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A b s t r a c t Tw o n o v e l b l u e l i g h t e m i t t i n g a n d
electrochromic polyimidothioethers (PITEs) were prepared from a new diphenylpyrenylam ine-based
bismaleimide and two commercially available dithiols
via the thiol-ene Michael addition polymerization.
These two PITEs were readily soluble in various organic solvents and could be cast into robust films on the
glass substrate. The PITEs exhibited strong UV–vis absorption bands at 316–319 nm in NMP solution and
their photoluminescence spectra showed maximum
bands around 473–477 nm in the blue region. The
PITE Py-C2 derived from an aliphatic dithiol of 1,2ethanedithiol was optically transparent in the visible region and fluoresced with a higher quantum yield (ΦPL =
32 %) compared to that derived from an aromatic
dithiol of 4,4’-thiobisbenzenethiol. Cyclic voltammetry
studies indicated that they show a moderate stability in
the anodic oxidation process, but the cathodic reduction
process is irreversible. The PITE films exhibited a noticeable electrochromic behavior, with color change
from a colorless neutral state to a purple oxidized state
and an orange reduced state.
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Introduction
Display applications have been in progress ever since the discovery of light emitting and electrochromic technologies [1,
2]. The materials with dual electroluminescent and
electrochromic properties have been attracting a great amount
of attention in order to pave the way for displays which
operates at emmisive and reflective states simultaneously [3,
4]. The literature provides some examples of polymers which
show adequate simultaneous performance in both electroluminescence and electrochromism [3–6]. In addition to
electrochromic displays, other potential applications of
electrochromic materials include optical switching devices,
antiglare rear-view mirrors, smart windows for car or buildings, data storage, electronic papers and adaptive camouflage
[7–12].
Pyrene and its derivatives have been widely used in the
synthesis of emissive and charge transport materials for organic light-emitting diode (OLED) applications because of their
large π conjugated structures and coplanar aromatic units [13].
For example, arylamino functionalized pyrene derivatives
generally exhibit both hole-transporting and emitting properties; therefore, they can be used as hole-transporting emitters
in the fabrication of OLEDs [14–17]. The emission color of
the diarylamino pyrenes can also be tuned by changing the
electron-donating and electron-withdrawing nature of the substituents [18]. On the other hand, electron-rich triarylamines
can be easily oxidized to form stable polarons and a noticeable
change in color always accompanies the oxidation process.
Thus, many triarylamine-containing polymers have been designed and investigated for electrochromic applications
[19–22]. In view of the attractive properties associated with
the pyrene and triarylamine units, we have made some efforts
on the synthesis of diphenylpyrenylamine (DPPA)-containing
polyamides and polyimides with light emitting and
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electrochromic functions [23–25]. In addition, recent reports
demonstrated that DPPA-based polyimides could be promising candidates for polymer memory applications [26, 27].
The Michael addition reaction is a versatile synthetic methodology for the efficient coupling of electron poor olefins with
a vast array of nucleophiles [28]. Although the Michael addition is generally considered the addition of enolate nucleophiles to activated olefins, a wide range functional groups
have sufficient nucleophilicity to perform as Michael donors.
Reactions involving non-enolate nucleophiles such as amines,
thiols, and phosphines are typically referred as ‘Michael-type
additions’. In recent years, the thiol-ene Bclick^ chemistry has
been used as an efficient tool for both polymer/materials synthesis as well as modification [29–31]. Continuing our efforts
in the synthesis of DPPA-based polymers for potential light
emitting and electrochromic applications, herein we describe a
facile synthesis of DPPA-containing polyimidothioethers
(PITEs) by the Michael addition of a newly synthesized
DPPA BMI-type monomer with two commercially available
dithiols. Basic characterization and fluorescent, electrochemical and electrochromic properties of the PITEs were studied.

Experimental section
Materials
N,N-Di(4-aminophenyl)pyren-1-amine (1) (mp=227–229 °C)
was synthesized according to a reported procedure [23].
Commercially available dithiol monomers including 1,2ethanedithiol (DT-C2) and 4,4’-thiobisbenzenethiol (DT-S)
were used as received. Tetrabutylammonium perchlorate
(TBAP, Bu4NClO4) (TCI) was recrystallized twice by ethyl
acetate under nitrogen atmosphere and then dried in vacuo

Scheme 1 Synthesis of Py-BMI
monomer
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prior to use. All other reagents were used as received from
commercial sources.

Synthesis of N,N-bis(4-maleimidophenyl)pyren-1-amine
(Py-BMI)
A 100-mL three-necked flask was charged with maleic anhydride (1.96 g, 20 mmol) and acetone (10 mL). A solution of
compound 1 (3.27 g, 8.18 mmol) dissolved in 60 mL of acetone was added dropwise into the flask. Precipitation of the N,
N-bismaleamic acid occurred immediately, and the mixture
was stirred at room temperature for an additional 1 h. After
that, anhydrous sodium acetate (0.224 g, 2.73 mmol),
triethylamine (0.4 mL) and acetic anhydride (4 mL) were then
added sequentially and stirred at a reflux temperature. The
suspension turned into a clear solution after about 2 h. After
a further 3 h of reflux, the solution was poured into cold water.
The precipitate was collected and washed thoroughly with
water. The product was dried to give 3.35 g (73 % in yield)
of orange powder with a melting point of 292–294 °C (by
DSC). FT-IR (KBr): 1780, 1714 (maleimide C=O stretch),
1597 (C=C stretch), 1145 cm−1 (imide ring deformation).
1
H-NMR (500 MHz, DMSO-d6, δ, ppm): 7.11 (d, J=9.0 Hz,
4H, Hj), 7.15 (s, 4H, Hl), 7.23 (d, J=9.0 Hz, 4H, Hk), 7.97 (d,
J=8.0 Hz, 1H, Ha), 8.1 (t, J=8.0 Hz, 1H, Hf), 8.15 (d, J=
9.0 Hz, 2H, Hc+d), 8.23 (s, 2H, Hi+h), 8.26 (d, J=7.5 Hz,
1H, He), 8.34 (d, J=7.5 Hz, 1H, Hg), 8.39 (d, J=8.0 Hz, 1H,
Hb).13C-NMR (125 Hz, DMSO-d6, δ, ppm): 121.5 (C18),
122.3 (C6), 123.9 (C4), 125.3 (C20), 125.5 (C8+10), 125.7
(C14), 126.6 (C9), 126.7 (C3), 127.2 (C15), 127.4 (C13),
127.7 (C2), 127.9 (C12), 128.0 (C19), 128.5 (C5), 129.6
(C16), 130.4 (C11), 130.7 (C7), 134.6 (C22), 139.4 (C1),
146.9 (C17), 170.0 (C21).
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10 min. Then, some drops of triethylamine were added slowly
and the polymerization proceeded at room temperature for 4 h.
During the polymerization, the solution viscosity increased
gradually, and the obtained polymer solution was then poured
slowly into 300 mL acidified methanol giving rise to a orange
fiber-like precipitate which was collected by filtration, washed
thoroughly with methanol, and dried under vacuum at 100 °C.
The inherent viscosity of the obtained PITE Py-C2 was
0.27 dL/g (measured at a concentration of 0.5 g/dL in
DMAc at 30 °C). The other PITE Py-S was prepared from
Py-BMI and dithiol DT-S by a similar procedure as described
above.
Instrumentation and measurements
Fig. 1 The IR spectrum of Py-BMI

Polymer synthesis
The synthesis of PITE Py-C2 was used as an example to
illustrate the general synthetic route used to produce the
PITEs. First, the dithiol DT-C2 (0.0801 g, 0.85 mmol) was
added to the solution of bismaleimide Py-BMI (0.4756 g,
0.85 mmol) dissolved in 3.5 mL of m-cresol and stirred for

Infrared spectra were recorded on a Horiba FT-720 FT-IR
spectrometer. 1H and 13C NMR spectra were measured on a
Bruker Avance 500 FT-NMR spectrometer using
tetramethylsilane as the internal standard. The inherent viscosities were determined at 0.5 g/dL concentration using CannonFenske viscometer at 30 °C. Thermogravimetric analysis
(TGA) was conducted with a PerkinElmer Pyris 1 TGA.
Experiments were carried out on approximately 3–5 mg film
samples heated in flowing nitrogen or air (flow rate=20 cm3/

Fig. 2 a 1H and b 13C NMR spectra of Py-BMI in DMSO-d6. c H-H COSY and d C-H HMQC NMR spectra of Py-BMI in DMSO-d6

107

J Polym Res (2015) 22:107

Page 4 of 10

Scheme 2 Synthesis of PITEs

min) at a heating rate of 20 °C/min. DSC analyses were performed on a PerkinElmer Pyris 1 DSC at a scan rate of
20 °C/min in flowing nitrogen (20 cm3/min). Absorption
spectra were measured with an Agilent 8453 UV-Visible diode array spectrophotometer. Photoluminescence (PL) spectra
were measured with a Varian Cary Eclipse fluorescence spectrophotometer. Fluorescent quantum yield values of the samples in NMP were measured by using quinine sulfate in 1 N
H2SO4 as a reference standard (ΦPL =54.6 %) at room temperature. Electrochemistry was performed with a CH Instruments
611C electrochemical analyzer. Cyclic voltammetry was conducted with the use of a three-electrode cell in which ITO
(polymer film area about 1 cm2, 0.8 cm×1.25 cm) was used
as a working electrode. A platinum wire was used as an auxiliary electrode. All cell potentials were taken with the use of
at a home-made Ag/AgCl, KCl (sat.) reference electrode.
Ferrocene was used as an external reference for calibration
(+0.44 V vs. Ag/AgCl). Voltammograms are presented with
the positive/negative potential pointing to the right/left with
increasing anodic/decreasing cathodic current pointing upward/downward. Spectroelectrochemistry analyses were carried out with an electrolytic cell, which was composed of a
1 cm cuvette, ITO as a working electrode, a platinum wire as
an auxiliary electrode, and a Ag/AgCl reference electrode.
Absorption spectra in the spectroelectrochemical experiments
were also measured with an Agilent 8453 UV-Visible diode
array spectrophotometer.
Table 1

a
b

Synthesis of Py-BMI
The new BMI-type monomer with pyrenylamine group (coded as Py-BMI) was synthesized by the synthetic route
outlined in Scheme 1. As described in the previous publication
[23], N,N-di(4-aminophenyl)pyren-1-amine (1) was prepared
by a four-step reaction sequence starting from the nitration of
pyrene. Py-BMI was successfully synthesized by
cyclodehydration of the bismaleamic acid resulting from reaction of diamine 1 with maleic anhydride. IR and NMR
spectroscopic techniques were used to identify the structure
of the targeted BMI monomer. The FT-IR spectrum of PyBMI shown in Fig. 1 exhibited characteristic maleimide absorption bands at around 1780, 1714 (C=O stretch) and
1597 cm−1 (C=C stretch). The 1H-NMR and 13C-NMR spectra of BMI monomer are illustrated in Fig. 2. Full assignments
of all peaks can be done with the aid of two-dimensional (2-D)
COSY and HMQC NMR spectra. Thus, the results of all the
spectroscopic analyses suggest the successful preparation of
the Py-BMI monomer.
Synthesis of PITEs
According to the Michael polyaddition technique described
by Crivello [32], two novel PITEs were synthesized from

Inherent viscosity and solubility behavior of PITEs

Polymer code

Py-C2
Py-S

Results and discussion

ηinh (dL/g)a

0.27
0.17

Solubility in various solventsb
NMP

DMAc

DMF

DMSO

m-Cresol

THF

++
++

++
++

++
++

++
++

+h
+h

−
+−

Inherent viscosity measured at a concentration of 0.5 dL/g in DMAc at 30 °C

The solubility was determined with a 10 mg sample in 1 mL of a solvent. ++ : soluble at room temperature; +h : soluble on heating at 80 °C; +−:
partially soluble; −: insoluble even on heating. NMP: N-methyl-2-pyrrolidone; DMAc: N,N-dimethylacetamide; DMF: N,N-dimethylformamide;
DMSO: dimethyl sulfoxide; THF: tetrahydrofuran

J Polym Res (2015) 22:107

Page 5 of 10 107
Table 2

Thermal properties of PITEs

Polymera Tgb (°C) Td5 (°C)c

Td10 (°C)c

Char yield (wt%) d

in N2 in air in N2 in air
Py-C2
Py-S

234
248

345
370

345
402

420
460

415
488

60
60

a

The polymer film samples were heated at 300 °C for 1 h before all the
thermal analyses

b

The samples were heated from 50 to 400 °C at a scan rate of 20 °C/min
followed by rapid cooling to 50 °C at −200 °C/min in nitrogen. The
midpoint temperature of baseline shift on the subsequent DSC trace (from
50 °C to 400 °C at heating rate 20 °C/min) was defined as Tg
c
Decomposition temperature Td at which a 5 and 10 % weight loss was
recorded by TGA at a heating rate of 20 °C/min
d

Residual weight percentage when heated to 800 °C under nitrogen flow

Fig. 3 The IR spectrum of PITE Py-S

the Py-BMI and commercial dithiols (Scheme 2). The reaction was carried out at room temperature for 4 h in the presence of catalytic quantities of triethylamine as a basic catalyst
Fig. 4 1H-NMR spectra of
PITEs in DMSO-d6

in m-cresol. The polymerization proceeded homogeneously
throughout the procedure and afforded clear, viscous polymer
solutions. All the polymers precipitated in a pale yellow fiberlike form when slowly pouring the resulting polymer solutions

107

J Polym Res (2015) 22:107

Page 6 of 10

Fig. 5 TGA thermograms of PITEs Py-C2 and Py-S in both air and
nitrogen at a scan rate of 20 °C/min

into acidified methanol. The obtained PITEs Py-S and Py-C2
had inherent viscosities of 0.17 dL/g and 0.27 dL/g, respectively (Table 1). A robust and smooth film can be cast from the
DMAc solution of PITE Py-C2 on the glass substrate; however, the cast film of PITE Py-S revealed a slightly brittle
nature, possibly due to low molecular weight. The chemical
structures of the PITEs were confirmed by IR and 1H-NMR
spectroscopy. A typical IR spectrum for Py-S is shown in
Fig. 3. The PITE exhibits characteristic absorption bands at
around 1780, 1716 cm−1 (maleimide C=O stretch) and
1169 cm−1 (C-S-C stretch). The 1H-NMR spectra of these
two PITEs in DMSO-d6 are illustrated in Fig. 4. All pyrenyl,
phenylene, and aliphatic protons resonated in the region of
7.8–8.4 ppm, 6.8–7.5 ppm and 2.6–4.2 ppm, respectively.
Properties of PITEs
Basic characterization
The solubility properties of PITEs were investigated qualitatively, and the results are listed in Table 1. All of the PITEs
were readily soluble in polar aprotic organic solvents such as
N-methyl-2-pyrrolidinone (NMP), N,N-dimethylacetamide
(DMAc), N,N-dimethylformamide (DMF), and dimethyl
Table 3 Optical properties of
PITEs

Polymer code

Py-C2
Py-S

sulfoxide (DMSO). Their high solubility properties can be
attributed in part to the introduction of bulky, packingdisruptive diphenylpyrenylamine units and polarizable C—S
bonds in the polymer structure.
The thermal stability and phase transition temperatures of
PITEs were determined by thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC), and their thermal
behavior data are summarized in Table 2. The TGA curves of
PITEs Py-C2 and Py-S are shown in Fig. 5. The decomposition temperatures (Td) at a 10 % weight-loss of the PITEs in
nitrogen and air were recorded in the range of 420–460 °C and
415–488 °C, respectively. The amount of carbonized residue
(char yield) of these polymers was more than 60 % at 800 °C
in nitrogen. The glass-transition temperatures (Tg) of PITEs
Py-C2 and Py-S could be easily measured in the DSC thermograms; they were observed at 234 and 248 °C, respectively.
All the polymers indicated no clear melting endotherms up to
the decomposition temperatures on the DSC thermograms,
which supports the amorphous nature of these PITEs.
Optical properties
The optical properties of the PITEs were investigated by UV–
vis and photoluminescence (PL) spectroscopy in both solution
and solid state. The relevant absorption and PL data are summarized in Table 3. The absorption and PL profiles of PITEs
Py-C2 and Py-S in dilute NMP solution are shown in Fig. 6. In
the absorption spectra all the PITEs display two prominent
bands around 320 and 380 nm resulting from π-π* and n-π*
transitions in the DPPA segment. Solid state absorption spectra of these PITEs were similar to those found in the solution
state. These PITEs in dilute NMP solution emitted blue fluorescence; their emission maxima lie in the region between 475
and 477 nm. The PL quantum yields (ΦPL) of PITEs Py-C2
and Py-S in dilute NMP solution were estimated to be 32 and
7 %, respectively, relative to the quinine sulfate standard (in
1 N H2SO4 solution, ΦPL =54.6 %). The low ΦPL of the PITE
Py-S derived from 4,4’-thiobisbenzenethiol may be attributed
to the quenching effect arising from π-stacking of aromatic
rings. It is worth noting that the semi-aromatic PITE Py-C2
derived from 1,2-ethanedithiol showed a relatively higher PL

In solutiona

As solid film

λabs (nm)

λem (nm)b

ΦPL (%)c

λabs (nm)

λonset (nm)

λem (nm)b

319, 382
316, 379

473
478

31.9
7.4

318, 380
314, 377

436
440

470
468

a

The polymer concentration was 10−5 mol/L in NMP

b

Excited at the absorption maximum for both solution and the solid film states

c

Fluorescent quantum yield estimated by using quinine sulfate (dissolved in 1 N H2SO4 with a concentration of
10−5 M, assuming photoluminescence quantum efficiency of 54.6 %) as a standard at 25 °C
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Fig. 6 Absorption and emission spectra of PITEs (a) Py-C2 and (b) Py-S in NMP solution (10−5 M). Quinine sulfate (QS) dissolved in 1 N H2SO4 with
a concentration of 10 μM was used as the standard (ΦPL =54.6 %). Photographs were taken under illumination of a 365 nm UV light

quantum yield of 32 %. As shown in Fig. 6, PITEs Py-C2 and
Py-S in both solution and solid states displayed strong blue
fluorescence, suggesting that they are promising blue-emitting
materials.
Electrochemical properties
Cyclic voltammetry (CV) experiments were conducted to investigate the electrochemical behavior of the PITEs. The oxidation and reduction cycles of the film samples were respectively measured in dry acetonitrile (CH3CN) and DMF containing 0.1 M of tetrabutylammonium perchlorate
(Bu4NClO4) as the supporting electrolyte and saturated Ag/
AgCl as the reference electrode under a nitrogen atmosphere.
Samples were coated on the surface of an indium-tin oxide
(ITO)-coated glass by a solution-casting process. The CV diagrams of PITEs Py-C2 and Py-S are shown in Fig. 7. All the
PITEs underwent a quasi-reversible oxidation process originating from the DPPA redox center (Scheme 3). The oxidation
half-wave potentials (E1/2ox) of the DPPA units in these PITEs
were observed around 1.08–1.09 V. Two reduction peaks

(Epc =−1.78~−1.98 V) appeared on the negative side of the
CV diagrams because of the reduction of the pyrrolidine-2,5dione and pyrene segments. However, the electro-reduction
processes are irreversible for these two PITEs, possibly due
to delamination and dissolution of the polymer films in DMF/
electrolyte solution. During the electrochemical oxidation of
the PITE thin films, the color of the film changed from colorless to light purple. On the other hand, the film changed color
to orange when electrochemically reduced. The derived oxidation and reduction potentials of the PITEs as well as their
respective highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) (versus vacuum) are summarized in Table 4.
Spectroelectrochemistry and electrochromic properties
The electro-optical properties of the polymer films were investigated using the changes in electronic absorption spectra
at various applied voltages. For these investigations, the PITE
film was cast on an ITO-coated glass slide (a piece that fit in
the commercial UV-visible cuvette), and a homemade
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Fig. 7 Cyclic voltammetric diagrams of PITEs a Py-C2 and b Py-S films
on an ITO-coated glass substrate in 0.1 M Bu4NClO4 acetonitrile (for the
oxidation process) and DMF (for the reduction process) solutions at a
scan rate of 50 and 100 mV/s, respectively

electrochemical cell was built from a commercial UV-visible
cuvette. The cell was placed in the optical path of the sample
light beam in a commercial diode array spectrophotometer.
This procedure allowed us to obtain electronic absorption
spectra under potential control in a 0.1 M Bu 4NClO 4/
acetonitrile solution for oxidation and 0.1 M Bu4NClO4/
DMF solution for reduction, respectively. As an example,
the UV–vis absorbance profiles correlated to applied potentials of the Py-C2 film are depicted in Fig. 8. In the neutral
form, at 0 V, the film exhibited a strong absorption peak at
wavelength around 319 nm and a medium absorption band
around 380 nm, characteristic for DPPA π-π* and n-π* transitions, but it was almost transparent at wavelength >450 nm.
Upon electro-oxidation of the Py-C2 film (increasing applied
voltage from 0 to 1.3 V), the intensity of the absorptions at 319
and 380 nm gradually decreased while new peaks at 545 nm
and 587 nm gradually increased in intensity. We attribute this
spectral change to the formation of polarons from the DPPA
moiety. The observed electronic absorption changes in the

Scheme 3 Postulated redox chemistry of PITEs

film of Py-C2 at various potentials are associated with strong
color changes; indeed, they even can be seen readily by the
naked eye. From the photos shown in Fig. 8a inset, it can be
seen that the film changed from a nearly colorless (pale yellow) transmissive neutral state to a purple oxidized state. The
film coloration is distributed homogeneously across the polymer film and stable for several redox cycles. In addition, coloration changes were also observed in these PITEs upon
electro-reduction. Figure 8b illustrates the spectral and coloration changes of Py-C2 upon electro-reduction. Upon reduction of the Py-C2 film (decreasing electrode potential from 0
to −2.3 V), the absorption at 380 nm gradually decreased
while new peaks at 505 nm gradually increased in intensity.
Meanwhile, the color of the film change from pale yellow at
neutral form to light orange at reduced state.
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Redox potentials and energy levels of PITEs

Polymer code

Py-C2
Py-S
a

Page 9 of 10 107

As film (nm)

Oxidation potentiala (V)

Reduction potentialb (V)

λmaxabs

λonsetabs

Eonset

E1/2ox

Eonset

Epcred1

Epcred2

470
450

436
440

1.03
0.94

1.09
1.08

−1.64
−1.69

−1.78
−1.87

−1.92
−1.98

Egopt (eV)c

2.84
2.81

EgCV (eV)d

HOMOe/LUMOf (eV)

Eonset

E1/2

Eonset

E1/2

2.67
2.63

2.77
2.83

5.39/2.72
5.30/2.67

5.45/2.68
5.44/2.61

vs. Ag/AgCl in CH3CN. E1/2 = average potential of the redox couple peaks

b

vs. Ag/AgCl in DMF. Epc = reduction peak potentials

c

The data were calculated from polymer films by the equation: Egopt = 1240/ λonset (optical energy gap between HOMO and LUMO)

d

Bandgaps calculated from CV measurement

e

The HOMO energy levels were calculated from Eonsetox or E1/2ox values of CV curves and were referenced to ferrocene (4.8 eV relative to the vacuum
energy level)

f

LUMO = HOMO- EgCV

Conclusions
Two novel electroactive pyrenylamine-based PITEs were
readily prepared from the new pyrenylamine-based BMI and
dithiols via Michael polyaddition. The incorporation of the
diphenylpyrenylamine (DPPA) group to the polymer main
chain not only affords high Tg and good thermal stability but
also leads to good solubility of the PITEs. The PITE Py-C2
exhibited blue photoluminescent behavior with high
photoluminescence quantum yield due to the introduction of
DPPA chromophores. The polymers also exhibited interesting
electrochromic characteristics with color change from pale
yellow to purple at oxidized state and orange at reduced state,
respectively. Thus, the PITEs may find optoelectronic applications as new charge-transporting, light-emitting, and
electrochromic materials.
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