
Such a high AIEgens density would be of crucial importance in
improving the light harvesting efficiency. Moreover, the den-
drimer skeleton will exert a more signicant steric hindrance
effect on the AIEgens units, thereby enhancing the performance of
AIE. Notably, the introduction of the urea recognition sites can
endow the resulting AIEgen-branched rotaxane dendrimers with
interesting dynamic AIE behavior. More importantly, by doping
the uorescent dye ESY upon the aggregate, these AIE-active
rotaxane-branched dendrimers can be further used for the
construction of novel articial LHSs, which exhibit impressive
catalytic performances in the functionalization of inert C–Hbonds
through typical hydrogen-atom transfer (HAT) processes (Fig. 1).
Results and discussion
Design, synthesis, and characterization of novel AIEgen-
branched rotaxane dendrimers

In this study, a novel functionalized [2]rotaxane TPE-R was
designed and synthesized by the formation of a host–guest
complex between the pillar[5]arene macrocycle and long-chain
© 2025 The Author(s). Published by the Royal Society of Chemistry
alkanes. In this [2]rotaxane building block, two TPE units
were attached to the pillar[5]arene macrocycle as the wheel
component. In addition, TIPS-protected alkynes were intro-
duced into the axle component as the stopper, which can be
converted into the alkyne group under mild conditions and
serve as subsequent dendrimer growth sites. Notably, the
introduction of the urea moiety into the axle component as
a recognition site not only contributes to the formation of [2]
rotaxanes through enhanced host–guest complexing, but also
allows the wheel component to undergo translational move-
ment along the axle component, thus possibly endowing the
targeted AIEgen-branched rotaxane dendrimers with inter-
esting stimuli-responsive properties. On the basis of such
design strategy, the [2]rotaxane building block TPE-R was
successfully prepared by a threading-followed-by-stoppering
strategy with a yield of 70% on a gram scale (ESI, Scheme
S1†), which was fully characterized by various techniques
including 1-D multinuclear (1H, 13C, and 31P), 2-D NMR (1H–1H
COSY, ROESY) spectroscopy, and ESI-TOF-MS analysis (Fig. S1–
S9†).

Aer the successful and efficient synthesis of the key AIEgen-
based [2]rotaxane TPE-R building block, 1,3,5-triethy-
nylbenzene was selected as the core unit of the rotaxane-
branched dendrimer. The efficient construction of the tar-
geted rotaxane-branched dendrimers with a high density of
AIEgens on the skeleton was realized by the stepwise controlled
divergent strategy. As shown in Fig. 2a, with CuI as the catalyst,
[2]rotaxane TPE-R reacted with the 1,3,5-triethynylbenzene core
unit to produce the rst generation rotaxane-branched den-
drimer TPE-G1 with a yield of 88%. It contains three rotaxane
units with two TPE units distributed on each branch. Subse-
quently, at room temperature, the deprotected intermediate
TPE-G1-YNE was obtained by adding tetrabutylammonium
uoride trihydrate (Bu4NF$3H2O) to the tetrahydrofuran solu-
tion of TPE-G1. Aer the removal of the protective groups, six
alkynyl reaction growth sites in the intermediate were exposed,
which further reacted with TPE-R to obtain the second-
generation rotaxane-branched dendrimer TPE-G2 with nine
AIEgen-based [2]rotaxane units and 18 TPE units on the
branches in a yield of 72% (Fig. 2b). Based on the above iterative
deprotection-coupling growth process, the third-generation
rotaxane-branched dendrimer TPE-G3 with a high density of
AIEgens was then successfully synthesized in 78% yield.
Impressively, TPE-G3 contains 21 rotaxane units and 42 TPE
units on the branches.

The structures of the synthesized AIEgen-branched rotaxane
dendrimers TPE-Gn (n = 1, 2, and 3) were rst characterized by
1H and 31P NMR spectroscopy. As shown in Fig. S19,† a set of
sharp and regular signals were observed in the 1H NMR spectra
of TPE-Gn (n = 1, 2, and 3), which initially indicated that the
obtained rotaxane-branched dendrimers TPE-Gn (n = 1, 2, and
3) were discrete structures, excluding the possible formation of
polymers or oligomers. Moreover, no proton peaks attributed to
the terminal alkyne were observed at the chemical shis around
4.0 ppm, indicating that all the terminal alkynes had been
completely reacted. Thus, the obtained rotaxane-branched
dendrimers had no structural defects. More importantly, the
Chem. Sci., 2025, 16, 5786–5796 | 5787
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Fig. 2 (a) Synthesis of the TPE-branched rotaxane dendrimer TPE-G1 via a CuI-catalyzed coupling reaction of TPE-R and 1,3,5-triethy-
nylbenzene. (b) Representation of a controllable divergent strategy for the synthesis of the AIEgen-branched rotaxane dendrimers TPE-G2 and
TPE-G3. Reaction conditions: (I): (a) Bu4NF$3H2O, THF, rt, and 2 h; (b) TPE-R, CuI, DCM/Et2NH, rt, overnight, and 72%; (II): (a) Bu4NF$3H2O, THF,
rt, and 2 h; (b) TPE-R, CuI, DCM/Et2NH, rt, overnight, and 78%.
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View Article Online
presence of the characteristic signals of the rotaxane units at the
chemical shis below 0.0 ppm revealed that the interlocked
structures were not destroyed during the growth of the rotaxane-
branched dendrimers. Notably, for higher-generation rotaxane-
branched dendrimers, several new peaks attributed to the
threaded structures were observed, indicating that the rotaxane
subunits located on different branches were nonequivalent. In
addition, as shown in Fig. S20,† single and sharp characteristic
peaks were observed in all 31P NMR spectra, indicating that all
the rotaxane-branched dendrimers have highly symmetric
skeletons. Compared to the [2]rotaxane building block TPE-R,
the chemical shis of the PEt3 ligands belonging to TPE-Gn (n=

1, 2, and 3) displayed downeld shis, which further illustrated
the formation of double-substituted platinum-acetylide bonds
in the preparation of the AIEgen-branched rotaxane dendrimers
5788 | Chem. Sci., 2025, 16, 5786–5796
by coupling reaction. Similar with that in the 1H NMR spectra,
different chemical shis of phosphine ligands were also found
for different generations, along with the growth of the AIEgen-
branched rotaxane dendrimers, again indicating the
nonequivalent chemical environments of different generations.
Therefore, the successful synthesis of targeted rotaxane-
branched dendrimers TPE-Gn (n = 1, 2, and 3) were
conrmed by 1-D NMR analysis.

Next, the AIEgen-branched rotaxane dendrimers TPE-Gn (n
= 1, 2, and 3) were further characterized by mass spectrometry
(MALDI-TOF-MS). In the MALDI-TOF-MS spectrum of TPE-G1,
the main characteristic peak at m/z = 8282.2 was observed,
which was attributed to the [TPE-G1 + H]+ ion peak and is fully
consistent with the theoretical value (m/z = 8282.9). Thus, the
successful preparation of TPE-G1 was directly conrmed
© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Fig. S21†). Furthermore, for TPE-G2, the main characteristic
peak was observed at m/z = 23 639.8, which was ascribed to the
[TPE-G2]+ ion peak and agreed well with the theoretical value
(m/z = 23 639.3), indicating the successful synthesis of TPE-G2
(Fig. S22†). However, due to the high molecular weight (M = 54
291 Da) and low ionization efficiency, the expected MS analysis
results of TPE-G3 could not been obtained even aer successive
attempts. Therefore, the monodispersity of these AIEgen-
branched rotaxane dendrimers was then evaluated by GPC
analysis. As shown in Fig. S23–S25,† all these rotaxane-
branched dendrimers TPE-Gn (n = 1, 2, and 3) showed
a single peak with narrow distribution of the number-averaged
molecular weight (Mn), and their polydispersity index (PDI) was
1.02 (TPE-G1), 1.02 (TPE-G2) and 1.05 (TPE-G3), respectively.
These results clearly suggest that the targeted monodisperse
rotaxane-branched dendrimers TPE-Gn (n = 1, 2, and 3) have
been successfully synthesized.

In addition, the monodispersity of these rotaxane-branched
dendrimers was further evaluated by two-dimensional
diffusion-ordered spectroscopy (2-D DOSY). As revealed by all
the DOSY spectra, only one set of signals corresponding to
a single species was found. More importantly, the diffusion
coefficient (D) signicantly decreased with the generation
increase of AIEgen-branched rotaxane dendrimers (2.19 ×

10−10 m2 s−1 for TPE-G1, 1.32 × 10−10 m2 s−1 for TPE-G2, and
7.41 × 10−11 m2 s−1 for TPE-G3), which further proved that the
sizes of the obtained rotaxane-branched dendrimers gradually
increase (Fig. S26–S28†). To further conrm the formation of
rotaxane-branched dendrimers, dynamic light scattering (DLS)
was then used to characterize the size of the resulting rotaxane-
branched dendrimers TPE-Gn (n = 1, 2, and 3) (Fig. S60–S62†).
All the signals were observed as a single, regular peak pattern
and the average hydrodynamic sizes (Dh) of the rotaxane-
branched dendrimer were 3.6 ± 0.1 nm (TPE-G1), 5.6 ±

0.2 nm (TPE-G2), and 8.7 ± 0.5 nm (TPE-G3), which were in
agreement with the results obtained by the 2-D DOSY NMR
study. The morphologies of the synthesized AIEgen-branched
rotaxane dendrimers TPE-Gn (n = 1, 2, and 3) were further
characterized using atomic force microscopy (AFM) measure-
ments. As shown in Fig. S29,† the average heights of these
rotaxane dendrimers progressively increased with the growth of
the dendrimer generations from 4.1 ± 0.2 nm (TPE-G1) to 5.9 ±

0.1 nm (TPE-G2), and nally to 8.8 ± 0.3 nm (TPE-G3). This
gradual increase in height provides additional evidence for the
successful synthesis of the targeted AIEgen-branched rotaxane
dendrimers TPE-Gn (n = 1, 2, and 3).

Notably, due to the presence of the urea moiety as stimuli-
responsive sites in each rotaxane branch of these resultant
rotaxane-branched dendrimers, their dynamic behaviors under
external stimuli were studied. As revealed by the 1H NMR
spectra shown in Fig. S30–S33,† by adding 5.0 equiv. CF3COO

−

(bis(triphenylphosphine)iminium triuoroacetate) to the THF-
d8 solution of [2] rotaxane TPE-R or rotaxane dendrimers TPE-
Gn (n = 1, 2, and 3), the proton signals on the urea moiety (Hu1
and Hu2) displayed remarkable downeld shis, while the
signals of H2 and H3 exhibited obvious upeld shis, indicating
that the pillar[5]arene wheels moved from the ureamoiety to the
© 2025 The Author(s). Published by the Royal Society of Chemistry
neutral alkyl chain station due to the formation of hydrogen
bonding complexes between the triuoroacetate anion and the
urea moiety. Moreover, the further addition of NaTFPB to
remove the triuoroacetate anion as the CF3COONa precipitate
led to almost the same spectra as that of the original states, thus
suggesting the movement of the pillar[5]arene wheels back to
the original urea station. According to these results, these
AIEgen-branched rotaxane dendrimers reveal interesting
stimuli-responsive features, which makes them attractive plat-
forms for the construction of smart luminescent materials.
Light harvesting systems based on novel AIEgen-branched
rotaxane dendrimers

With the targeted AIEgen-branched rotaxane dendrimers TPE-
Gn (n = 1, 2, and 3) in hand, we then evaluated their AIE
behaviors originated from the high density of TPE units
distributed in their skeletons. In this study, CH2Cl2 and aceto-
nitrile were selected as good and poor solvents, respectively. The
characteristic absorption bands at around 292 nm and 345 nm
were observed in the absorption spectra of TPE-Gn (n= 1, 2, and
3), which were attributed to the pillar[5]arene moieties and TPE
moieties, respectively (Fig. S34–S36†). When a certain fraction
of acetonitrile (fa) was added, signicant changes in absorption
spectra were observed, indicating the aggregation of the
rotaxane-branched dendrimers. In addition, uorescence
spectra showed that in pure CH2Cl2 solution, all the rotaxane-
branched dendrimers TPE-Gn (n = 1, 2, and 3) displayed very
weak uorescence. However, when the fraction of the poor
solvent acetonitrile was gradually increased, the emission
intensity of TPE-Gn (n= 1, 2, and 3) was signicantly enhanced,
showing a typical AIE behavior (Fig. 3a–c). For instance, when fa
was gradually increased to 70%, the emission intensity was
almost constant. Further increasing the fa values to 75% and
above, a rapid enhancement of the emission intensity was
observed. When 98% acetonitrile was added, the uorescence
intensity of TPE-G1 reached the maximum, and the maximum
emission wavelength was maintained at 480 nm. These obser-
vations suggested that different acetonitrile fractions can
initiate the AIE effect of rotaxane-branched dendrimers. In
addition, the absorption spectra showed a slight red-shi,
indicating that there might be interactions between the
rotaxane-branched dendrimers as the degree of aggregation
increases.

For the rotaxane-branched dendrimer TPE-G2, the uores-
cence emission intensity evidently began to enhance when the fa
was 60%. Meanwhile, in the case of the rotaxane-branched
dendrimer TPE-G3, its uorescence emission intensity started
to be enhanced when fa was 50%, indicating an obvious
generation-dependent AIE behaviors of these rotaxane-
branched dendrimers. However, for [2]rotaxane TPE-R, even
under the condition of fa at 98%, only very weak uorescence
was observed (Fig. S37†). This suggests that the dendritic skel-
eton of the rotaxane-branched dendrimers can signicantly
boost the AIE performances. Notably, with the increase of the
generation, the enhancement of uorescence intensity gradu-
ally decreased from 4.1-fold for TPE-G1 to 3.0-fold for TPE-G2,
Chem. Sci., 2025, 16, 5786–5796 | 5789
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Fig. 3 AIE behaviors of the AIEgen-branched rotaxane dendrimers TPE-Gn (n= 1, 2, and 3). Fluorescence spectra of TPE-G1 (a), TPE-G2 (b), and
TPE-G3 (c) in DCM/ACN with various ACN fractions ([TPE units] = 50 mM, lex = 345 nm), inset: photographs of TPE-Gn (n = 1, 2, and 3) in DCM/
ACN with 0% (left) and 98% (right) ACN fractions upon UV excitation (lex = 365 nm); DLS data for TPE-G1 (d), TPE-G2 (e), and TPE-G3 (f) in DCM
and aggregate states.
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and nally to 1.9-fold for TPE-G3 as the fa increased from 75% to
98%. This trend in the emission enhancement indicated that
the TPE units in the core for higher-generation AIEgen-
branched rotaxane dendrimers are less sensitive to the
external environment changes attributed to the shielding effect.

In order to provide additional characterizations of the AIE
behaviors of these rotaxane-branched dendrimers, we further
investigated the aggregation of TPE-Gn (n= 1, 2, and 3) through
transmission electron microscopy (TEM) and dynamic light
scattering (DLS) analysis. Based on previous DLS results, no
aggregation of rotaxane-branched dendrimers was found in
pure CH2Cl2 solution. However, when fa was increased to 98%,
the average Dh signicantly increased to 80.5 nm (TPE-G1),
79.1 nm (TPE-G2), and 95.2 nm (TPE-G3), clearly indicating the
formation of nanoscale aggregates (Fig. 3d–f). In addition, TEM
images further showed that all AIEgen-branched rotaxane
dendrimers formed homogenous spherical nanoparticles at
fraction of 98% (for TPE-G1, 68.9 nm; for TPE-G2, 69.2 nm; for
TPE-G3, 83.0 nm). It is worth noting that the size changes and
trends of spherical particles obtained by TEM (Fig. S63†) were
consistent with the average hydrodynamic diameter (Dh) values
measured by DLS.

According to the above results, we have successfully
synthesized a novel type of AIEgen-branched rotaxane den-
drimers with up to a total of 42 AIEgens precisely distributed
within the dendritic skeleton, which exhibited very interesting
generation-dependent AIE performances. To further explore the
potential applications of these new AIE-active macromolecules,
we then explored their use for the construction of novel articial
LHSs. In the resulting LHSs, TPE units can serve as the
5790 | Chem. Sci., 2025, 16, 5786–5796
uorescence energy donors, so we chose eosin Y (ESY) as the
uorescence energy acceptor (Fig. 4a). Firstly, it was conrmed
through DLS and TEM that an integrated aggregate of TPE-Gn (n
= 1, 2, and 3) and ESY was successfully formed. For example,
whenmixing ESY and TPE-Gn (n= 1, 2, and 3) in aggregate state
(ESY to TPE in a 1 : 3 ratio), DLS analysis suggested a slight
increase in the average hydrodynamic diameter (Dh), and
a similar trend was also observed from TEM analysis, suggest-
ing the successful formation of integrated aggregates (Fig. S60–
S63†).

Furthermore, by testing the emission spectra of rotaxane-
branched dendrimers TPE-Gn (n = 1, 2, and 3) and the
adsorption spectrum of ESY, the possibility of effective energy
transfer between TPE-Gn (n = 1, 2, and 3) and ESY was veried.
As shown in Fig. S38,† the two spectra overlapped very well,
indicating that the articial LHSs were feasible. To conrm this
hypothesis, the emission spectra of TPE-Gn (n= 1, 2, and 3) and
ESY were studied by changing the ratios of ESY in the integrated
system. As shown in Fig. 4b–d, when excited at a wavelength of
345 nm, the uorescence emission intensity attributed to the
energy donor TPE units at 480 nm gradually decreased. At the
same time, a new uorescence emission peak belonging to ESY
appeared near 550 nm and increased with the increase of the
acceptor upon excitation at 345 nm, demonstrating a typical
energy transfer process. It is worth noting that as the energy
acceptor ESY increased, there were slight hypochromic shis in
the emission wavelength of TPE and bathochromic shis in the
emission wavelength of ESY, indicating that there was a certain
intermolecular interaction between the rotaxane-branched
dendrimers and ESY in the aggregated state of the articial
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) The construction of artificial LHSs based on AIEgen-branched rotaxane dendrimers TPE-Gn (donor, n= 1, 2, and 3) and ESY (acceptor).
Representation of LHSs based on the AIEgen-branched rotaxane dendrimer TPE-G3 and ESY. Fluorescence spectra of TPE-G1 (b), TPE-G2 (c),
and TPE-G3 (d) with different ratios of ESY in TPE-Gn-ESY ([TPE units] = 50 mM, lex = 345 nm); inset: photograph of TPE-Gn-ESY in DCM/ACN
with 98% ACN fractions upon UV excitation (lex = 365 nm); Time-resolved fluorescence decay curves for TPE-G1 and TPE-G1-ESY (e), TPE-G2
and TPE-G2-ESY (f), TPE-G3 and TPE-G3-ESY (g) in the aggregate state (375 nm excitation and 480 nm detection).
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LHSs. According to the above experimental results, it can be
further demonstrated that the articial LHSs based on novel
AIEgen-branched rotaxane dendrimers have been successfully
constructed, which could undergo efficient energy transfer
process. In addition, based on the ratios of the uorescence
emission intensities of TPE units in rotaxane-branched den-
drimers, the energy transfer efficiencies (FET) were calculated to
be 34.5% (TPE-G1-ESY), 31.9% (TPE-G2-ESY), and 39.4% (TPE-
G3-ESY), respectively (Figures S42–S44†). Moreover, the antenna
effects (AE) were measured to be 1.09 (TPE-G1-ESY), 1.11 (TPE-
G2-ESY), and 1.79 (TPE-G3-ESY), respectively (Fig. S45–S47†). To
further conrm the effective energy transfer process of the
resultant articial LHSs, the uorescence lifetimes (s) of the
relevant energy donors and acceptors obtained by doping ESY
© 2025 The Author(s). Published by the Royal Society of Chemistry
into the rotaxane-branched dendrimers were characterized
using time-correlated single-photon counting (TCSPC) tests.
The uorescence decay curves of TPE-Gn (n = 1, 2, and 3) and
the articial LHSs TPE-Gn-ESY (n = 1, 2, and 3) were monitored
at the wavelength of 480 nm, and attributed to the energy donor
upon excitation at 375 nm. As shown in Fig. 4e–g, when the
molar ratio of the TPE units to ESY was 3 : 1, the uorescence
lifetimes of the TPE units in the rotaxane-branched dendrimers
TPE-Gn (n = 1, 2, and 3) was obtained through mono expo-
nential decay function tting: s = 2.56 ns (TPE-G1), s = 2.24 ns
(TPE-G2), and s = 2.28 ns (TPE-G3). However, in the corre-
sponding articial LHSs TPE-Gn-ESY (n = 1, 2, and 3), the
uorescence lifetimes of the TPE units decreased to s = 2.27 ns
(TPE-G1-ESY), s = 2.06 ns (TPE-G2-ESY), and s = 2.03 ns (TPE-
Chem. Sci., 2025, 16, 5786–5796 | 5791
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Table 1 Catalyst comparison data for the functionalization of inert
C–H bonds

Entry Catalyst Time Yielda (%)

1 No cat. 24 h None
2 ESY 24 h Trace
3 RB 24 h Trace
4 RhB 24 h Trace
5 TPE-R 24 h Trace
6 TPE-G1 24 h Trace
7 TPE-G1-RB 24 h 15%
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G3-ESY), clearly demonstrating the effective energy transfer
process between the TPE units and ESY.

Furthermore, due to the presence of the urea moiety, we
studied the emission spectra of the AIEgen-branched rotaxane
dendrimers and the corresponding articial LHSs under
external stimuli. Notably, upon the addition of triuoroacetate
anions, we observed a remarkable enhancement in the emis-
sion spectra of TPE-Gn (n = 1, 2, and 3), accompanied by an
enhancement in the energy transfer efficiency of the articial
LHSs (Fig. S52–S54†). These results demonstrated that the
anion-induced stimuli responsiveness can efficiently boost both
the AIE properties of the AIEgen-branched rotaxane dendrimers
and the energy transfer efficiency of articial LHSs through
induction of the wheel movements, thereby highlighting the
crucial role of mechanical bonds in developing novel stimuli-
responsive articial LHSs.
8 TPE-G1-RhB 24 h 56%
9 TPE-R-ESY 24 h 12%
10 TPE-G1-ESY 12 h 90%
11 TPE-G1-ESY 10 h 78%
12 TPE-G1-ESY + CF3COO

− 10 h 89%
13 TPE-G2-ESY 4 h 96%
14 TPE-G3-ESY 2.5 h 92%

a Isolated yields of products aer column chromatography.
Photocatalyzed functionalization of C–H bonds by articial
light harvesting systems

To further mimic the important light harvesting process of
converting light energy into chemical energy in natural photo-
synthesis, we further investigated the application of the result-
ing articial light harvesting systems based on rotaxane-
branched dendrimers. Since ESY is a widely used photosensi-
tive catalyst,21 the novel articial LHSs are expected to be
excellent catalysts for photocatalytic reactions. To evaluate the
catalytic performances of the LHSs, we chose the C–H bond
alkylation reaction through free radical addition to dicyanide
electron-decient olen as the model reaction (Table 1). To our
delight, for the reaction of 2-benzylidenepropanedinitrile (1a)
and benzaldehyde (2a), the employment of only 1.0 mol% LHS
TPE-G1-ESY as the catalyst resulted in both high efficiency and
high yield (nearly 90%) (entry 10). By comparison, eosin Y alone
could not catalyze the reaction, and only trace amounts of
product were detected (entry 2). In addition to ESY, RB and RhB
were employed for the construction of articial LHSs for pho-
tocatalysis. However, as summarized in Table 1, the corre-
sponding articial LHSs TPE-G1-RB and TPE-R1-RhB revealed
relatively poorer catalytic performances, possibly attributed to
the low energy transfer efficiency and antenna effect. In addi-
tion, in the absence of ESY, TPE-R and TPE-G1 were also
noneffective (entries 5 and 6). When TPE-G1-ESY was employed
as the photocatalyst, the complete conversion was achieved
within 12 hours (entry 10). In stark contrast, owing to the weak
emission of TPE-R, the TPE-R-ESY system exhibited signi-
cantly reduced catalytic performance (entry 9). Even aer
a prolonged reaction time of 24 hours, TPE-R-ESY system only
led to a poor yield of 12%, which indicated that the integrated
articial LHSs based on AIEgen-branched rotaxane dendrimer
indeed signicantly enhanced the photocatalytic performances.
In addition, we further investigated the photocatalytic perfor-
mances of articial LHS TPE-G1-ESY under stimuli respon-
siveness. The results revealed that the introduction of
triuoroacetate anions led to an enhanced reaction rate with
decreased reaction time to 10 hours, while maintaining a high
yield of 89% (entry 12). In contrast, when the articial LHS TPE-
5792 | Chem. Sci., 2025, 16, 5786–5796
G1-ESY was tested without the stimulus under the same reac-
tion time of 10 hours, the yield reached only 78% (entry 11).
These ndings further highlight that the introduction of urea-
responsive sites in these mechanically bonded dendrimers
provides a new method for modulating the photocatalytic effi-
ciency of corresponding articial LHSs.

Notably, when TPE-G2-ESY or TPE-G3-ESY was employed as
the photocatalyst, the time was further reduced to 4.0 hours and
2.5 hours with enhanced isolated yields of 96% and 92% (entry
13 and 14), respectively, suggesting an interesting generation
effect of the rotaxane-branched dendrimers on the photo-
catalytic performances, particularly the reaction rates of the
corresponding LHSs. Such effect might be attributed to the
following factors: with the increase of the dendrimer genera-
tion, the higher donor/acceptor ratio enhances the light
absorption bymore TPE units; the greater structural rigidity and
more densely-packed architecture leads to more efficient energy
transfer and electron–hole separation; and the larger size and
branched architecture provides a more accessible environment
for substrate interaction with the catalytic sites.

Due to the high catalytic activity of these novel LHSs, we
further used TPE-G1-ESY as the photocatalyst to investigate the
scope of the coupling reactions. As shown in Scheme 1, the
desired catalytic products could be obtained in satisfactory
yields (up to 99%) for various substrates 2a with either electron-
withdrawing groups or the electron-donating groups (3b to 3g),
and the position of the substituents had little inuence on the
yields of the reactions (3b to 3d). In addition, a substrate with
a larger steric hindrance was applicable for this reaction (3j). It
is worth mentioning that the modication of the substrate 1a
could also produce corresponding products with good to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Scope of the artificial LHS TPE-G1-ESY-catalyzed functionalization of inert C–H bonds.

Scheme 2 Extended photocatalytic reaction types catalyzed by arti-
ficial LHS TPE-G1-ESY.
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excellent yields (3k to 3o), indicating that articial LHSs con-
structed from AIEgen-branched rotaxane dendrimers can serve
as effective photocatalysts for various chemical trans-
formations. Notably, compared with previous reports, the
employment of articial LHSs as photocatalysts revealed some
© 2025 The Author(s). Published by the Royal Society of Chemistry
attractive advantages, such as lower catalyst loading, higher
reaction rates, and wider substrate scope, highlighting the key
role of the formation of articial LHSs in the enhancement of
photocatalytic performances. The possible mechanism of this
photocatalyzed reaction is shown in Scheme S6:† the LHSs TPE-
Gn-ESY as the photosensitizer (PS) were irradiated by UV illu-
mination (lex = 365 nm) to form a high-energy excited state PS*,
which captured a hydrogen atom from the substrate through
HAT, generating a carbon-centric radical, thereby activating the
substrate. Subsequently, the carbon-centric radical was
captured by electron-decient olen to form a radical inter-
mediate. The intermediate and PS-H ultimately produced
coupling products through the RHAT process, simultaneously
achieving the regeneration of PS.

To evaluate the reaction scope of the articial LHSs as pho-
tocatalysts, additional dehalogenation, heterocyclization, and
aerobic cross-dehydrogenative coupling (CDC) reactions were
further tested in addition to the photocatalyzed functionaliza-
tion of C–H bonds. To our delight, as shown in Scheme 2 and
Tables S3–S5,† the articial LHSs based on the newly-developed
AIEgen-branched rotaxane dendrimers exhibited excellent
catalytic performances across all of these reaction types, high-
lighting the great potential of AIEgen-branched rotaxane den-
drimers for application in photocatalysis.
Conclusions

In conclusion, we have successfully realized the construction of
a novel type of AIEgen-branched rotaxane dendrimers with up
Chem. Sci., 2025, 16, 5786–5796 | 5793
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to 42 TPE units precisely distributed within the dendrimer
skeletons. Based on such high-density topological arrange-
ments of AIEgens, the free movements of the AIEgen units with
the dendrimer skeletons exhibited a more signicant steric
hindrance effect, thereby not only enhancing the AIE effect but
also improving the AIE performances. By selecting ESY as the
energy acceptor, novel articial LHSs based on these AIEgen-
branched rotaxane dendrimers have been successfully con-
structed through the efficient FRET process, which proved to be
excellent photocatalysts for the activation of inert C–H bonds
through a typical HAT process to enable their functionalization.
Interestingly, LHSs based on higher generation AIEgen-
branched rotaxane dendrimers exhibited signicantly
enhanced catalytic performances, indicating a remarkable
generation effect. This study successfully realized the synthesis
of a novel type of high-density AIEgen-branched rotaxane den-
drimers for the rst time, providing a promising platform for
the construction of smart luminescent materials for practical
use. In particular, considering the unique planar chirality of the
pillar[5]arene wheel with the AIEgen-branched rotaxane den-
drimers, the corresponding articial LHSs based on chiral
dendrimers would show great potential for applications in
asymmetric photocatalysis.
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