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ABSTRACT: Triphenylamine (TPA) and 4,4′-dimethoxy-
triphenylamine (TPAOMe) derivatives were successfully
linked with two high-performance AIEgens, triphenylethylene
(TPE) and benzo[b]thiophene-1,1-dioxide (BTO), to obtain
four aggregation-induced emission and electro-active materi-
als, TPETPA, BTOTPA, TPETPAOMe, and BTOTPAOMe.
The effects on photoluminescence characteristics and electro-
chromic (EC) and electrofluorochromic (EFC) behaviors in
cross-linking gel-type devices derived from the prepared
materials were systematically investigated. Furthermore,
heptyl viologen was introduced into the EFC devices to
enhance EC performance including lower working potential,
faster switching time, and superior stability.

KEYWORDS: AIE, electrochromism, triphenylamine, electrofluorochromism, triphenylethylene, benzo[b]thiophene-1,1-dioxide

■ INTRODUCTION

In 1961, Platt discovered electrochromic (EC) phenomenon
which refers to the reversible change in optical absorption
upon electrochemical reduction or oxidation.1 A few years
later, Deb published the first electrochromic device (ECD)
fabricated by using a WO3 thin film.2 To date, numerous EC
materials were reported and widely applied in our life, such as
adaptive camouflage,3,4 e-paper,5,6 smart windows,7 sunglasses,
energy storage devices, and so forth.8−10 However, the
electrochemical properties of fluorescent molecules and
devices were overlooked. Until 1993, Lehn et al. proposed a
new concept which combines electrochromism and fluores-
cence in one material called electrofluorochromic (EFC)
behavior.11 Afterward, Audebert and Kim et al. proposed the
first paradigm of the electrochemically driven fluorescent
device;12 the photoluminescence (PL) intensity of the device
could be changed by electrochemical switching. Nevertheless,
serious disadvantage existing in the fabricated device was the
result of low PL contrast ratio because of the aggregation-
caused quenching (ACQ) effect. To overcome the obstacle,
more adaptable materials were designed to fulfill requirements
for high-performance EFC devices, such as small organic
molecules, polymers, and inorganics.13−18 Recently, Tang
group reported another photophysical phenomenon called
aggregation-induced emission (AIE), which is the opposite
phenomenon of ACQ, to provide a new avenue and break
through the limitation of conventional chromophores. On the
basis of this conception, our group designed EFC materials by
utilizing AIE/aggregation-enhanced emission polymer contain-
ing redox-active triphenylamine (TPA) unit and demonstrated

excellent performance.19−23 In order to respond more
efficiently and flexibly according to different demands, we
therefore try to adopt the concept of utilizing small organic
molecules with the redox-active and AIE-active bifunctional
characteristics. Although TPA displays ACQ property, this
study reported that the molecules prepared with the
combination of ACQ moiety and AIEgen bring out AIE
behavior.24 In this work, two typical AIEgens were therefore
linked to TPA and 4,4′-dimethoxy-triphenylamine (TPAOMe)
to afford novel new AIE-active compounds which could be
applied as EFC materials. One of the AIEgens is triphenyl-
ethylene (TPE), a twist propeller-like structure, leading to the
restriction of intramolecular rotations in solid state. Splendid
AIE effects of TPE derivatives enable to be used in state-of-
the-art applications as chemical sensors and organic light-
emitting diodes.25,26 Another one is benzo[b]thiophene-1,1-
dioxide (BTO), a novel AIE core with a ring-fused heterocyclic
structure. Owing to its high aromaticity and rich π-electrons of
the thiophene moiety, BTO derivatives are also good
candidates for EFC materials.27,28 Besides, a novel manufactur-
ing technique was applied for fitting the EFC materials in this
study.

■ EXPERIMENTAL SECTION
Monomer Synthesis and Characterization. Four AIE- and

electro-active molecules, consisting of TPE or BTO core, were
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synthesized as shown in Scheme 1. BTO and TPE could be linked
with corresponding TPA-based boronic acid/ester via Suzuki
coupling to generate 1-[(4-diphenylamino)phenyl]-1,2,2-triphenyle-
thene (TPE-TPA), 1-[(4-(bis(4-methoxyphenyl)amino)phenyl)]-
1,2,2-triphenylethene (TPE-TPAOMe), 3-[(4-diphenylamino)-
phenyl]-benzo[b]thiophene-1,1-dioxide (BTO-TPA), and 3-[(4-(bis-
(4-methoxyphenyl)amino)phenyl]-benzo[b]thiophene-1,1-dioxide
(BTO-TPAOMe). The details of synthesis procedures and the related
NMR spectra are summarized in Supporting Information Schemes
S1−S11 and Figures S1−S6.

■ RESULTS AND DISCUSSION

Optical Properties. The optical properties of these
obtained luminogens are depicted in Figure 1a. The maximum
absorption (λabs) of TPE-TPAOMe in solution locates at 355
nm, which red-shifts by 10 nm compared to that of TPE-TPA
(λabs = 345 nm) because of the electron-donating methoxy
functional groups as auxochrome. Approximate results are also
observed in BTO-based luminogens. Besides, BTO-based
derivatives show maximum absorption peaks with longer

wavelength owing to strong intramolecular charge transfer
(ICT) between electron-rich (TPA) and electron-deficient
(BTO) moieties. Similar optical absorption phenomenon of
the materials takes place in solid state (Figures 1b, S7, and S8).

PL Properties. These four compounds are almost non-
fluorescent in dilute N-methyl-2-pyrrolidinone (NMP) sol-
utions. However, greatly enhanced PL emissions could be
observed in aggregated state. TPE-TPA shows a PL peak at
434 nm with a low fluorescence quantum yield of 1.1%,
indicating its weak emitting ability in solution state. Similarly,
TPE-TPAOMe, BTO-TPA, and BTO-TPAOMe all exhibit a
faint PL peak at 451, 581, and 635 nm with low fluorescence
quantum yields of 0.9, 4.0, and 0.2% in NMP solution,
respectively (Figure 1c). The fluorescence quantum yield of
the compounds could be immensely promoted to 98.3, 91.1,
25.3, and 47.9% in solid state, (Figure 1d). Further, PL
behaviors of the four luminogens in different degrees of
aggregated state were also investigated as shown in Figure 2.
Take TPE-TPAOMe as an example, the weak PL signal is

Scheme 1. Synthesis Routes of TPA-Based Luminogens with TPE and BTO AIEgens

Figure 1. Absorption spectra of four luminogens in (a) NMP solution and (b) solid state. PL spectra of four luminogens in (c) NMP solution and
(d) solid state. (Solution concentration: 10 μM.)
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recorded until the water fraction ( fw) reaches 70% and then
sharply increases in the PL intensity. From the NMP dilute
solution to the aggregated suspension in the 70% aqueous
mixture, maximum emission of the PL intensity increases up to
50-fold in the 99% aqueous mixture. Clearly, TPE-TPA, BTO-
TPA, and BTO-TPAOMe all behaved the similar phenomena;
especially for BTO-TPAOMe, markedly enhancement (211-

fold) could be obtained. In dilute solution, the rotation of
phenyl rings consumes the energy of the resulted excitons via
nonradiative relaxation channels, leading to very low emission.

Figure 2. PL spectra based on (a) TPE-TPA, (b) TPE-TPAOMe, (c) BTO-TPA, and (d) BTO-TPAOMe in different water/NMP fraction.
(Solution concentration: 10 μM.)

Figure 3. Calculated molecular orbitals of the model compounds
(DFT method at B3LYP/6-31G(d)).

Table 1. Optical Properties and Energy Levels of Luminogens

NMP solution solid powder state

sample λabs max[nm] λem max[nm]a ΦPL [%]
b λabs max[nm] λem max[nm]a ΦPL [%]

c αAIE
d HOMO/LUMO

TPE-TPA 345 434 1.1 364 462 98.3 89 −4.81/−1.21e (−5.28/−2.40)f

TPE-TPAOMe 355 451 0.9 372 478 91.1 101 −4.54/−1.12 (−5.06/−2.29)
BTO-TPA 380 581 4.0 412 531 25.3 6 −5.31/−2.00 (−5.43/−2.80)
BTO-TPAOMe 400 630 0.2 433 560 47.9 340 −5.00/−1.89 (−5.17/−2.78)

aBoth λem max of solution and solid states were excited at λabs max.
bThe quantum yield was measured by using quinine sulfate (dissolved in 1 N

H2SO4 with a concentration of 10 μM, assuming a PL quantum efficiency of 0.546) as a standard at 25 °C. cPL quantum yields of molecules were
determined using a calibrated integrating sphere. dαAIE = ΦPL(solid)/ΦPL(solution).

eEnergy level of luminogens calculated by the DFT method at
B3LYP/6-31G(d). fEnergy level in parentheses is estimated by the experimental data of CV and solid-state UV−vis absorption summarized in
Table S1.

Figure 4. Perspective view of the packing arrangements in the (a)
TPE-TPA, (b) TPE-TPAOMe, (c) BTO-TPA, and (d) BTO-
TPAOMe single crystals.
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While the restriction of intramolecular motion (RIM) arises in
the aggregated state, causing the molecules to emit intensely.
To comprehend the AIE characteristics in depth, the

electronic structures of these luminogens were theoretically
calculated by density functional theory (DFT) as shown in
Figure 3. The frontier orbitals of highest occupied molecular
orbitals (HOMOs) of TPE-TPA, TPE-TPAOMe, BTO-TPA,
and BTO-TPAOMe mainly locate at the electron-rich moiety,
TPA, whereas their lowest unoccupied molecular orbitals
(LUMOs) mostly center at TPE and BTO unit. Such a spatial
frontier orbital distribution reveals that all of the structures are
easy to experience intramolecular charge transfer (ICT)
process. In addition, different electronic cloud distributions
also appear in LUMO + 1. TPE-based luminogens reveal local
excited orbital, whereas BTO-based derivatives only display
charge-transfer orbital transition. This probably causes TPE-
based luminogens to exhibit higher PL intensity than BTO-
based derivatives. These optical properties and energy levels
have also been summarized in Tables 1 and S1 and Figure S9.
Furthermore, the data of geometric structures and packing
arrangements of these four luminogens in single crystalline

molecules have been summarized and illustrated in Tables S2−
S5 and Figure 4.
The C−H···π hydrogen bonds with distances of 2.766 Å

shown in Figure 4a could be confirmed between the protons of
TPA within one molecule of TPE-TPA and π-cloud of the
TPA unit in the neighboring molecule. TPE-TPAOMe also
exhibits the similar C−H···π interactions (Figure 4b). These
so-called C−H···π hydrogen bonds can effectively lock the

Figure 5. Repetitive CV diagrams of 1 mM (a) TPE-TPA in γ-butyrolactone solution, (b) TPE-TPAOMe, (c) BTO-TPA, and (d) BTO-
TPAOMe in propylene carbonate (PC) solution for 500 cycles at a scan rate of 50 mV/s, using platinum net as the working electrode and 0.1 M of
TBABF4 as the supporting electrolyte.

Figure 6. Concept of gel-type EFC devices based on AIE-active EFC
materials.

Figure 7. CV diagrams (scan rate: 50 mV/s) based on (a) TPE-
TPAOMe/HV and (b) BTO-TPAOMe/HV. Absorbance spectra
based on (c) TPE-TPAOMe/HV and (d) BTO-TPAOMe/HV. The
devices with a gap of 120 μm are prepared from an indium tin oxide
(ITO) glass with 2 cm × 2 cm active area.
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RIM to bring about strong emission in solid state. The regular
packing arrangements of BTO-TPA and BTO-TPAOMe
(Figure 4c,d) with larger π···π distances than 3.894 Å could
also be observed, indicating that these molecules without the
formation of π···π stacking should be the major reason to
enhance the capability to emit in solid state.
Device Fabrication and Properties. Before fabricating

the devices, repetitive cyclic voltammetry (CV) test is
indispensable for confirming the electrochemical stability of
the materials. As shown in Figure 5, TPE-TPAOMe and BTO-
TPAOMe demonstrate much higher electrochemical stability
than TPE-TPA and BTO-TPA after 500 CV scanning cycles,
indicating that the electron-donating methoxy groups incorpo-
rated into the para-phenyl position could effectively lower the
oxidation potential and obtain stable radical cations without
dimerization reactions at these phenyl positions.29,30 Con-
sequently, TPE-TPAOMe and BTO-TPAOMe are candidates
to be used for fabricating the EFC devices. Afterward, heptyl
viologen (HV) was also introduced into the system to build an
ambipolar system, which enables the resulted devices with
lower working voltage, shorter switching response time,
enhanced electrochemical stability, and so forth.31

In order to fit in with the characteristics of the AIE-active
EFC materials, we design and adopt a new technique to
fabricate cross-linking gel-type EFC devices which could limit

RIM of the AIE-active materials to yield higher PL intensity
(Figures 6 and S10). These devices are composed of 0.75 μmol
EFC materials and 4 μmol tetrabutylammonium tetrafluor-
oborate (TBABF4) as the supporting electrolyte in PC or PC/
GBL with 7.6 mg poly(MMA-HEMA), 6.3 mg Desmodur
N3200, and 0.01 mg dibutyltin diacetate. Particularly, the EFC
devices based on TPE-TPAOMe/HV are able to be driven
without additional supporting electrolyte of TBABF4 (Figure
S11) because of the fact that HV can also play the role of an
electrolyte.32

EC and EFC Properties. CV was used to investigate the
electrochemical behaviors of EFC devices TPE-TPAOMe/HV
and BTO-TPAOMe/HV in cross-linking gel-type systems, and
the representative CV diagrams are shown in Figures 7a and
6b, respectively. BTO-TPAOMe/HV (1.80 V) exhibits higher
oxidative potential than TPE-TPAOMe/HV (1.42 V) because
the BTO moiety has stronger electron affinity than the TPE
moiety. Then, the spectroelectrochemical behaviors between
the neutral and oxidative states of these two EFC devices are
depicted in Figure 7c,d. The TPE-TPAOMe/HV device is
almost colorless in neutral form (L*: 91.09; a*: −5.12; b*:
6.48) and then the characteristic peaks at around 606 and 732
nm gradually increase; when the applied potential reaches 1.60
V, the device turns blue (L*: 66.39; a*: −12.80; b*: −10.53)
corresponding to TPE-TPAOMe+•/HV+•. The color of the
device based on BTO-TPAOMe/HV changes from yellowish
(L*:90.22; a*: −12.87; b*: 46.57) to deep yellow-green (L*:
64.30; a*: −23.78; b*: 23.64). The CIE chromaticity diagram
and EC switching response are presented in Figures S12−S15
(Supporting Information).
The EFC devices of TPE-TPAOMe/HV reveal cyan-blue

PL emission with a maximum peak (λem) at 505 nm under UV
excitation. Upon increasing the applied voltage from −0.10 to
1.60 V, the fluorescence of TPE-TPAOMe/HV turns to
nonemissive dark state. After the applied potential was set back
to −0.10 V, it could return back to its original fluorescence
state. The PL contrast ratios (Ioff/Ion) of devices derived from
TPE-TPAOMe/HV and BTO-TPAOMe/HV are 6.89 and

Figure 8. (a,c) PL spectra and (b,d) fluorescence switching of the EFC devices based on (a,b) TPE-TPAOMe/HV and (c,d) BTO-TPAOMe/HV.
The devices with a gap of 120 μm are prepared from the ITO glass with 2 cm × 2 cm active area.

Figure 9. Repetitive switching time test of the EFC device based on
TPE-TPAOMe/HV between 1.6 V (on) and −0.10 V (off) with a
cycle time of 30 s.
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6.66, respectively, as shown in Figures 8a,c and S16. The
fluorescence switching response times of TPE-TPAOMe/HV
and BTO-TPAOMe/HV were monitored at 505 and 551 nm,
as depicted in Figure 8b,d, respectively, and the TPE-
TPAOMe/HV device reveals a shorter response time of 9.5
(switching on) and 16.4 s (bleaching off) than those of 15.7
(switching on) and 20.6 s (bleaching off) for the BTO-
TPAOMe/HV device. The switching tests with different cyclic
times have also been conducted, and the obtained results are
illustrated in Figure S17. Finally, the long-term stability and
reversibility of the resulted EFC devices were investigated by
measuring the PL intensity as a function of switching cycles as
depicted in Figures 9 and S18. The EFC device based on TPE-
TPAOMe/HV displays 98% of PL recovery after 100 cycles,
indicating high electrochemical switching stability.

■ CONCLUSIONS
In summary, four AIE-active and EC bifunctional materials,
TPE-TPA, TPE-TPAOMe, BTO-TPA, and BTO-TPAOMe,
were successfully synthesized. All the obtained materials
exhibit high quantum yield in solid state (TPE-TPA: 98.3%,
TPE-TPAOMe: 91.1%, BTO-TPA: 25.3%, and BTO-
TPAOMe: 47.9%) and nearly nonemissive in solution state,
which is beneficial to many applications. TPE-TPAOMe and
BTO-TPAOMe with the protecting group display excellent
electrochemical stability, and then both of them were chosen
to be candidates for fabricating EFC devices. In the light of
their AIE characteristic, the cross-linking gel-type EFC devices
with HV were applied for obtaining better performance, and
the PL contrast ratio of EFC based on TPE-TPAOMe/HV
and BTO-TPAOMe/HV could be reached to 6.89 and 6.66,
respectively. The recovery of the EFC device based on TPE-
TPAOMe/HV could maintain 98% after 100 cycles, which
demonstrates that the AIE- and electro-active bifunctional
small molecules could be a feasible approach in the application
of EFC devices.
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