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Fluorescence Regulating and Photoresponsivity in AIEE

Supramolecular Gels Based on a Cyanostilbene Modified

Benzene-1,3,5-tricarboxamide Derivative

Zeyang Ding, Yao Ma, Hongxing Shang, Houyu Zhang and Shimei Jiang*

Abstract: Supramolecular interactions play an important role in
regulating the optical properties of molecular materials. Different
arrangements for identical molecule afford a more straightforward
insight into the contributions of supramolecular interactions. Herein,
a novel gelator, BTTPA, composed of a benzene-1,3,5-
tricarboxamide (BTA) central unit functionalized by three
cyanostilbenes is designed, which forms two kinds of gels in
DMSO/water mixtures. Depending on the water volume content, the
gels exhibit quite different aggregation-induced emission
enhancement (AIEE) properties with one emitting a green emission
(G-gel), while the other emits a blue emission (B-gel). The main
reason for this observation is that water affects H-bonding and -1
interactions, further resulting in disparate packing modes of gelators.
In addition, only G-gel displays gel-to-sol transition accompanied
with  fluorescence switching according to the trans-cis
photoisomerization of cyanostilbene under UV light irradiation. B-gel
fails to exhibit any gain due to its tight hexagonal packing
arrangement. Such packing modes restricted the space in which
molecules were located and inhibited the configuration
transformation of cyanostilbene. These phenomena underline the
incomparable status of packing modes and molecular configuration
in regulating fluorescence properties and photoresponse behavior in
organic solid-state luminescent materials.

1. Introduction

Organic solid-state luminescent materials have attracted
considerable attentions because of their underlying applications
in fluorescence sensors, Organic Light Emitting Diodes (OLEDs),
bioimaging and so forth.l"! Fluorescence properties such as
emission color of materials are not only decided by covalent
structures of molecules themselves but also by the effects of
relative supramolecular interactions (H-bonding, -1 interactions,
hydrophobic interactions, etc).”! That is to say the modulation of
fluorescence properties can be achieved at the unimolecular
level by controling ordered molecular self-assemblies.”!
Supramolecular gels are supposed to be formed by gelators
linked with supramolecular interactions and solvents. Various
supramolecular interactions here produce the possibility of
forming different packing structures. Besides, the biggest
advantage of supramolecular gels is their sensitivity to external
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stimulus like sound, temperature, light, solvent and so forth,
which makes supramolecular gels have the potential to be smart
materials.! Therefore, to gain more knowledge of the nature in
supramolecular gels and to develop functional luminescence
regulating gel materials remain to be seen a crucial challenge.
Cyanostilbene could be supposed to be a good candidate to
help us to face the challenge. Most cyanostilbene-based
backbones could produce typical aggregation induced emission
(AIE) or aggregation induced emission enhancement (AIEE)
behavior.®”! Videlicet, the emission of cyanostilbene derivatives is
quite weak or none in dilute solution but becomes enhanced
accompanied with aggregates or gels formation.®! Especially,
the conformation and relative arrangement of cyanostilbene
derivatives in aggregates are sensitive to environment owing to
the distorted structures of molecules. Furthermore,
cyanostilbene could undergo trans-cis photoisomerization under
UV light irradiation. The transition of configuration can lead to
the photomechanical effect like gel-to-sol or liquid crystal-to-
isotropic liquid transition, making the luminescence in self-
assemblies changed as well.®! However, there was little known
in photoresponsive gels containing cyanostilbene to data on
account of the narrow space in which cyanostilbene situate.®
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Scheme 1. Molecular structure and detailed synthetic route of BTTPA.

With these considerations in mind, we designed a novel
gelator (BTTPA) containing a benzene-1,3,5-tricarboxamide
(BTA) central unit functionalized by three cyanostilbenes as
shown in Scheme 1. BTA structure has a huge advantage in
fabricating hierarchical supramolecular architectures owing to its
unique structure-three amides attached to a benzene core. The
three amide bonds provide not only strong threefold H-bonding
but also a one-dimensional growth tendency.l'” The AIE active
cyanostilbene T-conjugated backbone was chosen because of
the attractive dual advantages of remarkable fluorescent
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features and photoisomerization, which are very sensitive to the
aggregation behaviors. We supposed that the synergy between
H-bonding and -1 interactions could give rise to ordered self-
assemblies and the effects could influence the packing modes of
m-conjugated cyanostilbene, further leading to distinct
fluorescence properties of the gels. As expected, BTTPA could
form two kinds of gels in the mixture of dimethyl sulfoxide
(DMSO) and water due to the different self-assembly behaviors.
The gels have distinctly different emission behavior with one
emitting green emission (G-gel), while the other emits blue
emission (B-gel). In addition, only G-gel exhibits a gel-to-sol
transformation accompanied with fluorescence diminishment
according to the trans-cis photoisomerization of cyanostilbene
moieties under UV light irradiation. But B-gel exhibits
outstanding photostability. To make full use of this point, an
interesting photoinduced confidentiality pattern is performed.

2. Results and Discussion
2.1. Synthesis
BTTPA was prepared by treating 1,3,5-benzenetricarboxylic

acid chloride with 2-(4-aminophenyl)-3-phenylacrylonitrile (2).
Compound 2 was obtained using a reduction reaction of 2-(4-

nitrophenyl)-3-phenylacrylonitrile  (1). Compound 1 was
synthesized by a knoevenagel condensation between
benzaldehyde and 4-nitrophenylacetonitriie (Scheme 1).

Experimental details and corresponding characterization data

are given in the experimental section and supporting information.

The final product was obtained in about 54% yield. 'H, "*C NMR
spectroscopic measurements, elemental analysis, and mass
spectra were employed to confirm its structure (Figure S1, S2
and S8).

Table 1. Gelation properties of BTTPA in DMSO/water mixed solvents.

DMSO/water Phase DMSO/water Phase
90/10 S 40/60 |
85/15 G (9.53), G-gel 30/70 |
70/30 G), B-gel 20/80 |
60/40 G), B-gel 10/90 |
50/50 G, B-gel

Note: S, soluble; G, gel; |, insoluble; GI, gel (cannot dissolve completely when
heated). Number in bracket is the critical gel concentration (CGC, mg mL'1).

2.2. Gelation Properties

The gelation ability of BTTPA was systematically investigated at
first. A traditional strategy by heating-and-cooling a mixture of
the gelator and a selected solvent was performed. The gel
formation was judged by the “inversion-vial” method, that is,
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there is no liquid flow upon the inversion of the sealed glass vial
when hot solution was cooled to room temperature. BTTPA
can’t form gel in any tested organic solvent and only dissloved in
THF, DMF and DMSO (Table S1). Additionally, mixtures of good
solvents with water were used to probe the gelation ability
(Table 1, S2 and S3). However, the gel formation was only
observed when water was added into DMSO solution containing
BTTPA. Depending on the water content, two kinds of gels were
obtained and could endure ambient conditions for several weeks
(Table 1). At 15% water, BTTPA could form yellow gel with
green emission (G-gel). When the water content increased to
between 30% and 50%, white gel with blue emission was
obtained (B-gel) (Figure 1). Detailed gelation test was given in
the experimental section. In addition, corresponding actual
morphologies of the microstructure of xerogels were shown by
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) (Figure 1, S3). Both kinds of xerogels
exhibited entangled network nanostructures consisting of
nanofibers, implying that the gel formation was ascribed to the
immobilization of solvent by the winding structure. Crooked and
gracile fibers with diameters of 30-70 nanometers of the xerogel
prepared from G-gel were observed. Nevertheless, fibers of
xerogels prepared from B-gel were more straight and wide and
the width was up to 200-300 nanometers, implying a more rigid
structure.

Figure 1. SEM images of BTTPA self-assembled structures for G-gel and B-
gel (in DMSO/water mixed solvents with different volume content), G-gel: (a)
85/15, B-gel: (b) 70/30 (c) 60/40 (d) 50/50; insets are the photographs of
corresponding gels under ambient light (left) and under illumination at 365 nm
(right).

To provide a more accurate standard of gelation judgment of
the gels with different water content, rheology experiments were
employed. As shown in Figure 2, both G-gel and B-gel exhibited
a higher elastic storage modulus (G’) and a lower loss modulus
(G”), indicating the authenticity of gelation judgment again.**'"
More interestingly, with the increase of water content from 15%
to 50%, both G’ and G” increased significantly, implying that the
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enhanced mechanical properties of the gels with more water
content. That means B-gel exhibited higher mechanical strength
than G-gel. Furthermore, the recovery experiments of B-gel
were also performed (Figure S4). When exerted a constant

strain of 100% during one minute, the gel got destroyed (G” >G’).

And the gel state would be recovered when the strain was
decreased to 1% (G’ >G”). The circulation could be repeated
many times, indicating that the gel showed good thixotropic
properties.!"?
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Figure 2. (a) Frequency dependence of G’ and G” for G-gel and B-gel (10 mg
ml'1) in DMSO/water mixed solvents with the strain at 1%. (b) Dynamic strain
sweep measurement of G-gel and B-gel in DMSO/water mixed solvents with
angular frequency at 10 rad s-1. Legends are same in (a) and (b).

2.3. AIEE Characteristics

As mentioned above, the gels emit strong fluorescence. Hence,
the fluorescent characteristics of BTTPA were worth
investigating. In pure DMSO, BTTPA had an emission peak at
430 nm with a bluish violet color, while the emission was too
weak to be observed under UV light (Figure 3a, 3c). With the
water content increasing, the intensity decreased gradually
accompanied with a little bathochromic shift, which might caused
by the twisted intramolecular charge transfer (TICT) effect."
The intensity of the emission suddenly enhanced when the
water content reached 40%. With the increase of water content,
the intensity became larger and a sky blue fluorescence (A = 480
nm) was observed. At 60% water, the intensity reached to
maximum, which was almost 7.5-fold greater than that in DMSO
solution. The enhanced emission could be contributed to the
poor solubility of BTTPA in water compared to that in DMSO,
indicating BTTPA exhibited typical AIEE characteristics. In terms
of UV-Vis absorption, an absorption peak at 347 nm was
observed in pure DMSO, which was attributed to TT—11* transition
absorption of cyanostilbene moieties.!"¥ Along with the increase
of water content, a wilder peak as well as level-off tails in the
visible region were observed and the intensity of the main peak
had a distinct decrease, revealing that BTTPA comes into
aggregates definitely in the poor solvent of water (Figure 3b).'!

The results further supported the AIEE characteristics of BTTPA.

2.4. Optical Properties in Gel State

In accord with the spectroscopic studies in solution,
fluorescence properties in the gel state were also investigated in
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detail. In the fluorescence spectra, G-gel (15% water) revealed a
green emission at 511 nm (absolute PLQY = 5.3%), presenting a
distinct bathochromic shift (AA = 81 nm) and an increase in the
intensity in contrast to the weak emission in solution (A = 430
nm), implying the special packing modes of the gel (Figure S5a).
As far as UV-Vis absorption spectra were concerned, a distinct
tailing peak in the visible region appeared, suggesting the
aggregation behaviors of BTTPA in the gel state (Figure
S5b).'5"€1 Moreover, as is known that temperature could
contribute to the dispergation of the gel owing to the
nonaggregation behavior of molecules in a higher
temperature.l"”! From the temperature-dependent fluorescence
spectra (Figure 3d), a gradual decline of the intensity of
emission peak was observed with the increase of temperature.
Until the hot solution state was reached, the final fluorescence
was almost gone, while the fluorescence would be restored
accompanied with gel reformulation in a lower temperature,
showing typical thermal-reversible AIEE gel characteristics.
Therefore, a reversible emission transition between “On” and
“Off” could be readily achieved by the variation temperature.
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Figure 3. (a) Fluorescence (Aex = 345 nm) and (b) UV-Vis absorption spectra
of BTTPA (10'5 M) in DMSO/water mixtures with different water volume
fractions (from 0% to 90%). (c) Maximum fluorescence intensity of BTTPA (10
5 M) as a function of water content. (d) Temperature-dependent fluorescence
spectrum of G-gel.

Modulating the water content, another kind of gel with
disparate blue emission (B-gel) was formed and lost the thermal-
reversible characteristics. That means B-gel was insoluble when
being heated. As to the fluorescence spectra (Figure 4a), B-gel
(30%-50% water) exhibited a blue emission at 471 nm (absolute
PLQY = 6.0%), expressing a big difference in comparison to G-
gel (15% water) (A = 511 nm) described previously (AA = 40 nm).
In terms of UV-Vis absorption spectra (Figure 4b), the
absorption peak (A = 345 nm) of G-gel was realized. But B-gel
displayed a wider absorption peak and a distinct shoulder peak
appeared at 404 nm. Particularly, with the increase of water
content, the intensity of the shoulder peak increased as well,
implying stronger -1 interactions of cyanostilbene moieties.“? It
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is noticed that both green emission and blue emission of G-gel
and B-gel could be sustained after solvent evaporation (in a
xerogel state), respectively (Figure S6).

a) b)
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—— Gl (DMSOiwater = 70/30)

Gel (DMSO/water = 60/40)
—— Gel (DMSO/water = 50/50)
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—— Gel (DMSOlwater = 70/30)
12 Gel (DMSOlwater = 60/40)
—— Gel (DMSOlwater = 50/50)
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Figure 4. (a) Normalized fluorescence (Aex = 345 nm) and (b) UV-Vis
absorption spectra of G-gel and B-gel in the DMSO/water mixtures.

2.5. Packing Modes in Gel State

To assess how water affected the fluorescence of the gel, X-ray
diffraction (XRD) and FT-IR spectroscopy were employed. It is
widely accepted that the fluorescence of aggregates depends on
the molecular structures and relevant packing modes. If the
molecular structures are unaltered, it is packing modes that
affect the fluorescence of aggregates.' As expected, a
significant discrimination of xerogels prepared from G-gel (15%
water) and B-gel (choosing the gel with 30% water for the next

discussion) was observed in the whole XRD patterns (Figure 5a).

For the xerogel prepared from G-gel, weak and tanglesome
diffraction signals were shown in its XRD pattern, implying a low
crystallinity of G-gel. In addition, the first peak at 2.80° with a d-
spacing of 3.15 nm in the small-angle region was considered as
the intermolecular distance in orthogonal direction. In view of the
columnar assemblies which most BTA structural molecules
tended to form and the fibers like microstructure of the gel
(Figure 1a), the intermolecular distance might be supposed to
the intercolumnar distance."® And density functional theory
results demonstrated that BTTPA molecule adopted a perfect
equilateral triangle-like structure and the dimension was
estimated to be 2.70 nm (Scheme S1). The d-spacing value of
first peak (3.15 nm) was larger than the molecular dimension,
indicating a kind of relative loose arrangement. While sharper
peaks obtained from B-gel standed for better rigidity and
crystallinity. The xerogel prepared from B-gel exhibited main
peaks at 4.29°, 7.23°, 8.72° and 11.38°, affording a ratio of 1 :
V3 : 2 : \7 (d-spacing values were 2.06 nm, 1.22 nm, 1.04 nm
and 0.78 nm), showing a hexagonal packing arrangement.?” In
addition, the reflection peak at 22.02°, corresponding to a d-
spacing value of 0.401 nm, was ascribed to -1 stacking
between cyanostilbene moieties.?* The d-spacing value of first
peak (2.06 nm) was shorter than the molecular dimension,
indicating tighter hexagonal packing arrangement and overlap of
molecules owing to the enhanced -1 interactions.

Considering that most BTA system was supposed to self-
assemble through amide-based H-bonds, FT-IR spectroscopy, a
sensitive tool to detect amide bonds, was employed to identify
the variation of H-bonds (Figure 5b). In the spectrum of sample
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prepared from G-gel, the amide bonds could be reflected in two
N-H stretching vibrations at 3412 cm™', 3322 cm™ and one sharp
C=0 stretching vibration at 1678 cm”, indicating one-
dimensional aggregates through different types of H-bonds.!'%?"!
But in the spectrum of sample prepared from B-gel, both kinds of
vibration peaks produced great shifts. Two N-H stretching
vibration peaks shifted to 3312 cm'1, 3259 cm™ and the C=0
stretching vibration peak shifted to 1644 cm™ respectively,
revealing stronger H-bonding interactions and tighter one-
dimensional aggregates formation.”? While cyano group
stretching vibrations of both samples was located at 2216 cm™,
confirming that the effects of water had nothing to do with cyano
group. Thereby, the H-bonding interactions were enhanced in B-
gel in comparison to G-gel due to different water content, which
might lead to quite different packing structures.
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Figure 5. (a) X-ray diffraction patterns and (b) FT-IR spectra of xerogels
prepared from G-gel and B-gel.

The structures influenced by water were further investigated
using a computational model. From the 'H NMR spectrum of
BTTPA in DMSO-ds with DO (Figure S7), the proton peak of
amide bonds can’'t be detected due to the H-D exchange,
suggesting water contacted with the amide bonds and may
influence the packing.® Based on the optimized results
(Scheme S2), at high water content, BTTPA dimer was
stabilized by water molecules through N-H---O and O-H---O
hydrogen bonds, an overlapped structure was obtained.
However, at low water content, fewer water molecules can’t form
sufficient hydrogen bonds to sustain such overlapped structure,
leading to a slipped structure.

Based on the above results and discussion, a schematic
illustration can be proposed for the formation of G-gel and B-gel
(Scheme 2). For G-gel (at low water content), neighboring
molecules stacked aslant and formed a loose packing. In this
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case, the great slippage contributed to a red-shifted emission
(green emission)."® Whereas, for B-gel (at high water content),
H-bonding interactions and -1 interactions were enhanced
owing to the high degrees of aggregation of molecules, which
were demonstrated by the FT-IR and UV-Vis absorption results,
resulting in a tight hexagonal packing arrangement of molecules.
Therefore, B-gel exhibited a quite different blue emission in
comparison to the green emission of G-gel because of the
different packing modes of B-gel and G-gel influenced by water.

G-gel

\\\\\
\\\\\\\\\\\\\w

B-gel

Scheme 2. Proposed illustration of the self-assembly behaviors of BTTPA in
G-gel and B-gel.

2.6. Photomechanical Effect Accompanied with
Fluorescence Switching

Cyanostilbene unit could undergo trans-cis photoisomerization
upon UV light irradiation at 365 nm. It is worth mentioning that
the occurrence of photoisomerization needs sufficient space in
which molecules located in.*? The photoisomerization happened
easily in solution owing to the free state of molecules. Herein, 'H
NMR spectroscopic measurements were carried out to examine
the photoisomerization process of BTTPA in DMSO-ds (Figure
6). In the initial state, the cyanostilbene unit adopted a trans-
form evidenced by 'H NMR signals and the peaks were
assigned in Figure S1. Proton peaks of amide bonds and
aromatic rings shifted to higher field upon UV light irradiation
from the results of the 'H NMR spectroscopy, indicating the
photoisomerization process happened authentically.®®?* Proton
peaks from the double bond containing cyano group were used
as the indicator to tell us the proportion between frans-isomers
and cis-isomers. With the irradiation time increasing, the proton
peak (H.) for trans (8.05 ppm) decreased but that (Hy) for cis
(7.68 ppm) increased. When the photostationary state was
achieved, about 72% cis-isomers were obtained through the
integral analysis of the proton peaks. It is noted that no new
peaks could be found from the mass spectrum upon UV light
irradiation, implying that there wasn’t any other photoproducts
like the [2 + 2] photodimer but the cis-photoisomers generated
(Figure S8).2*23 QOptical properties were also changed during
the trans-cis photoisomerization (Figure S9). When a solution of
BTTPA in DMSO was irradiated with UV light at 365 nm, the
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absorption peak (A = 347 nm) was blue-shifted to 332 nm while
the intensity of the absorption peak decreased dramatically,
indicating the photoisomerization happened rapidly in dilute
solution. This phenomenon was due to the fact that the
conjugation length of cis-isomers was shorter than that of trans-
isomers.’® As to the fluorescence spectra, the original dim
bluish violet emission became weaker when being irradiated.
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Figure 6. 'H NMR spectral comparison of BTTPA in DMSO-ds (10° M) upon
continuous irradiation with UV light at 365 nm. H, and Hy, represent the proton
peaks of the vinylene for trans-isomer and cis-isomer, respectively.

To gain more insight into the contributions of supramolecular
interactions in the photoresponse behaviors of self-assembly
materials, the photoresponsivity of the gels were further
investigated. Whether the photoisomerization happened or not in
the condensed state was attributed to the space in which
cyanostilbene moieties situated, which was mentioned above.
Most compounds based on cyanostilbene in the aggregation
state are stable upon UV light irradiation due to the close
packing modes of molecules or strong interactions.®®832 |n
this work, two kinds of gels exhibited distinct photoresponse
behavior. Upon UV light irradiation, G-gel collapsed and
transformed into viscous sol quickly (Figure 7a). There is no
doubt that the driving force for the gel-to-sol transition was
ascribed to the photoisomerization of the cyanostilbene moieties,
which was additionally proved by "H NMR spectroscopic
measurements of G-gel in DMSO-ds/H20 (v/v, 85/15) before and
after UV light irradiation (Figure S10). Proton peaks shifted to
higher field like the results in pure DMSO-ds solution, suggesting
the occurrence of photoisomerization in the gel state.” The
conversion rate was about 57% calculated by the proton peaks
variation of cyano group. And all proton peaks became
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sharpened and clear, implying the disappearance of aggregates
after UV light irradiation, as well as the gel-to-sol transition.*”!
However, B-gel failed to exhibit any change upon UV light
irradiation. Thus, we think that no photoisomerization happened
in B-gel. As we know that the occurrence of photoisomerization
was related to the space in which molecules located in. And the
space was influenced by the arrangement of molecules. The
loose packing structures of G-gel provided sufficient space for
the photoisomerization to allow the switching event to happen.

Nevertheless, B-gel exhibited tight hexagonal packing structures.

Such packing structures restricted the freedom of molecules and
inhibited configuration transformation of cyanostilbene. Thereby,
B-gel showed outstanding photostability, while G-gel showed
superior photosensitivity because of the different packing modes
as well.
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Figure 7. G-gel before and after UV irradiation: (a) Photographs; (b)
Fluorescence spectra (Aex = 345 nm); (c) Normalized UV-Vis absorption
spectra; (d) Fluorescence kinetic profiles (Aex = 365 nm).

Further investigations were designed to characterize the

nature of the sol state obtained by G-gel after UV light irradiation.

Comparing the XRD data and SEM images of G-gel before and
after UV light irradiation, we found that there was no noticeable
diffraction in wide-angle region of the XRD pattern (Figure S11)
and also disordered planar aggregates were observed in the
SEM image (Figure S12), indicating the amorphous feature in
the sol state.”® Next, optical properties of the sol were
investigated. In the fluorescence spectra, the sol displayed a dim
dark blue emission (A = 441 nm) with a low intensity in
comparison to the green emission with a high intensity of the
initial gel (Figure 7b). As far as UV-Vis absorption spectra were
concerned, a significant blue shift from the absorption peak of
the gel (A = 345 nm) to that of the sol (A = 280 nm) was
observed (Figure = 7c). Meanwhile, the time-resolved
fluorescence revealed that the average fluorescence lifetime (1 =
19.24 ns) of the initial gel state reduced to 3.38 ns upon UV light
irradiation  (Figure 7d). The fluorescence lifetimes are
determined by two component exponential fitting as follows; 11 =
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2.93 ns (22.08%), 12 = 19.92 ns (77.92%) for the gel and 13 =
0.63 ns (67.08 %), 14 = 4.22 ns (32.92%) for the sol. The frans-
isomers had great gelation abilities and exhibited green
emission in the gel state. Based on the above results and
discussion, it could be concluded that the trans-isomers
possessed better gelation ability and emission intensity in
contrast to the cis-isomers. As a result of UV light irradiation,
plentiful cis-isomers emerged and disturbed the ordered
architectures, leading to the collapse of the gel and weaker
fluorescence.”

Figure 8. Photographs of photoinduced confidentiality pattern made from G-
gel (at the corner) and B-gel (in the center).

The disparate photoresponse behavior of G-gel and B-gel
could be extended to graphic photoinduced confidentiality
pattern (Figure 8). Four circles at the corner were equipped with
G-gel and one circle in the center was equipped with B-gel. Five
of circles with green and blue fluorescence were visible under
UV light. Upon UV light irradiation, green fluorescence parts
decayed but blue fluorescence part still sustained. Only the
circle in the center was presented to us.

3. Conclusions

A novel gelator BTTPA containing a benzene-1,3,5-
tricarboxamide (BTA) central unit functionalized by three
cyanostilbenes has been synthesized. The special structure
results in favourable gelation ability in the mixture of DMSO and
water. Depending on the water volume content, two kinds of gels
exhibit disparate AIEE properties with one emitting a green
emission (G-gel, containing 15% water), while the other emits a
blue emission (B-gel, containing 30%-50% water). Meanwhile,
G-gel and B-gel show different photoresponse behaviors as well.
G-gel exhibits a gel-to-sol transition accompanied with
fluorescence switching upon UV light irradiation. But B-gel fails
to exhibit any gain upon UV light irradiation, revealing great
photostability. The observation is ascribed to the different
packing structures influenced by water. Loose structures and
great freedom of molecules are disclosed for G-gel, providing
sufficient space for the configuration transformation
(photoisomerization) of cyanostilbene. For B-gel, H-bonding
interactions and 1r-17 interactions are enhanced, resulting in tight
hexagonal packing structures and restricting the space in which
cyanostilbene moieties locate and inhibiting the configuration
transformation. Consequently, a graphic photoinduced
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confidentiality pattern is performed. Furthermore, this work helps
people to gain more insight into the contributions of
supramolecular interactions in regulating luminescence of the
self-assembly materials and opens a door to a new class of
developing novel smart materials.

4. Experimental Section

Synthesis of 2-(4-nitrophenyl)-3-phenylacrylonitrile (1): Benzaldehyde
(2.04 ml, 20 mmol) and pyrrolidine (3.31 ml, 40 mmol) were added to a
solution containing 4-nitrophenylacetonitrile (3.24 g, 20 mmol) in ethanol
(80 ml). The reaction mixture was stirred at room temperature for 6h and
filtered to remove liquid. The solid was washed with ethanol for 3 times to
give a faint yellow powder (4.66 g, yield 93%). '"H NMR (500 MHz,
DMSO-d6) &/ppm = 8.40 — 8.35 (m, 2H), 8.34 (s, 1H), 8.08 — 8.05 (m,
2H), 8.02 — 8.00 (m, 2H), 7.62 — 7.56 (m, 3H).

Synthesis of 2-(4-aminophenyl)-3-phenylacrylonitrile (2): SnClz-2H,0
(18.11 g, 80 mmol) was added to a solution containing compound 1 (4.66
g, 18.6 mmol) in ethanol (120 ml), which was refluxed at 75 C for 5h.
The resulting solution was then neutralized with sodium bicarbonate
saturated aqueous solution and extracted by ethyl acetate. The obtained
organic phase was washed with saturated salt water for 3 times, dried
over with anhydrous Na;SO4 and filtered. The resulting solution was
concentrated by rotary evaporation to give a yellow solid (2.91 g, yield
71%). "H NMR (500 MHz, DMSO-d6) &/ppm = 7.87 — 7.83 (m, 2H), 7.70
(s, 1H), 7.49 (dd, J = 8.3, 6.8 Hz, 2H), 7.44 (dd, J = 8.4, 6.6 Hz, 3H), 6.68
—6.62 (m, 2H), 5.62 (s, 2H).

Synthesis of benzene-1,3,5-tricarboxylic acid tris-{[4-(1-cyano-2-
phenyl-vinyl)-phenyl]-amide} (BTTPA): Triethylamine (1.77 ml, 13.3 mmol)
and a solution of 1,3,5-Benzenetricarboxylic acid chloride (1.07 g, 4.1
mmol) in DCM (10 ml) were slowly added to a solution containing
compound 2 (2.91 g, 13.3 mmol) in DCM (60 ml), which was stirred at
room temperature for 20h. The resulting mixture was filtered to remove
the liquid and the solid was washed with DCM and water for many times
to obtain the final yellow powder (2.71 g, yield 82%). '"H NMR (500 MHz,
DMSO-d6) &/ppm = 10.85 (s, 3H), 8.80 (s, 3H), 8.05 (s, 3H), 8.02 (d, J =
8.5 Hz, 6H), 7.95 (d, J = 7.6 Hz, 6H), 7.84 (d, J = 8.5 Hz, 6H), 7.58 — 7.50
(m, 9H); ™*C NMR (126 MHz, DMSO-d6) 5/ppm = 165.07, 142.08, 140.39,
135.75, 134.35, 130.92, 130.55, 129.62, 129.47, 126.84, 121.08, 118.38,
110.46; MALDI-TOF-MS: calcd for CssH3sNgO3: 816; found: 839.177 [M*
+ Na] Elemental analysis: Anal. calcd for Cs4H3sNgO3: C 79.41, H 4.41, N
10.29; found: C 79.09, H 4.51, N 10.08.

Materials and Methods: All solvents and reagents were obtained from
commercial supplies and used directly without further purification. The
silicon wafers used here were first treated in concentrated sulphuric
acid—hydrogen peroxide solution (v/v, 3/1), then cleaned with pure water.
"H and "*C NMR spectra were recorded on a Bruker AVANCE 500 MHz
spectrometer (TMS as the internal standard). UV-Vis absorption spectra
were performed on a Shimadzu UV-2600 spectrophotometer.
Fluorescence spectra were performed on a Shimadzu RF-6000 spectro-
fluorophotometer.” Time-resolved fluorescence lifetime (with TCPSC
technology) was collected on an Edinburgh FLS 980. PLQY was
obtained using FLS 920 in gel state. The rheological properties were
investigated on a TA instrument (AR2000 Rheometer) equipped with an
aluminum. plate of 25 mm diameter. The samples were sandwiched
between the two plates with a gap of 0.5 mm throughout the experiments.
FT-IR spectra were recorded on a Bruker Optics VERTEX 80v Fourier
transform infrared spectrometer, equipped with dried CaF, windows.
Powder X-ray diffraction (XRD) patterns were performed on a Rigaku

10.1002/chem.201804135

WILEY-VCH

D/MAX 2500/PC X-ray diffractometer with CuKa radiation (A = 0.15418
nm). Scanning electron microscopy (SEM) images were collected on a
JEOL JEM-6700F at 3 kV, with the samples coated with Au. Transmission
electron microscopy (TEM) was performed on a JEOL JEM-2100F
transmission electron microscope. Samples were prepared by wiping a
small amount of gel samples onto a carbon-coated copper grid followed
by naturally evaporating the solvent. Mass spectra were recorded on a
Brucker Autoflex speed TOF/TOF mass spectrometer. The solution of
BTTPA was irradiated using two 365 nm-handheld UV lamps (12 W). The
model was WFH-204B. BTTPA gel was irradiated using Tank 007 UV-
AA01 flashlight (25000 pW cm).

Gelation test: BTTPA was dissolved in DMSO in a glass vial beforehand.
When water was added into the solution, white precipitates appeared.
For G-gel (15% water), white precipitates dissolved completely when
being heated at 90 ‘C. Yellow gel was formed when cooled to room
temperature. For B-gel (30%-50% water), the glass vial needed to be
stirred slightly to make sure the precipitates were fully dispersible in
solution. Then, the mixture was heated at 90 C for only 15 seconds.
White suspension turned into white stable gel. For all of the
measurements, the gel concentration was set to 10 mg ml™.

Theoretical and computational method: The molecular structure of
BTTPA was optimized in gas phase using density functional theory
calculations at the B3LYP/3-21G* level with the Gaussian 09 package.®
For the simulation of the stabilized stacking dimer of BTTPA, a semi-
empirical method (PM7) was employed, as implemented in the Mopac
2016 program .t

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (51673082 and 21374036).

Keywords: fluorescence switching <« photoresponsivity -
aggregation-induced emission enhancement ¢ supramolecular
interactions « cyanostilbene

[1] a) S. W. Thomas lll, G. D. Joly, T. M. Swager, Chem. Rev. 2007, 107,
1339-1386; b) H. Kobayashi, M. Ogawa, R. Alford, P. L. Choyke, Y.
Urano, Chem. Rev. 2010, 110, 2620-2640; c) D. Li, H. Zhang, Y. Wang,
Chem. Soc. Rev. 2013, 42, 8416-8433; d) B. Daly, J. Ling, A. P. de
Silva, Chem. Soc. Rev. 2015, 44, 4203-4211; e) C. Y. Y. Yu, H. Xu, S.
Ji, R. T. K. Kwok, J. W. Y. Lam, X. Li, S. Krishnan, D. Ding, B. Z. Tang,
Adv. Mater. 2017, 29, 1606167; f) B. J. Wang, W. K. Dong, Y. Zhang, S.
F. Akogun, Sensors and Actuators B 2017, 247, 254-264; g) D. Kim, J.
E. Kwon, S. Y. Park, Adv. Funct. Mater. 2018, 28, 1706213.

[2] a) L. Maggini, D. Bonifazi, Chem. Soc. Rev. 2012, 41, 211-241; b) A.
Khan, M. Wang, R. Usman, H. Sun, M. Du, C. Xu, Cryst. Growth Des.
2017, 17, 1251-1257; ¢) Y. Wang, D. Xu, H. Gao, Y. Wang, X. Liu, A.
Han, C. Zhang, L. Zang, J. Phys. Chem. C 2018, 122, 2297-2306.

[3] a) A. Kishimura, T. Yamashita, T. Aida, J. Am. Chem. Soc. 2005, 127,
179-183; b) M. M. Abadia, S. Varghese, P. Romero, J. Gierschner, R.
Giménez, M. B. Ros, Adv. Optical Mater. 2017, 5, 1600860; c) A.
Lavrenova, D. W. R. Balkenende, Y. Sagara, S. Schrettl, Y. C. Simon,
C. Weder, J. Am. Chem. Soc. 2017, 139, 4302-4305; d) C. Wang, Z. Li,
Mater. Chem. Front. 2017, 1, 2174-2194.

[4] a) C. Wang, Q. Chen, F. Sun, D. Zhang, G. Zhang, Y. Huang, R. Zhao,
D. Zhu, J. Am. Chem. Soc. 2010, 132, 3092-3096; b) G. Wu, S. Chen,
C. Liu, Y. Wang, ACS Nano 2015, 9, 4649-4659; c) C. D. Jones, J. W.
Steed, Chem. Soc. Rev. 2016, 45, 6546-6596; d) S. Li, L. Zhang, J.

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal

(3]

[6]

[71

(8]

[9]

[10]

[11]

2]

[13]

[14]

[15]

[16]

Jiang, Y. Meng, M. Liu, ACS Appl. Mater. Interfaces 2017, 9, 37386-
37394; e) W. Miao, S. Wang, M. Liu, Adv. Funct. Mater. 2017, 27,
1701368; f) X. Yu, D. Xie, H. Lan, Y. Li, X. Zhen, J. Ren, T.Yi, J. Mater.
Chem. C 2017, 5, 5910-5916; g) G. Feng, Z. Wang, X. Yu, H. Lan, J.
Ren, L. Geng, T. Yi, Sensors and Actuators B 2017, 243, 1020-1026.

a) B.-K. An, D.-S. Lee, J.-S. Lee, Y.-S. Park, H.-S. Song, S. Y. Park, J.
Am. Chem. Soc. 2004, 126, 10232-10233; b) S.-J. Yoon, J. H. Kim, K.
S. Kim, J. W. Chung, B. Heinrich, F. Mathevet, P. Kim, B. Donnio, A.-J.
Attias, D. Kim, S. Y. Park, Adv. Funct. Mater. 2012, 22, 61-69; c) J. Han,
J. You, X. Li, P. Duan, M. Liu, Adv. Mater. 2017, 29, 1606503; d) M. M.
Abadia, R. Giménez, M. B. Ros, Adv. Mater. 2018, 30, 1704161.

a) J. Luo, Z. Xie, J. W. Y. Lam, L. Cheng, H. Chen, C. Qiu, H. S. Kwok,
X. Zhan, Y. Liu, D. Zhu, B. Z. Tang, Chem. Commun. 2001, 0, 1740-
1741; b) Y. Hong, J. W. Y. Lama, B. Z. Tang, Chem. Commun. 2009, 0,
4332-4353; c) J. Mei, N. L. C. Leung, R. T. K. Kwok, J. W. Y. Lam, B. Z.
Tang, Chem. Rev. 2015, 115, 11718-11940.

a) L. Zhu, X. Li, Q. Zhang, X. Ma, M. Li, H. Zhang, Z. Luo, H. Agren, Y.
Zhao, J. Am. Chem. Soc. 2013, 135, 5175-5182; b) J. W. Chung, S.-J.
Yoon, B.-K. An, S. Y. Park, J. Phys. Chem. C 2013, 117, 11285-11291;
c) Y. Jin, Y. Xia, S. Wang, L. Yan, Y. Zhou, J. Fan, B. Song, Soft Matter
2015, 11, 798-805; d) X. Jin, D. Yang, Y. Jiang, P. Duan, M. Liu, Chem.
Commun. 2018, 54, 4513-4516.

a) M. M. Abadia, S. Varghese, R. Giménez, M. B. Ros, J. Mater. Chem.
C 2016, 4, 2886-2893; b) J. Tian, Y. He, J. Li, J. Wei, G. Li, J. Guo, Adv.
Optical Mater. 2018, 6, 1701337.

a) J. Seo, J. W. Chung, J. E. Kwon, S. Y. Park, Chem. Sci. 2014, 5,
4845-4850; b) Y. Ma, M. Cametti, Z. Dz"olic’, S. Jiang, J. Mater. Chem.
C 2016, 4, 10786-10790.

a) M. P. Lightfoot, F. S. Mair, R. G. Pritchard, J. E. Warren, Chem.
Commun. 1999, 0, 1945-1946; b) J. Roosma, T. Mes, P. Leclere, A. R.
A. Palmans, E. W. Meijer, J. Am. Chem. Soc. 2008, 130, 1120-1121; c)
S. Cantekin, T. F. A. Greefab, A. R. A. Palmans, Chem. Soc. Rev. 2012,
41, 6125-6137; d) T.-L. Lai, F. Pop, C. Melan, D. Canevet, M. Salle, N.
Avarvari, Chem. Eur. J. 2016, 22, 5839-5843; e) M. Garzoni, M. B.
Baker, C. M. A. Leenders, |. K. Voets, L. Albertazzi, A. R. A. Palmans,
E. W. Meijer, G. M. Pavan, J. Am. Chem. Soc. 2016, 138, 13985-13995;
f) S. Dong, J. Leng, Y. Feng, M. Liu, C. J. Stackhouse, A. Schénhals, L.
Chiappisi, L. Gao, W. Chen, J. Shang, L. Jin, Z. Qi, C. A. Schalley, Sci.
Adv. 2017, 3, eaao0900 g) X. Kuang, A. Wajahat, W. Gong, M. K.
Dhinakaran, X. Li, G. Ning, Soft Matter 2017, 13, 4074-4079.

a) P. Terech, D. Pasquier, V. Bordas, C. Rossat, Langmuir 2000, 16,
4485-4494; b) A. Dawn, H. Kumari, Chem. Eur. J. 2018, 24, 762-776.
a) X. Yu, L. Chen, M. Zhang, T. Yi, Chem. Soc. Rev. 2014, 43, 5346-
5371; b) T. Wang, X. Yu, Y. Li, J. Ren, X. Zhen, ACS Appl. Mater.
Interfaces 2017, 9, 13666-13675; c) X. Yu, X. Ge, L. Geng, H. Lan, J.
Ren, Y. Li, T. Yi, Langmuir 2017, 33, 1090-1096.

a) J. Mei, Y. Hong, J. W. Y. Lam, A. Qin, Y. Tang, B. Z. Tang, Adv.
Mater. 2014, 26, 5429-5479; b) P. Xing, H. Chen, L. Bai, Y. Zhao,
Chem. Commun. 2015, 51, 9309-9312; c) S. Sasaki, G. P. C. Drummen,
G. Konishi, J. Mater. Chem. C 2016, 4, 2731-2743.

Y. Zhang, J. Hu, G. Yang, H. Zhang, Q. Zhang, F. Wang, G. Zou,
Journal of Polymer Science, Part A: Polymer Chemistry 2017, 55,
2458-2466.

a) B.-K. An, S.-K. Kwon, S.-D. Jung, S. Y. Park, J. Am. Chem. Soc.
2002, 124, 14410-14415; b) L. Wang, Y. Li, X. You, K. Xu, Q.Feng, J.
Wang, Y. Liu, K. Li, H. Hou, J. Mater. Chem. C 2017, 5, 65-72.

Z. Shen, Y. Jiang, T. Wang, M. Liu, J. Am. Chem. Soc. 2015, 137,
16109-16115.

7]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

10.1002/chem.201804135

WILEY-VCH

Y. Zhang, C. Liang, H. Shang, Y. Ma, S. Jiang, J. Mater. Chem. C 2013,
1, 4472-4480.

a) S.-J. Yoon, J. W. Chung, J. Gierschner, K. S. Kim, M.-G. Choi, D.
Kim, S. Y. Park, J. Am. Chem. Soc. 2010, 132, 13675-13683; b) S.
Varghese, S. K. Park, S. Casado, R. Resel, R. Wannemacher, L. Lier,
S. Y. Park, J. Gierschner, Adv. Funct. Mater. 2016, 26, 2349-2356; c) Y.
Xu, K. Wang, Y. Zhang, Z. Xie, B. Zou, Y. Ma, J. Mater. Chem. C 2016,
4,1257-1262.

a) |. Danila, F. Riobe, F. Piron, J. Puigmarti-Luis, J. D. Wallis, M.
Linares, H. Agren, D. Beljonne, D. B. Amabilino, N. Avarvari, J. Am.
Chem. Soc. 2011, 133, 8344-8353; b) X. Kuang, A. Wajahat, W. Gong,
M. K. Dhinakaran, X. Li, G. Ning, Soft Matter, 2017, 13, 4074—4079.

a) H. Cao, P. Duan, X. Zhu, J. Jiang, M. Liu, Chem. Eur. J. 2012, 18,
5546-5550; b) Y.-J. Choi, D.-Y. Kim, M. Park, W.-J. Yoon, Y. Lee, J.-K.
Hwang, Y.-W. Chiang, S.-W. Kuo, C.-H. Hsu, K.-U. Jeong, ACS Appl.
Mater. Interfaces 2016, 8, 9490-9498; c) D. Niu, L. Ji, G. Ouyang, M.
Liu, Chem. Commun. 2018, 54, 1137-1140.

a) S. Lee, S. Oh, J. Lee, Y. Malpani, Y.-S. Jung, B. Kang, J. Y. Lee, K.
Ozasa, T. Isoshima, S. Y. Lee, M. Hara, D. Hashizume, J.-M. Kim,
Langmuir 2013, 29, 5869-5877; b) T. Li, X. Li, J. Wang, H. Agren, X.
Ma, H. Tian, Adv. Optical Mater. 2016, 4, 840-847.

a) E. Yilgor, E. Burgaz, E. Yurtsever, |. Yilgor, Polymer 2000, 41, 849-
857; b) O. Simalou, R. Lu, P. Xue, P. Gong, T. Zhang, Eur. J. Org.
Chem. 2014, 0, 2907-2916.

X. Lou, R. P. M. Lafleur, C. M. A. Leenders, S. M. C. Schoenmakers, N.
M. Matsumoto, M. B. Baker, J. L. J. Dongen, A. R. A. Palmans, E. W.
Meijer, Nature Communications 2017, 8, 15420.

a) Y. Zhou, Y. Zhuang, X. Li, H. Agren, L. Yu, J. Ding, L. Zhu, Chem.
Eur. J. 2017, 23, 7642-7647; b) P. Wei, J.-X. Zhang, Z. Zhao, Y. Chen,
X. He, M. Chen, J. Gong, H. H.-Y. Sung, I. D. Williams, J. W. Y. Lam, B.
Z.Tang, J. Am. Chem. Soc. 2018, 140, 1966-1975.

J. W. Chung, Y. You, H. S. Huh, B.-K. An, S.-J. Yoon, S. H. Kim, S. W.
Lee, S. Y. Park, J. Am. Chem. Soc. 2009, 131, 8163-8172.

a) J. Seo, J. Chung, I. Cho, S. Y. Park, Soft Matter 2012, 8, 7617-7622;
b) B.-K. An, J. Gierschner, S. Y. Park, Accounts of Chemical Research
2012, 45, 544-554.

C. M. A. Leenders, G. Jansen, M. M. M. Frissen, R. P. M. Lafleur, I. K.
Voets, A. R. A. Palmans, E. W. Meijer, Chem. Eur. J. 2016, 22, 4608-
4615.

H. Lu, L. Qiu, G. Zhang, A. Ding, W. Xu, G. Zhang, X. Wang, L. Kong,
Y. Tian, J. Yang, J. Mater. Chem. C 2014, 2, 1386-1389.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,
J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A.
Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F.
Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.
Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F.
Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N.
Staroverov, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J.
C. Burant, S. S. lyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M.
Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R.
Gomperts, R. E.Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C.
Pomelli, J. W. Ochterski, R. L. Martin, K.Morokuma, V. G. Zakrzewski,
G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels,
O". Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, D. J. Fox,
Gaussian 09 Revision D.01, Gaussian Inc., Wallingford CT, 2009.
MOPAC2016, J. J. P. Stewart, Stewart Computational Chemistry,
Colorado Springs, CO, USA, HTTP://OpenMOPAC.net, 2016.

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.201804135

WILEY-VCH

Entry for the Table of Contents
FULL PAPER
The modulation of fluorescence o Zeyang Ding, Yao Ma, Hongxing Shang,
properties can be achieved at the FRGTIESER Houyu Zhang and Shimei Jiang*
unimolecular level by controlling L&«a‘e‘
ordered molecular self-assemblies. o ﬁ Page No. — Page No.
This paper reports that a novel w Fl .

e o uorescence Regulating and
gelator, BTTPA, can form two kinds of ?}71 o Photoresponsivit?( in AISE
gels with one emitting a green Y

Supramolecular Gels Based on a
Cyanostilbene Modified Benzene-
1,3,5-tricarboxamide Derivative

emission (G-gel), while the other emits
a blue emission (B-gel) depending on

the water content in DMSO/water
mixtures. Only G-gel displays highly

More Wag,

photosensitive, while B-gel fails to
exhibit any gain upon UV irradiation.

This article is protected by copyright. All rights reserved.



