
High-Performance Emission/Color Dual-Switchable Polymer-Bearing
Pendant Tetraphenylethylene (TPE) and Triphenylamine (TPA)
Moieties
Ningwei Sun,†,‡ Kaixin Su,† Ziwei Zhou,‡ Xuzhou Tian,† Zhao Jianhua,§ Danming Chao,†

Daming Wang,† Franziska Lissel,*,‡ Xiaogang Zhao,*,† and Chunhai Chen*,†

†Key Laboratory of High Performance Plastics (Jilin University), Ministry of Education, National & Local Joint Engineering
Laboratory for Synthesis Technology of High Performance Polymer, College of Chemistry, Jilin University, Changchun 130012, P.
R. China
‡Leibniz Institut für Polymerforschung Dresden e.V., D-01069 Dresden, Germany
§Institute of Building Science and Technology, School of Architecture, Tianjin University, Tianjin 300072, P. R. China

*S Supporting Information

ABSTRACT: Electrofluorochromic (EFC) materials have
aroused great interest owing to their interesting ability of
tuning fluorescence in response to the applied potential.
However, some crucial characteristics, such as response speed,
fluorescence contrast, and switching stability, are still not well
realized to meet the requirements of practical applications.
Herein, we designed and synthesized a novel polyamide-bearing
aggregation-induced emission (AIE)-active tetraphenylethylene
(TPE) and a highly conjugated triphenylamine (TPA) pendant
group. The rational combination of the highly conjugated TPA
and TPE caused the resultant polymer to exhibit highly
integrated electrochromic (EC) and EFC performances
including multiple color-changing (colorless to green to blue),
fast response speed (1.8/1.1 s for EC and 0.4/2.9 s for EFC process), high fluorescence contrast (82 at the duration time of 20
s), and excellent long-term stability over 300 cycles. The strategy of AIE functionality by combing a highly conjugated redox
unit demonstrates a synergistic effect to prepare high-performance emission/color dual-switchable materials, greatly promoting
their applications in sensors, smart windows, and displays.

■ INTRODUCTION

Switchable fluorescence materials have drawn great attentions
due to their potential applications in the fields of sensors,
informational displays, encryption, and memory devices.1−8

However, conventional fluorescent materials exhibiting strong
emission in solution always suffer from serious quenching
problems when utilized as solid film or nanoparticles, which
greatly restricted their real-life applications.9−11 To circumvent
this urgent problem, numerous efforts have been made to
prevent aggregations including dendritic substituent protec-
tion, introduction of bulky groups, and blending of transparent
polymers.12−17 But in many cases, these approaches have met
with limited success because the aggregations are only
prevented temporarily or partially. It would be of great
significance if a system could be developed in which the
aggregation would promote rather than quench fluorescence.
In 2001, Tang et al. reported an interesting hexaphenylsilole
molecule exhibiting aggregation-induced emission (AIE), i.e.,
being nonluminescent in solution state but emissive in
aggregated state.18 This special phenomenon not only raises
interesting academic questions but also shows great promise

for practical applications; by now, a number of AIE-active
organic fluorophores have been developed and explored.
Among various AIE luminogens, tetraphenylethylene (TPE)
with four rotatable phenyl rings is a prototypical molecule and
has been well-investigated.19−23 The TPE structure can be
easily modified in a versatile way, enabling a facile introduction
into various switchable fluorescence systems to dramatically
improve the fluorescence contrast in the solid state.
On the other hand, triphenylamine (TPA) derivatives are

well known for their interesting electroactive and photoactive
properties and have been extensively applied in dye-sensitized
solar cells, light emitters, and electrochromic (EC) devi-
ces.24−30 Electron-donating TPA can be easily oxidized to
cation radicals (TPA+), making it a promising candidate as the
electroactive modulator. Following this reasoning, the judi-
cious combination of TPA and fluorophores is expected to give
highly functional materials that could simultaneously realize
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color and emission dual switching, beneficial for the develop-
ment of dual-mode displays.31−36 However, while several TPA-
based emission/color dual-switchable materials have been
developed, most of them usually have limited response speed,
moderate cycling stability, and low fluorescence contrast,
which greatly hindered their further applications. To address
the problem of low fluorescence contrast, AIE functionality is
an effective method. Following this strategy, we have recently
reported an electro-/AIE-active polymer with the diphenyl-
amine−TPE unit, showing the highest fluorescence on/off
contrast so far.37 The fluorescence contrast could be readily
improved; nevertheless, the response speed and long-term
stability are still not well-realized simultaneously. Thus, a
further optimized molecular design for the fabrication of high-
performance emission/color dual-switchable is required.
Remarkably, a highly conjugated TPA derivative, tetraphenyl-
p-phenylenediamine, was found to possess an increased highest
occupied molecular orbital level and thus reduced oxidization
potential as well as superior electrochemical stability.38 The EC
polymers with tetraphenyl-p-phenylenediamine moieties re-
vealed excellent switching stability up to thousands of
cycles.39,40 Furthermore, the highly conjugated tetraphenyl-p-
phenylenediamine can significantly enhance the intramolecule
charge mobility, helping to increase the response speed.
Therefore, combing AIE-active TPE with stable electroactive
tetraphenyl-p-phenylenediamine will be a rational strategy to
synergistically improve the EC and EFC performances.
Herein, we designed and synthesized a novel electro-/AIE-

active polymer with a bulky and asymmetric pendant group
constructed by TPE and TPA moieties. Introduction of TPE is
expected to enhance the fluorescence in the solid state and
improve the fluorescence on/off contrast. The highly
conjugated TPA structure is responsible for providing a stable
electrochemical modulator to switch the dual emission and
color. Furthermore, the bulky pendant substituent and the
highly conjugated TPA will function together to shorten the
response time. The carefully devised polymer can highly
integrate the excellent performances of emission/color switch-
ing, including high contrast, outstanding switching stability,
and fast response speed (Figure 1).

■ EXPERIMENTAL SECTION
Materials. 4-Bromobenzophenone (TCI), benzophenone (TCI),

p-phenylenediamine (TCI), 4-fluoronitrobenzene (Acros), trimethyl-
amine (Aladdin), TiCl4 (TCI), zinc (Zn, Acros), potassium carbonate
(K2CO3), copper powder (Acros), 10% palladium on charcoal (Pd/C,

Aladdin), and 80% hydrazine monohydrate (Aladdin) were used
without further treatment. Commercially available 1,4-cyclohexanedi-
carboxylic acid (CHDA, Sigma-Aldrich) was dried in a vacuum oven
at 100 °C prior to use. Dimethyl sulfoxide (DMSO), N-methyl-2-
pyrrolidinone (NMP), o-dichlorobenzene, pyridine (Py, Aladdin), and
triphenyl phosphite (TPP, TCI) were treated using 4 Å molecular
sieves before using. Tetrabutylammonium perchlorate (TBAP, TCI)
was purified by recrystallization from ethanol and dried in a vacuum
oven prior to use. All other chemicals were directly used as received.

Synthesis of 4-Methoxy-4′-nitrodiphenylamine (1). 4-Methoxy-
4′-nitrodiphenylamine 1 was obtained following a reported method in
the previous work.41 1H NMR (300 MHz, DMSO-d6, δ, ppm): 9.11
(s, 1H), 8.06 (d, J = 9.3 Hz, 2H), 7.17 (d, J = 8.9 Hz, 2H), 6.97 (d, J =
9.0 Hz, 2H), 6.89 (d, J = 9.3 Hz, 2H), 3.75 (s, 3H).

Synthesis of 1-Bromo-4-(1,2,2-triphenylethenyl)benzene (2). 1-
Bromo-4-(1,2,2-triphenylethenyl)benzene 2 was synthesized through
the McMurry reaction.42 A suspension solution was obtained by
adding Zn powder (15.0 g, 231.3 mmol) to anhydrous tetrahydrofur-
an (THF) (650 mL) under the argon atmosphere, which was cooled
to −5 °C. Then, TiCl4 (12.7 mL, 115.6 mmol) was slowly added into
the solution with a syringe. The above mixture was heated for 3 h at
the reflux temperature. Subsequently, the solution was cooled to −5
°C, into which pyridine (7.5 mL) was added, and the solution was
further stirred for 0.5 h. Then, benzophenone (7.5 g, 41.1 mmol) and
4-bromobenzophenone (8.6 g, 33.1 mmol) in 50 mL of THF were
added slowly, and the reaction was further proceeded for 12 h at the
reflux temperature. The above reaction was quenched by adding 10%
K2CO3 aqueous solution and extracted by dichloromethane for three
times. The crude was purified by chromatography to get the desired
products (7.6 g, yield 55%). 1H NMR (300 MHz, DMSO-d6): 7.38
(d, J = 8.4 Hz, 2H), 7.34 (d, J = 8.4 Hz, 2H), 7.22−7.10 (m, 7H),
7.01−6.87 (m, 8H).

Synthesis of 4-Nitrophenyl-4-methoxyphenyl-4-animo-tetraphe-
nylethylene (3). 4-Nitrophenyl-4-methoxyphenyl-4-animo-tetraphe-
nylethylene 3 was synthesized through the Ullmann coupling reaction.
A mixture of 2 (5 g, 12.1 mmol), 1 (3.3 g, 13.4 mmol), copper
powder (3.0 g, 48.4 mmol), 18-crown-6 ether (1.6 g, 6.1 mmol),
potassium carbonate (6.7 g, 48.4 mmol), and o-dichlorobenzene (30
mL) was heated at 170 °C for 20 h under a N2 atmosphere. The
insoluble solids were immediately filtered from the mixture. Then, the
solvent, o-dichlorobenzene, was removed from the filtrate under
vacuum distillation. The resulting crude material was further purified
by recrystallization to afford 5.1 g of mononitro compound 3 (yield:
74%). Fourier-transform infrared spectroscopy (FTIR) (KBr): 1306,
1586 cm−1 (−NO2 stretch). 1H NMR (300 MHz, DMSO-d6, δ,
ppm): 8.04 (d, J = 9.4 Hz, 2H), 7.22−7.09 (m, 11H), 7.06−6.95 (m,
12H), 6.66 (d, J = 9.3 Hz, 2H), 3.77 (s, 3H).

Synthesis of 4-Aminophenyl-4-methoxyphenyl- 4-animo-tetra-
phenylethylene (4). 4-Aminophenyl-4-methoxyphenyl-4-animo-tetra-
phenylethylene 4 was obtained by a Pd/C-catalyzed reduction. A
mixture of 3 (5.0 g, 8.7 mmol) and 10% Pd/C (0.6 g) was dispersed
in 80 mL of dioxane and then heated to reflux. Hydrazine
monohydrate (8 g) was subsequently added to the above mixture,
which reacted at 100 °C for another 6 h. Then, Pd/C was removed by
immediate filtration. The resulting filtrate was slowly poured into 100
mL of stirred water to afford a pale yellow powder. The powder was
collected and dried in a vacuum oven at 70 °C, giving 3.6 g of
monoamino compound 4 (yield: 77%). FTIR (KBr): 3368, 3460
cm−1 (−NH2 stretch). 1H NMR (300 MHz, DMSO-d6, δ, ppm):
7.21−7.05 (m, 9H), 7.01−6.90 (m, 8H), 6.84 (d, J = 9.0 Hz, 2H),
6.75 (d, J = 8.6 Hz, 2H), 6.68 (d, J = 8.7 Hz, 2H), 6.51 (d, J = 8.6 Hz,
2H), 6.42 (d, J = 8.8 Hz, 2H), 5.20 (s, 2H), 3.70 (s, 3H).

Synthesis of N,N-Bis(4-nitrophenyl)-N′-4-methoxyphenyl-N′-4-
(1,2,2-triphenylethenyl)phenyl-1,4-phenylenediamine (5). N,N-Bis-
(4-nitrophenyl)-N′-4-methoxyphenyl-N′-4-(1,2,2-triphenylethenyl)-
phenyl-1,4-phenylenediamine 5 was synthesized through a nucleo-
philic substitution reaction. In a 250 mL flask, 3.0 g (5.5 mmol) of 4,
1.6 g (11.5 mmol) of 4-fluoronitrobenzene, and 1.8 g (11.5 mmol) of
CsF were added in 15 mL of DMSO. Then, the mixture was stirred at
145 °C for 12 h, which was cooled and poured into 300 mL of stirred

Figure 1. Design concept of a novel electro-/AIE-active polymer with
TPE and highly conjugated TPA units.
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ethanol to afford a red solid powder. The resulting crude powder was
recrystallized twice from DMAc/ethanol to give 3.0 g of dinitro
compound 5 (yield: 71%). FTIR (KBr): 1307, 1575 cm−1 (−NO2
stretch). 1H NMR (300 MHz, DMSO-d6, δ, ppm): 8.18 (d, J = 9.3
Hz, 4H), 7.21 (d, J = 9.2 Hz, 4H), 7.19−6.92 (m, 21H), 6.90 (d, J =
2.3 Hz, 2H), 6.87 (d, J = 2.2 Hz, 2H), 6.80 (d, J = 8.6 Hz, 2H), 3.75
(s, 3H).
Synthesis of N,N-Bis(4-aminophenyl)-N′-4-methoxyphenyl-N′-4-

(1,2,2-triphenylethenyl)phenyl-1,4-phenylenediamine (6). N,N-Bis-
(4-aminophenyl)-N′-4-methoxyphenyl-N′-4-(1,2,2-triphenylethenyl)-
phenyl-1,4-phenylenediamine 6 was synthesized by reduction of
dinitro compound 5. In a 250 mL round-bottom flask, 5 (2.5 g, 3.2
mmol) and 10% Pd/C (0.8 g) was dispersed in 60 mL of dioxane and
then heated to reflux. Into the above mixture, 6 g of hydrazine
monohydrate was subsequently added and stirred at the reflux
temperature for another 12 h. Then, Pd/C was immediately removed
by filtration, and the obtained filtrate was cooled under a nitrogen
flow to slowly precipitate yellow powder, which was collected and
dried in a vacuum oven (1.8 g with a yield of 78%). FTIR (KBr):
3371, 3457 cm−1 (−NH2 stretch).

1H NMR (600 MHz, DMSO-d6, δ,
ppm): 7.17 (t, J = 7.4 Hz, 2H, Hn), 7.16−7.04 (m, 7H, Hl+j+k), 7.02−
6.95 (m, 4H, Hm), 6.94 (m, 4H, Hh+i), 6.87 (d, J = 9.0 Hz, 2H, Hg),
6.80 (d, J = 8.7 Hz, 4H, Hb), 6.77 (d, J = 6.6 Hz, 2H, He), 6.71 (d, J =
8.8 Hz, 2H, Hd), 6.55 (d, J = 9.0 Hz, 2H, Hf), 6.52 (d, J = 8.6 Hz, 4H,
Ha), 6.48 (d, J = 8.8 Hz, 2H, Hc), 4.95 (s, 4H, −NH2), 3.71 (s, 3H,
−OCH3).
Synthesis of the Polyamide with TPE and TPA Units. Following

the phosphorylation technique,43 a polyamide-containing TPE
fluorophore and tetraphenyl-p-phenylenediamine electroactive unit
was prepared as follows. The newly synthesized diamine 6 (0.7263 g,
1 mmol), CHDA (0.172 g, 1 mmol), TPP (1 mL), Py (0.5 mL), and
calcium chloride (0.1 g) were added to 2.0 mL of NMP. The reaction
system was then heated with stirring at 120 °C for 3 h. The resulting
viscous solution was cooled and precipitated in 500 mL of methanol
with vigorously stirring. The resultant fiberlike polymer solid was
collected by filtration and washed with lots of methanol and hot
water. Additionally, further purification was proceeded by reprecipi-

tation of the polymer from DMAc into ethanol. FTIR (KBr): 3325,
1674 cm−1 (amide group). 1H NMR (300 MHz, DMSO-d6, δ, ppm)
9.73 (s, 2H), 7.50 (d, J = 8.9 Hz, 4H), 7.21−7.05 (m, 11H), 7.03−
6.94 (m, 8H), 6.94−6.86 (m, 6H), 6.84−6.80 (m, 4H), 6.77 (d, J =
8.7 Hz, 2H), 6.59 (d, J = 8.7 Hz, 2H).

Measurements. NMR spectra were collected on a BRUKER-300
spectrometer. Fourier transform infrared (FTIR) spectra were
recorded through a Bruker Vector 22 spectrometer. Gel permeation
chromatographic (GPC) data was collected from a PL-GPV 220
instrument using dimethylformamide (DMF) as an eluent (flow rate:
1.0 mL/min). Thermogravimetric analysis (TGA) was obtained on
the TA 2050 at a heating rate of 10 °C/min. Differential scanning
calorimetric (DSC) analysis was carried out on TA Q100 at a
scanning rate of 10 °C/min using 50 mL/min nitrogen flow. CHI
660e electrochemical workstation was used for the electrochemical
measurements. Cyclic voltammetry (CV) tests were conducted using
polymer film/indium-tin oxide (ITO) as a working electrode, a Ag/
AgCl, KCl (sat.) as a reference electrode, and a platinum wire as an
auxiliary electrode. UV−vis−NIR spectra were collected with a
Shimadzu UV 3101-PC spectrophotometer. Fluorescence spectra
were recorded using an Edinburgh FLS920 fluorescence spectropho-
tometer. The spectro-electrochemical cell was composed of a quartz
cell with a three-electrode system. The EC and EFC switching
properties were measured by coupling an electrochemical workstation
with an UV−vis and fluorescence spectrophotometer. That way, the
absorption and emission changes under the potential control could be
obtained. The switching time was calculated at 95% of the full optical
switching, as it is hard to perceive any further optical changes by
naked eyes beyond this point. The fluorescence on/off contrast was
calculated as the high fluorescence value at the neutral state (Ioff)/the
low fluorescence value at the highest applied potential (Ion).

■ RESULTS AND DISCUSSION

Synthesis and Characterization of the Monomers and
the Polyamide. A new diamine with AIE-active TPE and
highly conjugated tetraphenyl-p-phenylenediamine moieties

Scheme 1. Synthetic Route of a Novel Diamine 6 with TPE and TPA Units
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was rationally designed and synthesized via a six-step route
(Scheme 1). Diphenylamine 1 was obtained from an amination
reaction of p-phenylenediamine and 4-fluoronitrobenzene.
Brominated TPE 2 was synthesized by a McMurry reaction
from benzophenone and 4-bromobenzophenone. Then, the
Ullmann reaction of 1 and 2 gave the mononitro compound 3,
which was reduced to the monoamino compound 4 by means
of Pd/C and hydrazine. The dinitro compound 5 was obtained
from the CsF-assisted nucleophilic substitution reaction of 4
with two-equivalent 4-fluoronitrobenzene. The objective
diamine 6 was successfully synthesized by the hydrazine Pd/

C-catalyzed reduction of 5. The chemical structures of the
prepared monomers were analyzed and identified by FTIR and
NMR spectra. The FTIR spectra are summarized in Figure S1,
from which we could see that the diamine 6 gave characteristic
stretching absorption pairs of amino groups at 3371 and 3457
cm−1. The 1H NMR spectrum of the target diamine 6 is
illustrated in Figure 2 with the assignments of all proton signals
assisted by the COSY spectrum (the 1H NMR spectra of the
intermediate monomers 1−5 are summarized in Figure S3).
All of the resonance signals are well-matched with the protons
of the proposed molecular structure, proving that the new

Figure 2. 1H NMR (top) and H−H COSY (bottom) spectra of diamine 6.

Scheme 2. Synthesis of the Electro-/AIE-Active Polyamide PA7
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diamine 6 has been successfully synthesized. After obtaining
the pure diamine 6, the judiciously designed AIE-active TPE
and the highly conjugated TPA structures could be readily
introduced to the polyamide through the phosphorylation
technique (Scheme 2). The resulting polyamide was
abbreviated to PA7 whose structure was also validated by
FTIR and NMR spectra. The FTIR spectrum of PA7 (Figure
S2) revealed amide stretching absorption bands at 1674 cm−1

(CO) and 3325 cm−1 (N−H). In Figure S3, the 1H NMR
spectrum of PA7 agreed well with the target structure of a
polyamide repeat unit. Accordingly, these results indicate that
the novel electro-/AIE-active polyamide with highly con-
jugated TPA and TPE moieties has been successfully prepared.
For further revealing the physical properties of PA7, its

inherent viscosity, molecular weight, solubility, and thermal
properties were comprehensively investigated. PA7 had an
inherent viscosity of 0.93 and could be easily solution-cast to
obtain free-standing films, indicating a high molecular weight
of PA7. The number-average molecular weights and the
polydispersity of PA7 were subsequently tested with GPC,
which were found to be 45 900 and 1.37, respectively. The
solubility behavior was evaluated at 10% w/v concentration in
common organic solvents with the results summarized in Table
S1. PA7 is highly soluble in polar solvents including NMP,
DMAc, DMF, and DMSO due to the introduction of bulky
and twisty tetraphenyl-p-phenylenediamine and TPE units,
decrease in the interchain interactions, and increase in the free
volume of the polymer chains. Moreover, the thermal
properties of PA7 were studied by TGA and DSC analysis.
PA7 revealed a high thermal stability with a 10% weight loss at
451 °C, and the glass transition temperature was found to be
up to 226 °C. The excellent solubility, thermal stability, and

film-forming property are all important for further applications
in the flexible optoelectronic devices.

Electrochemical, Spectro-Electrochemical, and Elec-
trochromic Properties. After the introduction of the highly
conjugated TPA electroactive unit, the electrochemical
behavior of the as-prepared polymer PA7 was investigated by
CV measurements, using the polymer film/ITO substrates as
the working electrodes and 0.1 M TBAP in acetonitrile as the
supporting electrolyte. The CV diagrams in Figure 3a exhibit
two quasi-reversible redox couples at 0.62/0.39 V and 0.98/
0.74 V, corresponding to the electrons successively removed
from two different nitrogen centers. The first electron removal
occurred at the nitrogen atom on the main chains because of
the higher electron density compared with the nitrogen atom
on the pendant TPE−diphenylamine unit (Figure 3c).
Benefiting from the highly conjugated tetraphenyl-p-phenyl-
enediamine structure, the polymer PA7 exhibited a low driving
potential with an onset oxidation potential of as low as 0.35 V.
Due to the low redox potential as well as the resonance
stabilization of the cation radical (Figure 3d), the first redox
process exhibits a very high electrochemical stability. As shown
in Figure 3b, the CV scans from 0.0 to 0.7 V reveal a highly
stable redox process in continuous 300 cycles without an
obvious decrease in the peak current, which will be very
valuable as an electrochemical modulator.
There were visual color changes during the CV test, and thus

the EC behavior was further manifested by the spectro-
electrochemical measurements. For the investigation, the
spectra of the polymer film coated on ITO substrate were
collected in situ by a UV−vis spectrophotometer under the
potentials control of an electrochemistry workstation. As
shown in Figure 4a, PA7 showed a strong absorption band at

Figure 3. CV diagrams of PA7 from 0.0 to 1.2 V (a) and from 0.0 to 0.7 V for continuous 300 cycles (b). Oxidation order of the nitrogen centers
(c). Resonance stabilization forms of the cation radical (d).

Macromolecules Article

DOI: 10.1021/acs.macromol.9b00079
Macromolecules XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00079/suppl_file/ma9b00079_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00079/suppl_file/ma9b00079_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00079/suppl_file/ma9b00079_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00079/suppl_file/ma9b00079_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00079/suppl_file/ma9b00079_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.9b00079


333 nm in the neutral state. Upon oxidation by steadily
increasing potentials from 0.0 to 0.6 V, the intensity of the
neutral absorption at 333 nm gradually decreased while two
new absorption bands at 418 and 1080 nm increased in
intensity, which could be attributed to the formation of TPA+

on the main chain. The electron delocalization over the two
nitrogen centers leads to an intervalence charge-transfer
absorption in the near-infrared region.39 With the potential
adjusted from 0.6 to 1.0 V, to achieve a complete oxidation of
the two nitrogen centers, the absorption bands at 418 and
1080 nm decreased with one new peak at 813 nm grown up
gradually. As seen in the inset in Figure 4a, the polymer film
changed from colorless in the neutral state (CIE Yxy: 65.06,
0.3183, 0.3284) to green for the first oxidation state (CIE Yxy:
45.60, 0.3312, 0.3717) and then to blue for the second
oxidation state (CIE Yxy: 33.51, 0.2585, 0.2934). The EC
characteristics of switching stability and response time were
investigated by monitoring the absorption changes when
applying potential steps in the kinetics studies. Figure 4c,d
demonstrates the EC switching stability for the two redox
procedures, respectively. For the first EC switching between
0.0 and 0.6 V, PA7 exhibited highly stable states and full
reversibility without an obvious decay in continuous 300
cycles, benefiting from the stable redox property and the good
adhesion between the polymer thin film and the ITO substrate.
For the second EC process between 0.0 and 1.0 V, the
switching stability was found to be poorer in comparison with
the first EC process, which showed about 9.1% decay of the
optical contrast after 300 cycles. Regarding the second EC
process, the side reactions caused by the applied high voltage
may be responsible for the decreased cyclic stability. Moreover,
the response time (coloring/blenching) calculated at 95% of
the full optical changes was found to be 2.0/1.7 s and 1.6/1.2 s
for the first and second EC processes, respectively. Compared
with the structures of other TPA-based EC polymers,28,46 the
lower response time of PA7 could be ascribed to the

introduction of the bulky and twisty pendant group and the
highly conjugated TPA unit, preventing the close packing of
polymer chains and promoting the charge transport in inter-/
intramolecular chains.

Fluorescence and EFC Properties. TPE is a well-known
AIE-active fluorophore. Combing this structural component
with the electron-donating TPA unit is expected to further
improve the fluorescence. Consequently, the interesting optical
properties of PA7 were further investigated regarding the
fluorescence and EFC switching. In Figure 5a, PA7 exhibited a

strong absorption at 333 and 334 nm in both solution and film
states owing to the π-conjugated moieties of TPE and TPA in
the PA7 backbone. The polymer solution emitted a rather
weak fluorescence (fluorescence quantum yield: 0.6%), while
the polymer film emitted an enhanced fluorescence (fluo-
rescence quantum yield: 29.3%), demonstrating an obvious
AIE activity. As shown in Figure 5b, with water, working as a
poor solvent for PA7, gradually increased from 0 to 80%, the
fluorescence intensity of the NMP−water mixtures enhanced
significantly. The mechanism of the fluorescence enhancement
has been well-illustrated by Tang, which is attributed to the
restricted intramolecular rotation effect.19,47 The multiple
rotational phenyl rings on the TPA and TPE units dissipate
the excited-state energy by intramolecular rotations in the
solution state (Figure S6). However, in the aggregated state,
the intramolecular rotations are restricted, activating and
promoting the radiative pathway. Moreover, the highly twisted
structure of TPA and TPE efficiently hinder the intermolecular
π−π stacking interactions that cause emission quenching.
These synergistic effects result in the observed enhanced
aggregation-induced emission. Furthermore, the cation radical
of PA7 with a broad absorption from 450 to 650 nm could act
as an efficient fluorescence quencher due to the large overlap
between absorption and emission spectra. Thus, the
fluorescence of PA7 might be effectively tuned by the
electrochemical redox stimulation. As shown in Figure 5c,

Figure 4. (a) Absorbance spectra of PA7 thin-film electrode in 0.1 M
TBAP/CH3CN at different applied potentials from 0.0 to 1.0 V. (b)
CIE chromaticity at different potentials (0.0 V Yxy: 65.06, 0.3183,
0.3284; 0.6 V Yxy: 45.60, 0.3312, 0.3717; 1.0 V Yxy: 33.51, 0.2585,
0.2934). (c) EC switching between 0.0 and 0.6 V for the first color-
changing process (coloring/blenching: 2.0/1.7 s). (d) EC switching
between 0.0 and 1.0 V for the second color-changing process
(coloring/blenching: 1.6/1.2 s).

Figure 5. (a) UV−vis and fluorescence spectra of PA7 in the NMP
solution and film states. (b) Fluorescence spectra of TPE−PDA−PA
in NMP−water mixtures with different water contents (inset:
fluorescence images in NMP−water mixtures). (c) Fluorescence
spectra of TPE−PDA−PA film at different applied potentials. (d)
Fluorescence switching response under applied potentials between 0.0
and 0.6 V at the cycling time of 20 s for 300 cycles (on/off: 0.6/4.8 s).
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gradually increasing potentials from 0 to 0.6 V quenched and
weakened the fluorescence accordingly. When the potential of
0.6 V was reached, the fluorescence was nearly fully quenched,
meaning that the monocation radical in the first oxidation state
could be chosen as a sufficient quencher. Upon applying the
reverse potentials, the fluorescence recovered, indicating a
reversible fluorescence response. Subsequently, the fluores-
cence switching behavior was studied by monitoring the
fluorescence emission changes when applying square-wave
potentials between 0 and 0.6 V. As shown in Figure 5d, the
fluorescence switching revealed an ultrahigh stability with only
a slight decay in continuous 300 cycles. The excellent cycling
stability is attributed to the highly stable electrochemistry
property of PA7. Furthermore, it is likely that the even more
stable switching cycle performance can be realized on the
optimization of the EFC devices (device package, quality of the
polymer film, counter layer for charge balance, and so on).44,45

Remarkably, the response time calculated at 95% of full
fluorescence modulation was calculated to be 0.6 and 4.8 s for
quenching and lighting processes, respectively. Combination of
the bulky and twisted pendant group with the highly
conjugated TPA unit is responsible for the fast response
speed. The former could lead to the loose packing of polymer
chains, thus accelerating the insertion/extraction of the
electrolyte ions, while the latter improves the intramolecular
charge mobility. The intrinsic response speed of PA7 is even
faster than that of the porous polymer electrode, revealing
more promising application potential.37 The fluorescence on/
off contrast at the duration time of 20 s was calculated to be
82, without waiting for the redox event of the TPA unit to be
completed. Still, the contrast ratio is larger than that of lots of
reported EFC materials,32−36,45 which is attributed to the
highly efficient solid-state fluorescence and the fast response
speed. Although the previously reported polymers TPA−CN−
TPE and TPA−OMe−TPE also contained TPA and TPE
units, the TPA and TPE units were incorporated in the
diamine and dicarboxylic acid structures, respectively. The
strong electron-withdrawing carbonyl on the TPE unit greatly
decreased the fluorescence and the fluorescence on/off
contrast. In contrast, the TPA unit in the electrochemical
fluorophore of PA7 works as fluorochromes and increases the
fluorescence in the neutral state. When TPA was oxidized to
TPA+, an electron-withdrawing unit, the fluorescence of PA7
was reduced. Thus, the fluorescence on/off contrast was
increased and the fluorescence quenching process was
promoted. Moreover, combining the highly conjugated TPA
unit of PA7, which possess enhanced intramolecular charge
mobility and the bulky pendant TPA/TPE unit, the EFC
switching speed is faster than those of TPA−CN−TPE and
TPA−OMe−TPE. The excellent EFC switching stability
together with the high fluorescence on/off contrast and a
fast response speed demonstrated a synergistic effect of AIE-
active TPE and highly conjugated TPA unit for fabricating a
high-performance emission/color dual-switchable polymer,
greatly enriching the design strategy of the competitive smart
materials.

■ CONCLUSIONS
In summary, we have synthesized a novel electro-/AIE-active
polymer containing TPE and tetraphenyl-p-phenylenediamine
units. The strategy by the simultaneous introduction of AIE-
active TPE and highly conjugate TPA units demonstrated a
synergistic effect for the preparation of high-performance EC

and EFC materials. In addition to the excellent thermal
stability, solubility, and film-forming properties, the emission/
color dual-switchable polymer PA7 exhibited highly integrated
performances of excellent long-term cycling stability over 300
cycles, fast response speed (1.8/1.1 s for EC and 0.4/2.9 s for
EFC process), and high fluorescence on/off contrast (82 at the
duration time of 20). Thus, this work opens a new pathway for
developing high-performance emission/color dual-switchable
materials, which will greatly stimulate and promote the creative
photochemical applications.
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