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ining tetraphenylethene
derivatives with different aggregation-induced
emission (AIE) and mechanofluorochromic
characteristics†

Ya Yin, Zhao Chen, * Yue Yang, Gang Liu, Congbin Fan and Shouzhi Pu*

Four thiophene-containing tetraphenylethene derivatives were successfully synthesized and characterized.

All these highly fluorescent compounds showed typical aggregation-induced emission (AIE) characteristics

and emitted different fluorescence colors including blue-green, green, yellow and orange in the

aggregation state. In addition, these luminogens also exhibited various mechanofluorochromic

phenomena.
High-efficiency organic uorescent materials have attracted wide-
spread attention due to their potential applications in organic
light-emitting devices and uorescent switches.1–8 Meanwhile,
smart materials sensitive to environmental stimuli have also
aroused substantial interest. Mechanochromic luminescent
materials exhibiting color changes under the action of mechanical
force (such as rubbing or grinding) are one important type of
stimuli-responsive smart materials, which can be used as pressure
sensors and rewritable media.9–18 Bright solid-state emission and
high contrast before and aer grinding are very signicant for the
high efficient application of mechanochromic uorescence mate-
rials.19–28 However, a majority of traditional emissive materials
usually exhibit poor emission efficiency in the solid state due to the
notorious phenomenon of aggregation caused quenching (ACQ),
and the best way to solve the problem is to develop a class of novel
luminescent materials oppositing to the luminophoric materials
with ACQ effect. Fortunately, an unusual aggregation-induced
emission (AIE) phenomenon was discovered by Tang et al. in
2001.29 Indeed, the light emission of an AIE-active compound can
be enhanced by aggregate formation.30–32 Obviously, it is possible
that AIE-active mechanochromic uorescent compounds can be
applied to the preparation of high-efficiency mechano-
uorochromic materials. Numerous luminescent materials
exhibiting mechanochromic uorescent behavior have been
discovered up to now.33 Whereas, examples of uorescent mole-
cules simultaneously possessing AIE and mechanouorochromic
behaviors are still limited, and the exploitation of more AIE-active
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mechanouorochromic luminogens is necessary. Organic solid
emitters with twisted molecular conformation can effectively
prevent the formation of ACQ effect, thus exhibiting strong solid-
state luminescence. Tetraphenylethene is a highly twisted uo-
rophore. Meanwhile, it is also a typical AIE unit, which can be used
to construct high emissive stimuli-responsive functional
materials.34–37

The design and synthesis of novel organic emitters with
tunable emission color has become a promising research topic
at present. Only a limited number of organic uorescent
materials with full-color emission have been reported to
date.38,39 For example, in 2018, Tang et al. reported six
tetraphenylpyrazine-based compounds. Interestingly, in lm
states, these luminogens exhibited different uorescence colors
covering the entire visible range, and this is the rst example of
realizing full-color emission based on the tetraphenylpyrazine
unit.40 It is still an urgent challenge to develop novel organic
luminophors with tunable emission color basing on the same
core structure.

In this study, four organic uorophores containing tetra-
phenylethene unit were successfully synthesized (Scheme 1).
Introducing the thiophene and carbonyl units into the mole-
cules possibly promoted the formation of weak intermolecular
interactions such as C–H/S or C–H/O interaction, which was
advantageous to the exploitation of interesting stimuli-
responsive uorescent materials. Indeed, all these compounds
showed obvious AIE characteristics. Furthermore, these lumi-
nogens emitted a series of different uorescent colors involving
blue-green, green, yellow and orange in the aggregation state. In
addition, these luminogens also exhibited reversible mecha-
nouorochromic phenomena involving different uorescent
color changes.

To investigate the aggregation-induced properties of
compounds 1–4, the UV-vis absorption spectra of 1, 2, 3 and 4
This journal is © The Royal Society of Chemistry 2019
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Scheme 1 The molecular structures of compounds 1–4.
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(20 mM) in DMF–H2O mixtures of varying proportions were
studied initially (Fig. S1†). Obviously, level-off tails were obvi-
ously observed in the long-wavelength region as the water
content increased. This interesting phenomenon is generally
associated with the formation of nano-aggregates.41 Next, the
photoluminescence (PL) spectra of 1–4 in DMF–H2O mixtures
with various water fraction (fw) values were explored. As shown
in Fig. 1, almost no PL signals were noticed when a diluted DMF
solution of luminogen 1 was excited at 365 nm, and thus almost
no uorescence could be observed upon UV illumination at
365 nm, and the corresponding absolute uorescence quantum
yield (F) was as low as 0.04%. However, when the water content
was increased to 50%, a new blue-green emission band with
Fig. 1 (a) Fluorescence spectra of the dilute solutions of compound 1
(2.0 � 10�5 mol L�1) in DMF–water mixtures with different water
contents (0–90%). Excitation wavelength ¼ 365 nm. (b) Fluorescence
images of 1 (2.0 � 10�5 mol L�1) in DMF–water mixtures with different
fw values under 365 nm UV light.

This journal is © The Royal Society of Chemistry 2019
a lmax at 501 nm was observed, and a faint blue-green uores-
cence was noticed under 365 nm UV light. As the water content
was further increased to 90%, a strong blue-green emission (F
¼ 30.81%) could be observed. Furthermore, as shown in
Fig. S2,† the nano-aggregates (fw ¼ 90%) obtained were
conrmed by dynamic light scattering (DLS). Therefore, the
compound 1 with bright blue-green emission caused by aggre-
gate formation showed typical AIE feature.

Similarly, as can be seen in Fig. 2–4, compounds 2–4 also
showed obvious aggregation-induced green emission,
aggregation-induced yellow emission, and aggregation-induced
orange emission, respectively. When the water content was zero,
the quantum yields of compounds 2–4 were 0.04%, 0.05% and
0.46%, respectively, while as the water content increased to
90%, the corresponding quantum yields of compounds 2–4 also
increased to 30.67%, 45.57% and 26.53%, respectively. Hence,
luminogens 2–4 were also AIE-active species. In addition, as
shown in Fig. 5, the DFT calculations for the compounds 1–4
were performed. The calculated energy gaps (DE) of four
compounds were 3.6178416 eV (compound 1), 3.276084 eV
(compound 2), 3.3073755 eV (compound 3) and 3.0766347 eV
(compound 4) respectively. Therefore, the various numbers and
the various kinds of the substituents had slight effects on their
molecular orbital energy levels of 1–4.

Subsequently, the mechanochromic uorescent behaviors of
compounds 1–4 were surveyed by solid-state PL spectroscopy.
As shown in Fig. 6, the as-synthesized powder sample 1
exhibited an emission band with a lmax at 444 nm, corre-
sponding to a blue uorescence under 365 nm UV light.
Intriguingly, a new blue-green light-emitting band with a lmax at
507 nm was observed aer the pristine solid sample was
ground. Aer fuming with dichloromethane solvent vapor for
1 min, the blue-green uorescence was converted back to the
Fig. 2 (a) Fluorescence spectra of the dilute solutions of compound 2
(2.0 � 10�5 mol L�1) in DMF–water mixtures with different water
contents (0–90%). Excitation wavelength ¼ 365 nm. (b) Fluorescence
images of 2 (2.0 � 10�5 mol L�1) in DMF–water mixtures with different
fw values under 365 nm UV light.
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Fig. 3 (a) Fluorescence spectra of the dilute solutions of compound 3
(2.0 � 10�5 mol L�1) in DMF–water mixtures with different water
contents (0–90%). Excitation wavelength ¼ 365 nm. (b) Fluorescence
images of 3 (2.0 � 10�5 mol L�1) in DMF–water mixtures with different
fw values under 365 nm UV light.

Fig. 5 (a) HOMO and LUMO frontier molecular orbitals of molecule 1
based on DFT (B3LYP/6-31G*) calculation. (b) HOMO and LUMO
frontier molecular orbitals of molecule 2 based on DFT (B3LYP/6-
31G*) calculation. (c) HOMO and LUMO frontier molecular orbitals of
molecule 3 based on DFT (B3LYP/6-31G*) calculation. (d) HOMO and
LUMO frontier molecular orbitals of molecule 4 based on DFT (B3LYP/
6-31G*) calculation.
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original blue uorescence. Therefore, luminogen 1 exhibited
reversible mechanochromic uorescence feature. Furthermore,
this reversible mechanouorochromic conversion was repeated
many times by grinding-exposure without showing signs of
fatigue (Fig. 10).

Similarly, as evident from Fig. 7–9, luminogens 2–4 also
exhibited obvious mechanouorochromic characteristics.
Moreover, the repeatabilities of their mechanochromic behav-
iors were also satisfactory (Fig. S3†). Hence, all the compounds
1–4 showed reversible mechanouorochromic phenomena
Fig. 4 (a) Fluorescence spectra of the dilute solutions of compound 4
(2.0 � 10�5 mol L�1) in DMF–water mixtures with different water
contents (0–90%). Excitation wavelength ¼ 365 nm. (b) Fluorescence
images of 4 (2.0 � 10�5 mol L�1) in DMF–water mixtures with different
fw values under 365 nm UV light.

24340 | RSC Adv., 2019, 9, 24338–24343
involving different uorescent color changes, and the various
numbers of the substituents could effectively inuence the
mechanouorochromic behaviors of 1–4. Obviously, luminogen
3 or 4 aer grinding exhibited more red-shied uorescence in
comparison with that of the corresponding luminogen 1 or 2
aer grinding.

In order to further explore the possible mechanism of
mechanouorochromism of 1–4, the powder X-ray diffraction
(PXRD) measurements of various solid states of 1–4were carried
out. As depicted in Fig. 11, the pristine solid powder 1 showed
many clear and intense reection peaks, suggesting its crystal-
line phase. However, aer the pristine powder sample was
ground, the sharp and intense diffraction peaks vanished,
Fig. 6 (a) Solid-state PL spectra of compound 1 before grinding, after
grinding, and after treatment with dichloromethane solvent vapor.
Excitation wavelength: 365 nm. Photographic images of compound 1
under 365 nm UV light: (b) the as-synthesized powder sample. (c) The
ground sample. (d) The sample after treatment with dichloromethane
solvent vapor.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 (a) Solid-state PL spectra of compound 2 before grinding, after
grinding, and after treatment with dichloromethane solvent vapor.
Excitation wavelength: 365 nm. Photographic images of compound 2
under 365 nm UV light: (b) the as-synthesized powder sample. (c) The
ground sample. (d) The sample after treatment with dichloromethane
solvent vapor.

Fig. 8 (a) Solid-state PL spectra of compound 3 before grinding, after
grinding, and after treatment with dichloromethane solvent vapor.
Excitation wavelength: 365 nm. Photographic images of compound 3
under 365 nm UV light: (b) the as-synthesized powder sample. (c) The
ground sample. (d) The sample after treatment with dichloromethane
solvent vapor.

Fig. 10 Repetitive experiment of mechanochromic behavior for
compound 1.
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which indicated the crystalline form was converted to the
amorphous form. Interestingly, when the ground solid sample
was fumigated with dichloromethane solvent vapor for 1 min,
the corresponding sample powder exhibited the PXRD pattern
of the initial crystalline form. Meanwhile, the structural trans-
formations of the solid samples of 2–4 were similar to that of 1
Fig. 9 (a) Solid-state PL spectra of compound 4 before grinding, after
grinding, and after treatment with dichloromethane solvent vapor.
Excitation wavelength: 365 nm. Photographic images of compound 4
under 365 nm UV light: (b) the as-synthesized powder sample. (c) The
ground sample. (d) The sample after treatment with dichloromethane
solvent vapor.

This journal is © The Royal Society of Chemistry 2019
(Fig. S4–S6†). Obviously, the morphological changes of solid
samples of 1–4 from crystalline state to amorphous state and
vice versa could be attributed to the reversible mechanical
switching in compounds 1–4, and the mechanouorochromic
phenomena observed in 1–4 were related to the morphological
transition involving the ordered crystalline phase and the
disordered amorphous phase.

Fortunately, single crystals of compounds 1 and 2 were ob-
tained by slow diffusion of n-hexane into a trichloromethane
solution containing small amounts of 1 or 2. As shown in Fig. 12
and 13, the molecular structures of 1 and 2 exhibited a twisted
conformation due to the existence of tetraphenylethene unit.
Meanwhile, some weak intermolecular interactions, such as C–
H/p interaction (d ¼ 2.866 Å) for 1, p/p interaction (d ¼
3.371 Å) for 1, C–H/S interaction (d ¼ 2.977 Å) for 2, and p/p

interaction (d ¼ 3.189 Å) for 2, were observed. These weak
intermolecular interactions gave rise to a loose packing motif of
1 or 2, which indicated their ordered crystal packings might
readily collapse upon exposure to external mechanical stimulus.
Therefore, their solid-state uorescence could be adjusted by
mechanical force.

In summary, four uorescent molecules containing thio-
phene and tetraphenylethene units were successfully designed
and synthesized in this study. All these compounds showed
obvious AIE characteristics. Furthermore, these luminogens
Fig. 11 XRD patterns of compound 1: unground, ground and after
treatment with dichloromethane solvent vapor.

RSC Adv., 2019, 9, 24338–24343 | 24341
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Fig. 12 The structural organization of compound 1.

Fig. 13 The structural organization of compound 2.
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emitted various uorescence colors involving blue-green, green,
yellow and orange in the aggregation state. Meanwhile, these
luminogens basing on the same core structure also exhibited
reversible mechanouorochromic phenomena involving
different uorescent color changes. The results of this study will
be benecial for the exploitation of novel luminophors with full-
color emission.
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