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Photocontrolled Light-Harvesting Supramolecular
Assembly Based on Aggregation-Induced Excimer Emission

Jing-Jing Li, Heng-Yi Zhang,* Guoxing Liu, Xianyin Dai, Lei Chen, and Yu Liu*

Photocontrolled light-harvesting supramolecular assembly with aggrega-
tion-induced excimer emission is fabricated by polyanionic jcyclodextrin
(COONa-¥CD), pyrene derivative (PYC12), Nile red (NiR), and diarylethene
derivative (DAE) in aqueous solution. Benefiting from the COONa-4%CD-
induced aggregation of PYC12, the fluorescence can be modulated from
monomeric state to assembled state with a large red-shift around 100 nm,
which exhibits aggregation-induced excimer emission enhancement and
makes PYC12 a remarkable energy donor. Subsequently, NiR can function as
energy acceptor loaded into PYC12/COONa-¥CD supramolecular assembly,
and highly efficient energy transfer process occurs from PYC12/COONa-}#CD
to NiR, with energy transfer efficiency up to 83% at donor/acceptor ratio

of 160:1. Moreover, multicolor tunable emission can be achieved simply by
tuning the molar ratios of donor and acceptor, notably including white-light

should be relatively high.’l Considering
the advantages of host-guest interaction,
supramolecular assembly with macrocycle
has turned out to be a useful approach
to develop aqueous light-harvesting sys-
tems."”) For example, Tang and co-workers
reported an efficient light-harvesting
system with ultrahigh antenna effect based
on aggregation-induced enhanced emission
(AEE) conjugated polymeric supramolec-
ular network.™l Anderson and co-workers
synthesized a complex comprising a
cyanine dye rotaxane and a porphyrin
nanoring as a model light-harvesting
system.”l Wang and coworkers fabricated
highly efficient artificial light-harvesting

emission. Interestingly, loading photoresponsive energy acceptor DAE into
PYC12/COONa-}CD/NiR assembly endows the light-harvesting system with
excellent photocontrolled energy transfer, and this process can be efficiently

regulated upon distinct light irradiation.

Light harvesting is one of the most important parts in natural
photosynthesis in which a large number of antenna chromo-
phores harvest light energy and the excitation energy subse-
quently transfers to the reaction center, where light energy
turns into chemical energy.! Mimicking light-harvesting system
provides a theoretical basis to understanding the process of
photosynthesis, and leads to the potential applications in solar
cells,”?l photoelectric materials,*! photocatalysis, photodynamic
therapy,®! biological imaging,® and biosensor.l! Inspired by
nature, considerable efforts have been devoted to mimic natural
light-harvesting process with satisfactory energy transfer effi-
ciency.®l Toward this goal, some essential points should be taken
into account: the donors should require orderly tight spatial
organization, and avoid aggregation-caused quenching (ACQ)
effect due to compact arrangement; the energy donor and energy
acceptor must have a good spectral overlap and suitable distance
in order to minimize energy loss; and the donor/acceptor ratio
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systems based on supramolecular self-
assembly*13] Our group also developed
aqueous light-harvesting systems with effi-
cient energy transfer efficiency.'

Antenna chromophores with  dis-
tinct fluorescence property play a sig-
nificant role in light-harvesting systems.
In this regard, some people have paid increasing attention to
improving the photophysical properties of optical materials to
achieve high quantum yield, strong emission, and broad color
emission.”! Traditional luminophores have suffered from the
undesired ACQ effect in aggregated state because of intermo-
lecular compact 77 stacking, which severely limits their fur-
ther applications in aqueous solution. On the contrary, organic
fluorogens with aggregation-induced emission are highly emis-
sive in aggregated state, which exhibits remarkable advantages
to construct light-harvesting systems.[®l However, fluorophores
with stacked-induced excimer emission characteristics typi-
cally provide a broad spectrum with the maximum red-shifted
around 100 nm in aggregated state compared to monomer emis-
sion,”) which overcomes the ACQ effect and is not restricted
to the UV or blue regions in water. Therefore, constructing
light-harvesting systems by tuning a single fluorophore’s pho-
toluminescence from monomer emission in monomeric state
to excimer emission in aggregated state was rarely reported to
our knowledge. Herein, we fabricated novel photo-controlled
light-harvesting system based on the supramolecular assembly
of polyanionic ycyclodextrin (COONa-yCD), pyrene derivative
(PYC12), Nile red (NiR), and diarylethene derivative (DAE) in
aqueous solution (Scheme 1). PYCI2 displays intense fluores-
cence emission at 375 and 395 nm in isolated or monomeric
state, whereas they produce strong red-shift excimer emission
at 490 nm in the aggregated state. COONa-»%CD could induce
efficient aggregation into well-ordered PYC12/COONa-%CD
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Scheme 1. Schematic illustration of photocontrolled supramolecular light-harvesting system.

supramolecular assembly, improving the aggregation-induced
excimer emission properties of PYCI2 and enabling PYCI2 to
act as a remarkable energy donor. Subsequently, NiR acting as
energy acceptor could be loaded into the hydrophobic interior
of PYC12/COONa-#CD assembly. As a result, a highly effi-
cient energy transfer process occurs from PYC12/COONa-»CD
assembly to the loaded NiR, and we achieved a broad-spectrum
multicolor photoluminescence by tuning the donor/acceptor
ratio, notably including white-light emission. Furthermore,
a photoresponsive energy acceptor DAE was encapsulated
into the PYC12/COONa-%CD/NiR light-harvesting assembly;
photocontrolled energy transfer between quenching and emis-
sion was achieved due to the reversible cyclization/cyclorever-
sion of DAE upon by irradiation with UV or visible light.
Pyrene is a tetracyclic aromatic hydrocarbon with strong and
stable fluorescence emission. The pyrene fluorophore displays a
free monomer state in dilute solution, whereas they can produce
red-shifted excimer emission when stacked into a dimer state.!'®!
Considering the distinct excimer emission of pyrene moiety, a
new PYC12 with a quaternary ammonium salt and hydrophobic
alkyl chain was conveniently synthesized (Figures S1-S3, Sup-
porting Information). Figure S4a, Supporting Information,
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exhibits the UV-vis absorbance spectrum of different con-
centration of PYC12. As evident from Figure S4b, Supporting
Information, PYC12 displays deep-blue monomeric emission at
375 and 395 nm in dilute solution, while a broad emission peak
at 490 nm with a large stokes shifts appeared by the increased
concentration of PYC12, which is consistent with previous
reports in the literature.®d The new emission at 490 nm was
attributed to the excimer emission of the staked pyrene. How-
ever, with the increase of concentration, the emission intensity
of PYC12 at 490 nm decreased due to the ACQ.

Taking advantage of the distinct excimer emission features
of PYC12, we considered whether COONa-§#CD could induce
the aggregation of PYCI2 to generate excimer emission in
dilute solution. As shown in Figure 1b, the addition of COONa-
#CD lead to the monomeric emission of PYCI2 at 375 and
395 nm significantly decreased, along with the emergence of
excimer emission peaks at 490 nm. The fluorescence intensity
at 490 nm was increased by gradually adding COONa-%CD to
PYC12 solution, strokes shift reached 170 nm. CIE chromaticity
diagram displayed a color variation from deep-blue to cyan
with the addition of COONa-%CD (Figure 1c). The phenom-
enon of aggregation-induced excimer emission enhancement

© 2020 Wiley-VCH GmbH
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Figure 1. a) Absorbance spectra and b) fluorescence emission spectra of PYC12 with the addition of COONa-%CD. Inset: photographs of PYC12 (left)
and PYC12/COONa-%CD (right) under 365 nm. c) The CIE chromaticity diagram showing the photoluminescence color changes of PYC12 with the
addition of COONa-}CD. d) TEM image of PYC12/COONa-}CD assembly (A, = 320 nm, PYC12 =20 x 10°® M, COONa-}CD =3 x 107 m).

was readily observed by naked eyes. The increased excimer
emission was attributed to formation of PYC12 aggregates
induced by highly anionic COONa-}%CD. Then, the addition
of an excess amount of COONa-#CD led to the formation of
a simple inclusion complex accompanied by the disassembly
of the aggregates, resulting in the excimer emission at 490 nm
decreased, along with an increase of monomer emission
(Figure S7b, Supporting Information). Meanwhile, UV-vis titra-
tion experiment was performed by adding COONa-%CD into
PYC12 solution (Figure 1a). By gradually adding COONa-%CD
to the PYC12 solution at fixed concentration of 20 x 107 m, the
absorbance spectra exhibited drastically broadening and red-
shift at the 3 x 10°® m COONa-%CD (Figure S8a, Supporting
Information), indicating the aggregation of PYCI12 to form
large supramolecular assembly. Subsequently, with the further
addition of COONa-#CD (Figure S8b, Supporting Informa-
tion), the absorbance spectra exhibited obvious blue-shift and
decreased, indicating the large supramolecular assembly disag-
gregated. Subsequently, under the same experimental condi-
tions, we added o-cyclodextrin (o~CD), B-cyclodextrin (B-CD),
or ycyclodextrin (#CD) into PYCI12 solution, and the fluores-
cence emission of PYCI2 was nearly unchanged (Figure S11,
Supporting Information). Moreover, its absorption and fluo-
rescence emission did not change even by adding 5 equiv.
cyclodextrin to PYCI2 solution (Figure S12, Supporting Infor-
mation), indicating that electrostatic interaction plays an impor-
tant role in inducing the aggregation of PYC12 to form excimer
emission, rather than the inclusion of the cavity. In order to
prove the importance of electrostatic interaction in inducing
the aggregation of PYC12, we choose different macrocyclic
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hosts with negative charge as reference, both COONa-S-CD
and SC4A can induce the aggregation of PYCI12 and produce
enhanced excimer emission (Figure S6, Supporting Informa-
tion). Then we investigated the 'H NMR spectrum (Figure S9,
Supporting Information) of PYC12 with COONa-%CD. As can
been seen from Figure S9, Supporting Information, almost
all proton peaks of free PYC12 broaden, suggesting there
exist the intermolecular aggregation between PYCI2 mole-
cules. With the addition of COONa-¢CD (0.25 equiv.), the
proton signals of pyrene exhibited further drastically broaden
because COONa-#CD induced the aggregation of PYC12 by
the electrostatic interactions, making them unidentifiable. The
results indicated that electrostatic interactions play the leading
role between PYCI12 and COONa-%CD at low COONa-%+CD
concentration. Upon the further addition of COONa-»CD
(0.5, 1, 1.5, 2.0 equiv.), the proton signals of pyrene reappeared
accompanying with obvious low-field shift because of the disas-
sembly to the formation of simple inclusion complex when the
amount of COONa-%CD was excess. Then the rotating frame
overhauser effect spectroscopy (ROESY) spectrum (Figure S10,
Supporting Information) showed a clear correlation between
pyrene moiety of PYC12 and COONa-¥CD, indicating the host—
guest inclusion occurs when the amount of COONa-y#CD was
excess. In addition, we selected the model molecule 1-pyrene
methylamine hydrochloride (PMH) as a control experiment.
Fluorescence titration and UV-vis titration spectrum indicate
that it did not stack into aggregated state to generate 490 nm
excimer emission (Figure S13a,b, Supporting Information).
Maybe it forms a simple inclusion complex and the stoichiom-
etry of the complex and association constant was investigated
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by using UV-vis spectroscopy, the Job's plot showed the
1:1 binding stoichiometry and the association constant was
73 x 10> M between 1-pyrene methylamine hydrochloride and
COONa-%CD (Figure S13c,d, Supporting Information). The
results indicated that hydrophobic alkyl chain also plays an
important role in inducing excimer emission in this supra-
molecular assembly. Based on the above experimental results,
we found that COONa-%CD could induce the aggregation of
PYC12 by the electrostatic interaction to modulate the fluores-
cence from monomer emission at 395 nm to excimer emission
at 490 nm, accompanying with a red shift of about 100 nm.

The induced aggregation behavior and morphology of PYC12/
COONa-¢CD assembly were further investigated through
optical transmittance, transmission electron microscopy (TEM),
Tyndall effect, dynamic light scattering (DLS), and zeta poten-
tial. The critical aggregation concentrations (CAC) of PYC12 at
25 °C were measured as 0.6 x 107> m (Figure S5, Supporting
Information). Upon the addition of COONa-»#CD, the optical
transmittance of PYC12 at 450 nm decreased because of the
formation of large supramolecular assembly, and an inflection
point at 12 X 10° m was observed (Figure S14a,b, Supporting
Information). Therefore, an aggregation induced CAC value of
PYC12 was 12 X 107° M in the presence of COONa-%~CD. More-
over, the preferable mixing ratio between COONa-3CD and
PYC12 was also investigated. By gradually adding COONa-y#CD
to the PYC12 solution at fixed concentration of 20 x 107 m, the
optical transmittance at 450 nm decreased rapidly and then
gradually increased thereafter to a quasi-plateau, and an inflec-
tion point at 3 X 10°° m was observed (Figure S14c,d, Supporting
Information), which indicated the best mixing concentration
was 20 x 10°® m PYC12 and 3 x 10°® m COONa-%CD. More-
over, There is no obvious change in the optical transmittance of
PYC12/COONa-}CD assembly within 6 h in aqueous solution
(Figure S17, Supporting Information), indicating the good sta-
bility of obtained nanoparticles. Subsequently, a simple mixing
of COONa-#CD and PYC12 exhibited an obvious Tyndall effect
in aqueous solution (Figure S15f, Supporting Information),
indicating the formation of large supramolecular assembly.
However, only PYC12 did not exhibit Tyndall effect (Figure S15e,
Supporting Information), revealing that PYC12 did not form
large self-aggregates under the same conditions. Both TEM
(Figure S15a, Supporting Information) and SEM (Figure S16,
Supporting Information) images of PYC12/COONa-#CD
supramolecular assembly displayed several spherical nano-
particles with a diameter of =100-300 nm. The DLS results
illustrated the formation of supramolecular assembly with an
average diameter of =387 nm, accompanied by a narrow size
distribution (Figure S15b, Supporting Information). Moreover,
the zeta potential of PYC12/COONa-3CD was measured as
-9.24 mV (Figure S15g, Supporting Information), suggesting
that the surfaces of the supramolecular nanoparticles were neg-
atively charged.

Excellent photoluminescence properties and orderly tight
spatial organization are essential criteria for designing supra-
molecular light-harvesting system, which could facilitate excita-
tion energy transfer and minimize energy loss from donor to
acceptor. In the present case, COONa-%CD could induce the
aggregation of PYC12 to form orderly tight stacking supramo-
lecular assembly by the electrostatic interaction, 77— stacking,
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and hydrophobic interaction, which induced distinct excimer
emission properties. Thus, PYC12/COONa-»CD supramo-
lecular assembly as energy donor should be potential prom-
ising to fabricate artificial light-harvesting systems with high
energy transfer efficiency in aqueous solution. Organic dye
could be loaded into the interior hydrophobic environment of
supramolecular assembly to avoid self-quenching and shorten
the distance with donor chromophores to achieve effective
Foster resonance energy transfer (FRET) process. Subse-
quently, hydrophobic fluorescent dye NiR or Eosin Y (EY) as
energy acceptor was loaded into the PYC12/COONa-y#CD
supramolecular assembly because the emission of PYC12/
COONa-%CD overlaps well with the absorption of the NiR
or EY (Figure 2a,c), which promise the feasibility of energy
transfer. As shown in Figure 2b, with the gradual addition of
NiR to the PYC12/COONa-%CD assembly, the fluorescence
intensity of PYC12/COONa-%CD assembly (donor) at 490 nm
decreased, while the fluorescence emission of NiR (acceptor)
at 640 nm increased when excited at 320 nm, and an obvious
antenna effect occurred even in the donor/acceptor ratio up
to 2000:1. In the absence of PYC12/COONa-#CD assembly,
the fluorescence of free NiR was negligible under the same
conditions (Figure S20, Supporting Information). In addition,
there was no obvious change of fluorescence intensity with
the addition of NiR to PYC12 solution (Figure S21, Supporting
Information), indicating that PYC12/COONa-%CD assembly
contributes to the amplified NiR emission directly. These
results both suggested that NiR was loaded into the interior
of PYC12/COONa-#CD assembly, the energy was successfully
transferred from donor PYC12/COONa-»#CD to acceptor NiR
in aqueous solution despite the low concentrations of them
(PYC12 =20 x 107° M and NiR = 0.125 x 107° m), and an efficient
aqueous light-harvesting system was obtained. To quantitative
evaluate the ability of light-harvesting system, we calculated the
energy transfer efficiency and antenna effect. Consequently, the
energy transfer efficiency was calculated as 83% (Figure S18,
Supporting Information), and antenna effect was calculated as
15.8 (Figure S19, Supporting Information) at a donor/acceptor
ratio of 160:1. Furthermore, EY as energy acceptor was also
used to construct another light-harvesting system. As shown
in Figure 2d, efficient energy transfer from PYC12/COONa-
#CD assembly to EY was also realized with the addition of
EY. Similarly, free EY without PYC12/COONa-%#CD assembly
barely fluoresced (Figure S24, Supporting Information), and
there was no obvious change of fluorescence intensity with
the addition of EY to PYC12 solution under the same condi-
tion (Figure S25, Supporting Information). According to the
fluorescence titration spectrum, the energy transfer efficiency
was calculated as 80.2% (Figure S22, Supporting Information),
and antenna effect was calculated as 25.4 (Figure S23, Sup-
porting Information) at a donor/acceptor ratio of 250:1. Sub-
sequently, the excited state lifetimes of PYC12/COONa-#CD
assembly was significantly decreased upon the addition of NiR
or EY, further validated the energy transfer process. It should
be mentioned that there are no appreciable photobleaching
was observed for the present systems (Figure S26, Supporting
Information). Fluorescence lifetime experiments exhibited that
the decay curve of PYCI12 followed a double exponential decay
with 7; = 26.37 ns and 7, = 126.5 ns (Figure S27, Supporting
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Figure 2. a) Normalized emission spectra of PYC12/COONa-¥CD, and absorption and emission spectra of NiR. b) Fluorescence spectra of PYC12/
COONa-¥%CD (PYC12 = 20 x 10® m, COONa-%CD = 3 x 107 m) with different concentration of NiR. The concentrations of NiR were 0.00 x 107°,
0.01 x 1076, 0.02 x 1075, 0.04 x 1075, 0.06 x 107, 0.08 x 1076, 0.1 x 10, and 0.125 x 107® m. c) Normalized emission spectra of PYC12/COONa-y%CD,
and absorption and emission spectra of EY. d) Fluorescence spectra of PYC12/COONa-#CD (PYCI12 =20 x 10°® M, COONa-%CD = 3 x 10® m) with
different concentration of EY. The concentrations of EY were 0.00 x 107, 0.01 x 107, 0.02 x 1076, 0.03 x 1076, 0.04 x 10, 0.05 x 107, 0.06 x 107¢, and

0.08 X 107® M (Ae = 320 nm).

Information). In the PYC12/COONa-}CD assembly, the fluo-
rescence lifetimes was 7; = 12.49 ns and 7, = 36.94 ns. However,
in the PYC12/COONa-y#CD/NiR triad assembly was decreased
to 7, = 5.04 ns and 7, = 18.8 ns, and in the PYC12/COONa-
#CD/EY triad assembly was decreased to 7; = 4.65 ns and
7, = 19.27 ns compared with PYC12/COONa-§#CD assembly
(Figures S28 and S29, Supporting Information). In addition,
the morphology and size distribution of the PYC12/COONa-
#CD/NiR or PYC12/COONa-$CD/EY triad assembly were
similar to that of PYC12/COONa-#CD assembly through TEM
and DLS experiments, respectively (Figure S30, Supporting
Information). Similarly, zeta potential did not change signifi-
cantly with the addition of energy acceptor (Figure S31, Sup-
porting Information).

Benefiting from the dynamic noncovalent loading, we further
constructed multicolor and pure white light-emitting solutions
and gels through tuning the molar ratios of donor and acceptor.
High FRET efficiency are conducive to the preparation of var-
ious monochromatic lights, and moderate FRET efficiency could
be used to produce composite lights (for example, white light).”]
The CIE chromaticity diagram in Figure 3b,d exhibited the color-
tuning maps with adjusting the concentration of acceptor. More
importantly, in the PYC12/COONa-#CD/NiR triad assembly, with
the addition of NiR to PYC12/COONa-%#CD assembly, the emis-
sion color changed from cyan to red, which included the white-
light emission with the chromaticity coordinates in (0.32, 0.30).
Adding EY to PYC12/COONa-}#CD assembly changed the emis-
sion color from cyan to yellow. As shown in Figure 3, the bright
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cyan, white, yellow, and red light-emitting solutions were easily
prepared by tuning the energy transfer efficiency. Utilizing the
multicolor emission property of light-harvesting supramolecular
assembly, multicolor emission hydrogel was prepared through
dispersion of agarose gel in the light-harvesting supramolecular
assembly. As shown in Figure 3e, four luminescence hydrogels
with cyan, white, yellow, and red emission could be observed by
the naked eye under excited at 365 nm.

In order to achieve the photoswitchable fluorescence
behavior of the present light-harvesting system, we introduced
a photoresponsive energy acceptor DAEPY into the PYC12/
COONa-$#CD/NiR triad light-harvesting assembly. Dithienyle-
thene are recognized as promising photochromic molecule due
to their excellent photoisomerization ability between open and
closed forms.?%2! The open form of DAE showed an absorption
maximum at 301 nm. When irradiated with UV light (254 nm),
the absorption peak at 301 nm decreased and simultaneously
a new absorption peak appeared at 592 nm, accompanied by
an obvious color change of the solution from colorless to blue
(Figure S32, Supporting Information). As shown in Figure 4a,
the UV-vis spectrum of OF-DAE exhibited poor overlap with
the emission of PYC12/COONa-»CD/NiR assembly. However
the UV-vis spectrum of CF-DAE gave excellent overlap with the
emission of PYC12/COONa-%#CD/NiR assembly, which could
facilitate the efficient energy transfer process. On the basis of
these results, we speculate the photocontrolled light-harvesting
system could be achieved. Upon irradiating the DAE-loaded
PYC12/COONa-»CD/NiR  supramolecular light-harvesting
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Figure 3. a) Fluorescence spectra and b) the CIE chromaticity diagram showing the photoluminescence color changes of PYC12/COONa-»CD with
different concentration of NiR. Inset: photographs of PYC12/COONa-»CD and PYC12/COONa-#CD/NiR under 365 nm light. c) Fluorescence spectra
and d) the CIE chromaticity diagram showing the photoluminescence color changes of PYC12/COONa-»CD with different concentration of EY. Inset:
photographs of PYC12/COONa-¥CD and PYC12/COONa-%#CD/EY under 365 nm light. ) Photographs of multicolor emission hydrogel under daylight

and 365 nm light.

system with UV light, the fluorescence intensity at 640 nm
decreased due to the energy transfer from PYC12/COONa-
#CD/NiR to CF-DAE (Figure 4b), the energy transfer efficiency
was calculated as 76.6%. Subsequently, the fluorescence of
the resultant supramolecular assembly was recovered upon
>600 nm visible light irradiation arising from the regeneration
of OF-DAE (Figure S33, Supporting Information).

In summary, we have successfully constructed photocontrolled
artificial light-harvesting system by COONa-%CD-induced
excimer emission. The PYCI12/COONa-%#CD supramolecular
assembly was conveniently fabricated via the electrostatic
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interaction and hydrophobic interaction in aqueous solu-
tion. COONa-¥#CD could induce the aggregation of PYC12 to
generate strong red-shift excimer emission because of the
aggregation-induced excimer emission, which made PYC12/
COONa-¥#CD act as antenna donor coassembled with NiR to
fabricate efficient artificial light-harvesting materials based
on efficient FRET process. And the light-harvesting system
exhibited high donor/acceptor ratio, antenna effect and energy
transfer efficiency. More importantly, broad-spectrum multi-
color photoluminescence including white-light emission was
achieved by tuning the energy transfer efficiency. Furthermore,
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Figure 4. a) Normalized absorption spectra of DAE and fluorescence emission of PYC12/COONa-%CD/NiR. b) Fluorescence spectra of PYC12/
COONa-¥%CD/NiR loaded with DAE upon irradiation with UV light (254 nm) (1e = 320 nm, PYC12 = 20 x 107® m, COONa-%CD = 3 x 107 m,

NiR = 0.125 x 107 M, DAE = 0.5 X 107 m).
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a photoresponsive energy acceptor DAE was encapsulated into
the PYC12/COONa-»CD/NiR light-harvesting system, the fluo-
rescence of the supramolecular nanoparticles could be revers-
ible switched on/off by irradiation with UV or visible light.
Thus, these multicolor tunable luminescent supramolecular
light-harvesting systems provided a convenient strategy for
mimicking artificial photosynthesis.
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