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Aggregation-induced emission (AIE) active photochromic molecules have attracted growing attention for
their versatile applications. Here we designed and synthesized five newly unsymmetrical photochromic
diarylethene (DAE) dyads (BTE1–5) by connecting tetraphenylethene (TPE) and aromatic substituent via
bithienylethene (BTE) bridge. The chemical structures of those compounds [21_TD$DIFF]were identified by 1HNMR,13C
NMRandHRMS.Theabsorptionandemissionof thesedyadswere investigatedbyUV–visandfluorescence
spectroscopy, respectively. The results showed that all those compounds exhibited typically AIE or
aggregation-induced emission enhancement (AIEE) characteristic. Particularly, when an aggregation-
caused quenching (ACQ) fluorophore (triphenylamine) was grafted to the molecule, connecting with TPE
via BTE-bridge, the ACQ phenomenon was dissipated and converted to an AIE luminophore, and those
compounds exhibited photochromismupon irradiationwith alternativeUV and visible light. The solution
or solid of those compounds showed distinctly fluorescence switching “ON” or “OFF” observation upon
irradiationwithalternativeUVandvisible light. It is interestingthatBTE1couldbeapplied inrecordingand
rewritable information storage, and the cyclization quantum yields could be affected by substituent
significantly.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Diarylethene (DAE), a family of classic P-type photochromic
molecules, can be reversibly transformed between closed-ring and
open-ring forms by photo irradiation, accompanying with
significantly changes of polarizability, color, conformation, and
spectroscopic property [1,2]. These compounds have been
extensively applied in functional materials for their excellent
stability and fatigue resistance. Particularly, the elaboration of
molecular systems combining DAEs and fluorescence properties
constituted a promising research field for their potential in sensor
[3], information storage [4], anti-counterfeiting [5], cell image [6]
and super-resolution imaging [7–11] for their high sensitivity,
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resolution, contrast, and fast response times of the fluorescence
especially the remarkable fatigue resistance.

However, normal fluorophores suffer from aggregation-caused
quenching (ACQ) phenomenon which is caused by the strong
intermolecular p-p interaction or hydrogen bonding between
neighboring fluorophores in aggregation state generally [ [22_TD$DIFF]12–14].
Their fluorescences are debased or quenched in the aggregation
state, limiting their applications greatly. Fortunately, a novel class
of fluorophores with aggregation-induced emission (AIE) charac-
teristic, opposite to ACQ phenomenon, has been discovered,
providing a new direction to design organic fluorescent materials
with more practical promising applications [15]. Attracted by the
fascinating phenomenon and promising applications, many
research groups have enthusiastically engaged in AIE studies
[6,16–24].

Despite several DAE derivatives with AIE property have been
reported, there is still room for improvement and there is a need
for research that will enable understanding for the rational design
of DAE with promising photochromic behavior and AIE property,
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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particularly those derivatives could be easily synthesized and
derived [13,25–28].

Recently, tetraphenylethene (TPE) has attracted increasing
attention for its excellent thermal property, high fluorescence
quantum yield and excellent AIE property [29,30]. In our previous
work, we designed unilateral and bilateral TPE substituted BTE
derivatives [ [23_TD$DIFF]31]. Those compounds exhibited both AIE and
photochromic properties on the same time. With our continuous
interest in designing various AIE-active photochromic materials,
we proposed that further grafted other building block on the other
side of unilateral TPE substituted bithienylethene (BTE0) would
offer a strategy to design new AIE-active photochromic system.
Herein, we report the synthesis and characterization, as well as the
photophysical and photochromic properties of unsymmetrical
photochromic BTE-bridge derivatives (Fig. 1). The present work
provides important insights and guiding principles into the
molecular design of unsymmetrical photochromic bithienylethene
systems with excellent AIE properties.

Photochromic properties of those compounds were investigat-
ed by UV–vis spectroscopy. All the compounds demonstrated good
solubility in typical organic solvents such as THF, acetonitrile,
CH2Cl2, and ethyl acetate, but they were hardly soluble in water.
BTE1–5 all exhibited quite similar absorption spectra in THF
solutions as shown in Fig. [24_TD$DIFF] 2a and Fig. S16 (Supporting information).
They all aroused a sharp absorption peak at 330–350 nm [25_TD$DIFF]which
may attribute to the absorption of TPE segments. Another peak at
280–300 nm [26_TD$DIFF]of those dyads except BTE5 should belong to the
absorption of bithienylethene section [30]. Indeed, BTE5 exhibited
a small absorbance peak around 290 nm. [27_TD$DIFF]However the peak around
290 nm was merged with the peak at 338 nm due to the weak
[(Fig._2)TD$FIG]

Fig. 2. (a) UV–vis spectra changes of BTE1 in THF solutions upon irradiation with
365 nm light depending on different time. Insert: Changes of the photograph of
BTE1 in solution upon alternating UV and visible light irradiation. (b) UV–vis
spectra of open and closed ring form of BTE1–5 in THF. Concentration: 10�4 mol/L.

[(Fig._1)TD$FIG]

Fig. 1. Chemical structures of the BTE compounds.
absorbance of the prior peak. Upon irradiation of 365 nm light, the
THF solutions of the open forms of those photochromic bithieny-
lethene derivatives (BTE1–5) were found to exhibit color change
from colorless or pale yellow solutions to purple, amaranthine,
bluish or mint green. And all the peaks of those dyads at 330–
350 nm and 280–300 nm regions were gradually decreased in
absorbance, except the peak at 300 nmof BTE4was increased and a
newabsorptionpeak at 554, 540, 542, 572and686 nm, respectively,
were arousedupon irradiation of 365 nm light (Fig.[28_TD$DIFF] 2a and Fig. S16).
In addition, a clear isosbestic point were observed at 374, 368, 369,
379, 396 nm, respectively. These phenomena jointly indicated the
occurrenceof photocyclization reactionand formationof the closed
forms [2]. Then irradiation those solutions with visible light, the
color gradually faded and the absorption spectra recovered to
original state gradually.

As shown in Fig. 2b, BTE with different substituent shown
different photochromic absorbance peaks in THF solution. The
open form of those dyads exhibited similar absorption spectra,
except BTE5 extended to visible region. However, the closed form
dyads shown significant different spectra. Except BTE1, the
maximum absorption peaks were [29_TD$DIFF]red-shifted with the decreased
of electron-donating ability or the increased of electron-with-
drawing ability of the substituent. For those dyads in open ring
form, p-conjugation was localized in each thiophene ring and
correspondingly substituents, and the spectra were similar to a
substituted thiophene. But when converted to closed ring form by
UV light irradiation, the p-conjugation delocalizes throughout the
whole molecule. The modification of the substituent on the side of
BTE bridges could impact the conjugation system significantly.
Thereby, the maximum absorption wavelength of the closed ring
form ofBTE2-5were shifted follow the electron-donating ability or
the increased of electron-withdrawing property. However, BTE1,
with triphenylamine as substitute, was [29_TD$DIFF]red-shifted compared to
BTE2 and BTE3, which was substituted by metoxybenzene and
phenyl, respectively. Although, the electron-donating ability of
triphenylamine substitute is larger than metoxybenzene and
phenyl, the triphenylamine building block extend the conjugation
configuration, and this may induce the [29_TD$DIFF]red-shift of the absorption
peak compared to BTE2 and BTE3. Besides, the cyclization
quantum yields of BTE1-5 were determined to be 0.21, 0.02,
0.04, 0.44, 0.31, respectively [32,33]. The quantum yields could be
affected by the electron-withdrawing ability of side substituent
greatly. A appropriate electron-withdrawing substituent is the key
to obtain high cyclization quantum yields materials.

Fluorescent properties of those compounds were investigated
by fluorescent spectroscopy. BTE1–5 shown strong emissionwhen
excited by 300 nm light. And the emission peak [29_TD$DIFF]red-shifted along
with the increase of electron-withdrawing ability of substituent
group. Typically, emission peaks were [29_TD$DIFF]red-shifted from 449 nm to
562 nm when triphenylamine substituent was replaced by 2-
benzylidenemalononitrile. Emission spectra of all those com-
pounds in THF and THF/water solutions were recorded to
investigate their AIE or AIEE properties. The luminogens were
able to aggregate in the aqueous mixtures with high water
fractions (fw) due to their water insoluble character. Their
fluorescence (FL) spectra and the changes of FL intensity with
different fw were shown in Fig.[30_TD$DIFF] 3 and Fig. S17 (Supporting
information).

It is worth noting that BTE1 was obtained by decorating BTE
core with a typical AIE element (TPE) and a traditional ACQ
luminophore (triphenylamine). As shown in Fig. 3, the THF
solution of BTE1 was almost none emission, which means the
multiple phenyl rings on TPE moieties still could effectively
dissipating the excited-state energy via intramolecular rotations
even the two luminophores [31_TD$DIFF]were connected through a BTE bridge
when BTE1 was molecularly dissolved. With the water fraction



[(Fig._3)TD$FIG]

Fig. 3. (a) Fluorescence spectra of BTE1 in different H2O/THF (v/v) solutions; (b) the
dependence of the fluorescence emission intensity on the fw. Insert: Photographs of
dyads in different H2O/THF solutions under UV light (300 nm). lex = 300 nm.
Concentration: 10�4 mol/L.

[(Fig._4)TD$FIG]

Fig. 4. (a) Fluorescence spectra change of BTE1 in 90% H2O/THF solution. Insert:
Photographs of the solutions upon repeated alternating UV–vis irradiations under
365 nm UV light; (b) Fluorescence spectra change of BTE1 in solid state. Insert:
Photographs of the powder upon repeated alternating UV–vis irradiations under
365 nm UV light. lex = 300 nm. Concentration: 10�4 mol/L.

L. Ma et al. / Chinese Chemical Letters 31 (2020) 361–364 363
increased, the molecule aggregated gradually accompanied with
the fluorescence enhancement. And the fluorescence intensity
increased tomaximumvaluewith thewater fraction increased it to
90%. We believed this phenomenon was result from the propeller
shaped TPE moieties increased the structural bulk and non-
planarity of the whole molecule and hence prevented p�p
stacking interactions from forming in the aggregate state, and as a
result, the intermolecular steric effects block the non-radiative
decay channels resulting in the drastically fluorescence enhance-
ment. These results jointly indicated ACQ phores could be
converted to AIE luminophores by grafting AIE elements the
ACQ core via BTE-bridge, providing a new strategy to themolecular
design of photochromic bithienylethene systems with excellent
AIE property.

BTE2–4 also exhibited typically AIE properties like BTE1. As
shown in Fig. S17, only extremely weak signals were recorded in
fluorescence spectra for those three dyads in THF solutions.
Obvious fluorescence intensity change [32_TD$DIFF]could not be observed until
the fw up to 60% or 70%. The intensity gradually increased with the
fw enhanced to 80%. Further increased to 90%, the intensity sharply
boosted to maximum value. In addition, clearly fluorescence
change could be identified by naked eyes under 365 nm UV light.
As shown in the inset picture of Fig. S17, clear fluorescence
emission could be observed only when the fw over 50% or 60%. And
with the further increase of fw, the emission intensity was
enhanced rapidly. These phenomena were corresponding with
the fluorescence spectra. The phenyl rings of TPE segment in those
dyads in dilute THF or lowwater contents (fw� 50%) THF solutions
could undergo active intramolecular rotations and vibrations,
which serves as a relaxation channel for the excited states to non-
radiative decay to the ground state. And this induced the extremely
weak emission of those solutions. With the increased of fw, the
molecule aggregated gradually for theirwater insoluble characters.
And the intramolecular rotations were restricted due to the
involved physical constraint, which blocks the non-radiative
relaxation channel and opens the radiative decay pathway, which
may explain the fluorescence enhancement behavior [29].

Different to the other four dyads, BTE5 exhibited AIEE
characteristic. As described in Fig. S17, BTE5 emits an [33_TD$DIFF]orange
light at 577 nm in THF solution. With a small amount water was
added, the emission was [29_TD$DIFF]red-shift and catastrophically weakened
when a small amount of water (10%) was added into THF, owing to
the increase in solvent polarity and the transformation to twisted
intramolecular charge transfer (TICT) state which was often
observed in D-A system molecular [16]. The fluorescence keep
decreased and remain invisible with the fw increased. When the fw
increased to 60%, the fluorescence was revitalized, further
increased and [34_TD$DIFF]blue-shifted with the increased of fw. In the aqueous
mixtures with high water contents (fw � 60%), the fluorophore
clustered together to form microaggregates. The hydrophobic
environment and the restriction to intramolecular motions in the
aggregates lead to the observed blue shift in the emission color and
enhancement in the emission intensity.

In addition, the maximum emission wavelength of BTE1–4
were at 485, 489, 488 and 487 nm, respectively. The electron-
donating or normal electron-withdrawing substituent seems
impact slightly on the emission of TPE segment, which may result
from the weak conjugation of two thiophene segment. However,
when the substituent was replaced by a strong electron-
withdrawing building block, the dyad was converted to an AIEE
molecule which may undergo TICT mechanism. And the emission
was [29_TD$DIFF]red-shifted to 557 nm.

As shown in Fig. 2b, the closed form of BTE1–5 aroused a newly
broad absorption peak on the regions of 450–650, 425–650, 425–
650, 450–700, 500–900 nm, respectively. Meanwhile, the maxi-
mum emissionpeaks of those dyadswere at 485, 489, 488, 487 and
557 nm, respectively (Fig. [35_TD$DIFF]3 and Fig. S17), which were overlapped
with the absorption peaks pretty well. Therefore, the emission of
closed form dyads might be quenched for the energy transfer
channel from TPE segment to BTE section could be opened. As we
speculated, the emission of those dyads in 90% H2O/THF mixed
solutions were faded gradually when exposed to 365 nm UV light
(Fig.[36_TD$DIFF] 4 and Fig. S18 in Supporting information). And the emission
will revitalize and recover to the initial state up visible light
irradiation for the photo-induced cycloreversion reaction blocked
the energy transfer process by convert the accepter. Similar to
those solutions, BTE1–5 exhibited the similar fluorescence “ON”
and “OFF” process on solid state for the photo-induced cyclization
and cycloreversion reaction could also occur and block or unblock
the energy transfer process in solid state [27,34].

In order to further understand the AIE properties of BTE1, FE-
SEM images of their aggregates were studied. The optimized fw for
BTE1 in mixed THF/H2O solution are 90%. Therefore, during the
aggregation process, we investigated the influence of water
contents (fw = 30%, 60% and 90%) on aggregate formation with
BTE1. As shown in Fig. S19 (Supporting information), by increasing
the water content from 30% to 60% and 90%, the morphology of
BTE1 aggregates changed in size but remaining irregular nano-
particles in shape, indicating that the water fraction of mixed THF/
H2O solution had an effect on the morphology of BTE1 to some
extent. Maybe, the weeny aggregates were the key of the strong
emission of BTE1 in 90% THF/H2O solution.

Similar to the THF solution ofBTE1, the PMMA film loadingwith
BTE1 aroused a newly broad absorption peak at 560 nm upon the
irradiation of 365 nm light (Fig. S20a in Supporting inforamtion).
And a clear isosbestic point was observed on 368 nm. These
phenomena jointly indicated the photocyclization reaction and the
formation of the closed forms could also occur even in PMMA film.
The fluorescence of the film also could be quenched upon
irradiation of 365 nm light (Fig. S20b in Supporting inforamtion).
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Fig. 5. Recording and erasing on the PMMA film of BTE1 under UV (365 nm)
irradiation through photomask (Left: observed under visible light; Right: observed
under 300 nm light).
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Besides, the color of the film, the absorption spectra and the
emission peak recovered to original state gradually upon irradia-
tion of visible. Those characteristicsmake BTE1 could be applied in
the light controlled soft recording and rewritable printing since the
color and the fluorescence of those dyads could reversible
switched by light. As shown in Fig. 5, exposed the film to
365 nm UV light for 2min after covered with a photomask
containing a pattern of “p”, the letter was recorded on the film
whether observed under visible or 300 nmUV light. The film could
convert to their original blank-state by erasing the recorded image
upon irradiation with visible light for 13min and applied for the
next time of recording. Benefited from the excellent fatigue
resistance properties of BTE1, the recording and erasure cycle
could perform five times without contrast loss.

To conclude, a series of newly designed unsymmetrical BTE-
bridge TPE derivatives have been obtained successfully. All those
dyads exhibited characteristic photochromism and AIE or AIEE
behavior. The results indicated that melding ACQ and AIE units via
the BTE-bridge could convert the ACQ-phores to AIE luminophor.
The fluorescence of those dyads could be switched ON/OFF upon
alternatingUVandvisible light irradiationboth in solutionandsolid
state. The maximum emission wavelength of those dyads could be
tuned by different substituent. The PMMA film loading with BTE1
was applied in rewritable information storage successfully. Besides,
theelectron-withdrawingabilityof side substituent couldaffect the
cyclizationquantumyieldssignificantly.Aproperlysubstituent, like
aldehyde, could benefit the photoisomerization process. We
believed that this work could provide a deeper insight into the
rationaldesignofphotochromicmaterials forpotential applications
in the future. Further development of the AIE characteristic
photochromic with various structural modifications, investigation
of the structure–activity relationship aswell as the incorporationof
additional functional moieties to achieve multifunctional photo-
responsive materials are now in progress.
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