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A dicarboxylic acid bearing two preformed imide rings, namely 4,40-bis(trimellitimido)-400-
methoxytriphenylamine (3), was prepared by the condensation of 4,40-diamino-400-meth-
oxytriphenylamine (2) and two molar equivalents of trimellitic anhydride (TMA). A new
family of aromatic poly(amide–imide)s (PAIs) containing the electroactive triphenylamine
(TPA) unit were prepared by the triphenyl phosphite activated polycondensation of the dii-
mide-diacid 3 with various aromatic diamines. All the polymers were readily soluble in
many organic solvents and could be solution-cast into tough and flexible polymer films.
They displayed high glass-transition temperatures (269–313 �C) and good thermal stabil-
ity, with 10% weight-loss temperatures in excess of 521 �C in nitrogen and char yields at
800 �C in nitrogen higher than 68%. Cyclic voltammograms of the PAI films cast onto an
indium–tin oxide (ITO)-coated glass substrate exhibited one reversible oxidation redox
couple at 0.91–0.93 V vs. Ag/AgCl in acetonitrile solution. The polymer films revealed a
good electrochemical and electrochromic stability, with a color change from colorless neu-
tral form to blue oxidized form at applied potentials ranging from 0.0 to 1.2 V. The PAIs
containing the TPA unit in both imide and amide segments showed multicolor electrochro-
mism: pale yellow in the neutral state, green in the semi-oxidized state, and deep blue in
the fully oxidized state.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The ability of reversible change in the transmitted or re-
flected light upon electrochemical oxidation or reduction
of electrochromic materials has aroused the interest of sci-
entists over the past decades [1]. Electrochromic properties
have proved promising for automatic anti-glazing mirror,
smart windows, electrochromic displays, and chameleon
materials [2–10]. There are many chemical systems that
are intrinsically electrochromic, such as transition metal
oxides, inorganic coordination complexes, organic mole-
. All rights reserved.
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cules, and conjugated polymers [11–15]. Among the avail-
able electrochromic materials, conjugated polymers
represented by polypyrrole and poly(3,4-ethylenedioxy-
thiophene) (PEDOT) and their derivatives have received a
great deal of attention because of their attractive electro-
chromic properties, such as fast response time, high color-
ation efficiency and contrast ratio, good stability, and wide
range of colors [16–25].

Triphenylamine (TPA)-based starbursts, dendrimers,
and polymers are not only promising photoconductors
and hole transport materials for electro-optical applica-
tions [26,27], but also show interesting electrochromic
behavior [28,29]. In recent years, the Liou’s and our groups
have carried out extensive studies on the design and syn-
thesis of TPA-based high-performance polymers such as
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aromatic polyamides and polyimides for potential electro-
chromic applications [30–36]. Two basic properties of the
TPA unit are the easy oxidizability of the amino center
and its ability to transport positive charge centers via the
radical cation species.

Aromatic polyimides possess desirable characteristics
such as high thermal stability and excellent physical prop-
erties [37]. However, their applications have been limited
owing to their poor solubility and intractable characteris-
tics. Replacement of polyimides by copolyimides such as
poly(amide–imide)s (PAIs) may be useful in modifying
the intractable character of polyimides [38–40]. Because
of containing both amide and imide groups in polymer
repeating units, PAIs have properties between polyamides
and polyimides; accordingly, this class of polymers offers a
good compromise between high thermal property and pro-
cessability. Since we successfully applied the Yamazaki–
Higashi phosphorylation reaction [41] to the direct synthe-
sis of high-molecular-weight PAIs from the TMA-derived
imide ring-bearing dicarboxylic acids and aromatic dia-
mines using triphenyl phosphite (TPP) and pyridine as con-
densing agents [42,43], this efficient synthetic route has
proved to exhibit significant advantages in preparing oper-
ations as compared with conventional acid chloride or iso-
cyanate methods. Thus, many novel PAIs have been readily
prepared by this convenient technique in our and other
laboratories [44–48]. Furthermore, this synthetic proce-
dure can offer us the option of the incorporation of specific
functionalities between amide or imide groups in the PAI
backbone. The incorporation of such functional groups
may provide a method of controlling certain physical
properties or special functions of the resulting PAIs. As a
continuation of our efforts in developing easily processable
high-performance functional polymers with the TPA moie-
ties, the present study describes the synthesis of novel
electrochromic PAIs based on a new diimide-dicarboxylic
acid 3 condensed from 4,40-diamino-400-methoxytriphenyl-
amine (2) and TMA. The active sites of the TPA unit are
blocked with electron-donating methoxy substituent;
thus, the present PAIs are expected to exhibit an increased
electrochemical and electrochromic stability.
2. Experimental

2.1. Materials

According to the reported procedures, the TPA-based
diamine monomers that included 4,40-diaminotriphenyl-
amine (mp = 186–187 �C) [49], 4,40-diamino-400-methoxy-
triphenylamine (2) (mp = 150–152 �C) [32], and 4,40-dia-
mino-400-tert-butyltriphenylamine (4f) (mp = 113–115 �C)
[31], were synthesized by the cesium fluoride (CsF)-medi-
ated aromatic nucleophilic substitution reaction of p-fluoro-
nitrobenzene with aniline, p-anisidine (4-methoxyaniline),
and 4-tert-butylaniline, respectively, followed by Pd/C-cata-
lyzed hydrazine reduction of the intermediate dinitro com-
pounds. p-Fluoronitrobenzene (Acros), 10% palladium on
charcoal (Pd/C) (Fluka), CsF (Acros), p-anisidine (Acros),
triphenyl phosphite (TPP) (Acros), hydrazine monohydrate
(TCI), N,N-dimethylformamide (DMF) (Acros), and dimethyl
sulfoxide (DMSO) (Tedia) were used without further purifi-
cation. N,N-Dimethylacetamide (DMAc) (Tedia), N-methyl-
2-pyrrolidinone (NMP) (Tedia), and pyridine (Py) (Wako)
were dried over calcium hydride for 24 h, distilled under re-
duced pressure, and stored over 4 Å molecular sieves in a
sealed bottle. Trimellitic anhydride (TMA) (Wako) was dried
at 250 �C in vacuo for 3 h before use. The commercially avail-
able diamines such p-phenylenediamine (4a) (TCI), m-
phenylenediamine (4b) (Acros), 4,40-oxydianiline (4c)
(TCI), 3,40-oxydianiline (4d) (TCI), 9,9-bis(4-aminophe-
nyl)fluorene (4e) (TCI), were used as received. All other re-
agents were used as received from commercial sources.

2.2. Synthesis of 4,40-bis(trimellitimido)-400-methoxytriphenyl-
amine (3)

A flask was charged with 3.05 g (0.01 mol) of 4,40-dia-
mino-400-methoxytriphenylamine (2), 3.84 g (0.02 mol) of
trimellitic anhydride, and 60 mL of glacial acetic acid.
The heterogeneous mixture was stirred for 1 h and then
refluxed at 140 �C for 12 h. The reaction mixture was
cooled to precipitate a yellowish brown powder which
was rinsed with methanol to remove acetic acid. The ob-
tained crude product was washed several times with hot
water and then recrystallized from acetic acid. The prod-
uct was filtered to afford 5.23 g (80% in yield) orange crys-
tal. Mp: 294–298 �C measured by DSC at 10 �C/min. IR
(KBr): 3700–2400 cm�1 (OH stretch); 1778, 1716 cm�1

(imide C@O); 1695 cm�1 (acid C@O). 1H NMR (500 MHz,
DMSO-d6, d, ppm): 3.78 (s, 3H, OCH3), 7.02 (d, J = 9.0 Hz,
2H, Ha), 7.12 (d, J = 8.9 Hz, 4H, Hc), 7.19 (d, J = 8.9 Hz, 2H,
Hb), 7.36 (d, J = 8.9 Hz, 4H, Hd), 8.07 (d, J = 7.8 Hz, 2H,
Hg), 8.29 (s, 2H, He), 8.41 (d, J = 7.8 Hz, 2H, Hf). 13C NMR
(125 MHz, DMSO-d6, d, ppm): 55.2 (OCH3), 115.3 (C2),
121.9 (C6), 123.2 (C11), 123.6 (C14), 125.3 (C10), 128.2 (C3,
C7), 131.9 (C15), 134.8 (C12), 135.3 (C13), 136.4 (C5), 139.0
(C4), 1463.9 (C8), 156.7 (C1), 165.7 (COOH), 166.3 (C9),
166.3 (C16).
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2.3. Synthesis of 4,40-bis(trimellitimido)triphenylamine (30)

According to the similar procedure as described above,
diimide-diacid 30 was synthesized from the condensation
of 4,40-diaminotriphenylamine and two molar equivalents
of TMA with a 90% yield and mp of 288–291 �C (by DSC,
10 �C/min). IR (KBr): 3700–2400 cm�1 (OH stretch); 1778,
1716 cm�1 (imide C@O); 1699 cm�1 (acid C@O). 1H NMR
(500 MHz, DMSO-d6, d, ppm): 7.17 (m, 7H, Ha + c + d), 7.41
(m, 6H, Hb + e), 8.08 (d, J = 7.8 Hz, 2H, Hf), 8.31 (s, 2H, Hh),
8.41 (d, J = 8.0 Hz, 2H, Hg). 13C NMR (125 MHz, DMSO-d6,
d, ppm): 123.3 (C6), 123.3 (C3), 123.7 (C11), 124.2 (C1),
125.1 (C14), 126.2 (C2), 128.4 (C7), 129.9 (C13), 132.0 (C8),
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134.9 (C5), 135.4 (C4), 136.6 (C12), 146.6 (C10), 146.79 (C15),
165.8 (COOH), 166.4 (C16, C9).
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2.4. Synthesis of PAIs

The synthesis of PAI 5a was used as an example to illus-
trate the general synthetic route used to produce the PAIs.
A mixture of 0.654 g (1.0 mmol) of the diimide-diacid
monomer 3, 0.108 g (1.0 mmol) of p-phenylenediamine
(4a), 0.15 g of anhydrous calcium chloride, 1.2 mL of tri-
phenyl phosphite (TPP), 0.4 mL of pyridine, and 1.5 mL of
NMP was heated with stirring at 120 �C for 3 h. The result-
ing polymer solution was poured slowly into 200 mL of
stirred methanol giving rise to a tough, fiber-like precipi-
tate that was collected by filtration, washed thoroughly
with hot water and methanol, and dried.

2.5. Preparation of the PAI films

A solution of the polymer was made by dissolving about
0.6 g of the PAI sample in 8 mL of hot DMAc. The homoge-
neous solution was poured into a 7-cm glass Petri dish,
which was placed in a 90 �C oven overnight for the slow re-
lease of the solvent, and then the film was stripped off
from the glass substrate and further dried in vacuum at
160 �C for 6 h. The obtained films were about 0.09 mm
thick and were used for X-ray diffraction measurements,
tensile test, solubility tests, and thermal analyses.

2.6. Measurements

Infrared (IR) 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 system with tetramethyl-
silane as an internal standard. The inherent viscosities were
determined with a Cannon–Fenske viscometer at 30 �C.
Wide-angle X-ray diffraction (WAXD) measurements were
performed at room temperature (ca. 25 �C) on a Shimadzu
XRD-6000 X-ray diffractometer with a graphite monochro-
mator (operating at 40 kV and 30 mA), using nickel-filtered
Cu-Ka radiation (k = 1.5418 Å). The scanning rate was 2�/
min over a range of 2h = 10–40o. Thermogravimetric analy-
sis (TGA) was performed with a Perkin-Elmer Pyris 1 TGA.
Experiments were carried out on approximately 4–6 mg of
samples heated in flowing nitrogen or air (flow
rate = 40 cm3/min) at a heating rate of 20 �C/min. DSC anal-
yses were performed on a Perkin-Elmer Pyris 1 DSC at a scan
rate of 20 �C/min in flowing nitrogen. Thermomechanical
analysis (TMA) was determined with a Perkin-Elmer TMA
7 instrument. The TMA experiments were carried out from
50 to 350 �C at a scan rate of 10 �C/min with a penetration
probe 1.0 mm in diameter under an applied constant load
of 10 mN. Softening temperatures (Ts) were taken as the on-
set temperatures of probe displacement on the TMA traces.
Ultraviolet–visible (UV–vis) spectra of the polymer films
were recorded on an Agilent 8453 UV–visible spectrometer.
Electrochemistry was performed with a CHI 611C electro-
chemical analyzer. Voltammograms are presented with
the positive potential pointing to the left and with increas-
ing anodic currents pointing downwards. Cyclic voltamme-
try was conducted with the use of a three-electrode cell in
which ITO (polymer films area about 0.9 � 1.1 cm) was used
as a working electrode. A platinum wire was used as an aux-
iliary electrode. All cell potentials were taken with the use of
a home-made Ag/AgCl, KCl (sat.) reference electrode. Ferro-
cene was used as an external reference for calibration
(+0.44 V vs. Ag/AgCl). Spectroelectrochemistry analyses
were carried out with an electrolytic cell, which was com-
posed of a 1 cm cuvette, ITO as a working electrode, a plati-
num wire as an auxiliary electrode, and a home-made Ag/
AgCl, KCl (sat.) reference electrode. Absorption spectra in
the spectroelectrochemical experiments were measured
with an Agilent 8453 UV–visible photodiode array spectro-
photometer. Coloration efficiency is derived from the equa-
tion: g = DOD/Q, DOD is optical density change at specific
absorption wavelength and Q is ejected charge determined
from the in situ experiments. Photoluminescence (PL) spectra
were measured with a Varian Cary Eclipse fluorescence spec-
trophotometer. Fluorescence quantum yields (UF) values of
the samples in NMP were measured by using quinine sulfate
in 1 N H2SO4 as a reference standard (UF = 0.546) [50]. All cor-
rected fluorescence excitation spectra were found to be
equivalent to their respective absorption spectra.
3. Results and discussion

3.1. Monomer synthesis

The new diimide-diacid monomer 3 containing the
methoxyTPA unit was synthesized by the synthetic route
outlined in Scheme 1. The methoxyTPA diamine 2 was pre-
pared from the CsF-assisted N,N-diarylation of p-anisidine
with p-fluoronitrobenzene, followed by hydrazine Pd/C-
catalyzed reduction of the intermediate dinitro compound
1. Synthetic details and characterization data of com-
pounds 1 and 2 have been described in one of our previous
publications [32]. The targeted diimide-diacid 3 was pre-
pared by the condensation of 2 with two molar equivalents
of TMA in refluxing glacial acetic acid. Fig. 1 illustrates the
1H NMR and 13C NMR spectra of 3. Assignments of each
carbon and hydrogen are assisted by the two-dimensional
NMR spectrum shown in Fig. 2, and these spectra are in
good agreement with the proposed molecular structure
of 3. The diimide-diacid 30 (see Section 2) used for the syn-
thesis of referenced PAIs 50a–50g was also prepared follow-
ing a similar procedure from 4,40-diaminotriphenylamine
and TMA.
3.2. Polymer synthesis

According to the phosphorylation polyamidation tech-
nique first described by Yamazaki and co-workers [41], a
series of novel PAIs 5a–g were synthesized from the
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Scheme 1. Synthetic route to the diimide-diacid monomer 3.

Fig. 1. (a) 1H NMR and (b) 13C NMR spectra of diimide-diacid 3 in DMSO-d6.
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polycondensation reactions of diimide-dicarboxylic acid 3
with various aromatic diamines 4a–4f and 2 by using tri-
phenyl phosphite (TPP) and pyridine as condensing agents
(Scheme 2). The polymerization proceeded homogeneously
throughout the reaction and afforded clear, highly viscous
polymer solution. Except for 5a all the polymers precipi-
tated in a tough, fiber-like form when the resulting polymer
solutions were slowly poured under stirring into methanol.
These PAIs were obtained in almost quantitative yields,
with inherent viscosity in the range of 0.33–0.65 dL/g, as



Fig. 2. C–H HMQC spectra of diimide-diacid 3 in DMSO-d6.
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summarized in Table 1. In the synthesis of 5a, an early pre-
cipitation occurred due to insolubility of the polymer which
led to an ineffective polymerization reaction. With the
exception of 5a, the polymers can be solution-cast into flex-
ible and tough films, and this is indicative of the formation of
high-molecular-weight polymers. Fig. 3 shows a typical IR
spectrum for PAI 5c, where we can assign the characteristic
amide absorption bands at 3290 (N–H) and 1672 cm�1

(amide C@O), and the characteristic imide absorption bands
at 1778 (asymmetrical C@O), 1720 (symmetrical C@O),
1385 (imide C–N), and 725 cm�1 (imide ring deformation).
Fig. 4 shows a typical 1H NMR spectrum of 5c in deuterated
dimethyl sulfoxide (DMSO-d6). Assignments of each proton
are assisted by the two-dimensional H–H COSY NMR spec-
trum, and the spectra agree well with the proposed molecu-
lar structure of 5c.
3.3. Properties of PAIs

3.3.1. Organo-solubility and film morphology
The qualitative solubility of the synthesized PAIs is

summarized in Table 1. Most of the PAIs were well dis-
solved in aprotic solvents such as NMP, DMAc, DMF, and
DMSO at room temperature, and formed tough and trans-
parent films by solution-casting. The good solubility of
these PAIs could be attributed to the introduction of the
three-dimensional TPA moiety and flexible pendent meth-
oxy substituent (for the 5 series PAIs) into the repeat unit.
In all cases, the 5 series PAIs showed a slightly enhanced
solubility compared the corresponding 50 ones. This may
be a result of increased free volume and decreased inter-
chain interactions caused by the methoxy substitution.
Therefore, the good solubility makes these polymers po-
tential candidates for practical applications in spin- or
dip-coating and ink jet-printing processes. The PAIs 5a
and 50a derived from the more rigid p-phenylenediamine
showed a decreased solubility and could not afford flexible
films. The PAIs that could afford flexible and tough films
were amorphous in nature as evidenced by wide-angle
X-ray diffraction patterns.
3.3.2. Thermal properties
Thermal properties of the PAIs were investigated by

DSC, TMA, and TGA. The results are summarized in Table 2.
The glass-transition temperatures (Tgs) of the 5 series PAIs
were observed in the range of 269–313 �C by DSC. The Tg

order corresponds to the decreasing order of chain stiff-
ness. The relatively lower Tg value of PAI 5d can be ex-
plained in terms of the flexibility, low rotation barrier,
and asymmetric meta-linkage of its diamine moiety. The
highest Tg value associated with PAI 5e can be attributed
to the presence of rigid 9,9-diphenylfluorene unit in the
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diamine component that stiffens the polymer backbone.
For the polymers derived from the same diamine compo-
nent, the 5 series PAIs showed lower Tg values as com-
pared to the corresponding 50 analogs. This may be
rationalized by the increased free volume and decreased
interchain interactions introduced by the methoxy
substitution.

The softening temperatures (Ts) of the polymer films
were determined with TMA by the penetration method.
The Ts value was read from the onset temperature of the
probe displacement on the TMA curve. Typical TMA curve
for a representative PAI 5c is illustrated in Fig. 5. The Ts val-
ues of the 5 series are in the range from 259 to 300 �C and
the 50 series PAIs are in the range from 255 to 305 �C. In
most cases, the Ts values obtained by TMA are comparable
to the Tg values measured by the DSC experiments.
The thermal stability of PAIs was evaluated by TGA in
both air and nitrogen atmospheres. Typical TGA curves
for PAIs 5c are depicted in the inset of Fig. 5. The decompo-
sition temperatures (Td) at 10% weight losses in nitrogen
and air atmosphere taken from the original TGA thermo-
grams are given in Table 2. All of the polymers exhibited
good thermal stability; the Td of PAIs 5a–5g at a 10%
weight-loss were recorded in the range of 504–578 �C in
nitrogen and 473–558 �C in air, respectively. The amount
of carbonized residues (char yield) at 800 �C in nitrogen
for all PAIs was in the range of 66–72 wt.%. The high char
yields of these polymers can be attributed to their high
aromatic content. It also can be seen from Table 2, the 5
series PAIs decomposed at a lower temperature than the
corresponding 50 PAIs because of the presence of less stable
methoxy groups.



Table 1
Inherent viscosities and solubility behavior of poly(amide–imide)s.

Polymer code ginh
a (dL/g) Solubility in various solventsb

NMP DMAc DMF DMSO m-Cresol THF

5a 0.33 ++ + + + ++ ±
5b 0.64 ++ ++ ++ ++ + �
5c 0.65 ++ ++ ++ ++ + �
5d 0.42 ++ ++ ++ ++ ++ �
5e 0.41 ++ ++ ++ ++ ++ �
5f 0.54 ++ ++ ++ + + ±
5 g 0.62 ++ ++ ++ + + ±
50a 0.30 ± ± ± ± + ±
50b 1.05 ++ ++ ++ + + �
50c 1.07 ++ ++ ++ + + �
50d 0.52 ++ ++ ++ ++ + ±
50e 0.43 ++ ++ ++ ++ + ±
50f 0.56 ++ ++ ++ + + ±
50g 0.85 ++ ++ + ± + �

a Inherent viscosity measured at a concentration of 0.5 g/dL in DMAc-5 wt.% LiCl at 30 �C.
b The qualitative solubility was tested with 10 mg of a sample in 1 mL of stirred solvent. ++, soluble at room temperature; +, soluble on heating; ±,

partially soluble on heating; �, insoluble even on heating. Solvent: NMP: N-methyl-2-pyrrolidone; DMAc: N,N-dimethylacetamide; DMF: N,N-dimethyl-
formamide; DMSO: dimethyl sulfoxide; THF: tetrahydrofuran.
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Fig. 3. IR spectrum (film) of PAI 5c.
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3.3.3. Optical and electrochemical properties
The optical properties of the PAIs are investigated by UV–

vis and photoluminescence (PL) spectroscopy. The relevant
data are summarized in Table 3. These polymers exhibit
strong UV–vis absorption bands at 290–310 nm in NMP
solution, which are peculiar to the combinations of n–p*
and p–p* transitions resulting from the conjugated meth-
oxyTPA segment. In solid state, the UV–vis absorptions of
PAIs are nearly identical and show absorbance maxima
around 311–318 nm. These methoxyTPA-based PAIs exhib-
ited fluorescence emission maxima around 363–366 nm in
NMP solution. All the PAIs generally showed very low quan-
tum yields due to the effectively charge-transfer complex
formation caused by the extremely electron-donating
methoxyTPA moiety to the electron-accepting trimelliti-
mide unit.

The electrochemical behavior of PAIs was investigated
by cyclic voltammetry (CV) conducted for the cast film
on an ITO-coated glass slide as working electrode in dry
acetonitrile (CH3CN) containing 0.1 M of tetrabutylammo-
nium perchlorate (TBAP) as an electrolyte under nitrogen
atmosphere. The representative cyclic voltammogram for
PAI 5c is shown in Fig. 6. There is one reversible oxidation
redox couples at half-wave potentials (E1/2) of 0.91 V in the
oxidative scan. PAI 5c exhibited good electrochemical re-
dox stability by repetitive cycling between 0.0 and 1.05 V
(at least 50 cycles). We also noted the color of the film
changed from yellow to blue as the electrode potential
was raised to 1.05 V. Comparing the electrochemical data,
it was found that PAI 5c is more easily oxidized than PAI
50c without the methoxy substituents (E1/2 values: 0.91
vs. 1.06 V). Obviously, the lower oxidative potential for
PAI 5c compared to 50c can be attributed to the electron-
donating methoxy substituent. There are two well-defined
and reversible oxidation redox couples for the PAIs (5f and
5g) containing the TPA unit in both the amide and imide
segments. For example, the E1/2 values of the PAI 5g were
observed at 0.74 and 0.93 V, respectively (Fig. 7). The first
electron removal for PAI 5g was assumed to occur at
the amino center in the amide segment, which should be
more electron-richer than the amino center in the imide
segment. As expected, PAI 50g showed a delayed oxidation,
with E1/2 = 0.86 and 1.04 V, in comparison to 5g because of
no methoxy substitution on TPA. During the CV scanning,



Fig. 4. (a) 1H NMR and (b) H–H COSY spectra of PAI 5c in DMSO-d6.
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we also found these PAIs showed interesting multi-electro-
chromic behaviors. For example, the color of 5f and 5g
films changed from pale yellow to green, then to deep blue,
corresponding to two electrochemical oxidation processes
of the polymers. The energy levels of the HOMO and LUMO
of the investigated PAIs can be estimated from the oxida-
tion onset (Eonset) or E1/2 and the onset absorption wave-
length of the UV–vis spectra, and the results are listed in
Table 3. The high-lying HOMO energy level and reversible
electrochemical oxidation of these polymers suggest that
they have potential for use as hole injection and transport
materials in EL devices.
3.3.4. Spectroelectrochemical and electrochromic properties
Spectroelectrochemical experiments were conducted to

elucidate the optical characteristics of the electrochromic
films. The electrode preparations and solution conditions
were identical to those used in cyclic voltammetry. The re-
sults of the 5c film are presented in Fig. 8 as a series of UV–
vis absorbance curves correlated to electrode potentials. In
its neutral state, the film exhibited strong absorption at
wavelength around 306 nm, characteristic for the TPA moi-
ety, but it was almost transparent in the visible region.
When the applied voltage was stepped from 0 to 1.05 V,
the intensity of the absorption peak around 306 nm



Table 2
Thermal properties of poly(amide–imide)sa.

Polymer code Tg
b (�C) Ts

c (�C) Td at 10 wt.% lossd (�C) Char yielde (%)

In N2 In air

5a 280 –f 504 473 66
5b 281 276 555 543 68
5c 280 279 578 558 71
5d 269 259 555 544 72
5e 313 300 563 555 72
5f 294 276 528 524 71
5g 280 270 529 526 70
50a 309 –f 530 516 69
50b 297 289 584 564 70
50c 285 280 614 578 71
50d 272 255 605 556 70
50e 326 305 598 578 74
50f 295 282 555 550 71
50g 295 290 616 593 75

a The polymer film samples were heated at 300 �C for 30 min 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 to 400 �C at heating rate 20 �C/min) was defined as Tg.
c Softening temperature measured by TMA with a constant applied load of 10 mN at a heating rate of 10 �C/min.
d Decomposition temperature at which a 10% weight-loss was recorded by TGA at a heating rate of 20 �C/min and a gas flow rate of 20 cm3/min.
e Residual weight percentages at 800 �C under nitrogen flow.
f No available specimens for the TMA testing.

Fig. 5. TMA and TGA curves of PAI 5c with a heating rate of 10 and 20 �C/min, respectively.
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decreased gradually, and new peaks at 374 and 754 nm
gradually increased in intensity. We attribute these spec-
tral changes to the formation of a stable cation radical of
the TPA moiety. From the inset shown in Fig. 8, it can be
seen that the film of PAI 5c switches from a transmissive
neutral state (nearly colorless) to a highly absorbing oxi-
dized state (blue).

For optical switching studies, the polymer film of 5c
was cast on ITO-coated glass slides in the same manner
as described above, and the film was potential stepped be-
tween its neutral (0.0 V) and oxidized (+1.05 V) state.
While the potential was switched, the absorbance at
374 nm and 754 nm was monitored as a function of the
time with UV–vis-NIR spectroscopy. The switching time
was calculated at 90% of the full switch because it is diffi-
cult to perceive any further color change with naked eye
beyond this point. The polymer switched rapidly between
the highly transmissive neutral state and the colored oxi-
dized state. As depicted in Fig. 9, thin film from PAI 5c re-
quired 6.8 s at 1.05 V for switching absorbance at 754 nm
and 1.9 s for bleaching, reflecting the different reaction
rates between the neutral and oxidized forms of the film
of 5c. The contrast was measured as the %T difference be-
tween the neutral and oxidized forms of PAI 5c and was
found to be about 68% at 754 nm. As shown in Fig. 10,
the switching stability of the polymer was reasonable



Table 3
Optical and electrochemical properties of PAIs.

Polymer code In solution As film Oxidation potential (V)b Eg
c (eV) HOMOd

(eV)
LUMOe (eV)

Abs PL Abs Abs First Second

kmax (nm)a kmax (nm)a kmax (nm) konset (nm) E1/2 Eonset E1/2 E1/2 Eonset E1/2 Eonset

5a 292 364 – – – (�) – (�) – (�) – – – – –
5b 302 364 314 453 0.93 (1.07)f 0.80 (1.00) – (�) 2.74 5.29 5.16 2.55 2.42
5c 290 363 313 471 0.91 (1.06) 0.78 (0.99) – (�) 2.63 5.27 5.14 2.64 2.51
5d 301 366 314 459 0.92 (1.07) 0.79 (1.00) – (�) 2.70 5.28 5.15 2.58 2.45
5e 310 365 311 459 0.91 (1.05) 0.77 (0.96) – (�) 2.70 5.27 5.13 2.57 2.43
5f 304 363 312 492 0.82 (0.87) 0.66 (0.70) 0.94 (0.98) 2.56 5.18 5.02 2.62 2.46
5g 306 364 318 485 0.74 (0.86) 0.60 (0.70) 0.93 (1.04) 2.52 5.10 4.96 2.58 2.44

a The polymer concentration was 1 � 10�5 mol/L in NMP.
b Oxidation half-wave potentials from cyclic voltammograms.
c Energy gap = 1240/Abs konset of the polymer film.
d The HOMO energy levels were calculated from E1/2 and were referenced to ferrocene (4.8 eV).
e LUMO = HOMO � Eg.
f Values in parentheses are data of the analogous 50 series PAIs.

Fig. 6. (a) Cyclic voltammograms of PAI 5c and 50c film on an ITO-coated
glass substrate in CH3CN containing 0.1 M TBAP at scan rate of 50 mV/s.
(b) CV curve of ferrocene as a reference.

Fig. 7. (a) Cyclic voltammograms of PAIs 5g and 50g film on an ITO-coated
glass substrate in CH3CN containing 0.1 M TBAP at scan rate of 50 mV/s.
(b) CV curve of ferrocene as a reference.

Fig. 8. Spectra and color changes of the cast film of PAI 5c on ITO-glass in
0.1 M TBAP/CH3CN solution at various electrode potentials (vs. Ag/AgCl).

Fig. 9. Dynamic change of the absorbance upon switching the potential
between 0.0 and 1.05 V (vs. Ag/AgCl) with a pulse width of 12 s applied to
the cast film of polymer 5c on the ITO-coated glass slide in CH3CN
containing 0.1 M TBAP.
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Fig. 10. (a) Optical response (at 374 and 754 nm) and (b) electrical
current response as a function of time for the cast film of PAI 5c on the
ITO-coated glass slide (active area �1 cm2) (in CH3CN with 0.1 M TBAP as
the supporting electrolyte) by applying a potential step between 0 and
1.05 V, with a cycle time of 24 s. The response time was measured at
754 nm.

Fig. 11. Spectra and color changes of the cast film of PAI 5g on ITO-coated
glass slide in 0.1 M TBAP/CH3CN solution at various electrode potentials
(vs. Ag/AgCl). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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because the optical and current responses were always
uniformed in the first 30 switching cycles. Even after hun-
dreds of switching cycles, PAI 5c did not completely lose its
redox and electrochromic activity.

The UV–vis spectral changes at various electrode poten-
tials for the cast film of PAI 5g are presented in Fig. 11. In
the neutral state, this PAI revealed an absorption tail in the
region of 400–600 nm in addition to the strong p–p* tran-
sition bands at 310 nm. Therefore, their films exhibited a
pale yellow color, not completely colorless, in the neutral
state. The absorption tail may be accounted for a stronger
interchain charge-transfer interaction between the aryla-
mino donor (in the amide segment) and the trimellitimido
acceptor. This PAI presented the multi-electrochromic
behavior, because it had two TPA moieties of different elec-
tronic nature. PAI 5g switched from a transmissive, pale
yellow neutral state to a green semi-oxidized state and a
deep blue fully oxidized state. When the applied voltage
was gradually increased from 0 to 0.9 V, the intensity of
the absorption peak at 310 nm decreased gradually, and a
new peak at 760 nm gradually increased in intensity. We
attribute this spectral change to the formation of a stable
monocation radical from the TPA moiety in the amide seg-
ment. When the potential was adjusted to a more positive
value of 1.2 V, the low energy absorption band slightly
blue-shifted and an additional new peak centered at about
380 nm appeared. This spectral change indicated the
occurrence of the second oxidation from the amino center
in the imide segment of PAI 5g.
4. Conclusions

The diimide-diacid 3 was used as a new building block
of poly(amide–imide)s with electrochemically active and
stable 4-methoxytriphenylamine unit in the main chain.
Because of the presence of the methoxy-substituted TPA
unit, all the polymers were amorphous, had good solubility
in many polar aprotic solvents, and exhibited excellent
film-forming ability. In addition to high Tg values and good
thermal stability, all the PAIs were electroactive and elec-
trochromic. The PAIs containing the TPA unit in both imide
and amide segments exhibited multicolor electrochromic
behavior, with coloration change from neutral pale yellow
state to green semi-oxidized state and then to deep blue
fully oxidized state. Thus, this new PAI family could be
good candidates as anodically electrochromic or hole-
transporting materials due to their proper oxidation poten-
tials, good electrochemical stability, and thin film
formability.
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