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a b s t r a c t

As increasing demands of smart fluorescent materials, developing new systems with controllable
emissions is more essential. Here we report a pillar[6]arene and tetraphenylethene (TPE)-based supra-
amphiphile, which shows dual-responsiveness and tunable emission intensity. By introducing azo-
benzene units to a TPE fluorophore, the fluorescence is quenched via photo-induced electron transfer,
whereas the emission regains upon the complexation with pillar[6]arene. Benefited from the light and
reduction responsiveness of azobenzene, the fluorescent intensity of the supra-amphiphile can be easily
controlled. The self-assembly morphologies including nanoparticles and nanoribbons are also found
upon external stimuli. This work shows a new method to construct smart fluorescent materials.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Smart fluorescent materials have attracted many researchers in
recent years [1], and these materials have lots of applications such
as sensing [2], cell imaging [3] and light-harvesting [4]. Among the
mechanisms of these smart fluorescent materials, aggregation-
induced emission (AIE) is one of the most promising candidate
due to its high quantum yield, controllability and simple prepara-
tion [5]. Tetraphenylethene (TPE) is an archetypal luminogenwith a
simple molecule structure but shows a splendid AIE effect. TPE has
been widely investigated and exhibited superior AIE luminescent
and mesomorphic properties [6]. Therefore, developing TPE-
containing materials is more favorable for intriguing properties
and practical applications.

Compared with covalently bonded materials, supra-
amphiphiles, which are constructed by non-covalent interactions
such as hydrogen bonds, p-p stacking, electrostatic interactions
and hydrophobic interactions, provide more flexible approaches to
prepare smart fluorescent materials [7e10]. Furthermore, most of
the supra-amphiphiles are easily constructed and have reversible
stimuli-responsiveness. Therefore, stimuli-responsive supra-
amphiphiles have been widely studied and showed applications in
various fields, including drug delivery, sensors and photophysical
materials [11]. In these works, many external stimuli have been
used in controlling supra-amphiphiles such as light [12], pH [13],
redox [14] and heat [15]. Among these stimuli, light is the most
attractive one due to its clean, efficient and controllable features
[16]. Apart from light, the redox-responsiveness is also attractive,
which can be applied in many fields like sensing [17] and cell im-
aging [18]. The combination of these two stimuli in supra-
amphiphile is rarely reported [19]. Therefore, constructing a dual-
responsive supra-amphiphile may provide a new system for
smart luminescent materials.

Pillararenes and their derivatives [20] are a new class of
macrocyclic hosts after crown ethers [21], cyclodextrins [22], cal-
ixarenes [23] and cucurbiturils [24]. Their repeating aromatic units
connected by methylene bridges at the para-positions form unique
symmetric pillar-shaped architectures with electron-rich cavities
[25] The unique structures and easy functionalization of pillarar-
enes have endowed them with various applications including
adsorption, separation, sensing and transmembrane transportation
[26]. Due to the wide applications and unique properties,
combining pillararenes and TPE is a reliable method for fabricating
smart fluorescent materials [27]. Herein, we used a water-soluble
pillar[6]arene (WP6) and its host�guest recognition to construct
a dual-responsive fluorescent material incorporated with a TPE and
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azobenzene-containing fluorophore (G). Due to the photo-induced
electron transfer (PET) effect from TPE to azobenzenemoieties [28],
G showed negligible fluorescence, and yet the emission was
controllable by host�guest recognition [29], light irradiation and
redox additives [30]. Combining the multiple controlling ap-
proaches and fast response, we believe this supra-amphiphile is a
novel and reliable candidate for smart fluorescent materials.

2. Result and discussion

2.1. Synthesis of compound G

Under protection of argon, compound 6 (135mg, 76.0 mmol) and
trimethylamine (3.00 mL, 33.5 mmol) were refluxed in 50.0 mL of
THF overnight. After cooling to room temperature, the precipitate
was collected and washed with CH2Cl2 to obtain compound G
(150 mg, yield 98.0%) as an orange solid, which showed low solu-
bility in normal solvents. Mp: 276.5�Ce277.2 �C. 1H NMR (600MHz,
DMSO-d6, 298 K) d (ppm): 7.89 (d, J ¼ 12 Hz, 16H), 7.73 (d, J ¼ 6 Hz,
8H), 7.11 (br, 8H), 6.82 (br, 8H), 6.68 (br, 8H), 4.65 (s, 8H), 4.12 (br,
8H), 3.94 (br, 8H), 3.07 (s, 36H), 1.83 (m, 16H). 13C NMR (101 MHz,
DMSO-d6, 298 K) d (ppm): 162.0, 156.3, 152.8, 146.1, 136.6, 134.1,
132.0,130.7,125.0,122.5,115.3,114.0, 67.5, 63.7, 51.9, 31.6. HRMS:m/
z calcd for [M � 4Br]4þ C106H124O8N12

4þ, 423.4878, found 423.4901,
error 2.3 ppm.

2.2. Studies of photoisomerization and the host-guest complex

Firstly, we explored the photoisomerization process of G by 1H
NMR spectroscopy (Fig. 1b). The signals related to the protons i and
h of trans-azobenzene moiety around 8.40 ppm disappeared and
the signals related to cis-azobenzenemoiety around 7.50e7.70 ppm
appeared. UV light experiments provided direct evidence for the
photoisomerization transformation process (Fig. S23) and 1H NMR
spectra revealed that the ratio of cis-G:trans-G after irradiation of
UV light for 30 min was about 8:1 (Fig. S22). These phenomena
indicated that the photo-induced isomerization of G happened
upon irradiation, which was consistent with previous reports [31].
Fig. 1. (a) Cartoon representations of reversible photo-induced isomerization of trans-
G and cis-G. (b) Partial 1H NMR spectra (400 MHz, D2O, 298 K) of G (3.00 mM) or
WP6IG (3.00 mM) before and after irradiation in presence of 10% of DMSO-d6. (c)
Fluorescence spectra of G (1.00 mM in water) and WP6IG (1.00 mM in water) upon
alternating irradiation with UV and visible lights. (d) Cyclic changes of the fluorescence
intensity of G at 372 nm and WP6IG at 450 nm in fluorescence spectra upon alter-
nating irradiation with UV and visible lights.
After studying the photoisomerization process of G, a dual-
responsive supra-amphiphile based on the host�guest in-
teractions between WP6 and G was constructed. When WP6 was
added into an aqueous solution of G, the peaks in aryl region related
to the azobenzene parts of G shifted upfield (Fig. 1b), indicating the
host�guest complexation. The photo-responsiveness of WP6IG
was also investigated, and the peaks corresponding to the guest
(Fig. 1b, WP6IG after irradiation) displayed no obvious changes
compared to the peaks related to free cis-G (Fig. 1b, G after irradi-
ation), indicating that the host-guest complex disassociated.

2.3. Fluorescence controlling via host-guest chemistry

After the establishment of WP6IG recognition motif, we
further explored whether the host�guest recognition was able to
control the fluorescence. According to the fluorescence spectra
(Fig. 1c), the fluorescence intensity of G was weak due to intra-
molecular PET effect from TPE to azobenzene moieties. However,
the emission of G slightly increased after the irradiation of UV light.
These results also demonstrated that G was responsive to light
because of weakened electron-withdraw ability of the cis-azo-
benzene moiety [32]. Nevertheless, after adding WP6 to a solution
of G, a remarkable enhancement of the fluorescence intensity
occurred (Fig. 1c). This could be explained that the PET effect from
TPE core to azobenzene units was inhibited after the azobenzene
units threaded into the electron-rich cavity of WP6. Moreover, the
fluorescence intensity ofWP6IG decreased after the irradiation of
UV light and nearly regained to the previous level after further
irradiation with visible light. This phenomenon was certainly
contributed by the destroy of the host�guest complex under UV
irradiation due to the formation of cis-azobenzene with bulk steric
hindrance [33]. The de-threaded guest led the appearance of PET
that caused fluorescence quenching [34]. Further irradiating with
visible light benefited the reformation of trans-azobenzene and the
fluorescent host�guest complex. The photoisomerization process
of WP6IG could be repeated several times, endowing the smart
host�guest system with light controllability (Fig. 1d).

2.4. The reduction of the model guest and complex

Apart from light-responsiveness, the reduction of azobenzene is
also a promising way to control the fluorescence. It’s known that
azobenzene groups can be reduced and even cleaved in presence of
reductive agents [35]. Therefore, a reduction procedurewas applied
for the supra-amphiphile. G1 (the synthetic procedures of this
model guest are shown in supplementary materials) was designed
as a model guest to firstly study the complicate reduction reaction.
According to Fig. 2, upon the addition of SnCl2, the peaks related to
the protons e, d, f, c on G1 disappeared and the peaks between
6.50 ppm and 7.80 ppm appeared (Fig. 2b). The new peaks in up-
field region indicating the azobenzene part of G1 was reduced,
induced by the cleavage of azo bond and the increase of electron
density of the azobenzene part. Similar reduction process was
carried out on WP6IG1 and we found that most of the peaks
corresponding to the azobenzene moieties in host�guest complex
shifted upfield after reduction (Fig. 2c and d). These results implied
the reduction agent was able to reduce not only the model guest
but also the host�guest complex. Moreover, the products of the
reduction reaction were analyzed by mass spectroscopy (Fig. S26
and S27), and the results were consistent with the reduced azo-
benzene moiety.

2.5. Reduction-controlled fluorescence of the host-guest complex

After we knew SnCl2 was capable of reducing azobenzene



Fig. 2. 1H NMR spectra (400 MHz, D2O, 298 K) of G1 (1.00 mM) before (a) and after (b)
reduction. 1H NMR spectra (400 MHz, D2O, 298 K) of WP6IG1 (1.00 mM) before (c)
and after (d) reduction.
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moiety, the reduction procedurewas applied in reducing the supra-
amphiphile. In Fig. 3b, a promoted emission was displayed by
adding SnCl2 to the aqueous solution of G. This phenomenon was
ascribed to the reduction of the azobenzene moieties on G. Losing
the azobenzene moiety weakened the PET process and at the same
time promoted the aggregation of the hydrophobic TPE fluo-
rophore, resulting in the increase of fluorescence. The similar
fluorescence enhancement but yet lower intensity was found for
the reduced WP6 þ G mixture. We assumed that the lower fluo-
rescence intensity was attributed to the steric hindrance of WP6.
Bulk WP6 on the guest molecule decreased the reduction effi-
ciency, which was also confirmed by time-dependent fluorescence
intensity (Fig. 3c). Except for SnCl2, similar experiments also had
been carried out to confirm that G was responsive to different re-
ductants (Fig. 3d). SnCl2 exhibited the strongest redox ability
among these reducing reagents, and the emission enhanced by
azoreductase revealed that this system had potential in cell imag-
ing, showing multiple ways to fulfill the redox-responsiveness.
Fig. 3. (a) Cartoon representations of the reduction process of G. (b) Fluorescence
spectra of G and WP6IG (0.05 mM) under the reduction condition. (c) Time-
dependent fluorescence changes of G and WP6IG (0.05 mM) under the reduction
condition. (d) Fluorescence spectra of G and WP6IG (0.05 mM) in present of different
reducing agents.
2.6. Morphology studies

In addition, we explored the self-assembly behaviors of G and
WP6IG in water. The self-assembly morphologies were observed
by transmission electron microscopy (TEM), scanning electron
microscopy (SEM) and atomic force microscopy (AFM). As shown in
Fig. 4a and d, G self-assembled into nanoparticles with various sizes
around 30 nm (Fig. S29), possibly driven by hydrophobic in-
teractions. Even though G aggregated in water, weak fluorescence
was observed due to PET effect as mentioned above. Adding WP6
into the aqueous solution of G resulted in the formation of the
supra-amphiphile WP6IG, which self-assembled into nano-
particles with an average diameter of 70 nm (Fig. S30). The image of
SEM was in line with the TEM image (Fig. 4b and d). The formation
of larger nanoparticles of supra-amphiphile could be explained by
the changes of the amphiphilic building blocks, induced by bulk
steric hindrance and electrostatic repulsion which were not able to
form compact structures. Besides, the aggregated TPE cores emitted
strong fluorescence after adding WP6, which was an evidence to
the AIE effect. For the reduction responsiveness, adding SnCl2 to G
caused the morphology transformation from nanoparticles to
nanoribbons with the thickness of 78.8 nme106.6 nm (Fig. 4c and f
and Fig. S31). A possible reason was that the amphiphilic reductive
product of G formed multilayered nanoribbons in water driven by
hydrophobic interaction and p�p interaction. When SnCl2 was
added to the solution of G, the lay-by-layer stacking of TPE cores
established. Therefore, the nanoparticles changed intomultilayered
nanoribbons driven by hydrophobic interaction and the p�p
interaction between the TPE cores and the hydrophilic ammonium
terminated chain headed to water. UV spectroscopy provided evi-
dence for this hypothesis (Fig. S36). The reductive product of G
showed adsorption band between 300 and 365 nm corresponding
to p�p* transition. The increase in intensity and red shifts in UV
spectra were ascribed in part to the hypochromic effect due to
interchain p�p stacking in an H-type aggregation form [36].
However, when the similar reductive procedure was applied for
WP6IG, random aggregates were found on TEM (Fig. S26). The
reduction of WP6IG produced large assemblies due to the partial
de-threaded behavior or even the loss of azobenzene moiety.

3. Conclusion

In summary, we prepared a fluorescent supra-amphiphile with
dual responsiveness and controllable emission intensity. The
Fig. 4. TEM images of (a) G, (b) WP6IG and (c) G (after reduction) in water at
0.05 mM. SEM images of (d) G, (e) WP6IG and (f) G (after reduction) in water at
0.05 mM.



Scheme 1. (a) Chemical structures and cartoon representations of G and WP6. Cartoon
representations of (b) the photo-responsive process and (c) the redox-responsive
process.
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azobenzene-containing TPE fluorophore was synthesized, which
showedweak emission due to the PETeffect. Upon addingWP6, the
formation of host�guest complexes inhibited the PET effect,
rendering the supra-amphiphile with enhanced fluorescence.
Moreover, the fluorescent intensity was easily modulated by light,
resulting from the photoisomerization of azobenzene moieties.
Apart from the photo-responsiveness, the reduction of azobenzene
was also capable of controlling the fluorescence. We found that the
supra-amphiphile exhibited increased fluorescence in presence of
different reductants. Besides, the morphologies of G and the
host�guest complex were also studied, which revealed the self-
assemblies of nanoparticles and nanoribbons. This work shows a
controllable fluorescent supra-amphiphile, and we believe it has
potentials in smart fluorescent materials and devices.

4. Experimental section

4.1. Materials

Materials. All reagents were purchased and used directly. WP6
was synthesized by following previously reported procedures [37].

4.2. Characterizations

UVeVis adsorption spectroscopy UVeVis sample of G (0.1 mM
in deionized water) was prepared by irradiating with 365 nm UV
light and analyzed on a Shimadzu UV-2550 instrument at room
temperature.

Fluorescence emission spectroscopy. Samples of G (1.00mM in
water) and WP6IG (1.00 mM in water) for fluorescence spectra of
photo-responsiveness were prepared by irradiating with 365 UV
light or 435 visible light for 30 min. Samples of G (0.05 mM in
water) andWP6IG (0.05 mM in water) for fluorescence spectra of
reduction-responsiveness were prepared by adding 20.0 equivalent
reductive agents into the original solution and stirred for 36 h and
conducted on a RF-5301 spectrofluorophotometer (Shimadzu Cor-
poration, Japan).

Scanning electronmicroscopy (SEM). SEM investigations were
carried out on a JEOL 6390LV instrument. The SEM samples were
prepared by drop-coating a solution of G (0.05 mM), a solution of
WP6IG (0.05mM), a solution of G (after reduction) (0.05mM), or a
solution ofWP6 þ G (after reduction) (0.05 mM) onto silica wafers.

Transmission electron microscopy (TEM). TEM investigations
were carried out on a JEM-1200EX instrument. The TEM samples
were prepared by drop-coating a solution of G (0.05 mM), a solu-
tion of WP6IG (0.05 mM), a solution of G (after reduction)
(0.05 mM), or a solution of WP6 þ G (after reduction) (0.05 mM)
onto carbon-coated copper grids.

Atomic force microscopy (AFM). AFM samples were prepared by
drop-coating a solution of G (0.05 mM), a solution of WP6IG
(0.05 mM), or a solution of G (after reduction) (0.05 mM) onto silica
wafers. AFM investigations were carried out on a BrukerMultimode
8 (see Scheme 1).

4.3. Synthetic procedures

The synthetic procedures are shown in Scheme 2 and discussed
below.

4.3.1. Synthesis of compound 1
Compound 1 was prepared according to the previous report

[38a]. 4-Aminobenzyl alcohol (5.00 g, 40.6 mmol) and hydrochloric
acid (8.40 mL) were mixed in 70.0 mL of H2O and stirred at 0 �C. An
aqueous solution (18.0mL) of NaNO2 (5.30 g, 76.8mmol) was added
dropwise. The mixture was stirred for another 30 min after
addition. Then, an aqueous solution (60.0 mL) of phenol (4.00 g,
42.5 mmol) and K2CO3 (8.00 g, 58.0 mmol) was added. After 4 h, the
reaction was quenched by 100 mL of diluted acetic acid. The pre-
cipitate was collected and re-dissolved in acetone. After filtering,
the filtrate was evaporated under vacuum to obtain the crude
product, which was washed with methanol to get pure 1 as an
orange solid (10.0 g, yield 64.8%). 1H NMR (600 MHz, DMSO-d6,
298 K) d (ppm): 10.24 (s, 1H), 7.78 (d, J ¼ 12 Hz, 4H), 7.47 (d,
J ¼ 12 Hz, 2H), 6.92 (d, J ¼ 12 Hz, 2H), 5.31 (s, 1H), 4.56 (s, 2H).
4.3.2. Synthesis of compound 2
Compound 2 was prepared according to the previous report

[38b]. TiCl4 (45.0 mL, 400 mmol) were added dropwise into a
mixture of THF (300 mL) and zinc powder (26.0 g, 400 mmol)
at �70 �C. Then a solution of 4,4’-dimethoxybenzophenone (9.72 g,
40.0 mmol) in THF (20.0 mL) was added dropwise and the resulting
mixture was heated in N2 atmosphere at 90 �C for 2 days. After
cooling to room temperature the mixture was hydrolyzed by add-
ing aqueous K2CO3 solution (200 mL, 10.0%). The organic layer was
collected and the aqueous layer was extracted with CH2Cl2
(300 mL). The combined organic layers were dried over MgSO4 and
evaporated. After purifying of the crude product by flash chroma-
tography on SiO2 (hexanes/ethylacetate ¼ 10:1, v/v), the obtained
solid was recrystallized from CH2Cl2/hexanes to get 7.30 g (yield
80.5%) of a pale yellow crystalline solid. 1H NMR (400 MHz, CDCl3,
298 K) d (ppm): 6.93 (d, J ¼ 8 Hz, 8H), 6.64 (d, J ¼ 8 Hz, 8H), 3.74 (s,
12H).



Scheme 2. Synthetic procedures of the TPE-bearing guest molecule.
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4.3.3. Synthesis of compound 3
Compound 3 was prepared according to the previous report.

[37b] BBr3 (3.80 mL, 40.0 mmol) was added to a cooled solution of
compound 2 (4.53 g, 10.0 mmol) in CHCl3 (200 mL) at 0 �C and the
resulting deep red mixture was stirred for 2 h at. After removal of
the cooling bath, the mixture was stirred for 10 h at room tem-
perature and then quenched by water. The precipitate was filtered,
washed with H2O and CH2Cl2. Recrystallization from EtOH/H2O
(1:1) obtained 3.29 g (yield 82.3%) of a light pink solid. 1H NMR
(400 MHz, DMSO-d6, 298 K) d (ppm): 9.22 (s, 4H), 6.70 (d, J ¼ 8 Hz,
8H), 6.47 (d, J ¼ 12 Hz, 8H).
4.3.4. Synthesis of compound 4
Compound 4 was prepared according to the previous report

[38c]. Under the protection of argon, 1,4-dibromobutane (23.9 mL,
200 mmol) and K2CO3 (22.1 g, 160 mmol) were mixed and refluxed
in 500 mL of CH3CN in a three-neck flask. Compound 3 (3.96 g,
10.0 mmol) in 100 mL of CH3CN was injected slowly. After 2 days,
the mixture was filtered and the filtrate was concentrated under
vacuum. The residue was purified by column chromatography
using petroleum ether:ethyl acetate ¼ 30:1 to 20:1 as eluent to
obtain compound 4 as awhite solid powder (6.02 g, yield 64.3%). 1H
NMR (600 MHz, CDCl3, 298 K) d (ppm): 6.91 (d, J ¼ 6 Hz, 8H), 6.61
(d, J ¼ 6 Hz, 8H), 3.92 (t, J ¼ 6 Hz, 8H), 3.47 (t, J ¼ 6 Hz, 8H), 2.05 (m,
8H), 1.90 (m, 8H).

4.3.5. Synthesis of compound 5
Under the protection of argon, compound 1 (3.29 g, 14.4 mmol)

and K2CO3 (7.95 g, 57.6 mmol) were mixed in 500 mL of CH3CN in a
three-neck flask. The mixture was stirred and refluxed in the three-
neck flask. Then, compound 4 (1.69 g, 1.80 mmol) in 100 mL CH3CN
was injected slowly. After 2 days, the mixture was filtered and the
filtrate was concentrated under vacuum. The residue was purified
by column chromatography using CH2Cl2:methanol ¼ 20:1 as
eluent to obtain compound 5 as an orange solid powder (420 mg,
yield 15.3%). 1H NMR (600 MHz, DMSO-d6, 298 K) d (ppm): 7.84 (d,
J ¼ 6 Hz, 8H), 7.78 (d, J ¼ 6 Hz, 8H), 7.47 (d, J ¼ 6 Hz, 8H), 7.07 (d,
J ¼ 12 Hz, 8H), 6.81 (d, J ¼ 6 Hz, 8H), 6.67 (d, J ¼ 6 Hz, 8H), 5.33 (s,
4H), 4.56 (s, 8H), 4.08 (t, J ¼ 12 Hz, 8H), 3.93 (t, J ¼ 12 Hz, 8H), 1.83
(m, 16H). 13C NMR (151 MHz, DMSO-d6, 298 K) d (ppm): 164.4,
160.0, 154.1, 149.3, 148.6, 139.3, 135.2, 135.1, 135.0, 130.2, 127.5,
125.2, 118.1, 116.9, 70.9, 70.0, 65.9, 42.5, 32.6, 28.4. HRMS:m/z calcd
for [M þ 2K þ 2H]4þ, C94H94N8O12K2

4þ, 401.0834, found 401.0832,
error �1 ppm.

4.3.6. Synthesis of compound 6
To a solution of compound 5 (130 mg, 85.0 mmol) in 50.0 mL of

dried CH2Cl2 was added PBr3 (65.0 mL, 0.680 mmol) at �50 �C. The
resulting mixture was stirred for 5 min at �50 �C and then 1 h at
room temperature. After quenched by water, the organic layer was
separated and concentrated to obtain 6 (135 mg, yield 89.4%) as an
orange solid, which was used in the next step without further
purification. 1H NMR (600 MHz, CDCl3, 298 K) d (ppm): 7.89 (d,
J ¼ 6 Hz, 8H), 7.84 (d, J ¼ 6 Hz, 8H), 7.51 (d, J ¼ 6 Hz, 8H), 6.98 (d,
J ¼ 6 Hz, 8H), 6.93 (d, J ¼ 6 Hz, 8H), 6.64 (d, J ¼ 6 Hz, 8H), 4.54 (s,
8H), 4.10 (t, J ¼ 6 Hz, 8H), 3.97 (t, J ¼ 6 Hz, 8H), 1.81 (m, 16H). 13C
NMR (151 MHz, CDCl3, 298 K) d (ppm): 164.4, 155.2, 149.8, 142.8,
135.2, 132.5, 127.8, 125.7, 117.4, 116.2, 70.7, 70.0, 35.6, 125.6, 32.3,
28.6, 25.3, 16.6, 3.7, 2.6. MALDI-TOF MS: m/z calcd for [M þ H]þ

C94H89N8O8Br4þ, 1777.0185, found 1777.0160.
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