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Cyanotriphenylamine-based polyimidothioethers
as multifunctional materials for ambipolar
electrochromic and electrofluorochromic
devices, and fluorescent electrospun fibers†

Hung-Ju Yen, *a Cha-Wen Chang,b Hui Qi Wonga and Guey-Sheng Liou *c

A series of new luminescent and electrochromic polyimidothioethers (PITEs) was prepared from a new tri-

phenylamine-based bismaleimide and commercial dithiols via Michael polyaddition. With organo-proces-

sability and high thermal stability, the optoelectronic properties of these PITEs were investigated and they

demonstrated great potential as multifunctional materials for ambipolar electrochromic and electrofluoro-

chromic devices, and fluorescent electrospun fibers.

Introduction

Recent studies have already indicated that heteroatom-
containing luminogens, such as triphenylamine (TPA) deriva-
tives and cyano (CN) substituents, possess excellent features in
light emission.1 The luminogens are mostly non-fluorescent in
solution states but fluorescent in the aggregate/solid states,
which are due to the restriction of intramolecular rotation.2

This phenomenon, namely “aggregation-induced emission
(AIE)”, is exactly the opposite of the aggregation-caused
quenching3 observed in most traditional chromophores,4 and
considered as a new approach for designing novel,
efficient solid-state emitters.5 Moreover, the electrospinning
(electrospun, ES) technique could further produce an
extended chain conformation along the fiber’s orientation,
thus enhancing the alignment and is expected to exhibit a

much higher photoluminescence (PL) efficiency than the spin-
coated film.6

Among the AIE materials, CN-based luminogens have been
developed due to its internal steric hindrance, structural sim-
plicity, and high molar polarization.7 Therefore, we recently
incorporated the CN group into TPA-based polymers for devel-
oping high-performance electrofluorochromic (EFC) devices
with a fast response rate, high fluorescence contrast and long-
term stability.8 EFC deals with the electrically driven reversible
optical changes in fluorescence.9 Reversible switching of the
optical status by the electrochemical or photochemical conver-
sion of the UV-vis or PL spectra is a desirable field of investi-
gation in optoelectronics such as displays, sensors, optical
memory, and biological analysis.10 In particular, fluorescent
high-performance polymers are promising candidates for appli-
cation in EFC devices because of their good chemical and radi-
ation resistance, excellent thermal stability, high mechanical
strength, low flammability, and good electronic properties.11

Under this design concept, we would be able to design new
optoelectronic materials by introducing CN-TPA into polyimido-
thioethers (PITEs). In this contribution, we therefore syn-
thesized a series of PITEs from a new CNTPA-based bismalei-
mide monomer. The PITEs were chosen because of their facile
preparation, which can be readily synthesized from bismalei-
mides (BMIs) and dithiols via Michael polyaddition.12 Also,
the good combination of high thermal stability (from the
imido group) and high optical transparency (from the
thioether linkage) would make these materials perfect candi-
dates for advanced optical applications. In addition, by com-
bining the carbonyl and TPA groups, the prepared PITEs are
expected to reveal great potential for ambipolar electrochromic
(EC) and EFC applications.

†Electronic supplementary information (ESI) available: Experimental section.
Figures: IR spectra of compounds and PITE CN-S; NMR spectra of diamic acid
compound, CN-BMI, CN-C2, CH2-C2, and CH2-S; TGA and DSC curves of PITEs;
AEE properties of PITEs; electrochromic behavior of PITE CH2-S; electrochromic
and electrofluorochromic behaviors of CN-S. Tables: inherent viscosity, mole-
cular weights, solubility behavior, thermal properties, and electrochemical pro-
perties of PITEs. See DOI: 10.1039/c7py01858d
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Results and discussion
Monomer synthesis

The new aromatic BMI CN-BMI having the CN-TPA group was
successfully synthesized by the cyclodehydration of the bismalea-
mic acid resulting from the reaction of the diamine compound 1
with maleic anhydride as shown in Scheme 1. Elemental ana-
lysis, IR, and NMR spectroscopic techniques were used to identify
the structures of the intermediate bismaleamic acid compound
and the target monomer CN-BMI. The FT-IR spectra of the bis-
maleamic acid compound and CN-BMI are illustrated in Fig. S1b
and S1c,† respectively, and the IR spectrum of the diamine com-
pound 1 is also shown in Fig. S1a† for comparison. The BMI
monomer CN-BMI exhibited characteristic maleimide absorption
bands at around 1714 (CvO stretch), 1595 (CvC stretch), and
1146 cm−1 (imide ring deformation) with a nitrile characteristic
band at around 2220 cm−1 (CuN stretching). Fig. S2† illustrates
the 1H and 13C NMR spectra of the bismaleamic acid compound
and the BMI monomer CN-BMI. The assignments of each carbon
and proton are assisted by the two-dimensional NMR spectra as
shown in Fig. 1, and these spectra agree well with the proposed
molecular structure.

Polymer synthesis

According to the Michael polyaddition technique described by
Crivello,13 a series of new PITEs was synthesized from CN-BMI

and commercial dithiols (Scheme 1). Michael polyaddition was
chosen due to its attraction for the synthesis of step-growth
polymers with high molecular weights from BMIs and dithiols,
and the reaction was carried out at room temperature for 4 h
in the presence of a catalytic amount of triethylamine as a
basic catalyst in m-cresol. The polymerization proceeded
homogeneously throughout the procedure and afforded clear,
viscous polymer solutions in high yield with no evolution of
volatile molecules. All the PITEs precipitated in white fiber-like
forms when the resulting polymer solutions are slowly poured
into acidified methanol and their resultant inherent viscosities
and molecular weights are summarized in Table S1.† Elemental
analysis, IR, and NMR spectroscopic techniques were used to
identify the structure of PITEs. As shown in Fig. S1d,† a typical
IR spectrum for PITE CN-S exhibited characteristic absorption
bands of the imide at around 1714 (CvO stretch) and
1180 cm−1 (thioether C–S–C stretch) with a nitrile characteristic
band at around 2221 cm−1 (CuN stretching). The NMR spectra
shown in Fig. 2 and Fig. S3† were in perfect agreement with the
proposed molecular structures. Furthermore, the elemental
composition of the polymers was confirmed by elemental
analysis and is summarized in Scheme 1.

Polymer properties

Basic characterization. The PITEs were readily soluble in
polar aprotic organic solvents such as N-methyl-2-pyrrolidinone

Scheme 1 Synthetic route to the CNTPA-based CN-BMI and PITEs with the elemental analysis results.
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Fig. 1 C–H HMQC spectra of (a) diamic acid compound and (b) monomer CN-BMI in DMSO-d6.

Fig. 2 (a) 1H and (b) 13C NMR spectra of PITE CN-S in DMSO-d6.
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(NMP), N,N-dimethylacetamide (DMAc), N,N-dimethylformamide
(DMF), and m-cresol, and partially soluble in tetrahydrofuran
(THF) and chloroform (Table S2†). Their high solubilities could
be attributed to the incorporation of the bulky and noncoplanar
CN-TPA moiety along the polymer backbone, which results in
high steric hindrance to close packing, and thus reduces their
crystallization tendency. Besides, stereoisomerism also plays an
important role in that the preference of the stereoisomer from
the bis-attack on the opposite sides of this plane could result in
the formation of a polymer with a less ordered structure that can
be reflected in the enhancement of solubility. Thus, excellent
solubility makes these polymers potential candidates for practical
applications by spin-coating or inkjet-printing processes to afford
high performance thin films for optoelectronic devices.

The thermal properties of PITEs were examined by DSC and
TGA, and the results are summarized in Table S3.† As shown
in Fig. S4a,† the glass-transition temperatures (Tg) of PITEs
could be easily measured in the DSC thermograms as 202 and
205 °C for CN-C2 and CN-S, respectively, depending upon the
stiffness of the polymer chain. In addition, the typical TGA
curves of PITEs are shown in Fig. S4b.† All the prepared PITEs
exhibited good thermal stability with insignificant weight loss
up to 450 °C under a nitrogen atmosphere. The melting-
process window (ΔT ) termed the region between Tg and Td

5

for these materials was around 270 °C, revealing their great
potential for the injection molding process.

Optical properties of PITEs and their electrospun fibers

The UV-Vis absorption and PL spectra of PITEs as solution
(conc.: 10−5 mol L−1), solid film, and ES fiber states are shown
in Fig. 3. These soluble polymers exhibited maximum UV-Vis

absorption bands at 307 and 316 nm in NMP solutions, due to
the π–π* transitions of the aromatic chromophores, e.g., TPA
units and phenyl rings. The UV-Vis absorptions of CN-TPA-
based PITEs in film states showed single absorbance at around
315 nm. These CN-TPA-based PITEs exhibited a blue PL emis-
sion maximum in the NMP solutions with quantum yields of
4.3% and 2.6%. In the film state, the PL quantum yields of
PITEs were 10.4 and 6.1% for CN-C2 and CN-S, respectively.
These polymers revealed a blue shift of the maximum PL peak
from the NMP solution to the film state, which is attributed to
the solvent effect14 and could be explained by using THF as a
solvent (as shown in Table 1). In addition, the enhanced ΦPL

of the solid films implies that the triarylamine derivatives have
inherited the aggregation-enhanced emission (AEE) features.
To further confirm the AEE attribution, the PL spectra of the
PITEs in NMP–methanol diluted solutions were studied with
different THF fractions, and the results with images are sum-
marized in Fig. S5.† Since the PITEs were not soluble in
methanol but soluble in NMP, therefore by increasing the
methanol fraction in the mixed solvent their existing forms
could be changed from a solution in pure NMP to the aggre-
gated luminogen particles in the mixtures, which will cause
obvious changes in their PL behavior. The enhancement in PL
intensity can be attributed to an AEE effect caused by the for-
mation of molecular aggregates, in which the restriction of
intramolecular rotations leads to an increase in fluorescence
emission.6d,14b Moreover, the polymeric ES fibers of PITEs
were further fabricated to investigate and confirm the AEE
phenomenon of the high quantum yield in solid film states.
The field-emission scanning electron microscopy (FE-SEM)
images of these two ES fibers shown in Fig. 3a exhibited

Fig. 3 (a) Scheme of a typical ES setup and the ES fibers of CN-C2 and CN-S. (b) Normalized absorbance and photoluminescence (PL) spectra of
PITEs in solution, solid film, and ES fiber states.
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smooth fiber-like structures without bead formation. The
absorption spectra of the ES fibers showed a bathochromic
shift to their solution and film states, suggesting light scatter-
ing caused by the ES fibers and could be observed by the trail-
ing end of the spectrum in the visible range (400–600 nm). As
per the summarized optical properties in Table 1, the ES fibers
of CN-C2 and CN-S exhibited obviously higher PL emissions
with enhanced quantum yields up to 21.5% compared to their
corresponding solid films. The molecular weight of polymer
chains affects remarkably the formation of the appropriate
conformations of the chromophores and hence their emis-
sions. With good consistency with the reported reference,2d,g

the polymer CN-S with a lower degree of polymerization would
gain more emission intensity with increasing aggregation
under nonsolvent conditions compared to CN-C2. The mole-
cular weight difference varied AEE emission behaviors, which
were explained in terms of the conformational difference
between the low and high molecular weight analogues. Also,
the AIE phenomenon has been attributed to the suppression
of nonradiative decay pathways. Confinement in the rigid
environment of CN-S attenuates vibrations, which leads to
higher levels of photoluminescence from the conformationally
restricted excited states when compared to CN-C2.

2j Further
enhancement of the PL quantum yield of the AIE luminogen
in the fiber state implying the judicious combination of the
AIE feature and ES nanofiber fabrication is an essential
approach and could be potentially used for the application of
optoelectronic materials.

Electrochemical and electrochromic properties

Typical CV curves of PITEs are shown in Fig. 4a and the
electrochemical properties are summarized in Table S4.† All
the PITEs exhibited reversible oxidation and reduction pro-
cesses implying their high electrochemical stability for both
p- and n-doping (ambipolar) processes. The reversible oxidation
redox wave represents the formation of a stable radical cation
originating from the electrochemical redox reactions of the
TPA. To understand the reduction behavior of PITEs, we chose
and synthesized the simplest structures of PITEs, CH2-C2 and
CH2-S,

12 to conduct electrochemical reduction. The cyclic vol-
tammograms for CH2-C2 and CH2-S are also shown in Fig. 4a.
The succinimide segment undergoes one electron transfers
with the onset potential (Eonset) around −0.80 V corresponding
to the reduction of the neutral form to the anion state, con-

firming the imide’s carbonyl group as the electroactive site
(Fig. S6†). During the electrochemical oxidation of the PITE
thin films, the color of the film changed from colorless to
blue. On the other hand, the film changed the color to red
when electrochemically reduced.

Therefore, spectroelectrochemical experiments were used to
evaluate the optical properties of the EC films. The UV-Vis
absorbance curves correlated to the applied potentials of
CN-C2 and CN-S films are depicted in Fig. 4 and Fig. S7,†
respectively. The strong absorption of CN-C2 at around
316 nm, characteristic of the triarylamine unit in the neutral
form (0 V), decreased and new peaks at 367 nm and 736 nm
grew up steadily upon electrochemical oxidation (increasing
the applied voltage from 0 to 1.70 V), corresponding to the
one-electron oxidation product, a stable monocation radical
TPA of CN-C2. The PITE CN-C2 film switched from a transmis-
sive neutral state (L*, 99; a*, 0; b*, 0) to a highly absorbing
blue (L*, 42; a*, 12; b*, −48) at the oxidized state with a high
optical transmittance change (Δ%T ) of 71% at 736 nm.
Moreover, coloration changes upon reduction were also
observed and monitored. As shown in Fig. 4c, the PITE film
changed from colorless at neutral form to red at the reduced
state (L*, 61; a*, 20; b*, 14) with a good contrast in the visible
region at around 500 nm. Another PITE CN-S showing similar
ambipolar EC behavior is also summarized in Fig. S7a and
S7b.†

Electrofluorochromism

The fluorescence switching of PITEs was monitored by apply-
ing electrical positive and negative potentials, and the results
are summarized in Fig. 5 and Fig. S7.† The setup of the EFC
cell was similar to that of the spectroelectrochemical cell,
which was placed in the optical path of the sample light beam
in a fluorometer (Fig. 5b). Upon increasing the applied voltage
from 0 to 1.70 V, the emissions of PITE thin films were signifi-
cantly extinguished to dark (Fig. 5c and Fig. S7c†), which is
due to the formation of the monocation radical of TPA as an
effective fluorescence quencher. While bringing the potential
down to −2.0 V, the obviously decreased emission is attributed
to the reduction of imide’s carbonyl group (Fig. 5a and
Fig. S7d†). The decrease of fluorescence intensity occurred
without a shift in the emission band upon the potential
changes, indicating that the fluorescence quenching origi-
nated from the electrochemical oxidation of the CN-TPA unit

Table 1 Optical properties of polyimidothioethers

Index

NMP (10 μM) solution Solid film ES fiber

λabs (nm) λem
a (nm) ΦPL

b (%) λabs (nm) λem
a (nm) ΦPL

c (%) λabs (nm) λem
a (nm) ΦPL

c (%)

CN-C2 314 (319)d 454 (427) 4.3 (17.2) 316 427 10.4 354 436 19.6
CN-S 307 (311) 456 (425) 2.6 (3.8) 312 429 6.1 357 440 21.5

a They were excited at λabs for both solid and solution states. b The quantum yield was measured by using quinine sulfate (dissolved in 1 N H2SO4
at a concentration of 10 μM, assuming a photoluminescence quantum efficiency of 0.546) as a standard at 24–25 °C. c PL quantum yields of
polymer thin films determined using a calibrated integrating sphere. dData in the parentheses are measured in THF (10 μM) solution.
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or reduction of the succinimide group without the production
of any side products. The polymer film turned back to original
fluorescence when the potential was subsequently set back at 0
V (Fig. 5c). The other PITE CN-S shows an ambipolar EFC
similar to that of CN-C2. Notably, the CNTPA-based CN-C2

having an AEE feature is highly emissive in the solid state,
which could be quenched upon the application of step poten-
tials with a relatively high contrast ratio (If/If0) of 92, implying

that the judicious combination of the AEE and EC features is a
promising approach for EFC materials.

Conclusions

A series of electroactive TPA-based PITEs was readily prepared
from the new TPA-based BMI and dithiols via Michael polyad-

Fig. 5 (a) Fluorescence intensity changes of CN-C2 (∼100 nm in thickness) by applying the electric voltage to −2.0 (V vs. Ag/AgCl). (b) Scheme of a
typical electrofluorochromic cell, (c) fluorescence intensity changes, and (d) monitored switching behavior of CN-C2 (∼100 nm in thickness) by
increasing the applied voltage to 1.70 (V vs. Ag/AgCl).

Fig. 4 (a) Cyclic voltammetric diagrams of the PITE films on an indium tin oxide (ITO)-coated glass substrate in 0.1 M TBAP/CH3CN at a scan rate of
50 mV s−1. Spectroelectrochemistry of a PITE CN-C2 thin film (∼100 nm in thickness) by increasing and decreasing the applied voltage to (b) 1.70
and (c) −2.0 (V vs. Ag/AgCl), respectively. The inset shows the color change of the polymer film at indicated potentials.
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dition. The PITEs with good processability and thermal stabi-
lity were utilized to prepare nanofibers by the ES method.
Notably, the CN-TPA-based polymers having AEE features are
highly emissive in the solid state and could be further
enhanced in the form of ES nanofibers (up to 21% of PL
quantum yield). The PITEs also revealed interesting ambipolar
EC characteristics with color changes from colorless to blue in
the oxidized state and to red in the reduced state.
Furthermore, electrochemical fluorescence switching was
measured and it demonstrated that a fluorescent neutral state
changes to non-fluorescent oxidized and reduced states under
a low working potential, giving rise to a high contrast ratio
(If/If0) of 92. These results demonstrate that the incorporation
of EC and AEE-active CN-TPA chromophores into high-
performance polymers is a feasible approach to prepare multi-
functional materials for efficiently emitting, ambipolar electro-
chromic and electrofluorochromic devices by both solution
casting and injection molding techniques.
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