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ABSTRACT: In this study, we designed and synthesized a new class of aggregation-induced emission luminogens, which was
inspired and developed from the structure of tetraphenyl-1,3-butadienes derivative (TPB-1) through the minus strategy by removing
one of the phenyl groups. Among them, L1 and L4 exhibited an aggregation-induced emission effect and multistimuli-responsive
chromic behavior. Moreover, two types of single crystals of L1 were obtained, and their different emission behaviors were elucidated
clearly by analyzing the single-crystal data.

■ INTRODUCTION

Over the past decades, multiple stimuli-responsive (MSR)
fluorescent materials have attracted tremendous interest due to
their application in various areas, such as organic light-emitting
diodes, organic lasers, bioimaging, security inks, and optical
storage.1−5 However, most of MSR fluorescent materials were
derived by enlarging the π-system of the existing AIEgens as the
main practice which could be named as a “plus strategy”, such as
tetraphenylethene (TPE), carbazole, quinoxaline, and
others.6−11

The cis,cis-1,2,3,4 tetraphenylbutadiene (TPBD) and TPE
were synthesized as typicalMSR-active material scaffolds by Cao
in 2004 and Zeng’s groups in 2006.12,13 In recent years, many
TPE/TPBD types of MSR materials have been studied well
using the “plus strategy”. However, it demanded tedious
synthetic routes with the disadvantage of high cost.14,15 These
drawbacks of traditional MSR materials drive chemists to
develop much more practically obtainable MSR materials by
narrowing down the original system of TPE or TPBD. It was
defined as the “minus strategy”. To the best of our knowledge,
there are few studies using a minus strategy to develop newMSR
materials.13 Therefore, it is significant but challenging to make
this strategy work.
Herein, we proposed a new strategy to construct a new kind of

MSR material by removing one of the benzene rings at the 1-
position of a tetraphenyl-1,3-butadiene derivative (TPB-1).16 As

shown in Scheme 1, a new series of fluorophores (L1−L4) were
designed and synthesized via two synthetic steps (Scheme S1).
The structures of the products obtained were fully confirmed by
1H NMR, 13C NMR, and HR-MS (Figures S1−S15). The
relevant experimental section is shown in the Supporting
Information. Impressively, L1 and L4 exhibited MSR properties
including aggregation-induced emission (AIE) effect, reversible
mechanofluochromic (MFC) behavior, and acidochromic
properties. Moreover, two types of single crystals of L1 were
obtained in the toluene solvent at different temperatures. The
different emission color of both the crystals was induced from
different conformations and molecular packing modes eluci-
dated clearly by analyzing the crystal data of L1. All this work
provided a new idea for designing new MSR materials.

■ RESULTS AND DISCUSSION

The UV−vis absorption and fluorescence emission spectra of
L1−L4 in dichloromethane (DCM) are displayed in Figure S16
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and Table S1. Compounds L1−L4 had two absorption bands.
The absorption band situated at 325−375 nm could be ascribed

to the localized π−π* transition. The other absorption band at
the longer wavelength around 400−500 nm could be attributed

Scheme 1. Molecular Structures of 4-(2-oxo-4-Phenyl-2,5-dihydrofuran-3-yl) Benzonitrile (OPBD) and L1−L4

Figure 1. Emission spectra of L1 (a) and L4 (b) in different solvents; (c) calculation of the spatial distribution of HOMO and LUMO for L1 and L4.
Inset: Fluorescence images of L1 and L4 in different solvents under UV light (excited wavelength: 365 nm, 5 × 10−5 M).
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to the absorption of the conjugated structure that had arisen
from the ICT.17 Among them, L1 and L4 had longer emission

wavelengths. It indicated that introducing benzaldehyde with a
stronger electron-donating group (piperidinyl) or a large site-

Figure 2. Emission spectra of L1 (a) and L4 (b) in DMSO-water of different compositions. (c) Two dimers of L1 and intermolecular action. Inset:
fluorescence images of L1 and L4 in DMSO with different water fractions under UV light (excited wavelength: 365 nm, 1 × 10−4 M).

Figure 3. (a) Photographs of L1 in different states under UV light. (b) Normalized solid-state emission spectra of L1 in different states. (c) PXRD
patterns of L1. (d) Photographs of L1 in the writing/erasing cycle (excited wavelength: 365 nm).
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resistant group (diphenylamino) at the ortho-position into the
OPBD unit could result in redshift of the emission maxima.18,19

The absorption spectra of the four compounds in various
solvents are given in Figure S17. Next, we found that L1−L4
have various maximum emission wavelengths (λem) in different
solvents, which may be caused by the different degrees of ICT
effect (Figures 1a,b, S17e,f).20,21 Additionally, the different
photoluminescence quantum yields of L1 and L4 in different
solvents were measured (Table S2). Furthermore, the
fluorescence intensity of L1 and L4 in different solvents
decreased significantly as the polarity of solvent increased, which
may be caused by the positive solvatokinetic effect.22 To further
understand the ICT effect of compounds, density functional
theory calculations on electron cloud distribution and energy
levels of L1 and L4 were done by using the B3LYP/6-31G (d)
level of the theory embedded in the Gaussian 09 program. The
computational data for highest occupied molecular orbital−
lowest unoccupied molecular orbital (HOMO−LUMO) and
energy gap are shown in Figure 1c. This result demonstrated that
there was an increase in the energy gap and thus the
bathochromic shift in the absorption wavelength, which agreed
with the experimental spectra.23−25

The AIE phenomenon of L1 and L4 were demonstrated in a
dimethyl sulfoxide (DMSO)/water mixture. As shown in Figure
2a, the emission intensity of L1 was weak when it was in a
solution state. As f w was higher than 40%, it started to exhibit
stronger emission intensity due to the formation of its
aggregation. L4 showed similar AIE behavior (Figure 2b). In
contrast, when f w was higher than 70%, the emission intensity
gradually decreased. We hypothesized that the molecules might
start agglomerating to form amorphous aggregates, which was
harmful to the fluorescence emission.26 On the contrary, L2 and
L3 did not show an obvious AIE phenomenon as demonstrated
in Figure S18. In addition, the photophysical properties of L1
and L4 were further investigated by femtosecond transient
absorption (fs-TA) spectroscopy (Figure S19). According to the
abovementioned TA results, L1 and L4 both showed fast and
easy excited-state molecular motion, which suggested that
nonradiative decay was predominant in the photophysical
process of L1 and L4. It might benefit their AIE phenomen-
on.27−29 Further analysis of the single-crystal structure of the
compounds helped to explain the mechanism of AIE. As shown
in Figure 2c, the molecules of L1 were held together with
hydrogen bonding and packed loosely without obvious π−π
intramolecular interactions, which was beneficial for bright solid
emission.
The fluorescence properties of L1-L4 in the solid-state and

the photographs of the solid powder under normal light and UV
lamp were investigated (Figure S20). L1 and L4 showed MFC
properties in response to external stimuli (Figures 3a,b, S21).
Their solid emission spectra data were listed in Table S3. The
λem of ground powder shifted to 628 nm. Following this, the
ground sample could be reversed to its initial state by immersing
with acetone. Meanwhile, heating the ground powder at 80 °C
for 10 min could change its color from orange-red to yellow with
a λem at 586 nm. This process could be repeated several times
without fatigue. L4 showed a similar mechanochromic behavior,
but it could be restored to pristine condition (Figures S22 and
S23).
PXRD patterns analysis was applied to get a deep insight into

their mechanisms of mechanofluorochromism. The phase purity
of the two compounds was confirmed by powder X-ray
diffraction (PXRD). The peak positions of L1 and L4 between

the experimental PXRD pattern and two simulated patterns are
coincident with some differences existing in some peaks’
intensities and widths (Figures S24 and S25).30 As shown in
Figure 3c, the pristine powder of L1 showed intense and evident
diffraction peaks indicating that it was a crystalline structure.
The intensity of most diffraction peaks was greatly reduced or
disappeared after grinding. It indicated that the ordered
crystalline structure was destroyed into an amorphous state.
When the ground powder was thermally treated or immersed
with acetone, sharp diffraction peaks emerged again. As a result,
it could be inferred that the mechanofluorochromism observed
in L1 is related to the change of morphology from crystalline to
amorphous. Interestingly, the immersed sample showed a
sharper peak than the thermally treated one. It implied that
solvent immersion has a stronger effect on the crystallization of
L1 than thermal treatment. This also explained why the red
amorphous powder cannot be completely restored to yellow
crystals by heating.31,32 The mechanism of mechanofluor-
ochromism of L4was similar to L1 by comparing the XRD curve
results of both (Figure S21c). We further explored the reasons
for their MFC behavior by analyzing the single-crystal structures
of L1. Each molecule in L1 is characterized by intermolecular
C−H···π interactions (d = 2.776 Å, d = 4.984 Å, Figures S26 and
S27) and C−H···O (d = 2.761 Å, d = 4.714 Å Figures S26 and
S27) interactions by which they are held together. These weak
intermolecular C−H···π interactions and C−H···O interactions
resulted in a well-organized and loose pattern in L1, which could
be easily disrupted by mechanical stimuli and lead to emission
redshifts.33

The thermal stabilities of L1 and L4 were investigated by
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). As depicted in Figure S28 and Table S4, L1
and L4 are thermally stable in different states. The transition
from a crystalline to an amorphous state upon grinding was
further confirmed by DSC experiments. The DSC curves of L1
(Figure S28) revealed that the melting point of L1 was about
212 °C. The pristine sample of L1 showed an endothermic
transition peak at 205 °C, corresponding to the phase transition
as opposed to cold crystallization. For the ground sample, the
endothermic transition peak disappeared and showed new
exothermal recrystallization peaks at 356.84 °C. After the
ground samples were immersed in acetone, the endothermic
transition peak at 205 °C reappeared without losing the
exothermic recrystallization peak. However, the exothermic
recrystallization peak disappears after heating of the ground L1
sample, the DSC curve recovered similar to the pristine curve
while the endothermic transition peak at 205 °C did not recover.
It verified once more that solvent-induced recrystallization is
better compared with heating.34−36 The DSC curves of L4
revealed that the pristine sample of L4 showed an endothermic
transition peak at 231.6 °C (Figure S28). For the ground sample,
the endothermic transition peak moved to 230.5 °C. The
endothermic transition peak recovered when the ground L1
sample was heated or immersed in acetone.37,38

Based on their mechanochromic properties, we explored a
practical application of L1 in a rewritable paper. As shown in
Figure 3d, the pristine powder of L1 was applied on a piece of
weighing paper. After the letters “DCM” were written on the
paper using acetone as an ink. Then, the fluorescent letters could
be erased by vaporing with dichloromethane (DCM) for a few
seconds. Then the letters “DCM” could be written with a stick
and be wiped off by swabbing or heatingmeasures (Figure 3d).39
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Interestingly, two types of single crystals of L1 were obtained
in the toluene solvent. One was yellow, the other was red (Figure
4a,b). Two detailed single-crystal analyses of L1were performed
(Figure S29, Tables S5, and S6). At the single molecular level in
the respective crystal, similar conformations were adopted. The
four key dihedral angles are 38.58, 55.56, 11.89, and 70.57° in
the yellow crystal, while they are 28.84, 62.74, 17.20, and 63.14°
in the red crystal. The largest differences in the dihedral angles
were less than 10°. Such differences indicated that the molecules
in the red crystal adopted a more planar structure for three rings
than the molecules in the yellow crystal. The single-molecule
conformations for both crystals were not much different. As
shown in Figure 4c, in the yellow crystal, the lactone ring was in
close contact with the phenyl ring on the lactone ring of another
molecule nearby. In contrast, in the red crystal, the lactone ring
was in short contact with the piperidine ring of another molecule
nearby. The p-cyanobenzene ring was surrounded by the phenyl
ring on the lactone and the piperidine of a nearby molecule, as
well as the phenyl ring with piperidine from another nearby
molecule in the yellow crystal while it was in short contact with
the phenyl ring with piperidine and the p-cyanobenzene ring of
two nearby molecules. The slightly different conformations in
the single-molecule structure and totally different molecular
packing contributed to the different colors of both crystals.
As these molecules had basic groups, they may be acid-

sensitive in solution or solid state.36 Taking L1 as an example,
when the concentrations of trifluoroacetic acid (TFA) increased,
the absorption band of L1 around 425 nm in MeOH declined
gradually, and a new absorption band at 350 nm appeared
(Figure S30). Meanwhile, a blue shift was observed in the

emission spectrum (Figure 5a). When the concentration of TFA
increased from 0.67 to 21.32 mM, the fluorescence intensity at
688 nm decayed, and a new peak with maximum intensity at 480
nm formed. The fluorescence intensity was related to the TFA
concentration over a certain range of TFA concentrations
(Figure 5b). This phenomenon can be explained by the
protonation of the piperidinyl group and the formation of salt.
However, this salt was not stable, so the fluorescence change of
L1 gradually reversed as time passes. To make the process
straightforward, under the UV light, an orange circle was drawn
on paper by a drop of DCM containing L1. Subsequently, the
orange circle was made blue within a few seconds by fuming with
TFA vapor. Around 6 h later after stopping the fuming process,
the blue circle recovered to orange (Figure 5c,d). The
acidochromic property of L1 inspired us to develop this
compound as security inks. As depicted in Figure 5e, under
normal light the letters “FIM” written with DCM solution of L1
(10 mM) could disappear after fuming with TFA for a few
seconds. After that, the letters could be revisualized by fuming
with ammonia or without any treatment in air after 20 min.
Moreover, the revisualized letters disappeared again by fuming
with TFA (Figure 5e).40

■ CONCLUSIONS

In summary, inspired by the structure of TPB-1, we developed a
“minus” strategy to design a new backbone of MSR materials, in
which four compounds L1−L4 were synthesized. Among them,
L1 and L4 showed good AIE properties. In the solid state, their
maximum emission generated redshift by grinding and could be

Figure 4. (a) Yellow single-crystal structure of L1. (b) Red single-crystal structure of L1. (c) Two different colors of crystal-packing diagram of L1.
Inset: photographs of two different colors crystal of L1 under normal light.
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recovered by solvent immersion or heating. PXRD curves
revealed that the mechanochromic luminescent behavior was
ascribed to the transformation from crystal form to an
amorphous powder. In addition, L1 showed the polymorph-
dependent property and acidochromic property. This research
provided a valuable reference for the design and development of
new MSR materials.
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different time points. (d) Color change process of L1 filter paper (5× 10−4M) under TFA (13.33M) with different time points. (e) Reversible color of
L1 switching by TFA (13.33 M) and NH3 (14.79 M) exposure under normal light. Inset: images were taken under UV light.
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